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COCTAB OPT'KOMHUTETA

BOT'OJINE0B Hukosniat Hukosaesuuy - npercenarelib
BOT'QJIDEOB [Masen HuxosaeBuy ~ 3aMecTHTens npencenarend
JIOPOXOB AnexcaHrp EBreHEBEBHY ~ yUEHHH cexpeTrapb

BOJKOB Muxaus KOBCTAHTHHOBHY ~ ujyieH ODrkOMHTETa
HANYCUVK 3Smeapn - -

KIWEB Esrekuft Hukonaesuu - -

MENEPAKOB BnamvMup AnexkceebBuu - -

CMOHIIBIPEB Muxausn KOHCTaHTHHOBMY - "
UCAEBA Hapexna CepreesHa - cekpeTaphb

¢ 11 no 16 okra6pa 1987 rozma B r. Anywre cocroanoch Yl
MexnyHapomHoe coBemaHue no npobiieMaM KBAHTOBOH TEOPHH NoJsA.

Ha coBemaHuy oGcywnmannch clenylnHMe BONPOCH TeOpPeTHYECKOH
U MaTeMaTHYecKod GUINKH:

- MaTeMaTHYeckHe npobiJjieMH KBAHTOBOH TeopHH NONA H cTa-
THCTHKH }

- xKaJMbpoBOuHbEe Teopuu W KXI;

- KBaPKOBHIE MOOEnN¥ M DEHOMEHOJOIUMA 3INEMEHTAPHLIX YACTHL;

- TEOpPHMH OOBEIHHEHHA, CYNEPCHMMEeTDHH, CyNepcTpyHH;

~ HEHTpuHBasa (U3MKa, TEODHUA MHOTHX Tejl, CpaBuTalMa.

B pa6oTe coBeuWaHHA NPHHANH y4YacTHe okojie 120 chneuuanucToB
“3 11 cTpaH. BHJIO 3acaymaHo ¥ ofcywmeHO 67 Lokaanos, 16 W3 KO-
TODPHX HOCHJM 0O630pHHH XapakTep. B Tpymax coBemaHHA NyGAUKYOTCA
0530pHee HOKNAIOE H HEKOTODble NDHCNameHHHE coNbueHus. [loJHsE
CMMHCOK HOKNAJOB KW COOGMEeHHH, NpEeICTABIEHHHX HAa COBEWAHUM, U
CTHCOK YYACTHHKOB NPHBOUATCA B KOHUE KHUIMM. Hameemca, uTto npen-
naraeMbif CG0PHHK C INOCTATOYHOH MOAHOTOH OTPA3HT XapakTep COB&-
WAHHA .
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YBaxaeMsie TOCTH, LOPOrde Ipyswa!l

PaspeuHTe MHEe OTKDPbITH YU MexayHapodHOE COBewdHWe 1o fpo-
6reMaM KBAHTOBOM TEODHHU MOJIA, KOTODPOE TDAOHUUOHHO Opra’vayeTr—
cAd B Anyute O6BEeOHHEHHHIM MHCTHTYTOM ANEDHLIX YCCIIEAOBAHUMA.

1 oyeHb pall IPHBETCTBOBATE BCEX YUACTHHKOB COBEWAHHWA, HOPH-
CbIBHMX B ANywTY M3 MHOIMX CTpaH MMpa. B uacTHOCTH, A NDHUBETCT-
pyk npodeccopoB I'bpced ¥ Ckagpona H3 CoennHeHHbX [TaToB AMEDHKH,
npodeccopa ®eppapy uz LEPHa, bBpyHo MakcumoBuua [loHTekopso, e~
nopa WeaHoBHua demopopa, Muxauna I'puropeesdya Memepakosa, IMHT-
pua BacunpeBuua [IupkoBa, flkoBa A6pamMoBuua CMOPOAHHCKOTO. Hx
OPUCYTCTBHE CBUOETENBCTBYET O BLICOKOM HAayyHOM paHre Hamero co-
BEWAHNA U O eroc aBTOPHTETE CpPelH y4yeHLX. 3TOT aBTODUTET 3aBoe-
BaH NpPEeObIYNAMH CUBEMAHUAMH, U NO3BOJBTE MHE BHPA3HTH YBEDLEH-
HOCTHL B TOM, YTO M H-iHemHee COBEmAHHE NPORNET HEe MEeHee YCHEuHOo.
YBepeHHoCTh 3Ta OGYCHOBNEHA He TONbKO KOJMKYECTBOM ¥ kBaJMuKaly-
el y4aCTHHKOB,HO Npewsie BCErO NporpamMol ,KOTOPYKW HaM NpHAeTCH
peanu3oBaTh. Kak MowuHo y6edguTsCA, nporpaMma cOBEWAHUA OXBaThI~
BaeT MHOrHe HaHGoJiee aKTyasnbHuE M BaxHbhe npobnembl KBRHTOBOH
dH3UKY, NDexne Bcero KBAHTOBOM TEODHM nojiA. Mu 6ymeM o6cyxaaTh
B camble TPYAHbE MaTeMaTHVecKHEe MpOGJIEeMbl, M CAMBIE WHTEepeCHLe
PU3INYECKHE TIDUMEHEHUA KBAHTOBOM TEeOopHM MONA. BO/MBWOS BHUMauWe
yiaeaum npo6neMaM KBaAHTOBOW TEODHM KaJUGPOBOUHBIX [1OJIEH W, B
YaCTHOCTH, KBAHTOBOW XDOMOIHHAMHKH .

MHoruve mnownanmbl GyAYT KacaTbCA KBADKOBHIX Momenei u @eHoMe-~
HOJIOTMHY 2JIEMEHTAPHBIX YACTHL, TEOPHH OOBENMHEHHA, CyNEepCHMMET-
DPHM, CYNEPCTDYH, TEOPHH rpPaBUTAUHH M TEOPHH MHOTHX TE.

3roT 6erJbiit nNepeueHb BOMNPOCOB OKAa3biBAET OrpoMHOe Borar-
CTBO COBDEMEHHHX MEeTONOB KBAHTOBOH TEODHH NMONA, TEOPHH, KOTO-
pafA TIpeofoJiesia B CBOEH HCTOPHM MHOIO CEPBE3HbHX TPYLHOCTEH H
DdyHIaMeHTanbHOrO, M BHYHCIIMTENBHOIO XapaKTepa, TEODHH HCKIN-
YUTENBbHO XN3HecnocoOHOM M NDHBIEKAKWEH BHUMAHUE BCE HOBBX M
HOBLIX NOKOJNEHHH $HIUKOB-TEODETHKOB.
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ANYUTHHCKHE cOBeuaHud Mo NpobjeMaM KBAKTOBOM TEODHHM [OJNA
CHIPAJIH ¥ BODPENb 6YOYT HIDATh BAXHYHO DOJIb B DAIBUTHM KBAHTOBOMA
TEOPUH NoJiA. 3AecCh yuyeHbe NpPeACTABIANT CBOH DE3YJIBTATH, NOOBEeD—
rapT uX HAYYHOH KpUTHKe. Bce 3TO MOIBOJMIO COBEPWEHCTBOBATBCA
MHOT'HM HOERM, BMEpBHiEe YBMAEBUMM CBET Ha COBEeMaHuAX B Anyure.

Tpyms! COBEHAHUA B AJYWTE NOCTOAHHO LMTHDYKTCH B HAYUHOH
NUTEpPaTYDPe, M ITO 3HAYHT, YTC Ml OOCTWUIJIH 3HAUHTEJBHLX DPE3YJb-
TaToB. KpoMe neyaTHHX MAaTepUasnoB, HE MEHEe BakHOHM ABJAETCA Ta
KHBafA HayyHad aTrMochepa, B KOTODOH Bcerma MPOXOMMAH HAMH COBE-
waHMA B AJNylTe ¥ KOTOPAR HECOMHEHHO 6yIeT NpUCYTCTBOBATE K HA

3TOT pas.
[lozBonbTe MHe OT MMeHM OPrKOMMTETA COBEWAHHA NOKENaThb

BCEM YYACTHHKAM YCNEWHOH p&adoTh, XOpPOWEro CaMOyyBCTBHMA, HAKOM-
JIEHHA HOBBIX MOel, KOTODPHE BEDHYTCA K HaM Ha ClenyimeM CoBeuaHud
B BHIE HOBHIX HHTEDECHWX HAYYHBIX HANDPaBAeHHH.

[loaponAbTEe Takke OT BaWero MMEeHM NO6/arcOaDHTE BCEX COT-
DYRHMKOB Hamero roCTENPHHMHOTO JoMa OoThopixa, KOTOphle Bceraga obe-
CMEeYHBaJM HaAM MpPEeKDACHBEe YCJIOBHA OnA paboThl H OTOHXA.

CrnacuGo 3a BHMMAHHE.

H.H.Boromnwtos



I. MATEMATHYECKUE TIPOBJIEMH KBAHTOBOW TEOPHMH MOJA M CTATUCTHKMU

O IIDYTLRIBA 001 YETWPEXIEVHC., CHCTR U
YPARITFHIL: ABIONYANBHOCTH {iHTA—IULICA

A.H. JlesHoB
MHCTHTYT QUSMKM BHNCOKMX SHEPTMA, CepmyXos

llokasano, YTO UMPOKRi KIace pemeRmit cumcTemH aBTONyalbHHX ypaB-—
HeHp#l, saBywesmEX oT HaGopa NPOR3BONBHEX GYHEIH TPeX HEBABHCUMHX
apryMeHTOB, MOEET CHTE NOAydeH U3 PeWOHNA NEYMeDHO# 3alaud, CRA3aH-
Holl ¢ 3amadeil I'MABHOTC KWPAIBHOTO NOMA B IIDOCTPAHCTBE OeCKOHeVHO!
Pa3MepHOCTH .

I. Cmcrema ypaBHeHuii samaum T/IEBHOTO KMDANBHOTO TONA B NLOCT-
DaHcTBe /2 u3MepeHuf C HE3GBHCUMHMY aDPIYMeHTaM® X (1 84 <n)

eCcTh cucTema ™ "2'_1 YDaBHeHuR
Gy 2L W UF (D
‘ ) 'ax )X ?" Dx)
Ha (QYHROUD f » TPUHIMADIYD sx{?qemm B HexoTopo# amredpe; X, -

Hafop /. YNCNOBWX NapaMeTpoB
KOHTEHYATBHNE AHATOT IPE HepeXole K CeCKOHEYHOMY IpOCTPaHCTEY

BosHERaeT u3 (I) 3aMeHOm oOHYHUX NPOH3BOIHHY HA (YHKIEOHAIENE

¥ BHTTIAIHT cnemmmm oOpnaoM'

Y
AL’ YRE ()
-4 SW)J‘V(U W‘) See)
QyHmmonanLHaﬁ IIpor3BoHAanA e py (E)HRC}]IJOB&HHON‘ 3HaUCKELll Hes3a-
BHCUMCTO aprymMeHTa Y&)= =4 ~ TpeBpaliaeTcs B CONYIYR JyHKIMC NBYX
HE3aBUCUMHX BDTYMEHTOB { 1 3 , IUIsT KCTOPOR MH HDMMeN OCCBHA-

4eHue
i = F(xg).
5‘(_{1) a) 22

Ypapnenue s F BO3HMKAeT B3 (2) ¢ yYeTOM 0UEBHIHCTC DPAaBEHCTBA

£f N N .
M)ﬁ'{w/ ;{ Y Few /7"5 ¥
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KOTOpOE BHTOKAET K2 pa3lOXeHMd f B dyHEMVOHaNbEME pAn mo ¥

Fece [wenatr JKap) voea) aity’ + .- - B xemoc -
PencTBeRHOR NpoBepkY IDWBENEHHOTO BHMe pABeHCTBa. Ha 9ToM myty mia
noxy4aeM ypDaBHeHNE

=11 u‘F(f,})] . @)
s [ ruy [ 4L :

OTMeTHNM, YTO NIDWBONGHHAA BHII6 IPONSIYpD& OTORITECTBISHAS @yHJ(I!JZIE B~
46HNA B3aEMONSHCTBMA ¢ KOHGTAHTON CBAZN B AKCHOMATMIECKOM NOXXOXE
H.H.LorommGoBa B KPaHTOROY TeopE¥ NOJKA ECHOONB30BAJIACE B JUCCepPTALMA
I.A. Kepxyuna LA COCTABNGHHA yPABHOHWM TOODME, I'ié ROHCTAHTA
B3aEMOAGCTERA BHCTYyNAJNA B DOMM &KTEBHOZ NwHaMHIeCcKROl mepeMeHHOH.

2. CmcremMa apTonyaNbHHX ypabHenmu#t Ha napameTpH SJNeMEHT& HOKO-
Topolt rpymmy G ,paccMaTppBaeMie RaKk (yHKINN 4YoTHPeX HESAPACHMNX

aPTYMEHETOB ;’;’I 2’,;", AMEST BUX 2 :

— -1 =T
@J’ & ) * @2 G)z =0
¥ MOX9T CHTH JACTEYHO DA3DEMEHA BReJEeHUeV 3TeMeHTa , UpEHIMan-
er0 3HAYEHWA B COOTRETCTBYmmjelt amredpe e 2.
mero 3IHAY6HW: B Y] JTe0p (576' 7‘;3)6:;'@—75

¥ YIOBYeTBODANMETO YDPARHEEMND

7[25*‘[”’ + [{;7‘;]=O (4)

Lymem pemarTs (4) BTepalpsMy,BBOIA DapameTp MajlOCTE 3 TOpSER EKBaX-—
PaTHYHEM wisHOM B (4). B HyZeBoM NpECIMREHWN WMEEM

o
7[12- +-[;;- = 0. - (8
o o, < - -
B RatecTBe £ ° mpEMeM £ = Fﬂ)&(zﬁé’*ﬁ’; 24,4),
OYCBRIHEM odpaso‘r’.f yrorzerpopawmee (5) ¢ mpomsBoabHol omeparTopwosmay~
solt ¢yukmme#t /&  cBOEX SPrymeHToB. UNeHH IepROTO TPRGAVRGHES YHOB-

JIeTBODADT YPABHEOHUN

fi ki L4 £]=0, @

RN DEWEENA KOTODOTO DaceMoTDIM
v = o, 4'/-"’((1 .

33 oupenererma [~ surexaer F i = AF7 , Fr=-dAFP , omyma
cxemye? / P



=4

,[’//_”/a”/ /~——-/F +fF /';O(IW’]
:,5;.+ﬁ/x)//f/w] [, k] = 0.

SEPH HHTCTIAaY 1o ,( 0T TOCAEN1eT0 PABEHCTRA, yOe~maceres, 4TO

{’ ,/F%):«

pono ~af TpOUece PemyKmms, TOIyuacy, fITo
F =iy [ F@
ey (**’). 4 )
. S ot [ 7
Ft) =2 Ca-,[Fﬁ}/»‘——}——& “'
o
yADICTBODS @T CRCTeVe yrapHe: i AR uZenoB 2% NpHOMZEHNA

ﬂ*’@; +Z [7(/”-] = 0.

Towvmoras (/) na £ 4 Bsoma B racerorrenze (yukme /[ 84)

F@/) Z F*x) , yOermaemesn, 4TO Fyncnne'mopﬂe'r JraB—
nenmo (3) npenﬂm/mern paar,.era ‘Takum oGpasow, Mndoe pemerne (&
HAYANBHEM yCloBlen / co = F ()‘rlz , 2 ,(} A ) npmsomuT X pe -
TeHND CHCTEMH aBTOJJJanmmx ypaBreHyE [.Hra - 'mmirca (1) 1o copmyrne

£ 3 /‘? /4( Fliy’), ()

serAnmeitca Henocpencmeﬂr.un- creICTBIEM clpeleneHia f n3 (7).

3. OcHopHoil re3ynbTaT nacTosmell paCoTH colepsuTcA B JopMyIax
(3), (8), ceomamux pewelnie Rafauy YeTHLEeXNEDPHHX yDrBHEHM): aBTONy~
ansHOCTH (I) K Teuweilk® CHCTeMH ypapHeHuid (3) B AByMeDHOM IpOCTpaH-
CTBe C 33IaHHHMN HaualbHEME YCROBMSMY. JYraBremile (3) OwIO LGomyde-
HO B padoT IEN RHOM BHOODE XOHCTAHTH B3aNMOLE!ICTBLA, YE6M 3TO

' creflaHo B HacToffleli padoTe (2TO,TO-BHARMOMY, CBULETEIBCTBYET O i YH-

JAMBHTANMBHOM XafaKTere ckcTery (3)), HOHKLETHAA CRA3L MexIy peuwe -
HufAvE crcTevd () ¢ 3axaded TIaBHOTO KUDAIBHOTO MOAA B CECKOHEYHO-
MePHOM NTOCTPAHCTBE YJCTAHOBIGHA g

OcHoBrOR BONpOC O CBONCTBAX anrelpH BHYTDEH:Hol CHMMETDAH yDAE-
HeHmA (4), CHeNCTBHEM KOTODOTO ABMANTCH Pe3yNBTATH HACTOsme] pa —
6oTH, ocTanCs, OOHaKO, 0e3 oTBeTa ¥ 1TpelyeT iarthHelimero M3ydeHud,
DPEBHO K&K ¥ BONpoC O Nepeducnenyy BaamvomeiicTeiff, oTnwyHex oT (4),
B YeTHPEXMEPHOM ..POCTPAHCTBe, KOTOPHE MOTYT CNTH IBYMEDH3OBAHH.

InrepaTypa

g
£

yIooBneTpopseT (6

I. A.H.Je3HoB, B.li."anbKo, (..H. YywakoB. Tpymw «lAH 3 I5. M., I986.
2. L.K. Frasad. Zhycic 1 D (1930) p. 167-191.
3. A.H.Jles3HoB, 'l.Ai.lyxrapoB. llpenpuHT N&OBL §6-19I, Cepmyxor, 198A.

4. A.H.JNearoB. [fpempuuT WPB3,0Td B86-189, CepmyxoB, 1984,
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0 JVHAMIKE NBYMEPHHX COIMTQHOB

B.K. MexwumroB
0CseuHeHEHY RHCTATYT ANEPRAHX HccaeRobanult, Jyona

JuHaMmRA IBYMEDHHX COMATOHOB CYMECTBEHHO Gorade IMHAMHKM OIHO-

MODHHX COAETOHOE.JII 9TOr0 6CTH BECEGIHKO NPHYNH.B T0 BpewA xXax OHO-
MepHHE COMHTOHH ONpeReAANTcA ONHEM, Boofiie I'OBOPA, KONILIEKCHHM Iapa-
MeTPOM, NBYMEpHHE COJHTOHH B CAyI&e OOMero NOJIOXSHES ONpeIefdnTca
FBYMA KOMILIEKCHHMA MapaMeTpaMu. [JpE 3TOM DapHoe BlaMMoZedCcTEME Iuy-
MEDEHX COJHMTOHOB HOCHT YIOPYIE#l XapaxTep, SGAE TOJABKO o0a napameTpa
OTHOTO H3 B3aHMONGHRCTBYNIEX COANTOHOB OTAWYANTCH OT COOTBETCTBYRMNX
napaMeTpoB XpPYyroTo COMMTOHA. ECAN Xe XoTA OH ONNH H3 MApeMBTpoB ON—
HOTO COJIRTORA COBNAZAET ¢ AHANOTHYHHM NAPAMETDOM XPYyIOTO COANTOHA,
TO B3aMMONEfCTERE 9TOR DApH COARTOHOB TepdeT ympyrmit xapaxrep. B sroit
CHTyallFy IBYCOMMTOEHOP DeMCHHe MOXST OIMNCHBATH NANOK0 HO TPHBRAKLHME
OponeccH, HAOPEMED, TANSHMe BOXH, OTDAXeHNe BOXH, DACHAR N GIEAHEe
BOJH, M3AYISHH® ¥ NOTAOMSHEE BOSH M T.A. BOX66 TOIO, P HEKOTOPMX OAY-—
984X NBYCOARTOHHOe DemcHNe BOOOHEe He ABIAETCA YeIMHenHOR Boxiofl.
Janee, IMEAMERA NBYMEDHHX CONHTOHOB CYNMOCTBOHHO 38BHCET OT KOHKDOT-
HOTO BRAA ypaBHeHMS M GERABHO MEHNeTCH faxd Hp¥ OpocTefumx mpeodpa-
S0BAHEAX ONHEX XAWH HOIABNCEMHX 116 DEMEHHHX .

g RAMDCT paIER cxasannom BHII® DACCMOTDHM CECTEMY YpaBHeHER

et 2

?_& - fou ] gﬂ = = u(f +u ,
9t Yy J 9 t Px% (1)
OMMCHBAXMYD (OPH ONPESACHHHX YCAOBMAX) B3aMMORORACTEES INXNHHOR BOA-
HH ¢ ORRETOM EOPOTREX W pacupocTPAHAXKMXCH HA IEOCKOCTE J2 }

oo yrAOM ApDyT K _npyry 3meckr U ~ AMINETYRA LANHHOR BOXHEM,
Y - RoMIIeEcHAR oilogmax naKsT8 KOPOTKEX BOXH, uapanarp M- JROB-

ZeTBOPHOT YCAOBMD M- 1{ . C momomED 3aMeHH XC->-I¢, ’ t—yty
cucreMa (I) nmomcu K BEOY ?(P 2‘91/
/Jv- el
+2 :c—-/‘// =0, UY+572 0 @

Eamnen, wz /()g'

"



e,y t)=wlx g, T-y) , plegt)= glog ty).

JeTKO HaxoimM, 9ro B cuiy (I) q)yﬂxmaf(xy f) H (x J: t)
YIOBIETBOPALT uncmege ypaBHCHUH /9

2
%9}_’_’ / [*, ﬁ% wy + ——L (3)
dra cncr! c TO‘!J-IOCTLK) 0 oCo3HA4YeHmE COBIAJAEeT C npne,ueﬂnoﬁ B
pacore cucreMo# (7.9I). Kax usBecTHO 3, , cHcTeMA (I) momycKa-
eT HcclleoBaHWe ¢ HOMONEKN MeTOEA ofpaTHofi sajauM paccedHua. OTcopa
clenyeT, YTo K cHcreMaM (2) m (3) Tarme IPEMSHWM STOT MeTOX. IIpm
9TOM OKA3HBAGTCHA, YTO JMHAMMKA CONATOHOB 3THY. CHCTEM HMSET CYIeCTBeH-
HHe pasiMudd, Ha KOTOpHe OyleT YKA3aHO HEXe.

§ I. IBy~oumTOHHO: pemeHMe cucTem (I)

CucreMa (I) odnazaeT ONHOCOJNMTOHHHM DelleHEEM BEZA

U= 2/-(2'

o eh*[u(er2eyravt)+i] (&
exp[LVDc+LTy—L(/42‘ Vz)t]
f=c ch[/x(x+26“g+zv—f)+5j

TIe BeMeCTBEHHHe NApaMeTpH A, ¥V, 6 X KOMIIeKCHad Bedudmna C
YEOBIETBODAET amcz:‘rneuﬂow yc.uomm
KIC|* + Y-G =0,
: 2( )/u (5)

8 PEeJRYEHH S, T = Q9 ¢  ODMHEMAEDT NPOM3BOJLHHE BEHECTBEH-
HHe 3HaYeHnA. [lapameTpH S H Q%9 (C XapaKTepus3yDT NOJOXEeHHME COJH—~
ToHa {4) B OpOCTDAHCTBe - BPEMEHE X ¢ MOMOMBE 3aMAHH 26 > OC + O,
‘L‘ >T+ 'to MOTYT OHTL A3MCHeHH HA IPOM3BOJLHHE, HANPEMeD, DABHHE
HyJIn, €CIH /,(2— +V > 0 . TaxEM o0pasoM, COMETOE (4) NOAHOCTHD
onpefedaeTcAd (C TOYEOCTHD IO NOJOXEHEA B IPOCTPAHCTBEe ~ BPEMESHH)
YoTHPHMA BeleCTBOHHHMA IADAMETDEMH /u ; v' 6’ T . O0pasyeM C HX IlO-
MOIBY JBE KOMILEEKCHHE Be.ummu

@=p+iV Jo ’L‘+2L/”@'+“7 (6)

Thoe Yepra, KAK M BCOXY B JAaibHefimeM, 03HAHUAET KOMIUIEXCHOE COIpIRe—
HES, KaE Symer BEAHO H3 HOCHeNYNEEeIV, KAYSCTBeHHHE XapakTep B3amMo—
IofCTEBRA CONNTOHOB (4) HOJHOCTHD ONpeNeAdeTcd mapaMeTpamMy (6).

Mi TpOTeMOTICTPHpYEM STO YTBeDRIeHHe Ha HpocreiilleM NpAMepe IBy-
COANTOHHOTO pemeHEA. C 5Toff Helbn BO3EMEM JiyHKIME | qspe BEIA
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D=1+ o explap(x +zb;y+zvli)]+ aexplaf, (mze‘,;mat)]lf
t2pe ex})[/il(x+2,6]y +Zvlt)+/lz(oc+26;,/+z\/1‘t)_]case+
+ Joexp [ap (x 426, y+zv,f) +2/Iz(x+26;y+zv,ju,
¢ =249 {1 +/Sg,ex/J[z/u,“(x+263,y +2»’,.,i)]} exp Lo (x+26,y+
+2:VL-£)+LV'EQ:+LT£]—£(/'(IZ— )t + )
+ Zaz{i +pyexp (2.4, (oc+26w+gvv1{}]} exp [y (x+26, 4+
+2v, b)) +iv e + LTZ; S (vt t,
g =//1+i v , OJL'—=//2’+IL JL;

ff:'gi.+zi/(16;+;7fl f{z: z*zl/’zgz*az:
x (o [*

Ine

_ o nfay)*
1 2,(61"\/1)/(12‘ ) ya 2(6'2"' Vz)/(:‘ ) o

2 la71+5£!l°72,+52,”f}*?}”fﬁ“?{“’ !0[ o
- = 2o _F 2|2 t z’f
le‘f-wz, ‘fi— 3 ’
Joz O(’i a2 a)+‘?. I 7 =2 [
A x> Yi "‘f,v
- - -2 =2
- ol Wy, — g ff"flz, - Wy - oy 1 _ﬁ% ,
{5“. 1‘02’.‘.“)‘ P‘z'la__fiaa ﬁﬂ' 2, (471_1"“73‘ f‘Z__ff.

Ha ocHoBeHNHM pesyIbraTor paooru/ 4 GyHEIER

Y
U,=2,,§;zenD‘tf=% (9)

yIORIETBODADT cEcrems (I), T.e. ARIANTCA e pemeHWeM. Herpyymo yGe-
IRATHCH, YTO 6CJHM BHOOAHOHH YCAOBEA

(61-\/1)n>o) (GL—VZ)H,>O, (10)
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— — - -2 12 2 =22
"01""'01”“9%""‘72,” f{z" f:‘”j’:‘ z’slw{.‘“ﬂz' ‘ft‘fa, ’
(1D

TO HMBEM oL1>,o . a(.2'>, o » 05/33‘50-’.(0(,“ , X“ >0 , H, ciemo~
BaTeLHO, MPH JIOGHX BEUCCTBEHHHX SHAUCHWIX X, Y, 4 COpaBeIIBO

repaseHcTBo L) > { . DT0 3HawET, UTO ONpeMeieHHMEe MOCDENCTBOM (7)-
(9) fypxmm W = (f’ He mMEpT OCOGeHRHOoCTel npM JMNGHX BelleCTBeHHHNX

SHaUEHNAX RoopmmEar X, Y, .
BuACEMM TeOeph, KAROBO NMOBEHEHHE 2TOIO DemeHud. C y4ETOM Desyiib-
TaTOB pacoTH JieT'Ko noaydaeM, 9TO B THIMYHOM ciydiae, T.e. UIpH

(&~ “)9..)( f£2'~ f’)# 0 u 67 # G, , PaCCMATDHBAEMO? HAME DeleHHe
OIMCHBAET B3 ei’CTEMe TBYX COJMTOHOB BEIa (4), PacipoCcTpaHAXMAXCA
HA LJIOCKOCTE X, HOZ YIVIOM HPYr K Apyry. HexmHeiHH@t xapakTep
B3auMoneRCTBHA NPABOIMT K CHMJIBHOMY BOSMYIEHHMK OGO¥X CONETOHOB B OG-
JacTn B3ammomeiicTend. OmHaKc NpH yIOSIEHEM OT OCJAcTH B3aMMOXECTBMA
BIOJE T'PECHA JRNCOTO H3 CONUTOHOB HCKAXCHHE S5TOIV COAMTOHA CTPEMETCH K
HyJ0 ¥ Ha GeCKOHEYHOCTHE OCTANTCH TOJBKO (a30BHEe CIBHIH.

B Tom ciydae, Korna(uJL-u)z)(ﬂR'— ﬁf’)#o y 67=6, , HOV,#V,,
EHTepecyrmee HAC pelleHHe oNMCHBAeT BIaHMOLefiCTBHE IBYX COJMTOHOB Bi-—
Ia (4), paciloCTPaHMMMXCH HA IIOCKOCTH X, } BIONL Omioli ¥ Toft Xe
npaMoi. Mx BsaEMomelicTBHe IPEBOMAT K CYWECTBEHHOMY MCKEXSHWD KAXIOIO
H3 COJHMTOHOB B TeYeHAe HeKOTOPOI'0 OI'PAHMYEHHOTO IIPOMEXYTKA BPEMEHH.
Omaxo opr [ = ¥ o0 BO3MylleHAEe OCOMX COMMTOHOB CTPEMHMTCA K HyJN.
AcmarroTAYeCKH# BHA KaXIOTO A3 BSAHMOTEHCTBYHEMX COJHTOHOB IDH t>e0
OTARYSOTCA OT HMEBINETO MECTO npnt-)—- 0 T0A5K0 $A3OBHM CIBHI'OM.

Haxoren, nfa () -wy ){ ftz'— f,f‘) to, 6=6, 1 v =V, Hame pe-
meHWe ONMCHBAET OXHY yeIMHEeHHYl BOJHY, MONy4aOUyDCA M3 IBYX CAMBINXCA
COMMTOHOB BMpa (4). Jra BoJHA ABMEETCH KAK OFHO Hejioe. OmHAKO eé dop—
Ma NepHOINBYEeCKH MeHAeTCHd.

TaxaM 0Gpa3oM, npa(w, - “‘)2,)( f’f’- f:' )#0 onpegenentoe mocpexncTBOM
(7)-(II) EBYCOMHTOHHOe pelleHHe CHCTOMH (I) OIMCHBAGT TPE THIA YNPYIOTO
B3aEMOeACTEEA IBYX COJHTOHOB EEHEA (4).

lloBexeHEe PaccMATPEBAEMOTO HAMM DelieHMA TEHAETCH DAamMKANEHO, eCVH
(@~ (Jz)( 1&2'_ _f,f‘):o . B oroM cayuae npr 6, ¥ 6, Hame pemenme omi-
CHBaeT HpoliecC ralleKHA ONHOIO CONETOHa BHEA (4) IPyI®M COJETOHOM 3TOTO
xe pEga. JefcTBETENHHO, BO3IBMEM MPOMIBONBHHE BemecTBeHHHe Y & 6.
Janee, 38dPKCEPOBAB NPOH3BOJNLHOE t s YJCTPEMHMCH Ha IUIOCKOCTH X, y
B 0eCKOHEYHOCTE BHIOAB NpAMO x+2o‘g+zv = const. HeTpynHo
yoemaTeca, 9To ecaB &  He ABAAETCH KOpDHeM YPABHEHHA

(6- 6)(6- 6, )[ (M- M) 6 (4,6, - 1y5,)] = 0, 1z
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TO Halle pelleHHE HMEeT HyJAeByD ACHMIOTOTHKY IIpA JIANCHMM B SecKoHedY-
HOCTH BIOJNL BHUEYHOOMAHYTO# mpamoR.

BuAcHMM Temeph, 4To OpoE3oKmeT, eciu 6 ABNAETCA KODHEM
ypaBHeHnd (I2). llerko BHOETH, YTO IpY yrHajlleHWA B GEOROHEYHOCTE BROIE
nopaMolt x+26}y+2s’,t = const. m OCHADYXHMM y HameI'0 pOWEHHEA Hy-
ZeBYD acCHMITOTHKY, ecu ( 6,-6,) >0 B > o0 , 8 IpK
(63~ 6‘1)/1,>0 z ; -5 _ oo Hallée DemeHAe OCNAZaeT ACEMITOTHROLM
: A

" ~ Ap, '
Cﬁsz’t(x%ﬁ}cyﬁ-% f)+51] (13)

o~c, exP[LVtDC +L'C;J—¢:(/llz~ sz) t] !
ch[ (26, +2v, ) +0,]

rre g1= %fn Ly, C1=016X/J(— 1). Haodopor, ec.:m(6;,— 6‘;)}(,50.
TO OpK - 00 cnpaBefjiEBa acEMrroTExa (I3), a opE Yoo
EMeeT MelTO HyJeBAs ACHMITOTHEA. AHRIOTHYHHM 0GDA30M, YCTDEMIAACDH

B 0eCKOHEYHOGTH BEOJH mpAMOft x+26‘,,¥ +2,\7}"(:=C0n ST, , MH BHIEM,
910 n_pn(q-Kz) /ll>on - o0  Hame' pelicHEe AMEST HYJeBYD ACEMITO—
13Ky, a Opu (6’1-62,)/11 oH (7_,- o0 BHIONHAETCS ACHMITOTARA

2 HE
U ~ )
cf17“[/,(z(ac+2.6’zy+?v\/,,f) + Sz]
. , . 2
c exﬂm’zx +bT’2j— LMy - sz)t]
~ 9, 1% )
‘f ch[/l,(z‘(x-f-z&z +2,Vg,t)+52,}
Ihe S-f %[n Aar Cp= Qg exp(- 5-2' . HaoGopor, eé.vm@;-q’}/xﬁo.
TO OpA 4 - OO HMEeT MecTO AcEMOTOTHER (I4), a npE ¢ > - o
¢Ipase Hy/eBad acMUTOTERA. TAKAM o6pasoM, OPE A, = H,
dopmymz (I3) ¥ (I4) HouepNMBAKT BCe HETPEPRANGHHE ACHMITOTHEN HANGTO
pemeHRA. OZHARO UpH /( ‘ # /”2, cymecTBYoT emEé OXHO HANDARIGHES,

BHIOIEF KOTOPOTO HHTOpecymmee HAC DeMeHHe MMPET HeTPEBHANBHYD ACEMITOTH-
Ky. HefcTBETENELHO, NyCTH

(14)

g LM MO0 (15)
K S MM

15



Torga, ycTpeMAsACE Ha IUIOCKOCTE X, J B GECKOHEYHOCTH BIOAG IpAMOH’
o.+2,6,4+2Y, =const., s Bumm, 4ro MpR(H,-p)(6;-6,)> 0 BY >
paccMaATpEBAEMOe HAMH DelleHWe UMeeT HyJAeByD acHMITOTHKY, a I

- 6,-6,)>0 1 Y- o0 OHO OGNGKAET ACHMITOTEKOH
Hpa)(01-6y)>0 8 4

“”2’@?«[’" Do, p~ o0, (6)
The
Df oy xp [z/‘ (x+26, J+ 2v,t}] +oly exjn[z/l,v(x+26;0;/+zv,t)]+
+9.f3,, ex/:[(ﬂ,+/l,)(x+zo‘,y+2.\/of)] cos 6. (7

HaoGopor, ecn(}l,-}l,)(q-ﬁ'zyo. TO MpE ./ -¥ — 60 BHIOJHAETCA HyJeBad
aCHMITOTHKA, & NpH Y—> ©©  mMeeT MecTO acmMuroTEea (I6),(I7). 2ro
sHaumT, Wro mpE My F My TRULGHAE ONHOTO COJNMTOHa BHAa (4) IDyIEM
COJNTOHOM 3TOTO Xe BRIA CONPOBORLAETCA OCpPA&30BAHMEM NOMOJHRTEABHOR
BOZHH, WMexmefl EHYD CTDYRTYDy. 3aMeTHM, YTO B CHIY HeDaBeHCTBag A,
B pacoMaTpuBaeMofl CRATyalMM IOJKHO BHIOAHATHCH YCIUOBHE f .= f“" ,» 9K~
BEBAAGHTHOE DABEHCTBAM

2 2 2 2 _ _ _

Tyt = = Ty ply=vy© , (6~Yy )My = (6= ps. .

Orcona cornmacHo (8) m (I5) cuexmyeT, 4To
. 2 .,2 ,2

V=6, , 0 = (V)2 - (A )1+ )+ 0o, (1w
T.e. ompereXeHHad mocperacTBoM (I7) JyHRIEA Do 38BHCAT TOJXBRO
or O m ?4— t . Jlatee, J6I'K0 BENGTH, HTO olpeledeHHad [OCpenCT—

I

BoM (I6) ® {I7) MomOMHETeABHAS BOAHA o6JajaeT Moxyaddmeft wo gopme.
YczosEeM 9TOTO B cRAY (I5) X (I8) ARIAeTCS OTAHYME OT HYAA OUpeleNE-—

TeJd MATPHIH
2 MV =My Yy,

My =M

2 2 2 2
Vi=Vy, M AV M - Yy,

1
M-

HerpymHo yOexmrhbed, ITO

det M = -/’j:fj(’:f [Cpe—p ) + (Vs - "z)?"}’




H, clenosareirHo, npn My £ My H/Ulflz > ¢ umMeeM detM F0 . He-
OCXOL™MO TaKEe OTMETHTH, 9TO HeTpHBHajibHHe acumrroTuky (I3) m (I4)
BCerna pacHoj]OXeHH IO pasHHEe CTODOHH OT HeKOTopoil mpAMo#, mapaliens-
Holt ocu I, a HampaBleHWe, B KOTOPOM BHIIONHAETCA &CUMITOTHEKA
(16),(I7), nexmT BHe yIia, O0pasyeMOT0 HANpaBJEHUAMA, BROAb KOTODHX
BuITOJHoTCA acumiroThke (I3) m (I4), o6pasyd ¢ KaxAuM M3 HHX YIOI
mensme J7.

CoBeplleHHO XHOJ XapakTep WMeeT Haue pelleHMe, eclE ( Wy~ oy )x
x(gf‘— S”f)=0 ,6;=65 »aY Yz . Tonomam6=6; =6,.
Tofna HeTpymHO yOeIMTHCH, YTO HpH (\’2’—\/,)}42)0 Ht>- oo B Ha-
mEeM DelleHWM COIEpERUTCA Oeryuad BOJHA BEIA

. 24} |
chz'[/'(i (x+2,6“}+2\’; f)+ 5-1] (18)

e ex/J[LVIDC+LTIff—l(/u1Z"Viz)t
p=c ch[/xi(ac-fzb'j+2ﬂ/1t)+ 051

THe $1= igl’l oLy , C=0y €X[J(~Si) . HaoGopor, ecau (VZ-V!)/A,f o,
To 5Ta BOJHA HOABHTCA IpH ~ &0, Jlamee, npn(x’t-vz}/u‘>o m
t -5 — oo B HameM pelleHEM EMeeTCH GeIyuas BOJHA BENA

" - Zﬂzz
Rl rog 13,875,

g-c ex/J[vax+Lt‘2J~g(/J,fuv,})t]’
- ch[/’z(x+26g+zvzf)+ 0, ]

rme g = 1/ oLy, Cp=0y exp (- &) B ""Iy“ae(‘/t"/z,)ﬂz <0
9T BOJHA OCHAapyX®BAETCA LHDE | — zo . HakoHeH, & paccMaTpABAE-
Molf ceffuac curyalM H3 pa&BeHCTBA 571 = ,f' cIsiyeT, 4To (6-—\/1)/(1:
= (6-Vy, ) My . Otomma B cmay Vy# v, UOTyY8cM HeDABOHCTEO

My # M. " Ha sroft ocHOBe HOIyYAGM, ITO EHTEPOCYIKIee HAC DemSHEO
CONEPXAT emé OJHY XOUOAHRTENBHYD YoNHHEHHYD BOJNHY BEAA

3

(20)

9% _
"‘“”»‘D*;CE'Z”’ Do, =0, (21)

Ime Do ompeneleH0 C HOMOmBL paBeEcrsa (I7). IpE STOM COTNACHO
(I5) musem vV, =6, = 6‘1= 6;:6. B TOM cIyuae, EOTRA
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(/‘r/’a.)(*’r‘/z.) > 0 , BOXHA (2I) nosmnAeTcA OpA t-—; — oo, Haodopor,
@OMH (ft,~ My )(V, -V, )< 0 » TO BOMHA (2I) BOBHERAGT NPE t 3 o00. Sme-
MeHTapHKA aH&HM3 [OKA3HBAeT, YTO B 3TOH CHTyalMM Hame pelleHWe OIMCH—
BaeT JAGO paclax CONUTOHA BHAA (4) HA COJMHMTOH TOIO Xe BEAA H IONOJI~-
HATEJABHYD yeNMHEHHyD BoJHy (2I), AmGO CGAMAHEE cONATOHA BEEA (4) B
HONOJHETEABHOR yemuHeHHOR BoaHH (2I), B pesyabraTe 9er0 cHoBa ofpa-
3yeTcA CONNTOR BEIa (4), HO C NPyTAM: 3HAUYCHHAME HapameTpoBX,V, T

B ¢. HWmeHHO corzmacHo (5) EMeeM

Mleft e (y-E)pE =0, uley P42 (v-s )k =0,

OTcnma ¢ yYETOM DABEHCTBA (\/1—6')/11= (Vl‘ &) M, oremyer,wro

2 2 2 2
f eyl _ |Ca , <'_9L|__ Lg_"’v-'—)w +2 (¥ -V, )=0.

M i 2

§ 2. JIsycommToHHoe peulenMe cHoTeMH (2)

HeTpynHO BHHETEH, 4To cHcTeM2 (2) oGA8KAeT OIHOCOAMTOHHHM peume-—
HEEeM BRIA

J = 2/4 =2
c"ll[/"(x—Z\’g—Zﬁ't)—SJ (22)
expl-ive - L (p-vY Y +iT L]
=C
Y chip(z-2vy-26t)-4 1

T'Nle BemECTBEeHHHe LAapaMeTpH /u, v , 6 1§ KoMleKcHaA BeiWu®HA ( IO-

OpeXHEMY YXOBIETBOPANT COOTHOmMEHEW (5). OUEeBHIHO, YTO OHHOCOMATOH-
HO® pemoHEe (22) mosyiaeTcd M3 ONHOCOMMTOHNOTO pemeHHA (4) ¢ MOMOmELD

SAMEHH XX —»-oc Y- ‘t, t—> . CoBepumM Tenepb STy Xe 3aMeRy B JyHK-
maax D B 47 BRAA (7). B pesyasTare mONYYEM HOBHE QyHRLEH

x ¥ g

2

Il

D=1+ explapy(-xe2vyr26,0)] +
+ dzex/:[z/,,(-x,uz,vz’{yﬁu,Qo’zf)_h-
+2/3., e,x/ﬁ [/11(~x+2»’1[y+2,62?f) +/NL(—ﬂc +2VJ'J+ 2@;’{}]005 B+
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+fo er([u[z/u1 (- x+2>&/+26} t)+rap, (= +2Vz(/q+26zt)],

W=aa, {1+poexplap (x ayeastifexplprneayys
+Zb‘1f)-£'»’1:z:—£(/1;°“—v12)j+;T«li]+ .
+2a, {1 pexp [ (- ering e 26 Dl exp [falrmie

. ; , (23)
+9.ova’f) — LY —L(/u,f'_v:); + b’L‘zﬁ],

rme
6 = - (o)~ (v it )Y+ () T o s g

a Bce BXOAAIMe CbhJA NApaMETpH OUpemeNieHH MOCPSICTBOM paBeHCTR (B).
CorzacHo (9) QyHEmH
2 ¥
=92 — ’Z h D ; (10 =z —
/B,xlgv D (25)
ABNANTCHA pemeHMeM cHcTemH (2). (O4eBRGHO, 970 HDH BNOOAHGHHHR yCHO—
eEft (I0) ® (II) 9TO pemeHEe He HMPET OCOGEHHOCTeR HpE ANCHX BOWECT-
BeHHHX 3HAUeHBAX OC,

) .
HerpyxmHo ydemu'zcs, aro B cyuae ( u)l-wzzcg;f'— ;: )¢ o momy-
9eHHOE TAKEM 0Gpa3oM pelleHHe CHCTEeMH (2) oHHCHBAET JIpyroe B3amWo-~
Ze#iCTEHe XBYX COMMTOHOB BEYA (22). [I[pE °TOM B OTAKYHE OT DAOCCMOTDEH-
HOTO paree cJydasd CONATOHH DACIHPOCTPAHANTCA HOE YIVIOM IPYT K RpyIy,
ecnm Vy £V, ,ampg V;=Vy  06a coumTona pacupooy jARANTCH
BOOXE OfHOZ B TO# »e npamoffi. B ocrarrHoM Xe HadXnIaeMAd Blech XApPTH-
Ha coBHANAET C PAcCMOTPeRHOR paHee EapTRHON ynpyroro B3aRMOReRCTBEA
ABYX CONRTOHOB cHcTeMd (I). Jagse, B cayume, ROTIA (rJl- uJR,)( 1"— Jf}:o,
a Vy#V, , paccuarpmsaeMoe celiac pemeHNe OIECHBAOT npgne ¢
TAleHAS OXHOTO COMETOH& BAAA (22) ZDYrHM COJETOHOM 8TOTO Xe BEIA.
KauecTBeHno TOT mpomiecc B cucreme (2) mpoTEKAeT MO TOMY Xo CAMD-
Wy cupnapmo, wro m B cHcTewe (I). Haxomen, mpm(dp -y )( - fz)=0,
Vi =V, ,a 6;#6, mropecymiee Hac pemeHNe OMECMBAET BBOM-
I OXHOTO CONHMTOHA BEEE (22) B APYyIof COANTOH STOTO Xe BEEA. B
aHAJIOTAYHOR cEHryamme B cHEcrese (I) BTOT mpomecC OPCNCXONMA ANGO Oy~
TEM pacnafia CONRTOHA BMAR (4) HA COAHTOH TOTO X6 ENAS X JONONENTEXb-
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HYD JeOEHEHHY® BOJHY, JAMGO IyTEM CIMAHUA CONMTOHA (4) C NOIOJHHATEAb—
Hoft yemmHeHHO# BOJIHOK, B pea3ylbTaTe 4eIv 0o0pPa3IOBHPAJICA COMHTOH BRAA
(4) c OpyrEME 3HAYEHWAMA CYNECTBeHHHX NapaMeTpoB. B paccMaTpEBaeMoit
cefiyac cucreMe (2) Taxoil BAapDMAHT 3BOJOLMA OLHOTO COJHMTOHA BHAa (22)
B IpPyTo# coMmMTOH 2TOTO Xe BHAA TaKke BO3MOEEH. ONHAKO B pacCMaTpE-
BaeMoM cefiMac chaydae BO3MONHH M JIpyIWe BADMAHTH STOIV Ipouecca. Tak,
HanpaMep, MOJOXEM 401=¢JL= a)=}l+li . Torma comacHo (8) ¥ (23) BH-
pexeHEd IuA yHRIEE [) ¥ {/ IOpHHEMANT BEX

D=1+ dyexplap(-xsavy 26t)] + dyexplip (xravyag )+
sapoexplap (-xr2vy) e apu(Eire jt] eosd, o
Y= 2o exp [u(-x 48y 120, E)-Lvee - L(u Vg + LT L]+
+2a,exp [}l(-x+2,v’j+2,6zt)—£}/x-—l(ﬂ?“—vz‘);+i,’b'z't],
THe B cRIy (24) mMeem

@= (ti“tz)t+ 90.

(27)

HeTpymHo BRIETH, 4TO NIpH (65‘— 6;),(( >0 ® t—+ — 0o HOXy%a-
emoe ¢ moMombd (25)-(27) pemeHHe CuUCTOMH (2) BMPET ACHMITOTHKY

U~ 2’}(2 )
ch"[’,u(x—zvi-zqf)—gi]
goe expl-ivee—i(u*=v¥y+iT, U] )
" ch[p(e-avy-25,t)- 8]

I'Re Sl=%£n o, .C,_:Q,_ex':(-&) ., 8 IpH (6’2,—6’1)/4>0
| t—v ©° P70 DONOHES HMOOT ACHMITOTNKY

(28)

ap¥
U~ )
063'[/1(9&‘--%»’;—261'&)— 9,1
v- cxuﬂ-am-L(/l"-vz)jwz,,t]’ (29)
' cl’l[/"(x‘z\’]-ﬁlﬁi,t)‘ 8]
e 'b’,.zi gn dg , Ca= ag,GX[J(" Sg,) . HaoGopor, ecam

(0'1-6',,);4 >0 » TO OPN t > = o0 ENTDOCYINes Eac DENEHHO
AMOOT ACENITOTRKY (29), a npm 't‘> ©0  OHO WMBET GCHMOTOTHKY (28).
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Takam olpa3oM, B paccMaTpmBaemofi ceftdac cHTyalEM Hame pelieHWe oMM~
CHBAET 3BONKIMG COIMTOHA (28) B comuroH (29), ecnd (6- 6 4>0 , a
ecmz (6 - 6,) M >0 , TO EmMeeT MECTO BBOJNIEA CONRTOHA (29) B couu-
ToH (28). CymecTBEHHO OTMETHTH, UTO B HAHHOM Clydae SBOJOLEA OMHOTO
CONETOHA B JIPYTo# CONMTOH He COHNPOBOXKNAETCH HCLIYCKRAHUEM WK NOIvole-
HHEeM KAKOH-HEGYID: MONOJAHETEJNBHOR yeIMHEHHOR BOJHH, KaK 9TO OWIO
OCHApPYXeHO NpA DACCMOTDEHEHM MBYCIATOHHOTO pemieHMA cHcTeMH (I). Ipm
sToM B CRIy (5) CIpaBeIMEH DABSHCTBA

HIC[,zzz(s’i'y)‘ﬂz; %ICZ(Lza(gx'y)ﬂz) (30)

F3 KOTODHX CJeLyeT, YTO NpHEpaueHHe lczlz— (¢ 1( % KBagpara aMIuIATy-
IH l// — BOJHH CBA38HO C pA3HOCTHL 6'2,” 6’1 $a30BHX ckopocTel
U-BOAHH COOTHOMEHHEM

(lesz— [Cyl?)w ’2(63,‘61)/12-
U= pamescrs. (30) cmexmyeT, ITO

ey r wlCy|*
6'1—————2’/“2‘ +V 6’2'=—-———-—%/42‘ + V. (a1

Mycrs §, ® 5 ~DPABBHH COOTBETCTBEHHO Hamdoibmel W HaWMeHEmeR 3
Beawramm £ule, |Yu*u Sueyu2 . Ha pasercrs (3I) aiemyeT, Iro ecum
mapausTp Y  JexwT BHe mHTepBaia (-31,- Ja), To cupapesumeo He-
pasericrso 6,6, > 0 . B npoTHBHOM cryuae, T.e. mpEVE (- ,-%3)
EMesT MecTo HepameHcTBo 64 6, < 0 . Orcoma ciemyer, 4ro B cIyuyae
ve(- 3’1 . _Tl) CONMTOHH (28) E (29) IBEXyTCA B ONHOM M TOM X Ham-
paBnemmE. HaoGopor, ecm v € (- 5'1 )= 3’2,) » TO COJARTOHH (28) X (29)
IOBEXYTCA B HDAMO NPOTHBONOAOEHHX HAIpPABIEHAAX, T.e. DACCMATPRBAGMOS
HaMM pemeHFe B 9TOM GAYYAE ONECHBAOT orpaxe:}ne COMHTOHA. PemeHmEA Ta-
FOTO THIA BUepBHe OWIH OCHADYXeHH B pacoTe 6/ npm paccuoTpenEE mpy-
ot cmcreMmi ypaBHeHHE.

CymecTByeT emle OMHO ABIGHHS, OTMHYAKWE® CHCTEMy (2) OT CRCTOM
(I). CyTh eTO COCTONT B cAexymueM. HycTs choBa W =Wy= W= +LV.
Oycrs, manee, 65 =V¥ , @A, = O . Torma cornacHo (8) ¥ (26)
pupaserma mis gyrxwd D &/ npimmuenr sun

D=1 +d exp[ap (—x+zv£y +2,6't{,'}]+dzey/1[2/((—-x+2\7+26'zf)],
Y=24, exp [/x(—x1-2vy+2.6}f) - LVOC—L(/.{‘Z—VZ‘)/+ ¢ T, t],

e °L2, >0 — HPOMSBOABHO. BHICHEM, Kako#t mporecc OmMECHBA6T pac-
CMATDMBAGMOE NAMH peOllSsHHe HDH TAKOM BHOOpe ¢yHKmall D X S_V . He-
TDYOHO BENeTH, YTO OpH (61—62)/4>0n —» — 09 B HANOM DONMOHNH NpE—-
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CyTcTByeT yelWHEHHas BOJHaA BHIa

U= ap”
ck’“[/(x—z»';-zqt)»ii]
g=c e,xla(_'—iv’a:,—-L(ﬂz—vzji+l’6’1t] ‘ (32)

i .
clq[ﬂ(x‘a,v} - 2;51 t) - 6‘1 ]

rme $1= —&'[n ke, Cy= 01?—’({’(-3;). Hpr (6;;—6‘1)/4 < 0 sTa BOM-

Ha DOABATCA HpE | — o0 . Kpome ToTo, IpA (b‘i-aé')/.oon , > — oo

B HameM DeliGHMYM COZEDPEMTCA BTOpAd yeNEHeHH&A BOJHA BUIA

V= 2'/‘2 =0
ch*[p(e-2vy-261) - 51" ' (35

rme Sa,-‘- %Zﬂ dy . Ipm (62— 6, )M < O 3Ta BONHA BOSHAKAET
ape t - o0 . Tarms oGpasoM, eGIH (65,-6;),u> ¢ , TO OpH

t - — 0° name pemenme umeer acmmrormky (32), a mpm T -> oo

OHO mMeeT acEMuTOoTERY (33). HaoGopor, ecam (62—61)}4 > Q@ + TO IpH

£ > - oo sTO pemenme mMeeT acmMITOTEXY (33), a npm € = o0 oHO
AMeeT acHMITOTRKY (32). Jro 3HaumT, YTO HDH (Gi-q}y > 0 paccdar-
PHBHOMOE HAMA pelipHWe OIICHBAET SBOJIDLED COJMMTOHAa (32) B cosmroH (33),
a upE (6;— 6 ) 4 > 0 370 pemeHEe OMACHBAET SEOJDIMN COaETOHA (33)

- B cOXBTOR (32). MM BMmM, 9YTO 3BOJDIEA COMHTOHA (32) B conmToR (33)
CONpPOBOXRACTCA WCYS3HOBEHMEM (HOTVOMSHHEM) Y - BoXHH, Haodopor,
SBOAMIMS co/mtToHA (33) B coumToR (32) CONpPOBOXMAETCA NOABRNGHHEM (HIIy-
YeHHAEM) t[/ ~ BOJHH. BuepBHe 2T0 SBIEHWE OHJIO OCHADYyZSHO HaMH paHee

B Ipyro#f cHcTeMe ypaBHeHMit v,

Hs dopmya (32), (33) caexyer, Wro MIAYUSHWe WM NOIVIOmMEHWe -
~BOAHH CONDOBOXNAETCHA H3MeHeEHeM §as’oBOR CROPOCTH V" - ponud. Hpa
8TOM Mexny ammmuryzoR|C.| W - BoARH Z PasHOCTED 6;- 6, gasomux
cropoorel V" ~ BONHH BHOOJHAGTGH COOTHOMEHEE

ki (* = 2(6'1‘61)/-‘2’;

HEIOCPEXOTBEHHO BHTeRammee M3 (5) B CWIy PAapPeHCTBA 6;= Y =v¢ . 3a
MOTHM, YTO BOSMOXHH GIyYaM Kak ¢ 6,6, >0 , TaK ¥ C 6,62, <0, T.e.
DPOIBCCH HYIYIEHNA ¥ HOIIOMEHEA ¢ ~ BOXHH MOTYT CONPOBORNATHCA W3-
MeHOHReM HANDARJIGHHA NEEKCHAS COMMTOHA HA IDAMO IPOTEBONOJOXHOE .

ToAYepRHEM emé pas,wro W3 JBYCOARTOHHOTO DEmeHEA cReTeMH (I) moxy-
YNTh PemeHMe, OLMCHBANEEE NPOUECC NIMYUYEHHA W IOIMONeHHA &f’ ~ BOJHH,
HOBOSMOXHO .
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§ 3. IByconnToHHOEe pemeHMe cHMcTeMH (3)

HeTpyRHO BMEETDH, 4TC OLHOCONMTOHHOE pelieHHe cucTeMH (3) mMoxer
OHTD 3aIMCAHO B BHIE

4% o
ghz[/x('x-+26}1+zvf)-r51 )
C explive s iTY-i(w*-vM]
7=c ch {//(fx‘.-{-}bé"j-& avt)+351]

Tle BelleCTBEHHHe NapaMeTPH A{ , G ¥ KOMUIeKcHad Beamuuna C
YOOBISTBODANT €IMHCTBEHHOMY YCJIOBHK

(34)

2o gy R
wlel“=2u"06, (35)

QueBHIHO, YTO 3TO DelieHWe MOXET OHTDL IIOJAYYeHO M3 ONHOCONUTOHHOTO pe-
weH¥A (4) cucremd (I) ¢ IOMOUBK 3aMEHH KOODMMHATH f,' va f - b
napamerpos 6 , T  cooTBeTcTBeHo Ha & + VY "C'--/.l2'+ v dc-
HO, 4T0 ~oOoTHouweHMe (35) momydaercsa U3 yoaoBuA (5) B pesyapraTe 3a—
MeHH apamMeTpa 6 2 Ha O + Y. llpogelaeM Teleph YKA3aHHY®
BHIle NpOLeAypPy ¢ QyHxmam |) K qB , ONpele/IeHHHMA TOCPencT—
BoM (7) ¥ (8). B pesyapraTe moayuum HOBHe Qymkiom A u £ s
COBNAZAMIME IO BHAY ¢ yHKs™MA [) 1 <[) COOTBETCTBEHHO. ONHAKO
conepxaupiecss B BHpaxXeHUAX LA 3THX QYyHKmMiE MapameTpH 2 z%) OL |

oL,v OOMEHH OHTH Telleph ONpedeNieHH He C HOMOUbIo paEf HCTB (8), a
TOCPENCTBOM pABEHCTB 2

Hia,| wla, (%
571 = Lj_"'z“l/’( 6 ) YZ T”R,"-ZL}ILG’ oLi 2’/1 ?.,6—' A 2/12, 6’2.' (36)

BospMeM, manee, Qyurmm W 7 BUIA

PL _E
urz/a-;,vfnll,?‘z”' (37)

B cmay (9) olipellefleHHHe TakuM o0pasoM QyHKIm )~ x ABIARTCA pe-
uweHueM cHcTemu (3), MpUYeM HepABEHCTBA u6;>o » U6, > O BMeCTe C yo-
JoB¥eM (II) rapaHTHPYWT OTCYTCTBEE OCCGEHHOCTeH y 9TOTC DelieHHEA IpU
JOOHX BemeCTBeHHHX 3HAYEHAMAX X j .

B TOM cly4ae, KOTHNA BHIOJHAETCA YCICBHE (ld UJZ) ( ft J):')iéo, Ho-
JAy4YeHHOe TaKAM OCPA30M pelMeHme OMMCHBAET yNpyIOe Bi3auMOReidCcTBAE IBYX
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COMUTOHOB BEH2 (34). llpz STOM MMEDT MECTQ Te Xe TDH THENS NOBEREHHA
pemeHusa, KOTOpHe yxe BCTpeYajMch paHee IIPH PAaCCMOTpPeHMM IBYCOJAMTOH—
HHX pelieHMit cmcTew (I) u (2).

Ilanee, B cliyuae, Korua (¢ ﬂz)(ﬂ - fi ) 0 ,HO 6, # 6, ,
paccMATDHBAEMOE Celfyac pelieHMe ONMCHBAeT NpPOLECC ralleHUus OXHOTO CO-
JncoHa BEES (34) ADYTEM CONMTOHOM BTOTO Xe BUIA. M cHOBa KapTHHA
9TOTO SABIEHHA B cUcTeMe (3) IOBTODAET TO, YTO MH yEe MMeJW paHbiie

B cucTemax (I) m (2).

Paccuo'rpma, HakoHel, ciydai, KOTNA BHOOIHAWTCA yCHOBUA
(o)~ u),')( ~o , 6‘,_ 6, , 8, # Y, . 3ra curyaupa BO3MOE-
Ha TOXb upn , T.. B cn.ny (36) monmHO GHTH T = T,
M= My .Honoxm«l,u =M= My 2 B6=67=6, »T=T,=T7,.
Torna BMpameHEA miA Qyukmidi A ®m [ NPYHAMAKT BRI

A= +dtexfﬁ/”(x+26y+2ﬂ£)]+aL2’¢,xlb[2,/4(m+26y+2 vt 1+
+ 20 exf[:w(x 26y rav,t)] eos @, (38)
E- “&*rfﬂ<°“?ﬁy+w)+L4x+w;—v(ﬂ’v A t]+
+zazexf[/4(x+26z+zv)“t)+cszHb} L(pr-vi )T,
e

v, +V. :
Ve = _L_f&» g = (vi-Va)e *("12" "zz) t+ 6, . (39)

[looMoTpEM Temepb, KaKOBO MOBONGHEE ONpeleJeHHOTO HOCpeLcTBOM (37)-(39)
pemeHHA cHcToMH (3). C HOMOMEN HECHOXHHX BHYACAEHHH# HAaXOImM, 9To

W= -, 7=7t)
e
uﬁ:-}{zﬂlm t) - (v,- vz)/a [44Sin0 +(V,-Va)cos 6] x
xextnfz/l(oc+26'}+ﬂ:\/ot)]}
VRY (40)
%J(VLA:M e {2/50 +o¢,1exll[2/-‘(\’1"'z.)t_]c°59+
+ dy exp [Z,U(V,,— yi)t] Cose}axla[l{;!(oc+26}+2,vof)].

Hozoxum 2 = X+ 26’} . HeTpymHO BHE®TH, YTO OpM Z > + o
AMEOM urt_,o . ?l—’ o . TaxEM odpasoMm, napa $yHEmi w‘1 . 71
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onpeneiseT yeIMHEHHYR BOJHY, COXEepRAUYOCA B HaiuleM pelleHm#. PaccMoTpuM
goJiee HDEeTaNBHO CTPYKTYpY 5TOif yemmHeHHo# BojHH. Jlerko yoeimThes, 4TO
npu (V- vy} > 0 i to-ow cIpaBejiNBa ACHMITOTKKA

2 u*
1[/((904-2.6‘;11»2»/ %)+S] l

(41)

S ex,:[t#xruog,-;,(,u*' Vz')t]

e c/';[/l(x+2.6““+2"”[3)+5]
rre gi.-.ifnact v e =a ex,)(— ) sametl s o0 nMeeT

MECTO adUMITOTHKR
2

e s

/17“[,‘4(oc+26'y+2\’;,‘f)-f'5J] (2

, ex/a[u/ xuj —L(m*-vht]
1~ 2 ch[p(a+26 6y+at) + 031

TIe ng ndy Cr=Q 2, €% (- ) HaoGopoT, ecnu (Vp-V,]H < o,
TO OPE T — — 00 PhmomHAeRCs acmm'ro'rnxa (42), aopu £ » oo
CIpaBefikBa acEMITOTHKA (4I). Takum odpasoM, mapa dyHkimit a?’ e 1y
OIMCHBaET PBOJNIMY colmToHa (4I) B comrron (42), ecmm{ V- Vz)'“ >0 »
a ecuy (\/ Vz)ﬂ > 0 , TO NPOMCXONUT B3BOJDLHMA COJHTOHa (42) B COJNHTOH
(41). Iipu arToM cornacho (35) mmeem |C,| = ]Czl , a napameTpd Y; , \’L
MOTYT [IPHHEMATDH [IPOH3BOJLHHWE BEHeCTBEHHHE SHAYeHHs.

BrAcHMM Teneph, Kakoi BREAX B Halle pelieHWe BHOCHT Bemmaw:: He-
TPYIHO BHEETH, Tro ec U > 0 , TO HpH z:x*zqu_w umeeM “570‘
OmHaxo OpH Z -» ©° (CnpaBelyidBa aCHMITOTHKA <

2o~

urz ’L(S +dgexp[2p{V Yy t]cosB ot exp[2p(vy V}fjcosg
T(iv) 8 /50 {ayenpap(v, V)t + oy exp[BH(Y Vl}tjwv/s cos O}

OOKASHBAKMAA, 9TC OpH Z.-» o° BeJRYHHa 07' He CTPEeMHATCA K HyIn. B
crysae M <0 mueeM ify—> 0 npEZ-y 0° , anpum Z-» - 09 Chpa-
BelJIEB2 yKA3aHHad BHIle HeHyJeBas acuMaToTAKa. C mpyrolt ¢TOPOHH, He—
TPYIHO YOEDETHCH, 4YTO w',ﬁ 0 npu T>f 00 | 310 smaumr, wro 3BO-
JDIRA OZHOTO COJMTOHA BEEA (34) B Ipyro#t COMMTOH TOIO Xe BHEA COIpO-
BOXIAETCH B cHCTewe (3) moAmieHHeM M0GaBOUHON BOJHH “’1 rEna (40),
He ABIMmei#cA yemwHeHHOH BOJIHOHM.

B 3aripyeHHe yMECTHO OTMETHTEL, 4TO BIEpDBHE TIalleHMe COJATOHOB
B cHacTeme (I) OWiI0 oGHapyXeHo B padoTe

25




Jiureparypa

I. Meabumkos B.K. llpeupunr OILI P2-87-494, LycHa: O, I987.
2. CommroHu. Pexm, P. Lymnap, -b. Kompum. M.: Mup, I983.

3. Mel’nikov V.K,-Lett. Math,Phys.,I983,v.7, No 2, pP. IR9-I36.
4. Mensmukos B.K, llpeupunt OUAM P2-86-~724, Jlyona : OUAM, I986.
5. MeanaexoB B.K. lpenpunr O P2-86-819, lycma: OMAU, I1986.

€. Calogero F., Degasperis A,~Lett., Nuovo Cimento, 1976,

v.16, No I4, p. 425-433.
7. Melnikov V.K.—Phys. Lett., 1986, v. AII8, No I, p. 22-24.

8. MeasumroB B.K. /3B. By301 - Pammodmauka, 1987, 7. 30, # 7,
c. 922-924.

26




ON THE TRANSPORT COEFFICIENTS OF MIXTURES CONTAINING NEUTRINOS

S.R. de Groot
Institute of Theoretical Physics, University of Amsterdam,

valckenlerstraat 65, 1018 XE Amsterdam, the Netherlapds

1. General survey

Systems contalning neutrinos play an increasing role in physics and particularly
in astrophysics. An example of the latter {s the study of the lepton perilod which
lasted from 107 to 10 seconds after the big bang. Another case {s formed by the
oroperties of neutrinos in collapsing stellar cores.

In this review article the transport properties of a number of neutrino systems
are discussed, mainly as obtained by the Amsterdam sthooll). The ultimate basis of the
theory is the relativistic transport equatioa for the distribution function of the
systemz). This equation contains the tnteraction strengths of the particles. It is
linearized by taking tato account only terms of zeroth and flrst order in the mean
free path divided by a macroscopic length. In this way one finds ultimately linear
laws for the thermodynamic flows of energy, momentum and matter arising from
"thermodynamic forces"” such as the gradients of the temperature, the pressure, the
composition and the velocity. These fluxes and forces are linearly connected by weans
of transport coefficients such'as the heat conductivity, the diffusion quantities and
the viscosities. The latter coefficlents depend on the Interactions of the particles
through electro~weak and strong forces and may be obtailned as functions of the
(microscoplc) interaction constants and the (macroscopic) thermodynamic state
variables. The transport properties will be given for some systems containing

neutr inos.

2. The linear laws for binary mixtures

The irreversible behaviour of binary mixtures {s described by four linear laws:
one scalar, two vectorial and one tensortal.

The scalar law reads as follows:
- “
n n, VU, (1)

with the thermodynauic flow [I{x), which is the trace of the viscous pressure

tensor M*'(x}. It is a function of the time-space cocr.inate vector
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X := (xo,;) = (ct,xl,xz,x3) , with ¢ the speed of light. The thermodynamic force 1is
(minus) the four-divergence of the hydrodynamic four-velocity Uu(x). The index p has
four values: time-like 0 and space-like 1, 2 and 3. The metric employed
is guv = diag(l,-1,-1,~1). Finally in (1) we have the transport coefficient n, called
the volume (or bulk) Viscoslrya).

The vectorial laws have the form

T L IS ! v

i x(v“_r oty + o m o () L )

- - - 2oyt “legh .

I} = b ax (1 xl)(v“r "o 1outy + pynx Gy (T ¢3)
The first thermodynamic flux is the reduced heat flow

* B th- » 4

Iq - Iq (hy~hy )1, (4)

with I: the heat flow and by and h, rhe partial specific enthalples of the two
components in zeroth order. 1n the case of massless particles the latter are both
equal to AkBT (with Boltzmann's constant kg) so that the last term of (4) then
vanishes. IE with k = 1,2 are the diffusion flows of component k. Since their sum
vanishes only one independent diffusfon flow exists. Here Ir is employed. The first
thermodynamic force in (2) is the temperature gradient and a relativistic term due to
the time derivative D of the hydrodynamic velocity. The transport coefficient A is the
heat conductivity. The second thermodynamic force contains the gradient of the
chemical potential b of species 1. This last term of (2) is called the diffusion
thermo-effect or the relativistic Dufour effect. It contains the density n and the
faction %) of component 1. The transport coefficient D%
is celled the Dufour coefficient. The law (3) for the diffusion flow I? contains as a
first contribution the influence of a temperature gradient (and the acceleration); it
is called the thermal diffusion (or Soret) effect. Its transport quantity Dy 18 the
thermal diffusion ccefficlent. The equality of DT and D%
follows from microscopic time reversal invariance. In non-relativistic theory this
property is called the Onsager-Casimir relation. Its generalization to relativistic
theory has been proveda). The second term at the right-hand side of (3) 1is the
diffugion flow caused by a chemical potential gradient. Its tramsport property is the
diffusion coefficient Dy.

The tensorial law describing the system consldered has the form

™ae2qgvty’ . 5

Here the thermodynamic flow is the traceless (index nought) part of the viscous
pressure tenso: [he thermodynamic force 2 v yY is a symmetrized tensor as indicated
by the bar and with trace zero as indicated by the index nought. The transport

coefficient n is the ordinary (or shear) viscosity.
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3. Massless neutrino-antineutrino aixtures

The first example of 2 neutrino mixture conmstitutes the simplest system of
particles and anti-particles, viz. the mixture ~f (massless) neutrinos and anti-
neutrlnosl's). The volume viscosity disappears in the limit of vanishing particle

mass, S0 there is no law (1). For the weak interaction the Lagrangian

LGx) = =(6/4/2) W 14y ) Wx) V)Y (1475 () &

49 —2) ,

is employed. Here G is the weak interaction constant (1.435 x 10 '~ g cm5 s
v(x) the neutrino spinor field, ;(x) its adjoint and y“ and 15 Dirac matrices. Its
form has been obtained from the unified electro-weak interaction theory of Weinberg,
Salam, 't Hooft and Veltmans) in the case of energies low compared to the heavy boson
masses which transmit the forces. This case presents itself in the situations dealt
with in this article. The form (6) has been derived by Siskens and van weert’) from
the general theory. The linear laws may be written down, deleting for convenience the
acceleration term, using the particle proportion %; of the neutrinos and x9 = 1 - x
for the anti-neutrinos and the fact that for massless particles h; and hy are both
equal to AkBT so that the reduced heat flow (4) is equal to the ordinary heat

flow I: . So the vectorial linear laws now look as follows:

u 1 2 gh

Ig= A vHr 4+ Dy mkyT® Ve, )
B - m

1} = b ox (1 xl)v”'r +Dyn WL 8)

The tensorlal linear law has still the form (6). The transport coefficients turn out

to bel) in first order:

97 + 112 XXy 54c5

(1 _ 3
A 80 "TFIIxN% 2l ®
p(1) _ e 3 HOy) o gl a0
1]
T T % *TF 17 x %, nk:Tsz
1y 3 R’
by =Tz ™ 73 (11)
n(kBT) G
o3 119% 184 xx, b 3 .
8 *TI9+ 52 == 7
k) k,TG

The formulae show the dependence upon the state variables T, n and x), and upon the
constants of nature i , ¢ and G. During the lepton era the temperature dropped from
1012 & .0 1010 K. So let us comsider the temperature 10tlg,

With thils value and x; = 3/4 and n = 103% cn™? one obtains the exact

resultsl)
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35 g cm _ - 4 cm'
A= 8.0 x 10 —_33K s Dp = Dp=4.2 x 10 & , (13)
2
Dd-l.3XI016% ! xlozszh . (14)

These "celestial™ values are much higher than their "terrestrial" counterparts. This
disparity 18 due to the fact that the former contain the small interrction constant 2
in the denominator which makes them large - in spite of the high temperature - as

compared to the latter governed by the much larger electromagnetic interaction.

4. (On the posgibility of a neutrlno mass

It was found by various physlcists: Lyubimov et 31.8), Reines et 31.9), Boris et
al1.10) Vullleunierll) and the Moriond workshoplz) mainly from beta-type experiments

that peutrinos may possess a small mass of about 10-30 eV (most likely larger than 7

ev).
This existence might also explain the so-called "missing mass™ in the

universela).

5. Massive neutrino ~ anti-neutrino mixtures

1f neutrinos have mass hardly anything changes for the vectorial and tenmsorial
phenomena becaugse the mass m proposed is so small (~ 10 eV). However, the scalar law
now plays s role: the volume viscoslty (s no longer vanishing. In the cheorylk’ls) the
high tempersture limit with z := ch/kBT << 1 s found and also the low temperature

limit (2 >> 1). The latter s

kT 2
- B 5 ! L 15
y co(T) 2815 z772 - X, x, ' Qas)
with the cross~section
CkgT 2
a1 = (—33) . (16)
2
The values for intermediate temperatures were found by interpolationm.
6. Massless neutrinc-electron mixtures
The Lagrangian for neutrlno-electron mixtures (s of the fora®»7?)
L(x) = =(6/4/2) UYLy ) Ux) Wx)Y (T4r) v x)
=G/ VO V(Y (1 + € + 1o)e(x) an
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with e(x) the electron fleld and a constant

2
C := 4 sin ew . (18)

The angle BH is called the Weinberg angle. It has a value such that stnzew is equal to

0.25. The resultsl) for the transport coefficlents are (ln First order)

ck x
AL 42 -2 Y 5 (19)
6T 4480 x, + [1880(1+C) + 567 C*Jx,
() _ (1) 18 ¢ )
(L) o ety _18 . @)
T T n o aTo(T) g0 x, + [1880(14C) + 567 ? I,
(1 _3 c 1
¢ 23 1)
d 2ronoT) ) eee14c) + 649 2
) 22 kBT x, (2
n =T KT 2 ' 2
7360 %+ [2120(1+C) + 649 C Jxe
k,T X X
(1y _ L B 4 ve
Ty " = %% <o(m) Ze ) @3

432(14C) + 126 C2

Here x, and x are the neutrtno and electron fractions, n the density, o(T) the cross-
section (15) and z = mc /k T with u, the elecrron mass. The dependency

on x_ shows that x b and n( ? strongly increase with the neutrino fraction. The
coefficient Dcl) :s)lndependent of L while D(T) = D%(l) {s only weakly dependent

upon {t. As for ", it initially lncreases ulrh Xy bur it becomes vanishingly small

if one approaches the pure neutrino case. The values of the transport
coefficlents A(l), Dgl) and n(l) are of the order of magnitude of their counterparts
for a neutrino - anti-neutrino system and thus nuch grearer than the corresponding
quantities for terrestrial gas mi.tures. The coefficient

D%l) = D%(l) is for xv = % algo of the same order of magnifude as that of the
vv-system. lts value Ls somewhat higher than for terrestrial gas mixtures. It is
negative, which means that the neutrinos are driven ro the regions of higher

temperatures.

7. Massive neutrino - anti-neutrino mixtures

For the mixture of massive neutrinos and elecrrons!t®:15) agaln the vectortal and
tensorial laws are hardly different from those of the system with massless neutrinos.
However, the volume viscosity is influenced. It will be glven for three cases (z :=

2
wc”/kgT), namely (a) z, <« 1, z, <1 ; (b) z, K1, z, » 1
and (¢) z, >» 1, z, >> 1 . The results are, for (a):
k T x xz zb
n = B v e e (24)
v cofT °
M 180 x,+ 109 x_ (1+C+ 0.30 ¢4 ]

(The cross—section o(T) has been given in (15).) Since the neutrino mass does not
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occur here, this mass has no influence on the volume viscosity. For case (b) the

result 1is
o - kBT va %, Zg (25
VoM 32w 2”320+ do+ 2D
In case (c¢) one finds:
k T 52 X X z
n =2 v.e e . (26)
v co(T) 215/2 nllfkl +>%C + %CZ)

The results for other values of 2z, and z_ are found by interpolation between the

results given for the cases (a), (b) and (c).

8. Mixtures of neutrinos and nuclei

Since in neutrino-nucleus mixtures the mass of the neutrinos has a negligible
effect, in this section only massless neutrinos are considered.

Neutrino-nucleus scattering ptoceedsl) through the weak neutral current. At low
energies (<< 100 MeV) the scartering is coherent ~ in the sense that the nucleus acts
as a single particle - with a cross-section proportional to the square of the nucleon
number A. For this reason this process is the dominant neutrino scattering process in
pre-supernovae where A ~ 50. The typical energies involved here (~ 10 MeV) are quite
low compared to the nuclear masses, so that — In contrast to the electrons, as studied
before - the nuclei are {n the non-relativistic régime. This fact enables one to
obtain analytical expressions for the transport coefficients of a
representative vA-mixture.

As a neutrino-nucleus interzction, following Fteedmanl). an effective Lagrangian

density of the form
L(x) = -(G//Z);(x)y“(HyS)v(x)Ju(x) @n

is adopted for the neutrino-nucleus scattering process. Restricting the discussion to

spln-zero nuclel with Z = N = %A, the baryon current J'J is given by

<t 1tips = [Z(ZnFn)]"l a, AGph + p'Hy 28)

where pu and p'u are the lnitial and final four-momenta, and ag 1{s equal te
slnzeu {(with BH the Weinberg angle) which has the value 0.25.

From this starting point Siskens and van den Horn found the first order transport

coefflcientsl):

kBT x, %y

med)

v T (D) * 29)

2 2
960 7 a, A (1+xv)
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M- 1 (30)

?
2 330 n o] a2
(1) _ he(D) c 3
D = p, = - , (31)
T T "Ta(T) 560 x, 8[2) a2
ck X
P\ E . S (32)
a(T) 2 2 °
140 n x_ a- A
K T g 0
(1) B v
n = (M) 2,2 (31)
336 n xA ao A

1n these expressions o(T) is the cross-section (16), X, and X, the neutrino and
nucleus fractions, n the density and z := mczlkBT with m the nuclear mass. The thermal
diffusion coefficient is negative, implying that a temperature gradient will drive the
neutrinos towards the regions of higher temperature.

For the case of arbitrary degenerate neutrinos a theory was developed by van den
Horn and van Heert16'17). This treatment 1s valid for the dense cores of pre-
supernovae, in which the neutrinos become indeed degemerate. The nucleons remain non—
degenerate, in fact also non-relativistic. The results are the following transport
coefficients, which are exact to first order in the small parameter

kBT/mc2 = 10-4 (wvhere m is the nuclear mass):

2.2
hc "k T h F h
B vl 1, v 32
A — [F - + _(_.) F J s (34)
2% a2 A? GZ a 2 kBT 2 kBT 0
0 45 4 F
nh'c 0 .
Y457 2 2. F, °* (35)
kao A" G (kBT) n 3
x B4cS (h /i D)F, - F,
Dp = Dp= =537 3 = F , (36)
4Bn A" G kBT A 3
ﬁ(knT)
1} » ———— F . (&13)
2,2 .2 2
15 n ay A" G LA

Here m, and n are the number demsity of the nuclei and the total particle demsity,
respectively; ag is here the quantity - sinzeH with the value -0.25

(8u is called the Welnberg angle); G = 1.44 x 10—49 erg cm3 ig the weak coupling
congtant; hv is the partial peutrino enthalpy. Furthermore one has the Fermi

integrals F‘ - Fs(uvlksT)' defined as

Foly) = dF (9)/dy (38)
1 ° x'-l dx
P =y ({ e FT 829 . 39)

The expressions (33) - (36) are valid for arbitrary neucrino degenerscy, i.e. any
value of uv/k‘T + Since the Fermi integrals (38) - (39) are increasing functions of
their argument, and incresse more rapidly with higher s, the expressions (34)-(37)
show that, for given temperature and matter density, the qualitative effect of
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degeneracy is to inhibit the neutrino diffusion and to enhance their thermal
conduction and viscosity. For great degneracy diffusion vanishes, while viscosity
becomes independent of the temperature; the heat conductivity becomes independent of
the neutrino chemical potential afrer attailning a maximum in the régime of

intermediate degeneracy.
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HECTAHEAPTHHE AITEEPH CMEPATOPOB POEIEHIN M YHINTOXEHUA
B PEIATYBUCTCKOR TEOPYM KBAHTOBAHHHX NQILER

B.B.Kypumems, 3.3, 2HTpaxsI'o

OdbenuHeHHEE HHCTHTYT AREDHHX MccienobBaHmd, JlyoHa

OmepaTop moyd 2/ B KBaHTOBOA TEODEE CHCTEMH cnodonmi}. nojsefl B
ofleM cJydae MoXeT ONTL 3am#caH LI, 2] B Bre cymH Uy =Ug + UL |

(z) ZSJ;?e (,zr) Q, (®). (1)
3uecs J', — HHEEKC mrmonen'm g S, x=(zx9%) - x.oopmmara
npocrpasc-rsa-npeueﬂn, Kex = Kx-RE , w3 = = Vil +md 7 - Macca

moaa S , 0.,, (¥) - omepaTop pOXUOHHA, 0.., () - oneperop mumm
KBanTa monud (:.;’3 ), mMexmero anepm—mrmmc sy =(xg, %) B COBOKyN~
HOCTEH EMCKPETHHX XapaKTepPECTER (SJeRTpudeckuil 3apAl, CIEA M T.I.),
OIpeReJiAEMHX MHEOKCEMH &Y, .

B samace (I) omepaTopoB IoJA ONEPATOPH PORNEHAA B YHHITORSHNA
B3SMMHO CONDANGHH, TAK 770 (@3, )t = a3, (), a moxomie Fynmmz

"'(r) 6CTh (B 3GBECHMOCTH OT mexcon) deo TOXIOCTBOHHMO HYIN, JN-
Go JymHefiHo HOSABHCHMHO DEMeHASA ypebBHeHEH NHojs & B EMOYALCHOM Ipex-—
CTaBJIeHAH , HODMADOBAHHKG TAKMM OCpASOM, YTOCH ONEDATOD SHEPIMH-EMUYX:—
ca Bcefl cEcTeMH CBOCOMHHX mosefl s3ammcHBajicA B BHHUE

P’ =z::%§df KE-Ng () (2)

3necs /\/59‘( #) - onepaTop YAGHA KBAaHTOB ( sy, , ¥ ), BHpaxamumiicy depes
onepaTopH POXEEHMA B YHMYTOXEGHAA KAK

NalZ) = QCHRA(E) + 2, QUDOLE) + Cu®),  (3)

rme A =8Y; - COOMpATeABHHH RHZORC ONEDATOPOB DOXIGHMA M YHHITORS—
ma, (pop) € ((1/2,72), (0,1), (7,0) ) p cayeae rensop-
mux noneB & (p,2%) & ( (7/2,-%), (0.,-1), (1,0) ) B cayuse
CIIAHOPHHX HoNefl, C, (¥}~ YHCIOBHe BEJMYMHH, BHODAGMHS TAKEM OOpaSOM,
YTOCH BHNOAHAINCH YCJOBEA "¢HSHUHOCTH" cocToAHEA "BakyyMa" I, :
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Mm® =0, m GEOB =0, BR=1 (@

Yoropua cosmecTHOCTH [ 1] TpamofopManmoHHux cBoficTB OmepaTopoB IO-
J ¥ BOKTODOB COCTOfHMA IpY IpeoCpa30SaHEAX TPAHCIALEH,

i, U, > = ug o, B 1., ()

Iocse NONCTAHOBKY B HuX BupareHwdl (I) u (2) ycTaHaRmMBADT YKA3aHHHH
pume fusmyeckal cMucy omepaTopoB @F W mpuBOZAT R HeoOxommMo# B moc—
TaToUHOf )M BHOONHeHWS (5) cHcTeMe TOXHECTBEHHHX COOTHOMEHI:

S [/vzf,m,af,sr;s)]_ = £9, 8(-p) QL,).  (6)
S

B cospemeHHO# xBaHTOBO# TeOpHME NHoJA PaKTHYECKH mocTyJmMpyeTcs, 4TO
onepaTopu (I) mpmHamnexaT crannapTHOf anredpe Aer , B KoTOpoOfi ome—
DaTOpPH DONNEKEsT ¥ YHWITORGHHA, SBJIAMMecs 0o0pasynmiaMu aireCpH, IOXIA—
HeHH cHCTeMe TOXIeCTBSHHHX COOTHOmeHmH:

QLRIQG(F) + Tag QuR)@L(®) = 8,g8(7-p),  (7a)

Q) Q) t Zas Ra(p) a(x) =0, (76)

THe Z,, <~ 7 , OGN MHEEKCH A ¥ £ OTHOCATCA K CIMHODHHM IIOXAM,
B Z,q=-7 B OPOTHBHOM CAy4ae. Tak KaK 1q~24 T34 = 7 , T0 COOTHO-
menuA (7) HaxomaTcA B corjiacum ¢ ycioBwsimm (4) m cactemoff TOEmecTs
(6), Tme A4 (%) saman pupaxermeM (3). Ipu aroM C4(®)=-25(F), r0
OKBUBSJEHTHO SAImICE omepaTopa /7 B fopMe HOpMATEHOT'O NPOW3BENE—
HEA, /\{4(7)=a:(z) Q;m. YTO QfecnevMBaeT HeOTDPHIATENHEHOCTHL ONEpPATO-
pa oHeprEmE £°.

ClexyeT OTMETHETH, 3ITO cooTHOmMeHuA (7) MIA QHKCEPOBAHHOTO LOJA MO-
I'yT OHTH Busemend [I,2] m3 cootHomexm#l (3) m (6), ecum mpeXPapETE L~
HO HOCTYJAMDOBATE, YTC JMOO KOMMYTATODH, JHOO QHTEROMMYTATODH OnepaTo-
poB (1) ABAADTCA YHCAOBHMA QYHFEIMAMM H ONHOBDSMEHHO NOTPOCOBATH MOJO-
XETENBHOCTH SHEDPIMM IojA (YacTHHl caydafl HOXA3aTENALCTBA K3BECTHON- Te—
opemu Ilayxm). QuEaro B B STOM CaydYae TPeOyDTCH LONOJHETOJNEHHE LHOCTY-
NATH, HANpEMep, AHTHROMMYTALMA OREOT'0 CHEHODHOTO WOJA C KDYTEM IIPX
ROMMYyTETEN NX C JOOHM TeH30DHHM TOJXeM,

Eme B I950 r. Owro 3ameueno [3], uro samaua (3),(6) MoxmeT mMeTH
PpemeHHs, OTIENAKTEC OT COOTHOmeHE# (7), YTO NOJXHO HPHBONETE K HOAB—
ZeHED HOKOTODHX HOCTABIAPTHHX axredp A, , He cosnamemmex ¢ Acr .

Tlepeuie mpmMepu airedp 4, , ESBeCTHHe B HACTOANES BpeMA KAK AJ-
redpH napa-onepaTopos A p » OWIE HOGTpOSHEH B 50-X rogax [4,5]. Cuma-



RRCTAR

RO JeTalbHOe HM3ydeHMe ayuredp Mapa—ONepaTOPOB HOKA3aj0, 4TO Napa~IoJe
BCeTRa CRONMTCH K CHCTeMe NoJiell Ha aHOMaibHO# anredpe A, u B RoHew-
HOM mTOTe K cucTeMe moaeff ¢ mpocrefimell BHyTpemnell ciMMerpuef Ha A er
(moxpoduee cM. [4-I0]). 3ToT BHBOL OpABEJ K CYMECTBEHHOMY CHIREHVN
¥HTepeca K aaredpaM napa-omepaTopoB.

Ene pan poamomiocTell DOCTPOSREA HECTAHUADTHHX ayrelp ORI npole-
MOHCTDHpOBaE B paGotax [II,I2], The, B 9aCTHOCTE, OWM BBENEHH TaK
HasHBaeMHe oCGoOmeHHHe CumMHelHHe TOMEECTBeHHHe COOTHOMEHMA IJA olmepa—
TOPOB POMIEHWA N YHNUTOXeHHA, B ofmeM ciydae TAKOTO pofa TOENECTBEE-
HHEe COOTHOWSHWS ¥MeDT BEX

@idyp) + 2 digtuep Qypaim = Buolup, (82

G ay(m *+ ) yi2p waz@ = dalup. &9
Q,d
Jonyctmvue kospdmimentaye @ymmmm b, v 4 H A B COOTHOmE-

muax (8) 3aBHCAT OT KHOHKpeTHO# CHCTeMH CBOGORHMX moJel M ompexesaapT-

cf CHSIYNIDM 00pa3oM.
I. Ileficteys cooTHomenmAMM (8¢) Ha cocToRHEE "BaKyyMa" ¢ ydeTOM

youosril ero "fmamarocTn" (4), HoayimM
Apg (p) = 0. (9)

2. llpopens samexy mepemenunx A.X &8, B coorHomenmax (8) u
B3AB conpAmeHEe K (8a) nocjle CpaBHEHNMA IMONYYEHHHX COOTHONEHHY ¢ HC—
XONHHMH, BMEeM YCJIOBEA MATeMATAIECKOR HeNpPOTHEOPEIMBOCTH:

*C-® D

g op) = Olyy (o), Pantop =P, (10)
cD Er

; Laa kP> ¥oe (PR = S: 5‘: . (106)

3. IlprpomA ¢ momomek {8a) omepaTtop (3) K HopmasasHoil gopMe M Tpe—
OysA BEEOTpMIATEJLHOCTR ONepPaTopa 3JHEepPIHH P’ e OFHOBPEMEHHHM BH—
nosHeHmeM yciopufl (4), Haxomm:

e Qe
ol (kK) = ZMSA Sa C®@) = *Z‘ﬁ,q,.(k,k). (I1)
4. Cuuran papeHcTBa (9)—(1T) BHOOJHOHHHME W BHUNCAA KOMMYTATODH

omepaTopoB Iuces KBaHTOP (3) ¢ omepaTOpAME DORAEEMA M YHEUTORGHNHSA,
nocie NOECTAHOBKY ®X B TpedyemHe ToxnecTsa (6) ¢ HEOGXONEMOCTE® LOJY-—
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qaeM:

Paavp) = & S7-7, (12)
X pE 2.8 ~F _
Z— (Z 59 A(M,P) . XC s (P,") - 8 5595 S‘sg ) = O. (IZd)

5. Ymnoxas papeHcTBa (I20) Ha g; 3 (%, p) H CYMMEDYA IOJydeHHOE
no WHuexcaM £ ® D, c yueTom (I00) maxommm:

> a8 13
2 (S dacmp - So 2 ap) =0, @

Orcona, HoCke DACKPDHTHS HHEEKCOB 2 ¥ & , C HeoOXONAMOCTED CJe-
IyeT nepeoCO3HaYeHHE:

3 /Vs W _ r ¥ C
dsv,q & Moa s St =N, o . @0

f’s
6. Nloncrapnas nepBoe BHpaxedne u3 (I4) B IepBoe COOTHOWMEEME M3
(10a), mveem ,
2 Fs 'Y o f’u T
NGV Vil 5 VAP ¢

Orcalla ciefnyeT NepeodosHadeHme IAA BewMHH 7\ (apanormaso nepexo-
Iy or (I3) r (I4)), mocne dero, Bo3mpamaack K (I4), OKOHYATEJLHO ANA
koapbmmentnix Gynmut oA B 4 HaxXomms

s’ysi 2‘541;, "y 95’ ; 9.1'2‘/.2' % j’z
= s 16
d‘% 2, Ssssz M&f{; ’ 2{3‘7? 2 SSS Q/Jﬂz -( )

7. Honcrannas Tenepsr Bupaxenns (I6) B cootHomemma (1), (I0a) m
(I06), IpEXORYM K HeoOXommMuM cBoficreem penmamEn M :

Mg{\{‘(u,xJ =z SIS, (17a)
% (4
/W J'*(kp) = /\/l;ﬂ‘ (p.x), (1706)
9 ’
Z Msﬁ(xp) M (MP) = S S/: . (I78)
Jj;

Hagogen, .Cy\MEpya BCe BHIIEM3IOMOHHOS,R3 (8) MMeeM TOXTECTBOHHHE
COOTHOWGHEA JUIA ONEPATOPOB PORNEGHHA W YHWATORGHRA KBSHTOB NOJMA, AONYC—



TEMHE JIJA CHCTEMH CBOGONHHX IoJel:
Cn@), Z /V(o’ a6 =98 (18a)
5?5 1) ?f’z(ﬁ) + )./ ’ q‘ (l( P) z / F) SV/(E) - %2 )2”28[?-?))

3mece M ecTh ynome'rnopﬂnnan cHCTEME aNreGpaMdyecKHX papeHcTB (I7)
MATDUIIE, DaaMEpHOCTH KOTOpol IpH DUKCUDOBAHHHX SV, M 24, ecTh
Ne X My ( Ny - QMCIO DA3JIMMEHX KBAHTOB NMONA S Ipn g = (omf. ),
a JIEeMEHTH eCTh QYHKUMM OT EMIYNbCHO-IHEPreTMYECKAX IePeMeHHNX onepa-
TopoB RF .

Cpasy e OTMETHM, YTO TDHBHAJLHMM pemeHueM cyuctemu (17) sBuAeTcA
MaTpuia (emuHMdHasg ¢ TOYHOCTHER N0 3HAKA)

MQSJIL(R)P) .-.—_-.- z. g

(ompenencHme Zgp MHAHO P OPHMEYSHWH K cooTHoweHwmM (7)), cBonsmas
cooTHomeH¥A (I8) K TORLECTBEHHHM COOTHOmEHMAM (7) cTaHuapTHOH# aared—
DH OIEpaTOPOB DORUEHEA W YHWITOXEHUS.

PaccMoTpHM Teleph HeHOTODHE CHENCTBUA HEeCTAHNADTHHX aaredp, ompe-
NeJIAeMEX TORIECTBEHRHHMY cooTHomeHmAMY (I6) mpM HeTPHBHMGJIBHHX MaTpH-
nax M , yOORIeTBODSKUEX CHCTeMe paBeHeTB (I7).

IlpuBonsa ONepaTop (2a(®)@i(@) w A;(¥) (3) k mopmansHofl dopMa,
¢ nomomsn cooTHomexu#l (I8) B cuimy ceoficts (I7a) marTpmm M imeem

(20a)

¥ QHe
S : (19)

QU CL(T) + T QuuIQ(R) = S(E-T),

i@, @im]l. = *8(w@-2)Qi (), (200)

NalD) <GmQe) oM Cy(7) =-79(r-R). (208)

Papercrso (20B) znr C, BHTekaer M3 coorHomenm#t (II), (I2a) ¥ coB—
DaR8ET C aHAJOTWYHHM BHDAMEHWOM NDY CTaHIapTHOH asredpe, o3HaYad Qar—
THYeck# 3amuch onmepatopa " (2) B JopMe HODMANBHOTO NPOBBONEHEA C
YYOTOM TOXEECTBEHHHX cOOTHomeHm: (18).

CoraacHo coorHomexmaM (20) momasnredpa A, (1) ¢ odpasymmmm Q*( '4)
# (,(¥) PuxcupoBaHHHX mepememHHX (A,¥) cosmamaer ¢ Aq (1), B CE—
ny coo'momem (20} ycnorma (4) "fuamaHOCTH" COCTOARMA "BaKyywa" ORa-~
34BaPTCA BHIOJNHEHHHME, onepaTop aneprzn L£° (2) HeoTpmIaTeJgeH, a one—
paTops (23 (Z) u Qg (%) Ba camou Iene ARLANTCA ONEPATOPAME DOXTEHEA
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¥ YHWYTORGHMT KBOHTA DHOPIMU-WMIYJILCE KA =(\/E’im§ 5 Z) . Kpome ToOTO,
coorHomenws (20) HOKASKRANT, YTO TOMLECTBEHHHe RBAHTH TEHIODHHX mojeff
(Zys= =17 ) ABIANTCA GO30HAME, A TOXKECTBEHHHS KRAHTH COMHODHHMX IoJe:
( Tap=+71 ) - PepMmoHaMm, T.e. JOKA3ATEJNHCTB2Z INONOIRETEJLHO# Teope-
MH O CBA3K CIMHA CO CTATHCTHKOH UDE pacCMaTPEBAaeMHX HeCTaHNAPTHHX aj—
redpax He TpedyeTcH. ’

BeYMGAAA KOMMYTATODH ONepaTopoB wuces keaHTOB (8l ,¥) ¢ omeparopa-
MU DONTSHEA M YHNNTOXGHHA RBAHTOB (! V”F)’ B cmiy cBoficTs (I70) mar-
pui M, B I3CTHOCTH, OJYIAM

\:Aé,‘(z), Q;‘,.(F)]_ = SSt Sps kS(Y—F)a;&fZ) +

/¥ F'S p'/ ” Y4 y)
- Z IR 71 S usz.)«f 4~ (2D)
%’Z‘:‘D:( = M‘?‘f" (V,P) M‘Zf; (K,P) 8.,‘ Sos %/! a.zf'ﬁ,)@%ﬁ)a"_:(t) .
Cymmpys paBeHcTBO (2I) (¥ conpameHEOe K HEMy DaBeHCTBO) mo Y,,B ch-
Jay ceoficte (I7B) marpun /| npExomM K ToxgecTsaM (6), odecneduBan-
mEM BHIIOJHEHHe yoIoBxE COBMECTHOCTH (5) M eme pas nOATBepXuamuaM @Hu—
sHYeckHfl cMHca omepaTopos at .

IlpumeHerze anredp A, ¢ TOXESCTBeHEMMM COOTHOmEHEAME (I8) B KoH~
RDPETHHX IOJIeBHX MOESJAX CBA3AHO ¢ EBYMA TPYAHOCTAMH, HOABNAKEMMECA B
OCHOBHOM B peSyJbTaTe TOI'0, UTO IPM TaRWX ajiredpax B odmeM ciydae HM
EOMMYTATOPH, HH AHTEEKOMMYT&TODH omneparTopoB xoja (1) He ABRAANTCA WmMC-
JoBHME JyHKIRAMA,

llepBoe SaTpyHHeHEe BOSHHKAET NPW NPOBENI6RMH KOHKDETHHX BHIMCIe-
HEfl, B KOTODHX HEAB3A MCHOJL30BATH ODHBHUHHE IJA Aer MaTeMaTHUIeCKHEe
IpHeMH THIA ToopemH BExa, Iuarpamus JeflaMgHa ® T.In. (UHERO TakKwWe TPyI-
HOCTH SBJANTCA YHCTO TEXHWYGC:MME B YCTPAHANTCA IPOCTHM YBEJMIOHEEM
BPEMOHR HA NpOBeleHMe HeOCXOIMMHX BHRIANOK (B paccmaTpmbaeMoff anrelpe
TIOKA HPEXOAMTOH MCHOJB30BATE TY X6 TEXHRKY BHIHCIeHW#, 4TO NpmMeHR-
aack B Aer B 40-x TOmax).

Bropoe saTpynHeHEe BO3HMRAET B CBASK C TEM, YTO IOCTPOEHHHE Ha
Uy € A, ¢ IOMOMED OpPWHIANEG COOTBETCTEHA CAMOCONDAKEHHHY CKANADHH
oneparop BsamMonefcrema moef ol(x) B odmen ony4ae He o0ingpaeT cBofi-
CTBOM XORANEHON ROMMyTaTHBHOCTH, T.€.

7/

Yde, dan]_#0, xeva, (22)

310 TPYAHOCTH NPRHIMUMANRHOTC YADAKTEpA, HO M OB4 MoxeT OHTL YOTpaHe-
HA OyTeM OTEKASA OT DeJATHBECTCRH-HOKOBADEAHTHHX HpE (22) momarm#l xpo-
HONOTENEOKRX 7 -IpOMSBONEHH! B NONESY DPERATEEHCTCHA-EOBAPNAETHHX

opx (22) XPOHOXOI'HYECKEX Z -mpomsBenexEM, BBejeHEMX B [I3]. Mar-
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pYlla pacceAH¥s, IOCTpOeHHas ¢ HOMOWBKR < ~IpOLSBeleHMil JAarpaHRHAHOR
B3aUMOLEliCTBUA, OKA3HBAETCH YHMTapHOl, KOBODUAHTHON W mpuampHO# (HO
He MuKpoIpauMHHOR) mame B ciydae B3aumomelicTsus (22) (em.[I3-I41).

B sewicdeHne OTMETMM, YTO OOCYRIEHHe DALA EKTOB NPUMEHEHNSI He-
CTAHNAPTHHX aJrelp ¢ 4aCTHHME ciyvasMu coorTHoweHufi [I8], momyvemmmx
P OCHOBHOM B padotax [I2, I5, 16}, masomeHo n moxnaze [IO].

AnTepaTypa

I. boromwdos H.H., Ukpkos J.B. BBemeHve B Teopul KBAHTOBAHHHX noJeii.
"Hayka", M., 1976,

2. Brepren J. M., Jpemn C.I. PenATMBMCTCKAR KBaHTOpas TeopusA, "Mup”,

M., I978.

3. Wigner E.-Phys.Rev., 71, 7II, 1950..

4. Green H,5.-Phys.Rev., 90, 270, I953.

5. Boaxos J.B.-¥3T®, 36, 1560, I959.

6. Govorkov A.B.~Int.J.Theor.Phys., 7, 49, I973.

7. I'opopxoB A.B.-39AdA, 8, I056, 1977,

8. Klein O.-J.Phys.Rad., 9, I, I938.

9, Crpurep P., BaliTmam A, PCT, cnmH, cTaTucTHka  Bce Takoe. “Haywa",

M., I966.

10, Kypuwmme B.B., 3HTpansro 2.9. 3- il MexnyHaponsuili cUMIO3MYM IO M3—
OpaHHHM npodieMam cTraTncTeYeckoll mexauuwu. OWHU, Jydsa, HI7-04-
850, I984, c. 43I.

II. Kuryshkin V.V.—Ann.Pond.L.de Broglie, 5, III, ISEO.

12, Tpayes I.H., Jyokos C.J,, Kypumwu B.B. [lpodremu craTucTuyeckofi
¢usury n Teopum meua. YUH, M., I96G2, c. IS7,

13, L[ydwop C,N., Kyprmuxmp B.B., 3HTpansro 3.3. llpoGaems xmaxuTOBO# TEO-~
pue mosag. OWIM, X2-84-366, Jlydwa, 1984, c. 352,

I4, Kypsmews B.B., CesacreauoB I, A. IpodieMu craTEcTmueckof gmsmwy ¥
reopu® mond. JAH, M., 1987, c. 71.

15, I'pages A.J.-UsBecrma BysoB. @m3uka.X® 12, 56, I98I.

16. Grachov D.D., Kundu A.-Ind.J.Pure and Appl.Phys., <0, 393, 1982,
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[IPENICTABJIEHME S-MATPVIH B $OPMAJMEME SYHKIMOHAJIRHOTO
VHTETPHPOBAHWA

T.I.Ixopaxanse, A.H.Kemsaxunase, I'.A.Yeuenampria

MaremaTeuescKui mHCTHTYT EM. A.M.Pasmagse AH ICCP, Tdwrmes

MeTon $yHEIMOHATLHOI'0 HHTEIDHPOBAHMA HO3BOIAET KOMIAKTHO 38lH-
caTh BHPAEGHEA LI ONEPaTOpa SBOWIKIEE H INPOR3BOIANMX YHRIMOHANOB
fyoruu#t I'puHa, a S -MATDMIy S3aTeM MOXHO I T5 NPEMEHEHHMEM CTaH—
HapTHHX DeRyRIMOHNHX (OpMyX K GyHKITHaM I‘p:ma/ .

CymecTByeT H HeHOCPeACTBEHHOE IDENCTABIEHuUEe § —MATDUIH depes
dymmonansHult WHTeTpan (cM., HapEMe 2 ), Te EHTEIDAl CTPOATCHA B
roaoMopPHOM MDERCTARICHUM X -TOILEO HOCHe 9TOI'0 IMPOMSBONMTCA Mepexoxn
K EHTETDHDOBAHED 10 HOJAM, T.e. K KOHJMTypaIlEOHHOMY IpeXCTABJIEHHD.

B mamHOM padoTe Ha OCHOBe (YHKRUMOHANLHOI'O EHTETDANa B KOHPAIy—
DaIEOEHOM ODOCTPAHCTBE NQTYYeHO BHpAXEHWE S -MATDANH B I'OIOMOPPHOM
OpelcTaBICHER, OTIMYANNeecH OT yOOMAHyToro. KpoMe Toro, nouydeHHoe
BHDARKGHRE NMOSBOAAEST BHUMCJIHETL S -MATPHNY, €CJHH ESBECTHO IIOBeXeHHe
IaByxepemeHAENX fyHrumit I'puHa Ha BpeMeHHHX O€CKOHE@YHOCTHX.

Jna OPOCTOTH EUIOXCHHS MH OTPAHMYEMCA PacCMOTDEHEEM ONHOMEDHOT'O
RBAHTOBO-MOXAZEYOCKOT0 AHTAPMOHHYECKOro ocmpiiATopa.Bce dopuyaH, moxy-
YeHHEHe B ®TOf MomesH, JerKHO ofolmapTcA HA TEODHD IOIA, XOTS LIS Cy—
MeCTBOBAHES S-MATPHIOH 3Xechk HeoUXommMo BBeReHHe odpesammero garTopa
BIaEMonecTREA.

PaceMOTPEM IamMiibTOHVAH

H=H, + [(x)0.(t), (Ia)
TIe .
Ho= %(P +w1-xl), (I¢)

a Gt(t) - odpesaxupl darTOop, obpamammuiicAd B HyJb BHE HHTEDBAIA
-tstgT .
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Be(t)

—

=T T t

IUiA NOCTDPOEHMA S -MATDAIH “

; i HWEy L Ho b
e "M T(e ] Je (2)
tare-oe
HawfoJiee YHLOOHHM sRIAeTCA ronoMmopfHoe rrpe,uc'ranneﬂne/ I 2/ TaK Xax
OHO JIETKO CBABHBAETCA C HODMAJBHHM CHAMBQJIOM, M, KDOMe TOTO, ZellcTBue
onepaTopa e:cp(-i.Hot) HA Ga3WCHH#f BEKTOp 3TOTO NPeNCTABIEHHA AMEeT
IpOCTOit BER

-.H t N 3
(2>=¢ %lze >, (3)
Torma =3 (2) m (3) mmyqaem
B (4y-ta)
ZdSizy =tim e Y Tz (t)ujz. (1), (4)

'-o'

tos-me
rne Zaelt.)=ZeseXxp Giwtae) ., all-onepaTop sBommE, WA KoTO-
POTO CYWMECTBYyeT NpeicTanneHne Yepe3 JyHIUIMOHaNBHHYE HHTEIDAR B KOHPHE-

TYPaMOHHOM NPOCTDPAHCTBE xkb)=x e AL
<l x> = JDxtwve : (52)

neficrere A cormacro (I) HMEET BHX
Alx(t)] = Sdt(— - 2= ()0, (1) (56)

ta

Henonssys ma3pecTHHe GOpMysH mepexona OT KOHPMIypAIMOHHOT'O mpef~
CTaRIeHUA R TanoMmopduoMy

—%1'24— x IS x."

i e 2. me p=VF e T,

nOTyIaeM
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{ 7 S12 :tg';'f’“ St ), (6a)

{a -0
e 5 (ditt) + 24 () tulbg-ta)
S({c.t«) =€ -e x
LA ) + Ze (XIS + Zalta)xa V20
«{p,(xle ,

a D,[x]= Dalt) dxedx. P, XY, ) -

(66)

PaccmoTpEM BHpaxenme

AW ziw) o (te-4)

S tht.i)=¢e ')

LA O)] + 2o WX WIS » Zal¥ )t TG
x SDv[x]e

Bewpgy menpepHBEOCTH I'DMHOBCKUX (yHKmit
TR MG ) U
§p, 1 e ar ey

a Takme Qymaml 2et) n Z. () , ¥MeeT MecTO paBEeHCTBO

lim S{te U tal) =281t t) = SHed) - (8)
Pt
£ ta

Torna 3 (6), (7)u (8) caemyer

(zeS1zoy=bim bim S(ELL). (9
tas-o £ i

Heonenmyem samrmcpMocTs fymmmem St Y;i..Y) or ceomx aprymenton
BHe odnacTH BsamMomeftcTmmA {T} :

tugte, Teticetn, (10)

B sroft oGmacta, corttacHo (2), (6) u (8), S(titi;t.t.) He zaBmCET
or t. m t¢ . C zpyrolf cTopoHk, pacfuxcamma mepemenEnx B (7) mpome-
ZieHa TakmM odpasom, 9To B Sltet';ta,t) ot t. ¥ 1¢ pe zammenT mpE
NpOESBOABHHX ' # t . 3To ARNAeTCA CIENCTBHEM TOTO, 4TO
] .2 w L 3P . .
e R -I(Z. (t)*lc(t)) LHatl ~ ~illota
S(teitat)=¢ {ole ulle |o)

)



rie 10) - crangapTHEll BakyyM, UL- ONepaTop dBOIMILNY, 3aJaHHHA ramMuIb-
TCHHAHOM

|:| - H o+ xJ. (X)), (1Ia)

T, ()= vEw [ s-n) r 2ad bl (1I6)

Taumv odpasom, S(tetlel) B o6nacts (I0) me sammcur m ort u t,
ae (9) momso t, , t. ,t,t yoTpemasT: K GeCHOHeWHOCTAM HE3aBMCHMO
IDYT OT IpyTa, a Takxe NEpecTaBUThH Npeledk. B DesybTaTe UMEEM

. S EVW) W)
(zelS12ay=bem 7" .
[ S (12)

e Alx W] n\‘_LL«)lu)dt

)

$rolke-ty
x Lim e‘u ) SD"[J' €

Ly s
ta -

9T0 ¥ BHpazaeT S -MATDHIY B TOIOMOPIHOM IDENCTABIEHMM depes PyHK—
IEOHANBHH{ MHTeTpal B ROHJMIypal¥OHHOM IIPOCTDaHCTBE.

Jllanee, ecom mpoOBeCTH 3aMeHy nepeMeHHOH MHTeIpEpopaHms B (iyHK-
mEoHANBHOM mHTeTpane (I2):

J_(t) = 3({) + :(c(k—),

TIE
Z Wl ~.ut]
o (0) == §Gelt AT 7, mltie ™ ze (13)
==
| cuwsib=tyl
(rax rar G (t.t)=;5¢ ), mocie IPOCTHX BHKAAZOK NQIyIacM

H3BEeCTHOeE BHP&!EHIG/2/ I HOPMaJIBHOT'O CHMBOJIA S—Ma'rpmm'
. . Flu-ta SLE(W -y =T L)}t
SN(Z‘.Z“) :t?l':‘. e SDv[,y]e 7 w'y (YW + x )] .

tas-w
Kax m3BecTHO, KosdfumueHTH DA3JIOREHMA AIpA omepaTopa B IajJoMopd-
HOM NDPENCTARICHHE IO CTENeHAM 2. ¥ Z. IapT IpeIcTaBieHEe STOTO Olepa—
Topa B mpocTpaHcTBe $ora. Menmoabsys pasanomeHue
L
- 2 Ho (e JT) =
Z JZ"n'. \/h'

neQ

--;-211— I xJzw
€

u3 (I2) noryvaeMm

Lt imd ;
Fleld AL )
(nlSlm) t‘;-:.—’ignﬁ bre™" ip e "y e NO03) . (1)
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Corsmacuo (I4), mIs BHIMCJeHMA S-MATDMOH LOCTATOYHO 3HATH ACHMITOTH-

YeCKoe ToBeleHMEe IByxMmepHuXx (yHxamit 'punHa.
C mpyro#t cTopoHH, oueBMAHO, 4WTo (I2) MO®HO NPENCTABATE B BHIE

) SFZeun) v22))) (2T
(2ol S12a) = 1um_ @ e , (15)

t> =

e Z(J)- mpomsponsumii fyHKIMOHAR CBABHEX QyHwIMHE TpuHa:
2, =% & St db Gl R J T

Ecan yuecThb, 4TO IBYXTOUEYHAs norHas gyHxumsa [puHa (M TOIBKO oHA)
CONEPMUT CBOGOLHY® IPUUMHIIYD UICTh
. v . { —cwlt, -l
GUAD) =G )Gy (Gt =5 ©

H

TO HOGJKE ee BHeJe!s I NONCTAHOBKE ABHOTO Buxa  Jo{t) (cm. (II6))
HOTyYaeMm

25030
€ (18)

rie Z(J) —ocrapmafics mponaBONSIH GYHKIMOHAN CBASHEX Gyuxmus Tpuna
oocJyie BHEEJNEHAS CBOGOLHOR YacTH.

MuoxuTeas e"’* B (If) ucuesaeT mpH nepexolle K HOPMATHHOMY
cmvpoary. Torma, momcrtasnan (II6) ¥ yIaTHBad cuvmeTpmo Gymxumit puxa
Gu(ts,...,1.) OTHOCHTENBHO NMEepecTAHOBKM ADTYMEHTOB, OKOHYATENLHO MOTY-
qaeM

e T ;u(mt"-n{') ,
S.(23,2 = Lim e xpl ] Lo e Gl 1ol (o
oo = )

o
Kax mmmo u3 (I7), AT nOIyYIeHMs CBASHOH dYacTH -MATpMIIH, C

"  EBXOLAIMMY ¥ W\ BHXONAIMMY JVMHEAME, INOCTATOYHO B3ATH (m+n)-TOdeU—
HYD IBYXBPeMeHHYD pyuwimo IDrila ¥ yMHORNB Ha COOTBETCTBYNIME BKCIO~
HEHTH mepefiTM K Opelenam t-» oo , w0 |

OTMeTMM Takxe, uro (opmysny (I6) MORHO mpeXcTaBHTh B CaeXylueM
BATE :

5 v
. VIO & 127D
Su(2e L) - rgl.".'m € o0 e 320
>

T,
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-4
KOTOpHH, mOCTe SaMeHH T.(0)=- S Geterintendt, (oM. (I3)), momyckaer
IpeneNsHK NEPEXON, X B PesyAbTATe NONYIacM TPARHIMOHHNE DeXyKIMORHNE

{opry C
\ §altiG (b 1 27(0)
Su(2¢,2u):e e 3=0 .

B samnpuenme oT™MeTEM, YTO HopMyia (I2) moxeT OHTH HCIOIL30BAHA
1A KBaSHKIACCHYECKOTO PHUMGTEHEA 3§ —MATDMIH METONOM CTammOHapHOM!

Pazy.

JuTepaTypa
I. BoroamSor H.H., litpxos J1.B. BeeXene B TeODMD KBAHTOBAHHHX Noyei.
Mockea: Haywra , 1976, ¢.479.
Vimecon K., Bwpdep E.-B. KpauTomeA Teopuda noid, T.2. Mockma: Mup ,
I984, c.400.
2. CnaBHoB A.A., Jannees J.Jl. Bpelienre B TeODHBD KaiRCPOBOYHHX novell.
Mocksa:; Haywxa , 1978, ¢.238.
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ACIMOTOTHYECKIE PASTONEHWA, METO) CKIEABAHUA U P:ODEPAIMH
B.A.CuupHOB

HayuHo-uccaenopaTenbekult MHCTUTYT smepHolft dusuxu MIY, Mocksa
K.T'.YeTHpKREH
HHCTETYT AnepHHX ucoaenosanuit AH CCCP, Mocksa

HaaoxeHo o6o0menEe METONa CKJIECABAHHA IJA HCCIENOBAHES GCHMITO—
THYECKOro NOBENEHAA ODH CTPEMIEHBR HEKOTODHX BHENHAX BMIYALCOB H
(wym) Macc K GeCEOHEYHOCTH. Hcrmombsyemut MOZXON IO3BCJIHET NPOCTO BH-
BOINTE ABHHE ONEPATOPHHE ACHMITOTHYECKHE DABNOEEHRA DASVIEYHOTO BRIA
I4A S-MaTpRIH, COCTEBHHX HoJel B BMX npomapencHmft.

HaurHad ¢ mRoHepckoft padoTH Baﬁxdepra/ 174 ACEMITOTHYECKOE NOBE~
nerme (etimMaHoBcKrx amiwmTys (DPA) OpR GOBEEX AMIYJILCAX M3y4aloch
pasHuME MeTomam® (cM., Hampamep, DPacoOTH: 2-8/), Kax IpaBANo, RCCAERO—
BANCA PEEEM IPE CTDEMICHEE BCEX EMOYJHCOB K JSCKOHEUHOCTH, 8 EMIYJIb-
CH IDEeNmoJarayRch HEHCKIOIATENLHHME, Tnmmmm peay:m'ra'rom ApJAETCA

ACHMITTOTHYECKO® DPABIOXEHES F (Q /J\) %.‘ Cg ) DA,

conocTasaeERol naHHOMy rpady F OpH REeHCRIDYHTEJNLHHX EBR/IRJOBHX HM-
oyAncax Q (Q 2 ) Koaddempe et C}[ BHDARANKCH FOBOJEHO T'DO-
MOBIKO JRGO 4Yepes CYMMH "CEKTODHHX" napaMeTpRYECKRX nme}panon/ /
AEGo, HalnpaMep, 9Y€peS HHTETrpaNH MeJMHOBCKOTO Tana/

Yro RacaeTcd pexEMa COJLEMX MSCC, TO OH paccua'rpnnama OTIEeNBHO
B #3yva’cs B CBASA ¢ Teopemoft 00 OTIENEHER TAXENHX noxe#t/°. :CM,, Ha-
opmdep, THaBy 8 moporpadmm Kosmmsasa 10/ IETHPOBAHHYD TaM JETEpaTy~
Py. OxasHBaeTcA, 1A aHANH3a SCEMIITOTAYECKOrO MOBEHNSHHA B PANEIHKX
dmsEuecKuaX CETyAIRSIX HeOGXONMMO DACCMATDHBATH CAMHEe pasHHe o0semn-
HOHHHE ACNMITOTRYECKHE PEXAMH COJLIHX BMIyJNLCOB B MAcC, IDAYEM HM—
NYJHECH MOTYT OHTH B RCRJNYMTENHHHMH,

HanGoxee cymecTBeHHHE De3yNBTATH OHAM IO HKacCTOAMETO BPEMEHN HO- .
Xy4EHH I DPaBXOXEHNA ITPOM3BENEHAH ONEPATOPOB HA MANHY DECCTOSHEAX
(paszomerEs BENBCOHA), KOTODOMY COOTBETCTEYET DEXHM ONHOTO do.nmoro
EMITyNBCa. UEPBHE TAKOE PA3JOXeHMe OHNO ABHO BHBeleHO Limuue n
B craxApHof maccuBHOR S"f-'reopln B paMRax Bl]xn-ﬂepem:opm!pomcl%‘a
cxydae mpousBefeHRR NBYX noneft, Meronm [nmiepuana OCHOBAE Ha BBENEHRE
OpeXBUINTADUET0 OHepaTOpa, XOTOPMR Xax OM 8apaRee yoTpDAHAET YALTpa—
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fmoneroBue (¥YP) pacxomEMOCTH, BO3HHREDUEE NPE CTDEMIEHEH KOODIMHAT
mepemaoxaeMyx monell Zpyr R ApyTy.

AHRRMH B 3gBBANOB 0COCHMJM MeToXN lLmMMvepmaHa ¢ IOMONEBD HOHTDWIEH-
Holt -rexnnm!/ 18/ , NO3BOMAMmE! OPOM3BONMTHL KOMCHHATOPHHE BHWRJIGNRW C pA-
IaMp TEOpPA Bo3MymeHE# B nejoM. B ‘!BCTHOCTM, OHP BHBEJN PpasJioxeHHe
Bamncona aaa upozaaeneuuﬂ cocTaBHEX moJel

(7, (am?)j(cu?),.. PN m(Rejﬂ)J,(S)j a)) (x)+0 o

H¥: l+£l> I<a
4 .
3nech 3,,2 =He .2 f )5 =Re ,}m(r)— COCTaBHHe moJd, onpereideMue

CBOEME i1~00pasaMll j,, & ,/mfr) 9Py .. ‘l’ "Uf) KOTOpHE NpEJCTABIADT
codoft mpor2BeneHAA CBOSomHuX noxelt m mx npouanommxal; omqoﬂ To‘me°
s=ifLgde | e )T [P0 257G, Yl g0

Qq - octratouHuil wien (ocTaNBHHE OCO3HAYEHUA CM. B MOHorpa(Imn/ I5/ ).

Onnaro BIXIl-nepeHOpPMRPOBKA ORa3HBAETCHA INOBOJLHO HeynoOHo# B
IPaxTHYeCKHX BHUACTEHAAX. Kpome TOro, I NpVMEeHEHHWS B TeopAax c Oea-
MacCOBHME YacTRHAMA €€ HeoJXOmPMO MomBfmiMpOBaTh, [laROHEn, METOX pa-
601'/]:"""]:5 B CBOEeM [IePROH3UYAJBLHOM BHALEe He NPRCIOCOGHEH RNA HCCAeXZOBa8—
HEA OoO0mRX ONEPATODHHX pasJoxecHRM, CRA3AHHHX ¢ IPOM3BOJHHHMA pexMMaMA
GOJNBMAX AMIOYJABCOB B Macc. llesm Hameft padoTH ~ OIMCATE METOX 6 , Ko-
TOpuft ARJIAETCHA YHMBEDCANBHHM B OTHOMWEHAM DacCMaTpwBaeMHX ACHMITOTH-
YECKHX DEeEMMOB B IDHBOIMT K IOPOCTHM ABHHM GopMyJaMm IiA xod{fRImeHTHHX
fynxmit pasaoxeHns.

Tlpennaraemult MeTon npeXcraBifeT coboi oGoCmEHEE MCIOJNL3OBAHHOTO
INA BHBOLA DA3NOXEHRA BuiancoHa MeToma CKJICHBaHRA 7,18 , Kotopuft oc~
HOBAH Ha BBelcHBM B (elfHMAaHOBCKME N@ATPaMMH LONOJHWTEJBHOE (CKiIeMmBaD—
meft) upre. Ilpp BETerpEposasm# $A ¢ mpomaraTopoM Takoff JmHER mEfopMa-
B o0 acHMITOTHYECHOM IOBEIEHMH BHDARAETCA B IIOJDCHHX cBOficTBax
"craeeHHO#" QA IO BCIOMOraTEeNBHOMY MapaMeTpy aHaiuTHYeckoM peryaape-
samen, PacuEpAa noXorHYyD R-omepanuw XNo R-omepamum Lid CRIGHEHX DA,
MOXHO BHPA3HTH BHYETH B IOMNCAX [IO 9TOMy IapaMeTDy 4Yepes HeKOTOopHe
KOHTpUJIeHH. C wcrnonbaoBanmeM fopMysn KORTpuJeHHOK TeXHRKR I5 IRa-
rpammqAnl aHAM3 HEPEHOCATCH 38TEM HA DN Teopun Bosymemli C momomsn
TAKOT'O MeTOoNa B HACTHHX CJyY8AX OHJO BHBEJIGHO pasroxesse BAIb—
COHa JyiA NTPDOR3BENCHAS COCTAPHHX NoJje#t B paMKax cXeMH MHEMMAJNLEHX BH-
aeransft 19 . JIA OPOR3BOJBHHX COCTABHHX moJe# OHO HMeeT BEQ

520 $77,
(J(m;,)?(z,g‘)) ZA Rf (o, Via®) %s(r)_(z)

(1, w,



oo
3necs fm :é.; f:) - omepaTop, ocymecTRaamime# pasnoxenue B pAR Telo~
pa Mpm HyJePHX Maccax, & R*- R’louepamm/ 20,21/ » IpencraBuAnman codoft
ofodmenue R-omepaliMn B ciydae NpEcyTcrBEd mufpaxpscHux (HK) pacxomm-
Moctelt, Xora pasaomenns (I) » (2) owenms moxoxm mo fopme, BTOpOE M3
HEX [IDEMEHWMO B MDY HalhgAR Oe3MACCOBHX 9Y8CTHN R OKa3HBaeTcA OYeHb
TPOCTHM LA BHURCJAEHMA koaddmimeHTHHX QyHKumii: OHE BHDARADTCH Hepes
Gesmaccopue $A, 3apECALME TOJBKO OT OFHOTO BHEmHEr'0 AMIyAbcA.

B odmeM acBMITOTRYECKOM DexEMe CONLIMX MMIYJILCOB M MacC HEROTO-
pue mMmyasch 3 DA E_(Q_.g,ﬂvm) CUHTARTCA GOJBNEMA, 8 OCTAJBHHE —
MaJHMB, AHAJIOTRUHO MACCH TOAPASNENANTCA Ha THAmEJNEe ¥ JeTkne, UMIyis-
CH MOTYT CHTh HCHJWYMTEJbHHEMA, T.€, HEKOTODHE CyMMH RRIa 2;_6?,- a
); 9 » BooGle IOBOpH, o6pamawTcs B Hyab, B HameM MeTONe Ipole—
Iypa CRIEMBAHWA Da3MepHO peTynApm3coBaHHOf TA f}. ododmaeTcd ¢ I0o-
MOmBD FHTETDANA MeJUIMHOBCKOTO TRIA:

- <
Fl@.q Mom.e5)=[dr X E(@Q,9,M0,m.6).  (a)
- o)

Bmeck £=(4-D)2 , a D - pasmepHocT: IpocTpaHCTBa-BpemeHr. OcRoBoft
MEeTONa SABJSETCA CHenynulas Teopema.

Teopema. Crneennad ¢A gparerch mepomopirofft dymxmeelt mo& m s,
VMenTed TPE CEpAR T0OJIOCOB:

nipe =[exprz] —k, k=042, ... (aa)

(o6wanan Yd-cepna; j ~ Jmbolt cumao caasuu# moxrpad,«f)- YO-mHmexrc
PacxonEMOcTH, /‘l(//)- 9pcao NEeTeNb; KBaIpaTHHE CKOCKE 0603HAYANT Le-

JyD 498CTh YHCAS) §
HIF)E = ~[Sgye] vk (46)

(MK-cepag; ¥ - mudoh HK—HenpnBonmui/ 22/ (aro 3mawAT, wro rpad
f:/’/(/“\r) OXHOBEPWMHRO HenpHBOoImuM) B WK-omacuu#t ( ¥ Gesmaccopuft,
a cyMmapaHRt BMIYJBC IJIA Kamfoft KOMIOHEHTH CBS3HoCTH momrpada / N\
ofpemaeTca B HyMb) monrpad; «oip):-@(f) - WK-HHLERC DECXOEEMOCTN);

2E(P)E+ 8+ = calp)-k )

(monomemuressran YP-cepra: j° GepeTcA 3 MHOXECTRA, ONDEZEJAGMOTO 38—
IAHAHM ACEMIOTOTAYECKEM DeXyMOM; HAIDHMED, B CAyUSe HeNCKIDIRTEeNBHHX
BMOYJAbCOR BCE TAXEJHe JmHEA (06pasywmpe MHORECTBO 1,.,) COnepXaTCH B
y=y°vstu... . a mMyancH Q PBTEKADT B ONHY KOMIOHEHTY CBABHOCTR f”,
mpuvem rpad } % (4 °74,) asnAerca cuabuo CBABHHM IOCNE CTATHBamEA (-~
BepmmH. Kpowme TOro, KOMIOHEHTH CBASHOCTR #' OpR i=1.2,... Apnawres
TARe MR, 8 rpadu l'/(f’/’fﬂ) — CHJLHO CBA3HHME)

JlorazaTensc TBO sro’ TEODEMH OCHOBAHO Ha MOmMdmIMpOBRAaHHOR Tex~
RERG Ol-IpenCTaRIECHRS .
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Iina BHBOZA SCAMNOTOTHYECKBX pasnoxenEll mesnecooCpasHO ONDENCJNRTH
Kw-onepannn, yorpapspumyn B3 ckaeeHroff $A MOMDCH MO W =6- 5;.[ - ape
SaNaHERX h B { . Oma orasuBaerca Goxee mpocrtolt, ueM odwuEas R-omepa-
IMA, DOCKONBKY HEREKHE MOBA pacxoidmmxcd mpm ww—0 moxrpade He Moryr
JexaTs oIMH B ADYTOM (OHH MMeDT OLRHAKOBOE WMCJC NeTeJb, 8 HMERHO ).
Henoap2osanne R ~onepangm, a Taxxe HEKOTODPHY ROMOBHATODHHX BHRAAAOK,
cBA3uBaOMEX Y¥- B WK-ROHTpWIEHW 3. , MOBBOJNAET BHBECTE SCAMOTOTHIEC-
KOe pasnoxen¥e Opoms3BoabHOR $A

RE@ g M,m Y5 S RE, @10 R, @9 (5)
r = yer

Cysvepopanye BeleTcH N0 moxrpadad B3 HEKOTOPOTO cemeftcTea, ompenende-

MOT'O 38I[8HHHM acHMITCTRYECRAM penuou.

C nomomen KOHTpYeHHON 'rexnmm/ I5/ obodmenaof Ha ¢ % aar-
PAHX¥AHOB B COCTABHHX noneft de3 aopma.umoro YOOPANOYEHRS 24, JRarpaMy-
HHE aCHMITOTEYECKHE DASJOXEHRAA NEDEHOCATCH HA YPOBEHb pasjioxeummd. S-
MaTpAIN, COCTABHHX moJel B mx npomapenesnit. Hampemep, pasjoxeEWe
S -MaTDEIH IpE do.msmnx uaccax ONECHBAeTCA CJexypumMa $opMyIans:

(Res) "' Re . Ef‘ = Ifjeﬂ((r)({f M (68)
* 5 AT W\ L
,#(z) ,Z (x);év_a] R i;n (4 (e -1)(/ (o) ‘}ﬂ} (x) (66)

Breck A€ ~ MepeHOPMEpOBAaHHAA S-MaTpzna, cHMBoa ( )t, DG03AZAET BRAATN
IRarpaMM C JETK¥MA KOHUSGME, 1# ~ afperTEBHOC RelicTRRe, I.,/f ~ afipexTrE~
Hult JarpaHEBal 4@3RO3HepreTAueckofl TEOpME, CEMBOJ H.L-prop odo3HavaerT
BRJIAN TAXENHX IHATDEMM, CHIBHO CRABBHX 110 JETKAM JHHEAM,

HomgepraeM, 9TC pasnoxesRd (2) B (6) DuBeNeHH B C HOMONED HEROTO~
pOT0 NpeRSHYHTarmero onepaTopa 29/ Omuaxo B Goree odmEX CRTyalmax Ta-
Koe HemoCpeACTBeHHOe o6o0meHAMe TEXHHKR pador 1s/ » HO-BRIHMOMY, OXA~
XeTcq rpoMo3LrEM. MeTon xe cRiewbamBs odo0maeTCA LOBOJMBHO IPAMONERERHO.
B gacTHOCTR, Da3jioxeHHe IPOA3BENEHAA IBYX COCTABHHX HoJeRl OpH HAMAYRR
TARCJNT MACC nplodpe'rae'r c.nemnwﬁ BRI (3neck 3¢ #3 Hopwyas (Ga))

*€,L~pro
(Txes)xer, )) P e Kt (e sy Moy T
i, M
e { Beft .
" ‘j{x?(x) , '7:\: @)= Re #o/m @, (7)
OrmeTaM, 9TO ACEMITOTRYECKEE pABJQXEHAS B OOCMHX penua, (o] nx
HAMITyJECOB # MACC HCCAGNOBANHCH TAKxe TKaueBHM B Hznonapomm
9 21/, CymecTBEHHEM HeNOCTATROM 3TEX IONXOIOB SBIAETCA o'rcy'rcnle
ABEOR KOHEWHOCTE B fopmysnax mnA rosdfamenTHnx fynxme#. K Tomy me me~




XonHAA TOYKA OGOMX HOMXONOB BHDAXZETCH HEKOTODHM SCHMITOTAYECKEM pa3-
xoxepreM §eHAMAROBCKRX NWHTEIrpaNioB, ABAADIMMCH JENE MOCTYAATOM, KOTO-
puit AAPeAH ONNTOM HOEPBHX MODPAXKOB TEODHE Boauyyemll (» mcpBGx cayvae)
BJN 9BDHCTAYECKHM oO0odmenEeM Meropma limsepuana i1/ Iaa pasuepHol pe-
TyaAApEsam¥N (BO BTOPOM).

B saxmwueHRe IEePETHCJHMM ODEWMYMECTBA H3JAr2aeMOT0 METoNA.

I. Hcoosr3orarme Rfonepannn NO3POJAET NOAYIATh ABHO ROHEYHHE
dopuyau,

2. Sopuysn nna rosdfermentaux fyHKIu? oRasHPADTCA ABHHEME B OpOC-
THME VI BHWICJIEHEA.

3. Meron crieMBEHWA, NpeNHaSHaUeHEHR B NePBYD OveDeNb IAA nepe-
HOPMMDOBOK Da3MEPHOTO B AHAXNATHYECKOTO THIA, NOOyCKaeT OSOCMEHME M
Iad  “:HODMEPOBOYHHX CXeM ¢ BHIATSAAAME IO HMUyJbcaM. (My mpwsHa-
TeXbRn J.J.38BEANOBY, OCpATEBNEMy HA STO BHEMaHEe. )

4. OnmepaEEs CRJIEPBAHEA He HaPyLaeT KeauopopouHoR BHBADHAHTHOCTH,
TAR YT0 BHBOIEHHHE ONEDPATODHHE DPA3NOXEHMA MOXHO IpZCHOCAGIEEBATD IJA
KaiaMGpOBOYHHX TeopH® (NpR 5TOM, DasyMeeTCA, HyRHO ECHGIB30BATH He
MoHOMAAMEHEY Gazme {jlxi("} ooxnelt, & npyrHe GasSECH, YURTHBSDOME HAJBG-
POBOUHYD HHBADEAHTHOCTL). B clyvuase pasioXeHRS BRIBCOHE COOTBETCTBYD-
mei gHANMS CM. B pador <8/,

5. MeroR criemBaHEs gomyckaer ofofeHde B B CJIyYa> SCEMOTOTNYEC-
KEX POXAMOB ITPE HANWYRE HECKOMBKHX M2cWTadoB.
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NICEBJIOTEH30P SHEPTVM-IMIIYABCA KAK OYHKIMOHAN SOHOBO}t CBABHOCTH

H.A. YepHuKoB
O0nennMHEeHHHI MHCTUTYT ANEDHHX HCCJeloBaHmit, llyCHa

I. Bremenye $OHOBO} CBS3HOCTM M 38BHCAUMX OT Hee TEH30DHHX
(yHKIMOHAJIOB

1
3aMeyaTeSbHOTO BUIA TEH30D SHEPTHM-MMIIYJILCA IOy Hananepr/ /,
TIOTPY3ME TPABHTALMOHHOE Moje B MED MHHKOBCKOTO ¢ MeTpHKOi

Y, d2°® drf=c'dt @ dt -dzedz - dyedy - dzedz (1)

On mucan: "... Po3seH noxaaaﬂ/2/, YTO SitHIITEHHOBY TEODHN IpaBETALMH
MOKHO MHTEpHpeTHpOBaTh Oe3 HakuX-JMO00 M3MEeHeHnH ee HOJeBHX ypaBHoHmH
KaKk TeOPHX IDABHTaLMY B ILIOCKOM ITPOCTPAHCTBE, €CJM .:JBKO DACCMaTpH-
BaTh TEH30D 5a£ MIPOCTO KaK I’paBMTS.I.MOHHHﬁ TIOTEHIMANR K BBECTH METDH-
decKMii TeHA0p ILIOCKOTO IIPOCTDAHCTBA HE3aBUCHMO. HoBadA HHTEepHpeTauMs
¥MEeT XaDAKTEDHOE MaTeMaTH4ecKoe IPeMMYLIECTBO: BCe BeJIMUMHH, OHBlMe
ICeBIOTEH30DaME B odueit TeOPHKM OTHOCHTENBHOCTH, M BCe NCeBAOTEH30pDHHE
YDABHEHMs, KaK HANpYMED 3aKOH COXDAHEHUA SHEeDIUME~MMIYNbCa, CTAHOBATCH
Teeph TeH30DaMM M TEH30DHHMM ypapHeHuwAaMR" ( I/, c.II).

9T0 HpepMymeCTBO INOCTHI'aeTcA 3a CYeT TOTO, UTO DA3HOCTH KpucTod-
denet mna Gae ™ Yag ABIAETCA Tenaopom. Memny TemM B KOODIMHATHOH
KepTe, TXe TeH3OD ) . or “®dx ¥ meer Bun (I), xpucToffern Wi ¥,
PABHE HYJO. Cnenonawennﬂo MH COXDSHMM TO X© NDeMMyWecTBO, ecy OyIem
BBOJMTH He Ten30p (I), & HeuTo MeHBllee — BCEIo Jmwb affuEHEYy® CBA3HOCTE,
KOBPIMIMEHTH KOTOPOl B kapre &, ¢ . Z ,Z DaBHy Hymo. Takad cBas-
HOCTE HAJHBAOTCH KOOPIMHATHOW, MOCKOJNBKY OHA [OJHOCTHH 3RN8eTCA BhH-
Gopom kapTH. CiemoBaTeNBHO, KaxIHli TCEBIOTEH30p OKA3HBAETCA TEH3O0p—
HEM (PyHKIHOHEJIO KO?pHHHaTHOH kapTH, Ha 5TO 00cTOATENBCTBO OWNO OOpa-—
MeHO BHUMaHMe B

[IpenoXeHHOE TaM TOJIKOBAHME MCEeBXOTEH30Pa IPHEeMIIEMO, E€CJHM MHOIO—
odpasne, H& KOTODOM ICEBIOTEH30D PACCMATPEBASTOH mMpocToe. OHO JEIKN
DPacIpoCcTpaHAeTCA Ha OoJee CNOXHHI cuywait, HOTIA MHOTooOpasue MOXHO MO-
KPHTB 8TJIACOM, KADTH KOTOPOTO CHJISHBANTCA JHMHERHO. llocoensee 03HAYAET
cJernywmee: eCim IBe KapTH X ¥ Z [OKPHBAKWT HEKOTOpY® o0ujlo OCAACTH
MHOTVOOpasua, TO

£2=Clzf+C* ae{t . ME, @




a a
e C g K C " - xoncraur A N ~-pasMepHOCTE MHOTOoOpasua. Takue
MHOT0OOpa3uA HasHBapTCA KIMPfopmoBuMM. 049eBUIHO, K MX 9YHCIY OTHOCHT-
cd BCe IIDOCTHE MHOTOOOpAsuMd. Bce omHoOMepHHEe (& 5TO - NpAMaA M OKpPyX-—
HOCTE) Km@OpHOBH., CpefM NBYMEDHHX MHOTOOOD&3MH K 4MCIy Kmidgopmo-
BHX OTHOCATCA ILIOCKOCTEH, LWIMHOD, TOp, JucT MeOmyca ¥ CyThixa KiejiHa,
HO He OTHOCHTCA cdepa.

Bosiee ruOKimM, OPUTOMHHEM IIA JOOOTO MHOIOOOpasHdA, ABJIACTCH CJe-
Iynuee TOJXKOBAHME: NCEBIOTEH3OD ecTh TeH30DHHY (YHKUMOHAN (OHOBOI
CBH3HOCTH ['::’ . K HeMy MH IIpuxOoI¥M, NOIDyXasa IDABMTELMOHHOE MOJie
B MPOCTPaHCTBO, TEOMETPAA KOTOPOTO 3aJI2€TCA He TEH30poM Yae . 2
adpfuHHO} CBA3HOCTHK [’m‘: . B pesyaeTaTe pacliosaraeM IBYMA I'eOMeT-
PHYECKMMM OO0BEeKTaMmu, ONMH M3 KOTODHX HA3HBAEM IVIABHHM, & IpyTo#l - Jo-
HOBHM, IJlaBHHiI OOBEKT - 3TO rpasmauuomuiiv MOTEHIM&, T.€. TEH30D g,¢.
@OHOBH}{ OOBEKT - 2TO affMHHAA CBASHOCTH ["r:h . YcroBumecs, 4TO

v

a v a
ga@ - gga > rrnn =[—'nm . 3

HapyueHye 9Tux YyCJOBMHM O3Hauaso OH TEDPEXOL B MaJIO MCCIEINOBAHHYW 00—
JAacThk emuHOH Teopuu noJA SHHwTelHa' v/ .

Mu Cymem NMpemmoJararth, 4TO ONpelleswTedb § wMaTpuis ( FGag ) He
paBeH Hy/J0, TAK UTO CYWEeCTBYWT, BO-TIEPBHX, sJeMeHT oGbema ( # ~fopma)

EdrlA...Aa’x’ , (4)

E=FVig/ . (5)

ak .
u, BO-BTODHX, TeH30p g , CBA3aHHHI ¢ 545 yeJoBueM

rne

(6)

as

g gsg = 6\'; ’

TIe B Opa2BOif YacTy - eNMHMYHHK a@@uHOpL, BHpaxaeMuit cumMBoJOM KpoHeKe-
ra & ; . CaenopaTesbHO, CYuWeCTBYeT ¥ aj/fuHHASA CBA3HOCTS> KpMcTo(je-

Jf

F“ . éj— gax(a,,, Gin * G 3, g”m). )

mn
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PasHoCTE a V oo

a
=r,.-r,, v

Ha3HBAETCsA TeH30poM adimMHHOM Tedopmalmu (/ 640.128). EcJy m3BecTHa
cBsA3HOCTE: (7), TO 3aliaHMe (OHOBOY CBA3HOCTH SKBMB&JCHTHO 3aJ2HMK TEH-
sopa (&),

BaxHefuM IpEMepoM IICEBIOTEH30DA ABNACTCA CBA3HOCTH (7). B ka-
YeCcTBe (yHKiMOHANA (OHOBOA CBASHOCTM OH BHCTYNAET B BiIE TEH30DA
- P . 7 HemmX lleJei IOCTATOYHO DACCMOTDETH NCSBIOTEHSODH, Ipen-
CTaBVMue a.nredpauqecxmn Bupaxennsu Buma T = T ( g%~ , r°2)
0T IVIABHOYO TeH30pa g ¥ ceasHocTr Kpuctoddesma (7). B mqec'rne JyHR-
Lmona.uos JoHOBO} CBA3HOCTH OHM BHCTYIAKWT B BHIE TEH30DOB Wt =

= (g"‘ -—_Pa').

mhn

Hanpimep, NCEBIOCKANIAD

L

l

( [_;: /:: - /::f;i),m

paccMaTpuBEeMHft B KaueCTBe (YHKIMOHENS FOHOBOH CBASHOCTH, BHCTYIAeT
B BUJe CKAIApA

£ - g7 (PLP -BIPw

TosyaeHsuit DimreiiHoM NCEBNOTEH30D SHEDPIMH-MMITYJIBCE T'DABATALHOHHOTO
IOJA PaBeH (/ , €.205)

tl=(-r2 +582%) 2, egm-el 8y an

Ecxu eTo mopmenuTs He € , TO OH NMpUBENETCS K YKASAHHOMY BHIle BRIy H
BHCTYIUT B BHe TeH30p&a

E;‘:(Rn:'—j?n 5’:)@:"..2&: 2 (12)
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mn v _ ' mn
(v, -F)g , (13)

P, =P
mo ma > (14)
v v
v —CHMBOJI KOBEDMEHTHOTO Imdbepe oBamna co cmmsHoctio 4,
é D. ITnqpepe Huup: mn

KoHKpeTHO, Hampumep,

Vg gmn = Pgs gsh + Pgs gms s

2, Ilpoucxoxmenne craiapHoTo JYHKIMOHANA (OHOBON CBASHOCTH,
HOPOAMBUIET0 NUCKYCCUD, LIANYWCA BOT yXe CEMBLECHAT JeT

Co BpemeH Kpwcrodipesa MSBeCTHO, 4TO M3 HOMIOHEHT adfwHHOH CBA3-

HoeTH (7) MOXHG COCTABHTE TEH30D
(16)
2

* = a a a s s
Rove =2 lg = 0,005 +15 [ ~ 10078

8 BATEM CBEDTKY
R, =R’
né anb . (I7)

Tax noayuseTcs cxajsap
né
R = g R, (18)

¥ JyrxkimoHan Twinlepra
1 N
H=[ Redz'...d= 1)

OT OQHOTY TOJNBKO TVIABHOTO OOBEKTA - TeHsopa g ak
CoraacHo (7) z (I6), B cra1dp (I8) BXORAT YACTHHE HPOM3BOIHHE

BTOPOTO NOPANKA OT KOMIOHGHT g p . Mexny TeM OLJIO 38MEUeHO, 4TO
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R=L+aax +(€g ""'/" -85’”/-)(20)

¥ He 3TOM OCHOBSHWK, CCHIAACH HA Teopemy Iaycca, uuTerpan (I9) asme-
HAWIM He KHTETPet

E=fL5dx1"’dxM- (21)

OIHAHO 37eCh CCHJIKA HA TeopeMy I'aycca He3aKOHHA, TOCKONBKY BHDaReHne

£ " 1
9" L = 97 [ z2)

mn

HE COCTARNAET BekTopa. Tak OWI NOTEePAH $OHOBHH# OUBLEKT - KOODIMHATHAA
CBA3HOCTH, M HAYANACH JNOXa NCEBIOTEH30POB — MOHCTPOB.

YroOy cHeNaTh IpuUMeHeHue TeopeMH [aycca 34KOHHHM, MH JOJKHH Ha-
3BaTh (22) BEKTODOM ¥ TeM CaMHM BBECTM KOODIMHATHYD JOHOBYD CBASHOCTH,
a Tawxe ToH30p affmunHo#i mejopManuu, nopoxuenHuit kaproit. Ipouemypa

BBeieHHA 3THX OOLEKTOB DACCMOTDEHA B (c.I020,¢.I030). BnepeHe Xe
foxoBaA CBA3HOCTH Oe3 xpyq H Oe3 KpuBH3HH OWJie BBeIeHA, Kak yXe
0TMEYAJIOCH BHIIG, Poaeﬂom Ha H200XOmMMOCTEL €€ BBENISHHA YKA3HBAOT

B cJlenymimee OOCTOATENHCTRO: r;aymumonan Turs6epra (I9) 3aBHCHT TOJBKO
OT G,z + 8 QyHramonay oSfirmrejiHa (2I) 3aBHCHT He TOJNBKO OT ga g’
HO M OT KOODIMHATHO# GOHOBO# CBASHOCTH.,

3. Homoe TOXUECTBO

B pado're/ 8/ PACCMOTDPEH MHTEIPAT
~
jofsa’x---a’x (23)

KaKk QYHHIOHAN OT g"‘ 1 OT MpOM3BOJBHOL fOHOBOR CBA3HOCTH 1" o
Oe3 xpyueHwd, ET0 BaApEalmMA DaBHA

f (07§ l:':,, +8, 8§ gmedrt . dx)y,
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roe
07 -« DT -A(DE D),

mn
TEH30D w o Ofpemerer GopMyramu (13)-(15),

m

m ma ab (

D" = q:)o. = g pag , (26)
1 j v v —1_ v ag (27)
Sn =Rmn——2_Rgmn ‘?(Rmn-*Rhm)"-zRa‘g ghm.
m
JJjid cpaBHeHMy lipMBelieM BaphalMio MHTerpana (19)
1 n

S‘H = f ( ann B 2 R gmn )é"gm 60’1‘...4{1”(2&5)

n gopMyIy

v " ¥
R=% +50gRag + v, (gfp,,'d)) . (29)

Telleps COCTABMM [IPOM3BOIHHE JI OT IMABHOTO ¥ (JOHOBOTO OGHEKTOB:

5§97 = £°2,9™ - 97" 3, 8" — g7 5 4"~
(30)

_-gsnvsém__gms?‘;n ’

v v v
a

§% = 2,9,2°+s°3 [, + 23,8+,

mn i g

(31)

v

-r°

mu

‘95“;“': vahg"-_f.;.sR:’m” .

NMomcTaBnuss NMepsyk i3 HuX B {2§), NOJyYaeM M3BeCTHOe TOXIECTBO
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Vs gf"(kmn_:é_ﬁgm”)s 0 .o 8

lomerapnan oSe mpomsBomie B (24), NONyduaeM HOBOE TORIECTBO

def mn

6, = (v, -B)V,-B)e ""Rv:,.m O, =
= Vm [gms(‘ésa-fﬁ;s)— Sa—'" Q"SRV”‘] .

a
loaaras P,,.,, = 0, u3 (33) momyusem (32), Tak 4ro (32) ABaseTCcH
YACTHHM CHAYy48eM HOBOIO TOXIECTHA.
Ys
Monaras R amn = 0,MHi pacCMaTpMBaeM I'DABUTAIMOHHOE NOJe Ha (OHe

afdfunHOTO HpocTpaHeTBa (LHOTPyKaeM IpABUTAIMOHHOE NOXe B 970 NPOCT-
paHcTBO) M ToXmecTBO (33) NpUHMMAET BHER

(V.-Pywv-R)87T=0 . w

4. BpereHue (OHOBOW MeTpuKH

v

v a
Bpona §OHOBYO METDHKY 4,, , BHDAaxaeM CBABHOCTS r mp B BHIE
xpucrofdeneit. B pesyapTare noxydaeMm

e, =(6”'P,,)gvam9m, (35)

e
nim 6 Kmn

(v,~R)(e7"+ 86 ' (36)
(pxmn_%( (pmg"nkﬂf'(-pnjm?.

)
3
3

I

mn ’)(a mn =
e =3" 6, (37)

OxOHYATENLHO,



Q" =(\i"‘ﬂ)(%“€)5”’n” (36)

E

Ine

S

(-£)4,. 6" =9 [247R, -8 " g7R,]

Exmn

v v ouf v Ymnr Fx
= gmfgrm + gn gxm_gfkgm"_ 5 j .(39)
ToxmecTBo (33) IpUHMMaET BHT

- (40)

llpaMoe NOKa3aTENHCTBO TOXTecTBa (33) BHIOJHEHO B/b/.
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TEOPYA BOSMYIEHM! N0 CIMAEEHHOMY MOTEHIMAAY IAA
CUABHOB3AMMOIEACTBYIUMX CTATHCTAYECKMX CUCTEM

B.H. Draxos
O0remHReHAHE EHCTETYT AfeDHMX HccaegoBaumit, Lyona

I. Breneune

B merone Jynrmefi T'pmHa, IpEMEHAOMOM IS NPOOXEMH MHOIEX T6HI, MOX-
HO BHEGANTF TPX 5Tana. llepeuit -~ ompeleXeHNe ABHOIO BELA MACCOBOTO ON6—
paTopa RN COOCTBeHHO-DHEDPreTHYOCKOR 4acTE, y = I (P &) , AsaAmmelics
DYHKONOHAXOM OT HOTEHIMANA BIamMoReRcTBHRA Prr) X Jynrmmm Ipwna G
OpN 3TOM 7. IOpelCTABASETCA B BHIE PASJOXSHRA IO CTENeHAM <P . Bro-
polt sTan - peNOHNe MNOXYYSHHOTO YpABHeHEA FxA Jysxiumk I'pmma, Dpomara-
ropa, G = GLZ (P, 6)] -00MIHO NTEpPAIND NPONArAaTOPHOTO YDABHEHHA HAYH-
Hap? C DpODATATODE CBOCOIMHX JACTEIL Gipee Tpermil oTam - BWIHECAE-
HRe ¢ NOMOMED HARNGHHOIC Ompornararopa nemropux HACANASEMHX BOXNINE
Q=glez(@6Il{-

H3XOXOHHAR CXeMa, OYEBEIHO, OCOOCHOBAHA IXA caadoR3amMOuefcTEYD—
ORX CHCTeM. B crarmcTEYecKoft dmsmke OH& HPAMEHEMA K CXadOHENZEAXBHHM
ragaM. OEHAXO P TEOPER KOHNGHCEPOBAHHHX CpeR, OHACHBANMGEZ CEALHOB3A-
AMOZORCTEYNEEe TACTHNIM, 57Ta CXeMR Tepumt Jmacko.

OCHOBHMe NMPNYEHH HOYIAYN cXeIyxsHe. Bo-lNepBHX, peaibRHe YACTHIH
B3aEMOTEeRCTBYDT NOCPENCTBOM CEARHO CEHIVAAPHOIO NOTOHIMARA P(x) ~
1/¢" (n3»4). B peayasraTe MONNTKA NPEACTABETH MACCOBME omepaTop
Kax OOXNHOM 00 P(z) TepONT IpOBAX, TAK KAK BCO CIATAGMNE NOXNHOME
pacxomgr 270 aHaXor yanrTpalmoXeToBofl pacXONEMOCTX B KBAHTOBOR Teo-
PER I I/ Yro0M H3CEXATH DPACXOXUMOCTOR IPMXOMNTCA ECHOAB30BATH HIPHG-
XERGHNA, TOYHOCTH NOTODHX HEBOSMOXHO OLSHNTH: JANCO, OTRA3HBAACH OT
TIOCKeXOBATSALNOR TEODEX BOSMyHOHRE, NpNGeranT X KAKOMYy-ANCO pacmeiye-
HED MHOTOYACTNYHHX HOpONATATOPOB, AMCO, HPOAOXXAR JOPKAXEHO MOABLIOBATH-
cR reopmol PosMymenxfl, 3AMOHANT EOTRHHHE CNHIYARpDHHE MOTOHINAX HEKOTO-
PMM, XROCTATOYHO HTPOR3BOXBHAMM, ICeRNONOTOHINAAOM C MATKEM KODOM.

Bo-propux, HAYHHAS HETOpPAINK [PONATATODHOIO yPABHEHMA BAA CRABL-
BoBsaNMONeACTEY XX YACTHIl CO CBOCONHOTO HNpONATATOpPA, HANBHO HARGATHCHA
HAE® NA SCEMITOTEHECKYD CXOZMMOCTE: TaxoR NTepaImOHHC# Dpolsxyps, TAK
f -1 Gﬁ“ He SABAAOTCA AHOKBATHMM NPNCANNOLNOM IAS CRALHOB3ANMONGS-
orsymisi cmcrTesi. KaxeTcm ecTrecTBeHHHM B KAYOCTBES HAYANRHOR NTepaumm
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L34Th TaroR mpomaraTop S, ,KOTOPNR OH ODROMMEENHO MOLSAXPOBAT
paccMaTpEBaeMyr JMImdecKyn CETyammn. [Ipx oToM HaiyanbHuft mpomaraTop
G,= G, {¥)  S9PECET OT HAGODA UAPAMETPOB ) , BXONANEX B COOT-
BETCTBYNUME MAcCOBHE omepaTop z Y. Jomycrad, opa G, ()
MOXeT OHTE ompefieleHa M3 OCINX coodpaxeHm#i. Ho M3 xaxmx coodpaxeHmit
creNyeT ONPeneGNATH NAPAMBTPH )y ? Bemb OT HEX TeNnepr SABHCAT K Had-
JNfaeMie BeMEUMHM (), (y) , BHUNCEAEMHE NO /)~ My NPHCAEEEHND &, () .

QueBHEmHO, POIHMRAET NBA TXABHHX BOIpoca:

I) L :Ho Z® MOCTPONTH DOCAEHOBATEABHYD TEODED BO3MymeHEH I
M3CCOBOTO OIepaTopa, MCXONT H3 HOXOTODPOTO DACUEILIGHHMA IAA MHOTOYACTHY-~
Holt ynKkmm I'pmuHa?

2) Kar HawrymmM oGpPA30M ONpeNeXETH IApAMSTDH IPOCHOTO Hmpomara-
ropa G, (y) ?

B xoxzafie NpSRIarapTcs OTBEeTH HA ®TE BOOPOCH. IIOMyTHO HPNBO-
BATOA HeKOTOPHE TeXHWYecKHMe YCOBSpDNeHCTBOBAHRA DACYETHHX NPOLERYp.

2. Onesammas (iyHKIMA

B sroM maparpade BBOMATCA OCHOBHHE O0OSHAYGHNA. l(poua Xopomo E3-
BECTHHX B CTATHCTRYecKof ¢msmxe noHATER mefmHmApyeTcs TAKKe TAK  Ha-
B::l;%?ﬂ "onepamman” fyHRIBA, NHeR KOTOPOR B3ATa M3 KBAHTOBOR Teopu
o .

Hadop moopmmmar 7z, BpemeHM %, , cmmHa G, ® APYIEX
KBAHTOBHX JNCeX, OTHOCANMXCA K JACTENS C HOMBPOM [ ,» OymeMm odos-
HAYATHE ONHAM 4UmcIOM (/) . Torma, HaupEMep, HoJeBOoR omeparop mepBoi
YacTHIM 3@UHECHBAETCA P BRAe {/(r) , DOTEHLEAN B3AMMONOHCTBHA - P2},
Beage HEEe F = 71 .

SanamEM OIHOTACTRIHME

G )= —i <Tywyta> D
X IByYACTNIHHM

B(1234) = —~ < T ywymy'@ytn> (2
OPONATRTOPH, B ROTODMX T— b ¢ yﬂuom onoparop. YDARHOERD XBE-
XOHEA XAx npomaratropa (I) wmomu apuzers o]

[6-'umeandm = Jw . @

Tax, AXT HOPEAATHENCTOKEX YACTEN
a
G~ (12) =(iat + -1- +/u) ) — 2. (12) s @
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ThIe I (1a) — MACCOBHY omeparop, CBASAHEHE ¢ CHHAPHHM DPOHATATOPOM
(2) cooTHOmeHHEM

f ) G@E)d) =+ EI‘:P(n) B(1333) d(3) ,
PODXHHEY SHAR - BAA G036-,HERHMY - NAR fepME-dacTEm. OTcoia
2 (13) = _"'.(J-¢(13) B(1324) G '(42) ol (34) . {5)

Ina Jndoro ¢mKcmpoBaHHoro mpomararopa G, (12) , COOTBETCTBYN-~
mWero MAaccOoBOMy omeparopy > (I2), momHO 3amKcars ypabHeHme Jaftco-

Ha

G (12) =G, (12) + J.K 13) G(32) d(3) | (6)

C AIpoM
K(r2) = XG, (13)[2 (32) - Zo(n)] d(3) .

BrHaphufl iijponaraTop B ¥ BeMWHHAR YACTP CBA3AHH DABEHOTBOM
P (12) B(1234) = _fr'(fasc) B, (6634) A(56)
B ROTOPOM
B, (1234) = G (14) G(23) & G (n) 6(24), )
Hclloxb3yA TOXRAESCTBO
[ 8,038 67'(s0)d(5) = 8'm) Glaa) £ Ga) I(a4),

MaccoBHE omepaTop (5) MOXHO NIPEXCTABHTH B Fopue
T (13) = % ij[l’(m#) + P(:aqa)] G(43) o (34) .

Onesapmas (yHKImA T oOIpeXeASeTCA YCAOBHOM

B (1234) =fDmm B, (5€34) d(56) . (8)
Yopes oneBANNYD JYHRIEN YROOHO BHDAXADTCHA BODIEHHAH 44CTh
[ (1a34) = P(12)D(1234) (9)

N MaccoBME omeparTop




S(1)=+%i I<P(15)[D(faaq) tD (1549)] G(43)cl (34) . .(IO)

3. [IceBIONOTERIEANBHAA HTepalMs

[lp¥ CEABHOCHHTYAADHOM HOTeHO@ase B3amMoleflcTBAA HeOGXONHMO C
caMoTo Havgla YINTHBATE: CXHIKORERCTBYNEYN KOppeJAIpN dAcTEO. A 8TO-
To Kapksy OpenoXMA paclielIeHBe, KOTOpoe Ha A3HKe JyHKimlk I'pmHa
MOXHO IpeJCTABATE: B BEIE ‘

B1234) = g G(r) €(23)

ROPPEAAIMOHHYD PYHRIED (11 TpedyeTcA OmPeZeXaTh M3 SKCMeHNEHTA.
HecKoXbEO odo0mad paclienieHMe KRMpKBYna, MOXHO 3amMCaTh

Bl1a34) = g(12) B, (123 4) .
Npr TaroM paclUEILIEHFA IOTeHIEA] BSaEMONEACTBHEA BXOIMT B MACCOBHZ omepa~
rop (5) B BEZe HPOMSBEIeHRA

P(12) = 3012) Py . (ID)
Craaxmeamman JyHKIMA $§({/2) KOMIOOHCHDPyeT CEHTYJIAPHOCTEH IOTEHIRANa

P(ra) E, TAKIM 06pasoM, yCTpaHAeT DACXOMEMOCTH MACCOBOTO Onepa-
ropa. Bupaxemme (I]) MOXHO HA3BATEH CIVIAXGHHHM NOTEHLHMANOM HAH NCeBRO-

TNOTEeHIEAIOM.
llokaxeM, KaK CTPORTCA TEOPHS BO3MYMEHER IIa O0COOMEHHOrO DacHeLIe—

A Kupesyma. llycrs OmHapHHY mpomararop YHOBAETBODAET ypaBHeHED bere-
Coaxmarepea

B(1az4) = 50(4134)4-55(-}(15‘) G(46) P(5¢) B(s634) o (66) (12)

970 KONYMOHES He HNPEHIRNHAXBHO, HO NO3BOAAET YOPOCTETH BHKIARKE. Bep-
MHHHEA YacTh DOAYHHASTCsS AHAAOI'RIHOMY YPRBHEHED

[(1234) = qjua)[é'(fs)c?(a#)ﬂ XG(fE)G-(-’!G) I (5634) d("‘)] .
s (8) Haxormu ypabBHeHMe xAd omeBammed diyHxumm
D (1934) = F43) Fae) +i SG-(fs)G(as) P(56) D(5634) A(66) . (13)

A
BBeleM EHTETDAlbHME omepatop 4  HOCPeACTEOM DHBOHOTBA
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A f1234) = f A(1256) Fus634)l (56)
B KOTODOM AIpPO
Al1a3d) =L G () G(34) P(34) .
AMeHTHYHEM o0pa3oM 3ANALEM ONepaTop é‘ C AxpoM
C(1234) = 8L TU F(34) .
OnpelieyMM omeparop f} ,» OOpaTHHY K (c?—/?) .
CU(E-A) -1
¥s 9TEX oupenexeHEft ciexyer, d9TO AXPo ONepaTopa f‘f YJIOBAETBOPHLT
yPaBHEOHED ’

U (1234) 834) = J1) Fan) +JU{135‘€) A (s634) d (56¢) .
Ina onepammeft fyHxumM, coraacro (I3), moaydaem

D(1234) = s¢1) [ F(13) I as) . (14)

Yro6H B HyASBOM MDRCAKRSHHMH TEODHM BOSMYWLOHEY EepHYTHCA K ododme'r‘mo-
My pacnpmieHMn KEpKByNna, HanXoO Ha HyJASBOe HDNCAMEeHMe oneparope [/
HANOXKNTEH YCIOBNS

Q = (5_;;0)" =1 _ A, (1234) E[S(M)—f] F(13)d(a4) .
Toraa

D, (1234) =300 I(13) a4y | (15)

a8 BHpaxeHAA (8) ® (9) Zanr CcOOTBETCTBERHO
B, (t234) = 8(12) B, (r1234) l'"(uu) = p(r2) Fundlay)
‘Tomerapaas (I5) B (I0), mMeeM

=, (12 =d'(2) j puIn@ dd) +{p(1a) G(4a) | (16)

e
a niy =2t Gi1) .

YIRTHBGEA DASAOXEHNE
A )

(E-A)"=(E-4)" T (E-A)7" (4-A)

ns

n
2

o
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A

oneparop U/ moxuo mpemcraBuT: B fopMe

U=0T U" (A-4)".
A TAaK KAk n=e

"

TO

W

ff:[;m '[},, , U Z: (ﬁ—ﬂt)m

A
Tipu (é\- A ) zf B KAKIOM MOPALKe NO N CIOpaBejIHBO yolosae U, =
(é‘_,q‘ )y~ 1. Ing onebapmet fymsmw P #~ M NDHCNEEEHER, BCJIEN-
cree (I4), mMeeM

D, (1234) =¢e) U d(13) Fras)
Hyaesoe npméaexexme naeT (I5). B nepBOM NPHCARKEHAR IOXNYIa8M
D, (1a34) =D_(1234) +3un){ﬁ (145¢) —[Stvﬂ)—f] Fsy 024 } . (I7

Bo BTopoM NpROJAXEHER

'Da(f;l‘ﬁ) = D, (1a34) + 5('/9){/-)('1';256)/}(-5‘634) d(se) —.

? (1I8)
*H(maq)[sm;nm)—a] +[S(I-1)"1J S d'(24) .
llogcrarrra (I7) B (I0), Haxomm MACCOBHE omeparop
Z;(“) :J"(uz)(y"(ﬂ)n('s)dta) + iy 't1a) G(ra) —
' (19)

- ftf(rs)[&(r«)elu) P42) + Gl G(34) Y’(M)] G(43) d(34),
B KOTODOM
7'(44) = 7)(11)[.3— S(m)] .

TpeThe OPROAEXEHMe A MACCOBOIC oNEpATOpa NoJyiaeTcs HPH HOACTAHOBKS
B (I0) omepammeR pymxmmd (18):
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Zg (12) = J(va)fy’"(fs‘) ne) di) + ip"() G(ra) ~
- _r P13) [G(m G(33) pm)[a -8(13) -5624)] *
£ G960 Pw[3- s 320 } G4 df (34)

- L'Jy’us) Eus) (30 P(5f)[6(f4) Gy p4a) t

£ G50 G(4) fa4) | & (43) ol(345€) | (20)

'f”ciz) ='f(4:z)[3— 3 8(11) + 3"(4.-1)] .

Topuynu (16),(I9) m (20) morasusam?, 9YTO HMEeTCHA HOCAENOBATEAbL—
Had TeopHA BOSMymeHHM{i, MOZBOAANIAA NPEICTABNTD MACCOBHH OHepaTop K&K
PYHRIMOHAABHEA NOXWHOM IO CTENEHAM CTAAREHHOTO NOTEHIRana. CraaxmBa-
nEaq JYHRRIOMA 8¢12) HMEET CMHCA GAH3KeNe#cTEymmel KOppeJdIMOHHON
Qynszie. [pE morenrmaxe <P(r) , CEHTVARPHOM B CHydme % —72, H
CTpeMENeMcA K HYAD, KOITA |T,-7,| - oo , cTAaXMBambad {YHRIMA HOAXHA
MMETH cleIypuMe acEMITOTHYECKEe CBOHCTERA:

2

Q ), -t -0
1 1' s
~

802) .
1, l!,—?ll - 0O .

Op |7, [~ [¥,] , Kpome Toro, 3Ta §yHKIEA ONXHA ONTS HPONODIEOHANE-
Ha DAOTHOCTE BEDOATHOCTH, COOTBETCTBYNWefl HAXOKNGHED IBYX UACTEN B

TOYKRX é: b | .E; « EcTecTBeHHO OHpELSAMTE CraaxuBapmyn @yHRIpm
PaBEHCTBOM -
o, I Z, —2, { =0,

g(fa)='lf-‘(43)|a , l"]-'(u)‘ ~

>
1, fy-g) = =,

B xoropom {!(42) samaerca mBydacTNUHEM ypaBHeHMeM [pemmmrepa. lIpE-
GIMXOHHOS DemeHEe 7,17 ) (12) MOXEO HAHSTE ¢ MOMONED EAKOMEHGO IPOLSXY-
pu mexwreapwsamx /Y

4. MaccosuR omeparop

Boe npemixymee ESXOoXeHEe CHpaBeXXNBO KAK Xid DS&BHOBOCHOTO, Tak
® XIS NEeDABHOBSOHOIO COXydad. TemeDhr RccaexyeM Coxee HONPOOCHO OTDPYKTYDY
MRCCOBCTO OHEpPATODPa A4 DABHOBECHOR CNCTeMM CeOCHEHOBMX WACTH.

JoxOBNG DPABHOBOCHOCTR NOSBOZAeT mepefi*X X npefcTaRfeHEAM Typhe
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G = [Gu2, w) exp[-iw (h-£)] ai_‘;_f_

Torna mepBoe OpHOARZEHEe LAS MACCOBOIO omeparopa (I6) maer
I ,0) = §(%,-%,) J‘Wu,w) nes) ot
+i fwu,w-u') Gl ) 3{#‘ . (21)
Ina Broporo mprdraxeHHs B3 (I9) Haxommm
Za (12, e0) = Z" (12, ) + A w0y (22)

TIe }f,' orBeuaer (2I) mpH SaMeRe Y- y‘ , a
Aoy =- I [G tt4,w-w) G032, ") (42 o~ ) £
+ G, w-w') G L34, ") (24, —w')] . (23)

" P(13,00) G (43, =) olF, T detelew
(aii ) 2

JansHelmAX ynpomeHE# MOXHO NOCKTHCA, PACCMOTDEE MIHOBOHHHe B3a—
MMOTefiCTBRA, 3aBHCANMS JHHE OT PASHOCTE KOODIMHAT; IPE STOM

= ‘-:"' :(: -
q)(n) Pz ) J’(‘l‘, +, +0) (24)

OTKyM . -~
P (13,w) = Plr-% e .

Bas cTaaxeHHOTO moTeHumaia (II) moaydaeM

Y(1,w) = ICP(m,ww') S(4n,w’)£
A

3

TIe
—Jwe

i) = e, ) @ ,

Y5, %) = 4w, 5) PE-T),

o . tiwo
A(%,%,) = lim  3(12) = famz) w) e o
t teo aF
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Ecam sa HyaeBsoe DpHOJRECHHE IAA MACCOBOIO OHepaTopa BHOpDATh
IaroHaxsHyn dopMy

Z ) = U (&),
TOrna HpoCHWE NpONAraTop MOXeT OHYH NDeNCTARASH DPA3NOXeHHEM 1O COOT-
BETCTBYNEMM BOJHOBRHM PYHRIMAM:

G, 1) = L Eu @ Y)Y &) ;
" (25)
Szech

1tn, n,
G, («)

t
)

+ .
W~ +UC @—u ~e o

P - ~w (14n,) I(w-u,),

W,
-1

n = [e,.LP («n /0) 5 1] =n () ,

P - CMMBOX TN&BHOTO 3HAYEHRAR, (v, ~— GUENTD HYAEBOIO NpPKCNH-
xeHMA, @ - TemmepaTypa.
HenoxssoBanne pasxoxeHER (25) B BHpaxcHER (I6) naer

T, uh0) = UENFET) tp€,5) 5 0y E1¢E) | 26)

Tne

U =2 ny &
" nn *

Y, @)= jw"f,z“J 9;" (') ¢ (B dE"

Bropoe NpRGAEReHNe XS MACCOBOIO oneparopa Raerca dopuyxolt (22), B
KOTOPYD HANO HONCTABRTE A (12, 4°) , OOXANANGEe CIENYRMEME CBORCT-
Bamu. Ha XoMnReXCHOZ MAOCKOCTR

(%%,
A(”:“’)"'Z A_’EL__‘__ (an#o) s
mns a’“‘"&nm
w&nm = Wy +), -~ u,"m R
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Amn; (E‘;;{l) ":Ym;(i")%(&") *
pred o *
x{[n“ (n,-n,) +n_ (n,u)] fom () §, () 2

e * e
i[nn ("m —ns) +n,, (n;t’f)‘f',%] ng(!a) V,: (lz,)} ,

. . (27
- Fed 4 = Il g
Y @) = [pEagtany, )7
Ha meftcTEMTEARHOR OCE
Lrrney h(w’) ] A’
A 63,0) '—'.jlr'(“Jw Na~wTree ¥ w-wi—co 1 ar > (28)

oTXyza

F(ﬂ,w’) i
A (e = -Pj—:; % - é"'[‘l b Qh(w)] I (12,), (29)

B IpeImoAOXeENH, UTO CHBKTPANbHAA (yRRImA I ne mmeer NOXRGOB,
[ i19,00) =i [_A (9, 400) = A (”,w-t'c‘)] .
flosToMy M3 (27) chnexyer

F(“»w) = &FZ "A’m\l,(i:.v?i) a7((L,."""’!h'ﬂ) .

mhi

C nOMOWBD TOCHOEHEI'0 BHDAXGHNA HAXONNM

w) = 7,7, («)
A (aw) = ) Amucv,z ) G, s

mna
G (w) = — 1 Tuam N iam (30)
Snm . .
W~ gy F0O i

Py = L*P (n /83 F1]

Anm

MumMad 94CTH MECCOBOTO ONEpaTopa ompeyeAssT KOHCTAHTY SATYXAHRA. KoM~
IIERCHOCTH B 7 NOARNAGTCA TONABRO B 5,

F 2, (aw) = —/7[1 ran(w)] > Am"&(;f:,i) J(w-wy ).
mnl

OCHYHO KORCTRHTH DOJARCADHH ONPSASIADTCA (eHOMeHONOTNIeCKH /6/.
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3uech OHX pacCMOTpDSR chydaff JOKAXASOBARHHX YACTHI, XOTOPHM
oTBEYAET NNCKPOTHHE COeRTD. H3AONEHHAS TeXHNKA MOXET OHTH HCOONL-
S0BaHA NAA OUNCAHES KPNCTALANYECKNX CHOTEM C CEABHHM axrapuonzsuou/ 7/ ’
B TOM WHCI® X TaKMX CHOXHHX,KAK CYNEDHOHHHE IPOBONHMEH 7 urm
TBEpIHE TeXa ¢ NNCROKALRAME W JHCRINHALJLIME . Ilepexon X HempepwB-
HOMY CHeRTpDY He NpelcTaBAdeT SaTpymHeHwi.

5. Cpennme SHadeHRA

BHUmCNeHNMS OpONHMX 0T HAOTDIaeMHX BEINYNE IPONEMOHCTDEpDYeM Ha
OpEMepe BHyTpoHHef SHepIME :

+ L +L00 vl \ a,e
E = ‘EW.[G ;&m; (W= +p) GBw)di 22 (ar)
il

TlomeraBoBEa B (3I) mpodworo mpomararopa (25) naer
E =z ) n (w e +u) (0= 2, )
°oT a4 /“ 2 (32)

< 2 g
2, = <m)—--9—'; [n> = f‘f:(i')(—%’j ) !}:(z) A7
fiponaraTop meppoT0 NPECANKEHMA HAXOINNTCA M3 ypaBHeHHA (6),
G,(18w) = G, (12,«) +§ G, () G, (w) (a,, +‘l”m)‘f',,,"’4-’}“:(7’§;
b, = <m|UD-T,&|n>,

y,= > n5<m|!fmc?)\a>,
Orcnma 1

E‘:"E; + E{I—V z (A,.,."' ?nn)[gmn J:m + 'rmn +/J 3"{"") Inn] s (33)

mn

{l]

TIe
w,‘ Ny, -wn nn I - Ny —Np
}mn - wm —_ (A.’n ? n wm - &5,, ' (34)

Boam 22,,, =X, J'rnn , ©®>0 , 10 B (33) BXOAAT XN XMATOHANb~
Huc amemenTH (34),

3, enfi-2(en)] T, =-glien) @
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BoAGNCTBEE Yero

Em Eurdy o ) [ 2 o ne) ] |

"

(36)

"EAM ) nE‘an
IIPOHBI‘BTOP BO BTODOM npnomem 34IACHBEETCA B BHNE

— by, . . R . - ¥,
G, (10, w) = & (43,w) +mZn G (&) & (W) Gy, (w)AlJl( y a1y
L"'L

;[nd.(n‘.—nk)+ ny.(n,‘u)]<m}p'.hci') Ij> «
[ <k ]@(%)w iy, @ln> +
tham|y BING> <{lY, @ ]n>,

sneck G, IIOJIY‘IBBI'OK X3 G, B pesyabrare 3aaMeRH ¥ ' . 0603~
Ha9ag WIA RDATROCTH HAGOp HHIeNcoB omHolt oyxeo# [ = {i4 k} B Ka-
YeCTBEe BHYTPeEHel sHepraEw (3I) mmeeM

E,=E + f;; A [?m A )I'““L] ' (a7)

mnl

rne E, coorsercrsyer E, mpm sememe y mHa y'
3 W, B

ol = ©m Bonp 4+ @, B * L e

In\nl_ = F)mnl_ + Ban + BLm\ s

(38)
Ny (ft nn) C1 1-nL) IHI nm)nn ne

an[_ ) (W= ) (@ =)

CHOBA, €CAH ¢ - IWATCHANBHO, TO B (37) BMecTo (38) BXORAT 3Xe—
MEHTH -
Gy, Inn - ('JL J'_hL I = ——————~—I m l"L‘ —_
-} = P nn g wh _ CJL " (39)

nnl 6, — e,

Tp¥ HeifloCpeRCTBEHHOM BHURCHSHHM IHATOHANRHHX MATPHYHHX SA6MEHTOB
10 fopaysie (3]1) BO3HHRANT PACXOIMMOCTR, CBA3ZAHHHS C HEONPSRENOHHOCTHD
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OPOR3BEICHEA 0GOCMeHHHX JyHKImE ¢ conna.nat?m? TIOJIDCaMR / I/. Omra-

KO STy REONDOHENSHEOCTDH YNAETCR YCTDAHRTH 10, » JedmHEpyR f-o
crenleHb nponararopa gopuynol
? {£n(w) n{w)
G" w = ——— T PN .
(w~w,+ "o)l (w - w, —to) (40)

BeArm# KORRpeTHH# morermmar U, (%) , sanawmEit TpOGHEY mpo-
nararop (25), 3aBMCHT OT HEKOTODOIO HA0OpA LADAMETDOB ) . Cre-
nmoBarTenHo, Raxmoe { - UDPHOAERSHHE E, &) nns BHyTpeHHeR sHep-
rEr  (31)38BHCNT OT STOTO X Hadopa. [oclemoBATENBHOCTH MTepaumit

E . (¥) —- Ept \» MOXHO TDAKTOBATH KAR COBOKYNHOCTH pPeKYPPeHTHHX
COOTHOWSEXR, OnpefieAfnmex I'PyINy MTEePAlEOKHHX D6DeHODMEDOBOK. TaKag
DOGAGMIOBATOALHOCTE CXONMTCA TeM OHCTDS®, YoM GIMEe 3HATeHHe ) K He-
DogBIRHON Touke ), , zas RoTopoR E, (%) =Eg,, (¥, ) , HAWmMadx
C Hexo ogom HoMepa ¢ .  loaToMy EAGOD TapaMsTDOB 4  BHOMpaeT-
ca rax’ 1 / » YTOOH OH NPUCJAMESGHEO COOTBETCTBORAA HENOLBENHOM TOURE

¥, Uocaemmaa Haxommrca ®s coornomemmd Tana E_(¥,)=E, (1,).
TrasaHHA METO /BHOOpa nmapaMeTpoB RUA NPOCHOTO HpONATaTopa MHPORO
reroxssosazacs / 10/ Opm nocTpoeHME TEODNE KBARTOBHX KDHCTALIOB.
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11. KAJIMBPOBOYHNE TEOPHM M KBAHTOBAN XPOMOJWHAMMKA

MEPTYPBATYBHASL KBAHTOBAS XPOMOIMHAMIHA
A, B.Paymuxusg

00beMMHOHRHY NECTATYT ANSePHHX XcclemoBanmit, IysHa

B KXODOTROM IOKNANC HOBO3MOEHO LATH NMOAHHE 0G30D BCEX NOCTRES-
HE# DeprypoaTBEoft xBanrToBo#t xpomommuamaxk (HXJ), mOoTOMy £ OCTAEGB~
JCh AMIb HA HEROTODHX OOCIENHEX IOCTHESHEAX B 3TOR odiacTi, wm,
emé TogHee, HA HEXOTODHX De3YARTATEX, HOXYYEHHNX NoCKe HpeXHAyuel
RoHfepeRIM® B Aryure (I9B4 r.) X EMeXmEX OTRONBHNE X IpOTpeccy B 16X~
HRRe (axTODESAINM MATHX ¥ CONBNNX DACCTOAHUR.

I. QaxkTOpH3AUEA AL XECTKAX NPOLRCCOB

JarTOpHSAllA BRARXOB MATHX ¥ COJMHIMX DACCTOSHEN ABASETCA Kpae-
yroAbHHM RamreM neprypdarmeHOR KXN. 3r0 00yOGNOBAGRO TeM, WTO, C OX-
Holt CTOpOHM,aMIUIRTYAH paccesHma T (p,, q:,,\Smca-r OT IWHaMMKHE KaK Ha
MalEX,TaK 2 H& COABEMX PAaCCTOSHHAX (WK B HMIYJILCHOM NpejCcTapIeHHN
~ of Mamix (p?) & CoxsmEx ((?) HWHBADEAHTOB, NOCTPOGHRHX X3 MMIIyAb~
CoB 9;). C npyroff oTopoHH, NapaMeTp pa3AOXeHHMT, T.6. 3hPeRTERHAA
KXII-ROHCTEHTA GBAZH, og(k) MAX TONBKO B OGASCTE MAXHX DACCTCHHEA
{Sousmax nmy.uhcon)/ i/ .

JarTOpE3AINI BENAJIOB MANHX H CONBIMX DAcCCTOSHEY OSHadYaer, ITO
o asqumryae 1 (QF, p') BEBECEMOCTE OT (32 H Fa B IAAEHOM CTE--
TIeHHOM BHJIANE MOXeT ONTH RuNeXeHA B OCOCHEHHHEe MHOXETEXM C f ¢

T F) = B Q) ® £ (uy52) {1+ 0 ),

(0

OMEH M3 ROTOPHX ~ E (QZ/HE\"‘s‘P\) 34BNCAT OT IMHAMAKE MAIHX PAcCTosi-~
RER ¥ BHTHGARETCA NHO TOOPEE BOSMyWEHR?, a ZpyroB - | (u,p) - axxy~
myxmpyeT mHfopMampm O HelepryplaTHRHOM IEHAMMRe COJRMMX paccTOTHEY.,

B npoorefiumx cayuyasx (Aanpmmep, A npoupcca TIYGOKOHEYIpyIoro
paccedsrA) (aRTOPHSALRA BAAENOB OHAA YCTAHOBAGHA — B q:o?a ?mparop-
HHX PasfoeHE? - emé B KOHIP 60-X - Hauate 70-x romon /2+%/, Jhoane-
Ka JOABNEX DacCTOAHER B 3TOM cryuae onmmcHBAeTCA (yHKmMeR pacumpemexe-
HRA KBAPKOB B ACCHOLNYGMOM AanpoHe. JUIA dosee GAONHMX CIYYAeB, XoTXA
1A ONMCAHEA IMHAMENHE GOJBIEX pacCTORHMA Tpedyercs ONHOBPEMSHHC XO-

DOAB30BATE NBO KN Gofee wacTmpy o1~ , nepexs $ARTODPNSAIMOHHHE
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TOCpPeMH OHAR CHOPMyMEPOBAHH TONLKO B 1977-1978 mna.x/ 414/ IR npo—
IBCCoB HAKXNSHBHOTO @HEA MBOCHBHHX JIENTOHHHX Oap B apoH-
7:: CTONXHOBORRAX /45,8~ ¥ 3XeXTPOMAIHETHOTO Jopmparropa mEoHna
6,7,13,1 « M8 mooxemunmx m}meg}ﬂ B 9TO0f# o0NacTE clIenyer OTME~
TETE CTDOI'0E NORASATANHCTBO 5,1 coKpameHwI BCeX THOOB EH@paxpac—
HHX ONHTYAapHOooTeff ( BRANUAA HaMGONe® CNOXHuE RASCC IAAYGEPOBCKUX
0COGeRHOCTE " celEfHIeCREX M BPCUSHENOTOOHON KMHeMaTxn) Ld
JPOAX-IHOBOKEX MpONECCOB.
MMex MocTO TEKES H_IpOTPeCC B TeXHNKe ONePATODHHX DAsmoXeHER.

B mxne pador /18-20/ IAH cryoyl BMBOJI OePATODHHX DASNOXeHER B
oXeMs METMMAUBENX Baunranmh /<L, Jorasano, B YBCTHOCTH, IT0 KOBD-
gmmmentnad Jynxms €(Q,u,m) KAA ONEPATOPHOIO D4STONEHHA

T(Q, p.m) = = (Q/H1 "‘\@ ‘f(}-‘» Pwm\‘(qfo("/Ql)}

mMoeT DOMNEOMMAALHYD SABACHMOCTE OT Macc dacTEy (2) /18/ » TeBe
XOpomo olipefieXeHHOe NOBeReRMe B gHppaxpacHof odzactd. IpE BHBOXe ofe~
paropHux pasxozenEl B M$ -cxeme memoamso Ch TEXHNKA MR{fparpac-
Hoff R -omepamm (nasmanmolt oé asropau 720/ R* - omepammest), moa-
soxmmed MOCAEXOBATAARHO BHYRTATH EMHJPAKDACHUE OANCA IO HAPAMBTPY
mufpaxpacEok peryXApMIAImE & .

SaMoTHMM JOCTNXGHNEM SRNAETOS pacnyocrge.}em TOXHHKN OHODRTOD~
EMX pasyoxcHER Ha OPONSBONOHEe 3 TOKOB R2~26 » Hamdomee CNOXHHM
3Ke0h ABAAeTCE CAyUAR HeOMSTDNTHOR rmemarmEr Q°<< |pl), |pZ|
KA TpexrouewHolt yHEmN | (Pl pl,Q%) ,  uMenmeN BGXHHE IDEMEECHNA
IpPX DACYeTe MATOXOM OpaBRN cymd AT 715211371 dopMPaETOPOB NPE MAXHX
(Pxunuas Hyaemus) mepenavax mMmyaboa’ <V <7/, [zq omecarmA AMHAMNEM

(2)

donsmEx pacorogHxil 3 Taxof cEryanmx !geéyems BEGJOHRE HOBOTO TRIA
O0ROKTOR ("duox,nm omeparopos™ /2/ + HMODITNX CTDYRTYDY KODpSNA-
TODA IBYX TOKOB 25'27'/). AHEXNS OHepATODHHX DASNOKOHER BAA TPEXT0oqe9-
HUX §yHxmml MOSPOXRI HOXYHWRTH (B pamxax merora KXI -mpasmx oy 28)
IAX OPAKTRUSOKNX DeSYALTATON: BUINCANTD MATHETHHE MOMOHTM xynono‘“'%,/

O?BOIIQHEG/ 26,29/ » SIORTPOMATHHTHHEG DATKYCH IIEOBB/ 21/ ) BIBJIOHOB/SD/ .

ONATNTOXEHOS BHNMUHNG B NOCHGNHES BpeMmd OPNANGXANA X cede 3AIA-
98 QAKTOPNIAINE BXRAXOB EAf peaxmuit ¢ HOXAPN30PAHENME SacTHams’ SL-52/
Cnemmfedeckolt weprof Tawex 8anay ABIAGTCA TO, 3ITO YyXe B
HEBSSM NPROXNRSENE HOOOXOXNMO lcno?ur?uu He TOILKO TNOTO KBADROBNS,
Ko ¥ KBADX-TENOHRNG DACHDOX 3 . T OMSHNBRHNS BTEX XNYX TEIOB
douximil 3 YPARNANENX BBOXD)! .

Boe ymoaEyTHe BuEe Jopms fArTOpPESADNE BKEAROB MMOXN TY X0
OTPYETYDY, ¥TO X B ONODATOPNOM DASNOESENE: X3 BOSX BEAGNOB BHUSNANCST
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B oTHeABrHOR faxTop BRAAN MAXHX paccrofuu$, B HexaBHHX padorax/ 33-35/
yXanocks B pamrax neprypoarmeHoft KX noxyImT: pAN PeSYALTATOB HA OCHO-
B8 gaxTopEsammm BHPPAKDACHHX BRIANOB, T.e. BRAANOB OYeHh JOXEWNX pac—
cromumit. '

2, JODMAXMSM KORTYDHHX CDONHMX M DSHODMIDYIIA IAS
EHPpPaKPACHHX &CEMITOTRR KX

MHorHe XorapEjMudecKEe BKAaIH, BOSHHKANEMe NPH pacyerTax Io Teo-

PNN BOSMyNeRE}, 3KCIOROHIDEDYDTCH IOCAe CYMMEDOBAHES IO BCOM IODAXKAM,.
e XTIBHNM MeTONOM CYMMGIDOBAHEA YATpaforeToRMX Aorepagmos {n (Q/42)
(rre Q@ - G, & |- 1ApaMeTD DOHOPMRPOBKM) SREAGTCH DOHODM-
rpymoa (PT) « MeTOX PEHODMIDYNNH, OAHAKO, HONDMMSHAM HEHOCDexXcT-
BEHHO 14 CYMMMDOBSHEA yXERTpaf@oNeTOBO~KOHEUHHX BKABEOB, HO SATpArHBa-
eMix PI-mpeodpasoBaHNAMM, KAKOBHME ABASNTCA KOAXMHEADHHE XoIapmf

la(@¥m*) (tme ™ - macca xeapsa mam B K3D - agekTpoEa) m Mupa-
gpacue xorapmfsu I (m¥x}) ( Aq - EXTEEHAA MACCA TANOHA
{@orona) mER Raxoff-AROC Ipyrofi mapameTp EEGpAKpacHoIo olpeseHmd). Jas
ROSINHOADHUX JOTAPRMOB TeM Ee MOHGS YHAKOCH BOCIOABSOBATHOR MATOXOM
PT, zomoxuus ero Jexropmsammed BRIAZOB  MaiX H COJBEEX PaccTOSHEH,
Bumexdmzed p? - ARNONMOCTE NCXOZHOR aMUINTYRM T(Q°, p%) B Jar-
rop {(p¥p*) (oM. (I)), UpexcraBEmuuk codol yEe yAbTpaimoleToBo-
pacxonAumitca odserT (HAUpEMep, MATDNTHEI SXEMAHT HEXOTOPOIO COCTARHOIG
onsparcpa). [apamsTp paadueHNN MARUX N COXHIEX HMIOVX500B |1 NI'paer
IAK 9TOIO OOS6XTA POXD mApaMerpa YI-o0pesaHNs, Wro HOSBONA6T NDMREOTH
ZA7 gHAXNSA | - SABNCEMOCTE MoTOMM PT'. DROUOHOHINAINA KOXLINHEap-
HEX XOTapEjMOB B TAXOM HOXXOHO ABIASYCH IDANHM CHONCTEEEM MyALTNILEE-
KATEBHOR NODSHODMEDYOMOCTN COCTABHHX OUepaTopoB.

(OcHOBHO# pesyARTET pAJOT 34,35/ socromr B LOKASATAXBCTBE TOTD,

Y70 MHQpPARDACEHE OCOGSHHOCTE NEpYYPGATERHHX BRAANOB TAKES MOTYT ONTH
BHRGAGHN B OTHONBHHI MHOKNTONR

Tlg,e: .. )= t(aQ, M, )
C{:\?a ]u\ P) \VIR® iR \HIR > (3)
upsacTABLANNE Ocodol BAKyyMHOe CpexHee HeKOTOpOR BWILOOROBOEOR HEeTAN :

/mm = <ol PQ%P '3 \ Ar (Z)dz‘“ 10>,

¢
domsa EOHTYDA C OmpPOXEATeTCA ROHKDETHMM BEAOM NGOXEeXYOMOTO HpO-
necca, NSEYSCKE HANGON66 BAXHMM SABISECTCH KOHTYYD, OCDASOBAHEKE ABYMS

NDPROMME, YIONANEME H$ HOEOTODUN TOIEN Ha OOCKOHOUHOOTH HO NAUPARIGHEAM
(, * §p, o+ COOTBOTOTEYNMNM EMIyXbCy YACTHIN B HATAXSHOM X KORe3-

77

(4)




HOM COCTOAHEAX., IMA JanlnHefimero aHEANN34 ORAINBAETCH DEENANUMM TOT (faxT,
wro M, B 2TOM cIydae ABAAETOR YALTpAfHONETOBO-pacXofAmeficA Be~
JONYEHOR, NAPAMSTDOM PEHODMADOBKH HAA KOTODOR CIYEHT ¢y, - rpaHuma
MEXZY MATKNMM E XECTRKWMA EMOFILCAME IAnoHOB (forToHoB B K3N). PeHopma-
AN3AIMOHHHe CBOICTBA ROHTYDHHX CPemENX BENa (4) ¢ THATAABHO HC~
chenoBaNH emé B Hagate 80-X roxo® B padorax 32 , Ine OHIO yCcTaHoB—
xeHo, wro BexwmmHa 'y, ()  peHopwmEpyeTcA MyABTRILIERATHRHO, & B
QHOMAXBHAN PHOCTEL SABHCAT OT BeXHIHHH g{ yras ¥3IoMa KOHTYpa
B Touxe O Pg?’r
. os
Cewp () 25 c (gotyy 1) )
EcXN BMpasNTh yroXx § Uepe3 MMIYXBOH p,, fa »T0 rcug\;v EMeeT
CXOXYXOME BHK :
el A nt Arn
P“‘SP (g0 = 5 CF[ I b 1~ q] ’ (8)

Al2

me n: (4+4mi/Qi) TV pEzpreemt, QM- (Rop) .
HeTpymfo =ameTATE, 9T0 (6} €oBUAZAeT ¢ M3BeCTHOR (YHKUMell TOMMOSHOTO
MasydeHNa (oM., HampmMep 4V, g opemede (%> m* BHpaxeRye (6)
npespamaerca B xorapudm (o, o /7)) b (Q/mt).

Noxoranosra (5),(6) B ypaBHeHHE PeHOPMIPYLOH

[ h% *{“g)% v e (g.MJ M (Cp,g)=0 O

O3BOAAST CPA3Y Re CHGXATS: BHBOX OC SKCIOHOHIMAINMN RHPPARDACHHX XOTR-
pujaoB.
B K3l HeHyZemum maaserca Toasxo O(«) Bmag B [ “sp Tro
OOSBOARST HOMSENCHAO BOCIDOMIBBCTN N3BOCTHME pesyn.-raru/ 41,42/ g
Headexesux Teopmax | top (3,%) ABESOTOR DATOM 0O muﬁra’re 9 ,
NpRYeM BMOMNS BRISIM NMEDT CYMeCTBEHHO HoAdoXe@EY CTDYKRTYDY s, . -
peep, OoiH) - BREAN MM0OT LBeTOROR MHOENTEND C; A7 (a
me cl! V8,

Texms oopasoM, (ODMAXESM KOHTYDHMX OpOINX RAET XOPOHEYD OCHOBY
REK IOCTPOGHNES DETYAAPHOTO MSTONA SHANNIA EEJPRXPACHNX CBONCTB mep-~
rypdarmmod KXJl, nO3BOJANNErO0 XOpOWO ONPEIEJOHHHM CIOCOGOM BHIMCIATH
NONDABKN, B DPEMINITIS, CXOXL YIONHO BROOROIO DODAAXA, H3 BOBMOXHMX
axsuefEnx oCodmeHm N IPEEOXGHNE erona RENGONOP BAXHEM IDEXCTARISOT-
Of IPEMINONES 61V K ECCAONOBAHND CYZAROECKEX ofdexror » KX, zad xo-
TODMX XADARTODNO ORHOPDOMBHHOS NANNTINSG X KOAXNEOQDHMX K EEGPAKDECHIX
Joreapaion, ¥T0 DOTpedyer KOMONHEPOBAHMHOIO NCOOABLIOBAHNA XBYX BEJIOB
daxropmsalgm ~ orARRaprHOf M WE{paxpacsoit.
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3. LOCTEEEGHUS B MBTOJe KBAHTOBO-XPOMOTMHAMNYECKHX IpaBMI
cyMM

OmEM H3 OpaKkTEYeCKE HArdwige BARHEX Nojel /gg?mm darropEsa-~
IMOHHO} TEXHEKH ABIAETCA METON IpaBmr cymM KXI » Do3pOATIAME
BHYNCAATH HH3KOSHEPTeTHYECKHe ANPOHHNE XApaKTeDECTEKE , MCXORA XS M~
JopMAINE O HenepPTyYDOATEEHOM crpykType KXI-BaKyysa, AREyMyAEpyemoR
BAKYYMEHME CDOTHNME XB&DKOBHY H IVIOHHNX moxelt (xonzencaramm) <4 >,
LG, 6,..'> X T.0. Bime yXo YDOMHHANRMCH NOCHENHNe peSyALTATH B JAH-
noft odnacru, CBA3aHHHE C HCCAGNOBAHMEM TDEXTOROBHX KODPDPEASTOPOB. B
HACTOAmee BDeMA OUBEKTOM HCCAONOBAHWA CTRAN YX6 WETHPEXTOKOBHE Xoppe-
AATODH, ONpefe]AANNEe BEN CTPYKTYDHHEX (yHXIEE IAyGOKOREYIPYIOIO Dac-
cema/ W, [loxyqeHH TepBHe De3yABTATH: BHYNGIGEH BAJIEHTHHE CTDYXTYp-
Hye qyuRmm U, (x) , <l (x) B OGJACTE NPOMEXY™OYHMX 3HATeHER
mapamerpa r : 0,I ¢ x < 0,7 . Tlora MOXHO CHKA3aThH AWML, UTO
BHIMCNEHRHE DACOpeNeNeHRA RAYOCTBEEHO COOTBETOTBYDT EARNEGHHHM SKCHe-~
PEMOHTAIRKO, HO O XODOmEeM UNCAeHHOM COTZACHE TOBOpETH emE paHo. He
COBCEeM SACHO TAaKE@, RAR DACIPOCTPEHNTH METON B "sanpemeHHHe" oGNACTH
wrx x  ( "pemmencran” odnacTh)® X , 6msmX R I ("oRCKRANSEB-
HHt Dpexex").HenpiMeHMMOCTE CYMECTBYNENX MBTOROB B 9THX OCAROTAX
HpOABAAETCK B TOM, Wro EMecro 1/M* ( M - Gopememcxmit napauer{z%
IapaMeTpaMe pAFIOEOHMA CTAHOBATCA OOJMBIEe BeuaMumHR  1/x M?
B 1/-xymt
B aTOf CRASH BOSHMKAET OCHNE BONDOC: PASYMHO XE (/N JOCTATOTHO)

HCIOAR3I0OBATE TOALNO JONANEHHE XApagTepERCTERR KXI-saxyyea ( <4 (0)q(0)>

< Gy, (0V Gy (01> ) IDE BAYRCAGHME MeTOXOM KXII-IpABRA OyMM
TAKEX HONOKANBHMX &NPOHHKX XADAKTEPRCTEE, RAK CTPYXTYpHMe JyHEXINN,
BOAROBKe JYRKIEE, POpMIAKTOPH X T.H., XXM HEOOXO, B TAKEX CHYYasX
NONOXLI0BATH HOIOKAXLHHe BAKYYMHHE CDeNHNe :

ol Gw(o)g(c»_x,,ﬂ@,w (x) 10> o

<o\ (o) £ (0, x,A) q, ()1 0>
(9

rme E(0,x,A) - P- sxcmonemrx
L

Elo,x, A): PQ*P(*Q"PS A (i)dir\), (10)

AT
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odecrned¥paAKIEe XAIRGDOBORHYY HHBAPHSHTHOCTD HEJOKANLHHX 70H.ne3}aron
(8),(9). B xammépoBre JoKa - lBEHrepa X.A.(x)- O 49,

P~ 3mcmoHeHTH BmewesanT, M < 4(x)4(0)d mee'r cmc.x Hellepry poaTRBHOTO
BRAaNA B KBApROBHE npomararop. [o3TOMy TOXHUYECKH YHOOHO HCOONE30~—
BATH NAA HOAOKANBHHX KOHNEHCATOB I8 TRR3AIED, AHANOTHIHYD o —
~IPeACTABICHED IAS npozararopa (cp. /

. © uxi
<Gy g x> = <qq7 S e dvdv, (11)
(V]
2] 011/4,
- . W
<qlorg, qExI>= Xy SO deo € () (12)
g1 (2°<OY | oyngmm ¢, ¥, .., ARKyMyTEpyXmMe EHHOD-

MAIMD O NpPOCTPAHCTBEHHO - BPEMEHHOR CTOPYRTYpe BaryyMaux {urywryammit,

HMEEeT CMHON HASBATH BAKYYMHHMA (YHKIGUIMM DacHpefe]eHES., KAk ¥ B CAY~

9Ae OOHWHMX (AUDOEHMX) YHKUEH pAcTpeNeXeHNS, MoMeETH fymmmms &
é BHpAxanTOA 4dYepes MATPHYEHE WIeMEeHTH JOKANLHHX OlleépaTopOB:

o0
g $vyav =1,
) (13)
w0 a2 2 B
<49y S Fvyvdv = <4Dg>:z A <997
° (14)
N T.0. TAXENM 0GDASOM, DepBMH MOMBHT 0T P XADAKTEPEBYeT Open-

HOO BEPTYGIBEHOOTDH ar BAKYYMHHX XBA&PROBMX NoJjielt. PasrOXSHEe HEXo—
KAXRHOI'O KOHEOHCATA .

- - Lo
<frgx>s <qgqr+ S <Dt (15)
B DX [0 ZOKAZBHMM COCTBOTOTBYOT DASAOKOHND BAKyyMEOZ YHKIME pacipe-
ZeNeHNR & (o) BPEXA 00 IPONSBONHEM OT & - JyRKImm
= - A gy S a,. 8 (o)
é(@) 8(6] X ) + . (16)
BaXHOCTH MEJOPMAINE o dopms Jynxmt T (T) Yy, . ora-

NOBNTOR Q000OHNY EHAraMNHOR, GCNN 3SAHNOCATH m-l%na?lo CyMM HeLoCpPeR-
OTBOHHO XAS BONHONOR JyHNINN, HaUpEMSD, UEOHA

-g“:\?_ﬁ('x): ’%h_ﬂ XX (4—6



file:///do-e

. _ 4 i 2
+ A6 w79y S g dy dad? @L%)e}?(‘é_g.‘-) ¥
3

= £) 0 (a< 6
e(ﬂ)i)e(Q>g)+ 9[\3<1)}?_»q< )+ 4(X_)i)’(17)
' lxgai- Tgaél

e X :A-7x, 9= -y, . Vcnoassosarme B (I7) TOARKO HOPBHX
WeHOB DasxoxeHEd (I6) mxg $ , Y- npespamaer (I7) B IPABRAC

oy
o - 2
T CO3MY Lo (g LMt 8w €990
S %) = FrE -e J T

X[ g (8(1\+ &(i))—v— Q(’ES'('J(P+ xg’{i))]’ (18)

MOMEHTH KOTOPOTO BOCHPOMSBOZAT HSBECTRHe OpABAAA CYBM /Y, ma
dyuxmatt $ , 4, NMOXEMX D%, MHY, JEKTYOMyD NSBECTHHM SHAYe-
mmeu X':04101 53* /5% mapawespa 2T, xapakrepmsymsy® mupry-
ATBHOCTE BAKYYMHHX KBADKOB, 06padoTra apasea cyMM (I7) IaeT BOAHOBYD
gyrxmm 0. (x)~ QYTE /T 0/ {mm, B Ipyroft mapaMeTpNSamNH,

Wi (x) = gxx (489 (1-SxK)) ), 62733 GEHSKYD K acEMITOTHYEO-
Eoft BOAROBOH PYHRWER » *x) = Gx X /1 , 96M K “gByropsoft™ BoxHO-
Bolt qRNKIEN (p " ? ()= 30 25 (1-4 ) Y,

4. Hexoropse nepcoextdBH JATHHOENEIO DASBRTEA

Noxy4yennHe 3 NOCEONHE® BPOMA DSSYXBTATH NOIBOAANT EANGATIOX HA
OpoI'pecs B POmSHER DANS 387AY NOPTYPCATHBHON KBAHTOBOH XDOMOINHAMNKE.
Heapten B BNy CHEXYXEN® IDPOCHOM:

1. Puspadorza TOODNN CYZAXOBCKEX SH)eRTOB HA OCHOBS GODMANNSMA
XONTYDHMX ODONENX.

2, Paasxrne QOoDMANNIME HOXOXKAKLHHX KOXXOHCATOS.

3. Pacwer meTofoM DpaBMA oy KXX boxnosmx fynxmuit axpoEos X
AFDOMHUX JyHXIEE DRONPOXSXONNA.

4. Paspadorza TeOpEN DOXRSBOROTO NOBOASHUA B KIJNl, mOBeXeNNe OTDyX-
Typaux yxxmyk OpE MANMX X .

5. HooxexosarRNe MOXYDASAINOHHNX SPJCXTOR B AXPONMEX HPOLRQOAX O
Goxsmof mepexavel EMEYXLOA.
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ADDITIVITY OF QUARK MASSES IN GAUGE THEORIES

M. D. Scadron®
Physics Department
University of Arizona
Tucson, AZ 85721 USA

In this talk we show that. in spile of the confinement of quarks in (color-singlet) hadrons,
effective quark masses of all types (dynamically generated, constituent and current masses), naturally
form hadron masses in an additivity fashion. For the purposes of brevity, we limit the discussion
primarily to the nonstrange flavor sector. For the larger picture involving SU(3) and SU(4) masses, see

Ref. 1.

1. Dynamically generated quark mass in QCD

The breakdown of chiral symmetry in QCD can be characterized by the quark condensate,
which we take 1o be/? (qg) ® (-250 MeV)® at the renormalization scale of M ~ | GeV. The short-
distance operator product expansion (OPE) applied to quark fields’” then translates this
nonperturbative order parameter to the self-energy X of the quark propagator of Fig. 1, with/45/

z(ﬂ-%@g}—[sn-ai“%?"—] M

in the deep euclidean region.

Fig. 1. Nonperturbative quark propagator due to gluon exchange.

No higher-order di ional cond influence the chiral-limiting OPE expansion (1) as it
truncates’s/ in this leading order. Furthermore, at the time-like pole position p = my,, = Z, with p* =
my,,. (1) becomes gauge-parameter independent. The resulting self-consistent dynamically generated

quark mass is then of “physical” significance, with/4-5/

) 113
Mgy, = [4:«.04)‘(@)"'/3] % 320 MeV @

since |(qp| * (250 MeV)* and/” a (M) ~ 0.5 st M % | GeV,

sSupported in part by the United States Depariment of Energy.
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2. Dyvnamical quark mass generalion via scalar tadpole
At the pole position. Fig. 1 can be topologicatly distorted into the scalar meson qq quark tadpole

P
. . . 14
Fig. 2. Quark mass generation via scalar meson quark tadpole. Mggn = q 1% q

graph of Fig. 2.

The tadpole "neck” is the qq p-wave scalar o meson, the "ail" is the o-quark coupling 8oqq = 8egq 3Nd
the t1adpole "head" is (ag), 84qq 2l the pole position M = m;. Then the Feynman amplitude for Fig. 2
is/8/

Mgy = ——=— 8 3)
'dyn _m; oqq

Combining (3) with (2) and g, ZZn/J_N; (derived’¥ from the pion decay constanl

(0)A3 5% ~ if,q,). one power of mgy,, # O cancels from both sides of (3) and one obtains/®/ the “gap

equauon

mg /My, % (nfam )2 22 . @

In (4) we have used “asymptotic freedom" to increase ay(l GeV) * 0.5 to am,} = 0.75 at M,

640 MeV.
The ratio m,/my,, ~ 2 follows exactly in the chiral four-fermion model/!% or jn asymptotically

free bound-state Bethe-Salpeter models./!!/ Furthermore, the scalar ¢ mass generation via a ¢ tadpole
in the linear ¢ model with g,,, = m3/2f, in the chiral limit leads lo the quadratic meson o mass,

{a@

m?z = '_'_;n:L Boqq 28000 = “m gvz:qq [ lsuqq] (5

Then the m} +# O numerator cancels out, and after using f,g,q, = Myy,. (5) reduces to the lir ear

tadpole quark mass generation, Eq. (3).

3. Dynamical quark mass additivity

In summary, the linear quark mass tadpole generation (3) or (5) from the linear ¢ model is
extended by QCD to (4} or o the chiral four-fermion mode! relation m, = Zmdyn. We regard this
linear m, as generated by the (chiral) property of linear tadpole field-theoretic insertions on each

quark line composing ¢ (i.e., g and @. This is depicted in Fig. 3.

[ q
Fig. 3. Tadpole insertions on quark lines generating m, .




Then since each tadpole insertion in Fig. 3 is governed by the guark tapdole mass generations of
Fig. 2 and the latter mass is given by my,, ~ 320 MeV in (2), we have

(aa) (@ x
m, = :é'— Bog * _—mi— Biqq = 2Mayy ¥ 640 MeV . ©6)

This (trivial) tadpole mass insertion approach can be extended to the qqq nucleon in the chiral
limit. leading to the linear nucleon mass relation due (o three tadpole insertions:

My = My + My + Mgy = 3Mgy, © 960 MeV . (4]

Note that (7) is near the observed pucleon mass and (6). i.e.. 0(700) has been detected./'?/ albeit with a
very large width [, ~ 700 MeV (as predicted in the linear ¢ model).

4. Constituent quark mass additivity
Away from the chiral limil, the gluon-generated my,, is expected to gain some “flavor weight"
to become the nonstrange and strange constituent quark masses Mgy m, on- The latter masses have

been estimated from the measured proton and lambda total magnetic moments to be/”/

Mop © M/, = 340 MeV . my g, ® - my/38, 3 510 MeV . (8a)

These quark mass values (8) also follow from a more relativistic chiral symmetry approach involving

f4Beqq = Mg, and an analogous relation for fy
Mgn ® (93 MeV) (2./J3) * 340 MeV ,  (m /W), ® 20/, - 13 1.5 . (8b)

In either case, the'imponanl point is the obvious and long-appreciated constiluent quark mass
additivity, in hadrons such as for vector mesons,

my, ~ 23‘»11 . mx' ® (ml + l’;"tmn . my - 2ml.mn . 9

Constituent quark mass additivity appears to work even better in the heavier charmed sector./?/

5. Additivity of dypamical plus current in constituent quarks

Away from the chiral limit. the quark propagators are expected to acquire flavor-dependent
'‘current mass" due to weak interaction (QFD) as well as the flaver-independent Mgy, from strong-
interaction QCD. Then the flavor-dependent self energy Z; has the sought-after additivity structure

i = my oy, (PY) + Mgy, (Y . (10)




The gauge independence of (10) now holds at the constituent mass pole position/4 where p= ;..
p? = Mico,- Since mgy,(p?) ~ {qq@)/p? while the (logarithmic) current masses can be taken as constant in
the fow energy infrared region. the gauge invariant content of (10) reduces to the additivity relation

3 2
M;con ™ Micurr + mdyn/mi.con . an

Applying (11) to the nonstrange flavor sector with my, % 320 MeV, ., ~ 340 MeV, we

deduce the current mass scale,

ﬁ‘ncu" = 340 MeV - (320 MeV)3/(340 MeV) ~ 60 MeV . (12)
Such a current mass as ({2) is an order of magnilude larger than the “conventional" value
M, ~ 5 MeV based on the "strong PCAC" assumplion m? = -2Mm,,, f;%a9). Nevertheless, the large
fq:u" of (12) is consistent with phenomenology, such as the #N ¢ term with oyy/my * 0.06 or the aNN
Goldberger-Treiman (GT) discrepancy A = [-(myga/f,gn) ¥ 0.06. We digress to discuss the latter
since it too depends on a (pion) tadpole graph.

Consider the nucleon axial-vector divergence transition containing the »° tadpole of Fig. 4,

(NJBAYN) = ~mygaN 72 1N . (13

(a) (b}
Fig. 4. The #° tadpole (a) and background amplitude (b) for (N|3A*|N).
The background amplitude (m is governed by the Heisenberg equation of motion
9A® = -i[Q}. H] = -~ My A7 150 . (19
The nonvanishing proton spin-flip matrix element of {13) is then
-myga PHTNIPY = fyBone PHENIPD - By, PHT[PD . as

The component of Pt mediating the spin-flip transition is 0= = {0),-i0,)/2 such that a;;]Pb = |[P> for the
proton state and ogy [qt> = |qi> for quark slates appearing in (he ggq proton wave function/1%/

VI8 |Pt> = 2[jututdi> + [utdbut> + [dlututs]

- [Jutuldt> + Jubutdt> + Jutdiul> + uldtuts + [dlutuls + jdtuluts] . (16)
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Operaling on {16) with Ok Bives a;klpb = -|Pl>, so that (15) reduces 1o the spin-flip identity

a}:urr = IeBeNN - TINBA ¥ 12 MeV (n

where we use the measured values [,  93.24 MeV. gy ¥ 13.4, my = 938.9 MeV. g, ~ 1.254. Note
that both sides of (I7) consistently vanish in the SU(2)xSU(2) chiral limit. Furthermore, note that (17)
is roughly compatible with the large ﬁ}_u" found in (12) from gauge invariant dynamical and
constituent quark mass additivity.

6. Additivity of current quark masses in QFD

Now we return 10 more field-theoretic considerations again based on tadpole mass insertions. In
the SUR)xU(1) model/!¥ of weak interactions (referred 1o as QFD), the (nonstrange) current guark
masses are generated by the VEV Higgs tadpole graphs of Fig. 5.

Xy Xy
Fig. 5. Current mass generation via Higgs tadpole graphs My eurr. = "——(')—" My corr. = |
Jcurr., a ,curr. (b

for (a) u quarks and (b) d quarks.

These (gauge invariant) tadpole graphs correspond to the Weinberg relations

My curr = @u) BHu My ener = Pu) BHad - (18)

and are the QFD analogs of the dynamical mass QCD tadpole amplitude (3), equivalent to
Myyq = f «Baaq- The latter Goldberger-Treiman relation at the quark level is the exact parallel of (18).

Then, just as Fig. 2 strong o tadpoles and (3) lead to Fig. 3 ¢ tadpole insertions as the
dynamical mass quark counting measure of m, in (6), so now Figs. 5 and (18) lead lo Fig. 6 Higgs

weak tadpole insertions as the nonstrange current mass quark counting measure of m,.

n n P P
+

= +*w Fig. 6. Higgs tadpole insertions on quark lines generating m,.

n n

I 5
X Mk

More specifically, Fig. 6 corresponds to the Feynman amplitude measure of pion mass -
m, - P BHun + P BHad (19a}
- My + Moy = My, © 140 MeV . (19b)
Needless to say. the current quark mass additivity relation (19) suggests that my,, ~ 70 MeV, in

reasonable agreement with our other estimates (12) and (17). These three relations (12). (17). (19b) are
not only numerically compatible, but they all consistently vanish in the SU@2)xSU(2) chiral limit.




7. Mass additivity in current quark mass matrix

The semistrong hamiltonian density is defined as

(20)

H' = My eye QU+ Mgy Ad + My 55 + .
There is no ud nor sd off-diagonal term in (20} because charge and strangeness are conserved; in the
language of tadpole insertions gy,q = 8,9 = 0- The linear current quark mass additivity structure of
(20) follows when we ask for the current quark mass (tadpoie insertion) content in the gq meson or
qqq baryon. The very-short-distance QFD Higgs tadpole is not influenced by longer distance QCD
gluon exchanges and current quark mass additivity continues to hold, even for Nambu-Goldstone
pions.

If instead we seek the Higgs boson tadpole content of the pion (rather than of the individual
quarks within the pion), which would be the QFD analog of the QCD relation {5), the resulting LHS
pion mass is then gquadratic. However, at a higher energy renormalization point, the RHS of the mass
formula due io (20) can also be expressed as a sum of quadratic current quark masses weighted by
structure function scaling integrals./!S/ Nevertheless, the deduced value for the nonstrange current

quark mass is still My, ~ 60-70 MeV.

8. Summary
Even though quarks are confined within hadrons, tadpole mass insertions for both the QCD
strong gauge theory and the QFD weak gauge theory suggest that dynamical, constituent and current

quark masses appear to form hadron masses in additive combinations.
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FIELD THCORETIC COMSISTENCY OF QCD OPERATOR PRODUCT
EXPANSION COMTRIBUTIONS FROM CHIRAL NON-INVARIANT COMDENSATES
V. Elias and T.G. Steele
Department of Applied Math, University of Western Ontario.
London, Ontaric, Carada.

The operator product expansion (OPE) for the quark propagator is

){d4x "X <o Tp(x)Tlo)) o> = i S(p)
= Cylp) + Cg (p)<bu> + CGG(p)<GS\’G;\’>+ 2;225253335"?%35 ) |
where Cl(p) represents the purely perturbative contribution from QCO, The nonr-Zero
vacuum expectation values (vev's) in {1) are known as condensates and are non-
perturbative in origin. This paper wiil examine some field theoretical characteris-
tics of the OPE.

The coefficients C,(p) may be determined perturbatively provided that the di-

(4
mension of the corresponding operator (0 is less than :10./]/ Consequently, the co-
efficients Co(p) and the condensates themselves (<«>) factor the short and lon¢ dis-
tance content of QCD (within certain limits), enabling the 9PE to provide a useful

extension of QCD into a non-perturbative regime.

Quark Condensate Component of the Quark Self-Energy

In equation (1) the coefficient cﬁw(p) is particularly important, as it is tha
coefficient of the towest dimension chiral-symmetry violating condensate {<yy>). *
non-zero value of this coefficient makes possible the dynamical generation of a
quark mass even when the QCD Lagrangian is chiral symmetry invariant. Thus the OPE
description of the quark propagator allows one to find field theoretical support
for the phenomenological discrepancy between small, purely perturbative "current"
masses and relatively large (- moucleon
Indeed, to account for this discrepancy, a Targe component of {(up and down)} quark

/3) “"constituent” masses for u and d quarks.

masses must be dynamical in origin, dominating the aggregate mass near the
m /3 "mass shell" and Falling off sharply with p2 as QCD becomes more purely
nucleon 12/
perturbative, s
The second arder contribution to the fermion propagator is obtained from Figure
1, allowing calculation of cmw(p) to lowest-order in a- The "NP box" in the b
figure represents a normal ordering of the indicated fermion field, as obtained

from the Wick expansiaon for SF(p). The quark self enerqy is then given by/3’4/
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Sip) = (P17 [od-ae P e i) ey %P

3 .
R A T R RS Bitvy 52 (2)
(2m) ke K

where only the quark condensate component of <:P{z)y{y):> will be extracted.

Fig. 1. F(gz) correction to the quark propagator through the non-perturbative vev

w(2hly) e,
It is possible to write a gauge covariant Taylor expansion of the <:¢(z)y(y):>
vev through use of the Fock-Schwinger gauge./sl In this gauge
x-Bx) = 0 (3a)

and consequently, through repeated differentiation of (3a),

- a -
O I”nB"’)(O) -0, (3b)

where Bf represents the gluon field. Using the result of (3) the Taylor expansion of
~op{zhply):+ about y = z = D may be expressed covariantly as follows:

<:pl2)uly) s = - w(0)p(0)> + (y-2)* D, »

bR, By ,
+ g (27270y )0y Doyy -yt 40D v

+ higher order terms . (4)
The expansion (4) may be simplified using Poincaré invariance and the equation
of motion Py = -imw./6'7/ [f only the quark condensate component of {4) is desired,
then < {z2)yly):> becomes’ ®+&/
TNl . o e ¢ lm) _,12n
pl{y)olz): 3 (‘nY' (y-2)"a, (5a)
- ? L:‘m ({ _z)(y-z)Z"b + higher dimension condensates
(2nfl) Yoy 20+ (hde ) ’
where
a
2n 1
- 5b
(zny7 n'(n*l)I4"+1 (5b)
bon+1 1 N

EJR S - 5 o
(Zn¥ 1)1 2{n+2)1n14"*! (3e) .
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It is worth noting that the series (5) sums rather elegantly into the closed
/8,9/
form” ~*

<Hlyu2) o < B2 B2 (a(a?) ) 4 (—‘Ixz—*) Ln(-x®)1/3)1, ()

where x = (y-2), x2 < 0 and ]1’I2 are modified Bessel functions. A similar expres-
sion for time-like x may be obtained in terms of ordinary Bessel functions.
Evaluating (2) using only the zero order term in (5a) eventually leads to a
gauge dependent dynamical mass./10‘11/ However, if the linear term of (5a) is also
included, the resulting self-energy is gauge independent at the p = m mass she]]:/4/

2_
z(p) = ijE%Z [(3+a) - E%; + higher order terms]. (7)
9p P

Note that the "one-covariant derivative term" in (5) led tc a contribution to
SF(p) involving a factor of mp/pz relative to the lead term in (7). This factor ex-
hibits m/|p| as the expansion parameter in momentum space of the OPE given by {5), a
standard OPE property. The second derivative terms in (5) are therefore expected to
yield contributions to SF(p) comparable to (mZ/pZ) times the lead term, and so on.

This mp/p2 expansion parameter is necessarily unity on the g = m mass shell.
Consequently, the only way to extract a meaningful dynamical quark mass from (7) is
to show that the full set of higher order OPE contributions to SF(p) truncates to a
finite number of terms.

The second and higher order terms of {5) are zero upon explicit substitution
into (2)./12/ To see this, let us first consider within (2) the contributions to

(5a) proportional to the coefficient Apnt
4 4 i(p-k).(y-2z)_u 2n v, pv kukv
Id (y-z)[d ke Y (y-2)"y (-—7— + (1-a) —;E')
k

c e 2 ) By . (8)
3" ap. P P
The bottom line of (8) vanishes (for non-zero pz) if n > 1. Similarly, the contri-
bution from (5a) proportional to the coefficient b2n+1 involves further application
of a y~§i operator to the bottom line of (8); which again vanishes when n > 1,

In summary, the original concept of a running dynamical mass/z/ has now been
given a field theoretic foundation from the result that the quark cuuadensate compo-
nent of the quark self-energy exhibits a gauge independent mass she11,/ / valid to
all orders of the OPE./]Z/ Phenomenology of this dynamical mass contribution is

addressed e1sewhere./13/

Mixed Condensate Component of the Quark Self-Energy

Chiral symmetry is also violated by the dimension five "mixed" condensaie
<Waquuvw> where the field strength Guv = [Dv‘Du]' The mixed condensate enters the
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quark self-energy to lowest order in the coupling g through the processes delineated

by Figures 1-4,

Figs. 2-4. 0(93) corrections to the quark propagator generated through the non-
perturbative vev <:E(Z)Bu(w)¢(Y):>-

Note that the graphs in Figs. 2 - 4 are explicitly of 0(93) in the perturba~
tive expansion--one order removed from Fig. 1. However, the mixed condensate con-
tribution to Fig. 1 arises from the antisymmetric component of the second order
term in (4) [-yuzB <D BDOL ¢>], which yields an additional factor of g from the
commutator [Du,Dv] = g(ix3/2) Fsu(x) = Gvu(x)'

In evaluating the mixed condensate contribution arising through Fig. 1, the
non-perturbative vev (5) has already been shqwn/]q/ to have a mixed condensate com-

ponent in addition to the quark condensate component explicitly given in (5a)./]5/
<0| :f(z)uly):{0> = [<{y> series of (5)]

* %%ng ({-3ity-2)%/2 - yTznaT”] + mL-(y-2)%y- (y-2)/4]

+ me[3i{y-2)%/8 + yTznoT"(y-z)z/d] + mO[-15(y-2) - (y-2)/68

+om"a (v (y-2) "2ty 2 o™y (y-2)) "D )+ hde (9)

For any particular value of n, the coefficients an’bn can be worked out using tensor
algebra pracedures {as are a,» by, aq, by (=0) in Appendix A of ref. /6/).

Stmilarly, in evaluating the mixed condensate contribution arising through
Figs., 2 - 4, the mixed condensate projection of the non-perturbative vev

<:$(Z)B:(u)¢(y):> has also been obtained to 0(m3)_/15/
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%? <0|:iKZ)Bi(w)w(y):|0> = 5@$§§%ﬁi
x{wc +2[1w c)\y()’z) + wh(y-2) (ygBA Yxsu)]
- '1"; (2070, (y-2)% - (y-2)0, we(y-2) - who, (y-2)B(y-2) ]
+ g; Liw'o, (y-2)y (y-2)e+ yuly-2)2(y-2) = 5 (y-2) 2w (y-2)]
+ o(m*))
+ [Terms proportional to condensates of dimension >5]. (10)

Substitution of the mixed condensate component of (9) into the Fig. 1 two -
point amplitude, substitution of {10} into corresponding two-point amplitudes of
Figs. 2 - 4 yields respectively the following set of corrections to the fermion
. . Lo /157
propagator from mixed condensate insertions:

2 _
9”<yoGy>(p+m }p

185.1y(P) = —7—
U 288p '{p -m)

(1)

[} <WUGW’ p+m_)

iAS(Z)(D) = —]—Q—T‘g— i[- bp (1-a)) + "‘[ZNIW" ]

288p (p m)

s ml0p(1-a)] + m3[0] ¢ ... }s (12)

o? ety V(B )
iAS(a)(P) = —4——2—2'— {[- D(ZD m )(] a)l

288p (p°-m )
+ m[4pmp] + m2[3p(1-a)3 + m3[0] + ...}, (13)
[ <WGW>(D"'"
185(41(p) =_B_‘E‘2_§‘ {[(-56-18a)pp” + (-45-9a)m p
288p~ (p°-m )

-lBa(p L p

+ (mem )[—r#—] + m[(45+9a) (p"+m pp )]

+ mzr-(aswa)(ppzmppﬁ + mPL(a549)(p o p) )+t (14)

where m_ is the propagator mass associated with the fermion lines of Figs. 1-4,
as opposed to the (non-perturbative) mass characterizinj the OPE.
The non-zero contribution to (11) arises only from the b0 term in (9): all
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other a; and b terms in (9) vanish upon insertion into the Fig. 1 amplitude.
Further ev1dence of truncation is seen in (12) and (13) througp the vanishing of the
0(m ) terms. There is no evidence, however, for truncation of the "non-abelian"
amplitude corresponding to Fig. 4, for which a non-zero O(m3) term occurs in (14).
The failure of the Fig. 4 amplitude to truncate the OPE of (10) may be better
understood by examining the self-energies associated with the Fiy. 1-4 amplitudes
and, in particular, how those self-energies affect the position of the quark propa-

gator pole.
The self-energy corresponding to (14) is/ 13/

(o%n p)  18ag(m-m )
e <qGCQ> -9(14) ‘;ﬂz— —a—r—zﬂ

-9(5+a) [1-mg/p% + m2/p% - mp/p* + 0tn®)1) - (15)

To proceed further, it is assumed that the truncation of the 0(m3) terms in (12)
and (13) continues for all higher orders, consistent with results already obtained
from Fig. 1processes./75/ Secondly, the alternating character of the series in the
bottom line of (15) is assumed to continue, accounting for all degree-two and higher
order contributions in m. This implies that the "abelian" contributions (Figs. 1 -
1)  truncate after P(mz) in the OPE, whereas the non-truncating, "non-abelian“ con-
tribution (Fig. 4) generates a geometric series in m.

Under these plausible assumptions, the aggregate O(gz) mixed condensate compo-

nent of the quark self-energy becumes/]5/
O L E(p2ig + Flpd)) s (16a)
ZBS(TZ)E(;Z——? T
2 4
E(p®) - [(H+6a)rnp + (47-9a)m]p
" [(-7-10a)mg " (-96)msm ' (-15-2a)mpm2 + {-2+18a)m37p2
[(45+9a)m:m + (7+10a)m:m2 + (6-18a)mim3 + (4-4a)mpm4], (16b)
F(p%) = [-56+3ap% + [(97+10a)m§ “amn + (15-16a)m’]p"
+ [(-45-9a)m + (- 7+8a)m m - 4mpm3 + (-4+4a)m4]p2. (16¢)

Hence the <faGy>-corrected inverse propagator may be written in the form"ol



s p) = ﬁ-mp-i(p)

.2 2
= 1+ SOVOET) s - w1, (172)
288(p -mp) {p"-m")p
where
. 2 2
m . 197 <PaGy>F(p”)
’ P 288(p°-m )z(pz_mz)pl
M(p?) = P (17b)

i <JoGy>E(p°)
288(p2-mg)2(p2-m2)p4

1 +

In order to have a self-consistent theory, the propagator pole must occur at
the mass m corresponding to the m/|p| expansion parameter of the non-perturbative
OPE:

2
Lin M(p?) = KWL - q, (18)
pom E(m©)

Equations (16b) and (16c) imply that the above equation is satisfied for arbi-

trary "propagator mass" mp, “s

Lim mE(p?) = (4S+9a)m2(m2-mﬁ 2 Lim -F(pY)- (19)
pz,mz p2+m2
Furthermore, (19) indicates that (18) is satisfied regardless of the choice of the
gauge parameter "a". These results provide strong evidence for the gauge indepen-
dence of the pole position under corrections from higher dimensional condensates, as
well as for the self-consistency of dynamical mass generation within OPE augmented

nco.

Quark Condensate Component of the Gluon Self-Energy

The transversality of quark condensate contributions to the gluon self-energy,
as required by Slavnov-Taylor identities (ultimately gauge independence), is another
field theoretic aspect of the OPE-augmented perturbative QCD which must be verified.
The operator product expansion for the gluon propagator is

o - [ e ot

= Cp(p) + G (P)Wy> + Ceplp) <G 61 > + hdc . (20)

The 0(92) contribution to Cﬁb(p) is given by the Fig. (5) vacuum polarization
graph, corresponding to the following correction to the gluon propagator for each

condensing quark f]avour.la/

e WA aB E ¢




. 1 St
mngg(p) - (g)? f atx efPX f aly f a*z f Gk ik (x-y)

(em)*
Gt kaku a,b d4g ~ige(y-z) , .
[- ~k—2— + {1-a) _le_]Tr“ A7) j 2“)4 e (-i)
(gsm) v = . d't -imz o % g, .
TT‘[YlJ ﬁ:i‘-?- YV <.W(Y)‘4’(Z)->Np] [ (*21”—4 e 2 (- -1—_\)2— + (1-a) *;_14—] (21)

Fig. 5. O(gz) correction to the gluon pro-
pagator through the non-perturba-
tive vev <p{y)plz)>-

Notice that the quark propagator mass in (21) is now identified with the OPE
mass m characterizing the expansion of <¢(y)y(z}> in (5}. This restriction is
necessary to maintain transversality of the gluon self-energy. Upon substitution of
(5) into (21), one can expand the quark propagator in powers of mz/p2 and collect the

aggregate coefficients of mZN+1 to obtainle/

2
_49° o = 2N+l (N)
3 <w>NEO Ly ()

m

S (p) (222)

(N) 48 ip-(y-2) _d4r'_ ~ig-(y-z)
LIV (p) = f d'(y-2z)e f (2n)? e

N o a2n#l e s 20
SRIGE Y\)nfo ((;r)m)! ISZNf%Lzz)“‘ b2n:1]

RY N (-1)2" 2n ®2n ‘
+Try"y1] IO “TzmyT (y-2) N2 ' {22b)
n= q

where a,b are given in {5b,c). For N > 2, {22b) may be eva'luated’g/ to yield the
following expression:

PR et (T L T T
ﬂw)(p) _p2N+2 nEO njine1) B F I injlne2 w0

n=0
Hp¥ M2 oener) [N][ N
) pgma nfo N{N-1T \n){n+2] " (23)

Upon performing the summations“” in (23) and then substituting the result

back into (22a), one may obtain the 0{g°) quark condensate component of the gluon
sel f—energy'./8
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- T PP
Ty - Bgz meyp> [_U v >
uv P

Py g ) g lnien) m?{"
w2 |02 %] oo N (Ne2)T

PP -
: {% - qw] W (p) . (28)

The infinite sum in (24) is well-defined, particularly for Euclidean momenta,
for which OPE's phenomenological utility is well-known. Consequently, the gluon's
self-energy is manifestly transverse, providing further field-theoretic support for
OPE-augmented perturbative QCD.

Further analysis of (24) has been carried out to determine the quark condensate
contribution to the analytic form of the qluon propagator.la/ This analysis shows
that severe restrictions are placed on the existence of gluon propagator singulari-
ties, a property suggestive of confinement. Contributions from higher dimensional
condensates must be examined to determine whether a gluon pole actually exists.

Conclusions

Several field theoretic aspects of the OPE augmentation of QCD have been exa-
mined. Gauge independence of quark self-energies at the mass shell corresponding to
the mass m (characterizing the OPE expansion parameter m/|p|) has been verified to
all orders of the QPE for dimension 3 and & chiral symmetry breaking condensates.

Similarly, the necessary transversality of the quark condensate contribution to
the gluon self-energy has been verified, provided that propagator masses appearing
in the self-energy are equilibrated with the OPE mass parameter m,

We would 1ike to acknowledge the support of the Natural Sciences and
Engineering Research Council of Canadaand discussions with V.A. Miransky and M.D.
Scadron.

Equation (11) should read

-g28<;u(;¢;>(p+m Yp(l-a)
iAS p) = _— P .
(1) 288p“(p2—m12>)2



Equations (1éb) and (16c)} should read

E(P2) = {(20+16a)mp + (47—9a)m)p4

F(pz)

+ {(—16—20a)m; + (—96)m§m + (-Zd—lZa)mpm2 + (—Z+18a)m3)p2

+ {(45+9a)m;m + (16+203)m;m2 + (6—1Ba)m;m3 + (4-4a)mpm4)

"

{-65-7a}p6 + [(106+203)m§ + 4mmp + (24—6a)m2)p4

+ {(—45-9a)m: N (-16-2a)m;m2 - 4mpm3 + (-a+aa)mi1pl.
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KAJMEPOBOYHNE CUMMETFIS! B TEOPYAX PREIATWBACTCKMX YACTHLI
¥ CYIEPCTPYH

A.T. duwmunnos
O0senuHeHHRE HHCTHTYT ALOpHHX XCCJAeNoBaHME, IyoHa

Henapree pa3BuUTHE TEODHM CYIEPCTDYH NPKBENO K HEDECMOTDPY OCHOB-
HuX uneff 0 COOTHOWEHHM MeXNY TeopEel De/ATHBHCTCKHUX YACTEI H Jxon?u-
Holt kmanTOBO# Teopuell moas. B cospeMeHHoM nomaxone {CM.,HampuMep, 1,2/ )
HCXORAT H3 xendponoqﬂo-no.nodﬂoﬁ {OPMYJINPOBKA TeOpEA DelATHBACTCKOR
vacTEH (CM. 3"V), B KOTOpDOH CBA3H, p2+m‘*=o » Pt=0, ¥ T.0, =#r-
PapT poXs TeHepaTopoB (cymep) KAMMGpOBOuHHX NpeoOpasopaHul (M 0603-
HBvAeM TDACCMAHOBH ilepeMeHHHE rDevecKuMH OyKBaMM, & GO3eBCKUE — Ja—
THHCKUMY ; q/"(t) -KoopRuEaTH, PY(*) -conpaxeHHHe HMIYanCH, &X(3) -
TPAcCMAHOBH JOPGHUI-BEKTOPH). JUIA peNATHBHCTCKE-HHBAPEAHTHOTO KBAHTO-
BaHEA 0o MeTony BOB HeodXOMpM0 HAJIOXHTL H2 COOTBETCTBYDIME Jarpas-
xepu wuomurexu L(t) yeromma L=dP/dt = O (rpaccuamomum cemamd co-
OTBETCTBYDT I'PACCMAHORH JATDAHMECBH MHOXHTENN A{t) . B marpauxman
cpA3E BpoNATCA wiemamu Trua Ek , A% , T.e. K ¥ % wurpant pom
myancop. Coxpamende HefUSHYECKEX cTelNeHeli CBOOOMH XOCTHIrAETCA HAAb—
HeltmeM pacuEpexmMed $a30BOI0 OPOCTPAHCTBA 34 CYET NYXOB Qe.zmeenai-uouo-
Ba (1) = ucnoxpsoBaHMeM CynepcuMMerpyd Iapmsu-Cypaa (cM.Hamp. »2/ .
B pToM jopuammaMe BCe NepeMeHHHE HMENT ONMHAKOBHE ZHHAMHYECKHER cTa-
ryc (KBAHTOBAHNE ¢ ANYBRATEEOR MepoR B pacEupeHHOM §a30BOM IpPOCTPAH-
¢TBe), 4YTO HAXOANT OTDAXEHHE ¥ ODH BTOPEYHOM KBAHTOBRHMM - IONA CTAHO~
BAreA QyHXIEAME BCeX RKOOPAMHAT PACHHPERHOTO MPOCTPAHCTBA ((L N A N

C {usmvecxoR TOWKE SpeHMA NONQAHETENbHHE NepeMeRHHe, OKHAKO, He-
PABHONOHEH. OCHOSHYD PONL B ONHCAHHOR ROHCTDYKIME HIDADT CBASE H CO-
OTBOTCTEYNOWe WM Mepemennwe L{t) , A(t) . Casse onperesanT rAMEG-
pPOBOYHO-IOXOGHNEG CEMMETDEE Teopms, a {{t) , A() npeoGpasypnrcs moxodHo
RAXRGDOBOVHHM HOTEHIMAZAM. Hanpsep, B TEODHE CHANADHOR YACTHIK
(0stsd )

L = Pﬂé’)‘-%zf&) (P2+ mz); /‘-':o'i)"')‘.pj (1)
ceasp §, w3 (P +nlirenepupyer adexesu npecSpasopama

ép= [ﬁ,(t)(p‘+m‘), P]P.a=°' $q= [$48)3, ,q,}”=-h P, (2)

TReé XBaypaTHEe CrOSKM 000SHANADT CROGKE liyaccona. HeRloTrue, cooTBer-
Oo?ByDEee AATpARxEANY (1), RHBADHAHTHO, €CAH
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sbo=4, fo =0 =0 (3)

B cooTpercTEus ¢ {3) Beanwmra Sodt 8.&)  gaigercs wupapmanToM mpE XA~
AM6POBOUHHX Npeodpasopamusax (2), (3) (ananor mapaMerpa Tefbuauurepa

B TEODHH CTDYHH).

CymeCTBOBAEME KAJMMOPOBOWHHX MHBADHAHTOB M NUHAMEYeCKOE DABHO-
[npaBRe HepeMeHHHX ¢ (), A(t) ¢ oCHOPHHME NEPSMEHHEMA IOSBOJHET EH-
TepIPETEDOBATE 3TY QYHKIMM KAK HACTOAIME KAJKODOBOUHHE HOTEHIMMANH.
LA 0oaHOTO OGOCHOBBHMA 3TOR TOuKE 3pEHMA HeoOXONEMO, ONHAKO, HRaHTH
JarpaExuad ¢ onpeneneHHo#t raodasmHOR cmmeTpmeft, JORAIMSAUMA KOTOPO-
TOo OpuBOARIa OH ¥ Jarpamxaany (I), xoTopult Jerxoc OepedHcaTh B SBHC
¥aJud poBoIHOR qxtpme/ /

L =-;—#T;C(3¢—AW’, (4)
"l"“=(€:) , €= -lo s A= ( ) ()

lpeodpazosamua (2),(3) Takxe Jerxo NPeACTaBdTh B CTAHNAPTHOH fopme

PV =FY, sA= F'+(FA -AF)= F+[|=A] (6)

rae uarpmxa F noxywaerca ms A sauenot £(t) ma 4(t) . B pado-

e/ 6/ GHIo moRasano, wro (4) mouqydaeTca C OMOWBY CTAKLAPTHoft mpoue-
IypH JMOKAJM3AIEE XEHefHHX KeHOHEYECKUX cudeTpuit npocTefimero (pynu-
MEHTAPHOT0) JATPAHKEAHA

r
LD ‘—-"-%"F'C (21; ~Ho)W + 4g P
rge - [ 00O =4
Ho= (95) , de=%(Pe).
Jarpanxean (7) ecTe OpocreBmas nyaHREape-AMBADEAHTHAS ORAEHeRuan $op-
W L=} 4% , sammcamnas B opMaNESMe Nepsore Topamma. I'pamd
wWeH A, CYNOCTBeH NENh RAA MONyIoHEA IPAHUYHHX JCAOBUM HA napaMer-
PH {(t) , 9TOT WIEE HEOOXOXUMO RomucaTh X B (4), OOHYHO MH er'o omyc-
KaeM.
B padore/ 6/ OpOUenypa JOKAKMSAIEH XHNe#HHX KAHOHNYOCKEX Opeol-
pasosanml Ouga odofmena. Bo-epeux, OHEO OTMEUEHO, WTO OPE pr= 0
xarpenxuan (I) monyckeeT TAOGAXLHYD CEMMETPEN BeflnieBCKoTo THOA

Sp=-1,P, 'Si =3(z‘.7/) st =248, ,

&)

101

e ———E A B At e ¢




KOTOPYER TAKKE MOXHO JORANH30BATE., HOBHEt KAIMGpPOBOUHHR JATDAHREAH K
IpeodpasoBAHEA IePEMEHANX OnpemelAnTcsa fopmyasms (4), (6), B RoTOpHX

SIS MG oL

B aroft TeopEM Macca WACTHOH 3ampemeHe HeadeXeBHM XAPaKTEPOM Lpeodpa-
soBannA ynmmit .
3! —';'1+2'i'z ] 2'F1£23 SBZ:*’-'

C xpyroff cTOpPOHH, B/ 6/ OWI0 OOKA3aHO, ITO OPHHIMAN JORANHSANMM [IDUME-
HEM X CYIeDRAHOHHMYECKEM CHMMETDH/M JAT'DAHEKMAHOB, COXE xanmx coMa—
HOBH MOpeMEHHHE ¥ ONACHBARAMX YACTAIM CO COHHOM (CM. 18,3,4 ). Ilpu
3TOM eCTEeCTBEHHO H HPOCTO HOJNYYanTCA ofife JOKANBHO CYNepPCHMMETPEY-
HHe TeopMi vacTHn(ONHOMepHHEe CYNepIPABATAUMA) C CYIEPKOODNHHATAMA
Cp/, 1,".;"), rge k =1I1,...,X .IIpg K =1,2 rarue Teopmu G-
AR OOXy4eHH BechMa CJ CIOCOGOM B 3 , Ipx Jwéux K - domxee npoc-
THM cOoco0oM B pacdoT 9 . MH oScymmM 3T® O0OOCMEHAS NO3&e, 8 CHAvAJA
PaccMOTPHM KBAHTOBRHEE HA {IPGCTOM [IpEMepe §eCCHHHOBOR dacTHIM.

J#a rRBaHTOBAHRA, KAK U3IBECTHO, HeoOXOMUMO 3afERCHDOBATL RAJMMG-
POEKY,HO B TO X6 Bpeus m03a0OTHTECA O TOM,9YTOCH QUIHIECEME DOSYALTATH
OBAE XAANGPOBOYHO-AHBAPHAHTHHME. ONEH 3 CHOCOGOB KBAHTOBAHHA, KAk 4
B TCOPHER CTPYHH, COCTOHT B TOM, 4UTO Bce HefH3MUeCKHe NOpPEMOHHHO HCK-
JANYADTCH. IT0 HEK30EEHO IDUBORMT K DOTepe SBHOR JopeHI-HHBADHAHTHOC-
TH. JlI9 ee coXpaHeHMS BBeEM, KAK B JnOoft KATEGPOPOUHO# TeODHH,IyXH
danneepa-lonosa. CpelaeM 370, NOMB3YACH PopMAH3MOM BaTamuna-Buixo-
BHCKROTO - Jpagruna (BDP). 7 Hac ecTh ONHA CBASH, B HYRHO BBECTH OIHO
xaxudpopoyHoe ychaopde. locTaTouHo ofmee ycaoBEe, (urcHpynmee KAMwd-
POBXY, MORHO BSAIRCATH B BHLE

£ -F(prg.ty=o0. (8)
BaMeTEM, WTO caMoe OpOcToe yCAoBHEe moaydaercda mpw F =0 . ITo, KoHeu-
HO, ARET Pxconst , OMHBKO B3ATH HOXHOCTED JEKCHPOBAHHOE auaqeune

P, ommen Lwi , vu He Momem s-aa TpedoBanes coxpanenma f'% S#ﬂt)
Katu6poBOuHOe YGUOBHEe BEEINEM B JATPANEHAH C [OMONBD SATPAHKEBR MHOZE-
7exa k(t) . Cpepx 5TOTO BBEREM IDACCMAHOEH LEDEMEHAH® PLP,E,

@ . Doo mepeMenHHe HS0ODAMN C DOMONED "KyOHKA IyXOB" ;

Q,h(p,k,g,l)=0, Qu(pe)=+1, myxu
Qi (P 5)=—1, anmHRYIE
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( R, - agauTHBHEH "IyXoBHH" 3apAn). B BepxHe#t vacTH - UCXOHmHHE
IuHAMIYECKAe [epeMeHHHe DealbHoro $a3oBoro npocTpaHcTBa, [lof Hnax -
BenoMoraTelnrHNe [depeMeHHNe pacmmpenHoroe fasoporo mpocTpaHcTsa BBY.

Ha snepoit rpand - o0O0mMEHHHEe HMOYAbCH, HA Npapol odoGmeHHHE KOOPIAHA-
TH. 0CO3HAUEHEA HANOMHHANT o0 aToM (mapu pq, , PE , PFe L ki .
larpamxuan (I) odaamaer ouesupHOR cmMerpuell OTHOCHTENHbHO Opeolpazo-
Bauuit

bp =0, 8¢ = [EGP , SQ"'&Eé‘, (9

KOTOpHe NolyvanTcs #3 (2) samenolt §,=/€E . [Ipm aToM £ -~NOCTOAN-
Hult rpaccManoB apaMeTp, £ = 0, €2 =0, XoTOpHR QHTHROMMYTHDYET C
G ¥ OCTAJHHHME TDACCMAHOBHMM MEDEMEHHHMH. MHOXMTENL LEG B3AT 1A
TOTO, WTOOH fapaMeTp (€6  GHA OPMATOBHM. lIpH QURCAIE RAIMCOPOBKE K
Jarpanmvany XodapageTcs wien k(- F) . HoBu qarpanmmen yxe He-
MHBADMAHTEH OTHOCHTENBHO Npeolpasopanult (9); Halifew JATpaHEMAH, ROTO-
pufl ®HBAPKAHTeH OpK HpeodpasobBabMaAx (9), NMONOIHEHHHX IPeolpa30BaHEAMI
IPYTHEX MepPeMeHHNX .

O¢mmi# MeToN KOHCTDYHPOBAHMA TAKOTO JIATDAHXMAHA OCHOBAH HA Ofpe-
nenehmu BPC-zapama S . UToOH ONpENENHTE eTo HA KIACCKYECKOM YPOBHeE,
ompenenruM CyuepCKROGKN [lyaccoHa, KOTOpHE MDH KBAHTOBAHUM OepednyT B
KOMMYTATOPH WM aHTHKOMMYTATODH

Ex,v3—>20xv} (10)
IV IPOMSBOMBHMX (ynmalt gunamuueciorx nepeMenmux % =(P. p 7 k)
2 Q; =097 £). iomoxuM £,=4/0 , ecad X ecTs
fepmt/6o3e-aepeMenHad, u onpeXeJuM cyIepcrooxu llyaccona (CCI)
W,x ¥y £xEy Ry 2Ex
exy3=3 (35 H ot 52 ). (I

JTO oupemesieHde LAA GO3e-[IEDEMEHHHX COBN&NAeT ¢ OOWYHEM. OHO YHOBIET—
BOpPAET KOMMYTAIMOHHOMY YCJAOBHAD

£
EX,¥3 =~
H CYnepTOXLECTBY AKOOH iy
EE x4, Xz 3’ Xza(_)EJEJ + ££X2,XS31X13(—) 14+

£Y, X3 (12)

£, € (13)
+ EE Xy, X3, X3C)7 =0,
HoNe3HO Np¥ BHUMCACHKAX KCUONB30BATE COOTHOmMEHHE
EX, Y23 = £X,Y32 +()™F yEx 23, (1)

C noMomNED HANKCAHHHX OmpefejeHmt Jerro noayusTh CCIl ZA8 OCHOBHHX IH-
HUNMYECKIX NepeMeHHHX :
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tP.,9"3 =5, L ek b3=1 EPe3=t, EpTBI=1. (15)
Ocramshue CCI pesHH Hymo. HHuvu cnosamu,
Q‘3=5£' ., TIe g)iszﬂzf/f,l‘), (I6)
J ch(?/"lelglﬂ)'
BPC -3apAR, &AM I'eHEPATOP AYXOBOf CHMMETDHHM, ONPENEJIALTCA TaK,

9T06K OH Hopomxal mpeodpasopauus (9), mmexn Qa;, = +I B ymORIeTBOPAN
YCIOBHD HEJNBIOTEHTHOCTH

ER,N3=0. (1)

Hs BTOpOr0 YCMOBHA CAeyeT, uTo J. JuHeRHO 3BBHCHT OT f e .
lleppoe Tpedyer, 4TOOH B St conepxasca wied ¢ P7'+ mzj. Tornma npe-
o0pasoBande, KOTOpPOe B O0MeM BUAE MOXHO ONPENeNHT: KAaK

§X=4gen X3, Q= E=e, €)' =-ER), (B

Zaer §p =0, $9 = (EGP . Uroou owio §I#0 , » J2 nmoamen outs
anen, auHefEul Do Kk . ECTeCTBERHO HOSTOMY IOMOXHTDH
R = ikp + &(p"+m?),

Hpu sToM $P= —Ep » 9T0 He commamaeT OyxmaxbHo ¢ (9). My, omgua-
X0, OXEREEM, WTO 0GOGMeHHHR MMIYABC 6JZeT NMpONODHHOHANEH & . Cefi~
9AC MH YBHOMM 3TQ, HO CRAuANA JOBejeM AEA0 MO KOHDA.

(19)

Jerro mamers, uro pia (I9) yeaoeme £JL, 23 = O mumoimero.
370 3HAWAT, 4TO Opeodpasoame (I8) HRABHOTERTHO. [lOAB3YACH TORLECT-

oM fxo0m ® (I2), OTCINA MOXHO BNBECTH, TTO
§£02,X3 =0 (20)

g anGokt Pynrgms nepeMersnx & E @ . B WACTHOCTH, €CAM B KAYECT-
B6 TAMENLTOHEANA B3ATH

H= E.ﬂ) ﬁ‘a , Jz;f:_ﬁ' (21)

J
THE Jl mieer 01, -I, TO PTOT TAMEABTOHHAH OYH6T MHBADEAHTHHM ODH
Jndou nuiope J?,, s T4
ER,H3 =0. (22)

Kouérpym xellcTBEA Tenepsr ACHA:
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4 . . i .
= {dt[gp+ik +6F +Gp-H] = S dt(&P-#), (23)
rge A 8npeneme'rcx B (21). 3ameTiM, uTO LIA PMUTOBOCTH ReltcTEEA
HeoOXoIMMa, aHTRIPMETOBOCTH SHTHROMMYTHADRYDIMX KMMIYJIBCOB .f . Un-
BapBaHTHOCTE KuHeTHYeCKod gacTy ngefcTBUA U3 BCEro MPERHOYMErC He oye—
BumHa. YToOW NPOBEDHETH ee,HalifeM OpeoOpa30BaHMe BCEX HEepPEeMEHHHX

b9 =leGp, Sb=-tegp, 85 =4 e m?), Se=-Lgk. (24)

OcTaipHNe OepeMeHHHE He HoaywanT OpupameHult. Buucaws papuamm geffcr-
BT, HAXOMUM

; 1
§8 =Lele(p~m?] , (25)
OTKVIA CJACLYDT TPAHEYHHE YCAOBUA AL &(T)
Gfo) = G(1) =0, (26)

COOTBETCTEYDINE I'DAHMUHEM YCIOBUAM RS -f' (t) . lo cux mop Buo raMwib-—
TOHEAHA He HCOOJB30BaiCA. llpocTeihma#t monywmTca, €c/M B3SITE

R,=58p, R=E2,0.3=2)7 + L L% m*). (27)
IeficTeme TOrma MMeeT BUN
N : o = = > - 2
§litTips k87 +br —bp-£20%m0L. o
(>
Momyo scxmunTs P ¥ P , OOABSYACH YDABHEHWAMH
P=-206, P =28, (29)
M _UONYyIUTh oOHyHEH Jarpamxuman ¢ DIl - Tyxamy ¥ KATHCDPOBOYHHM YCJOBHEM
{ =0C.
Moxe'r BO3HMKHYTE BOOpOC, noqeny Budpaﬂ HaHHNN NOPANOR pacCTaHOB-
M ¢ )9,6 ) , & He OPOTUBOHONORHHE PF, J‘G JTOT NOPANOK CBA3AH C OmOpe-
neneumeM CCII. Ilpg TaxkoM ynopANOYEHME TIaMWIHTOHOBH YDABHEHHA IIBEXEHUS
HMenT c'raxmapmuﬁ BHI 3 RJ{
P -—E?f,f‘3 3——1 _,a’ =§H,e3 =
Kpoue TOTO, npeodpaaomxme (18). (I9) maer mia (1, P B 2 APARAAE~
Hoe sHpaxenme (9). MORET, KOHe4HO, BOBHMKHYT: ¥ Golee odmull Bompoc: a
3ayeM Bce 3TO HyxHO? Hembss aw odoiTHCek 663 NyXOB ¥ NMNHAX NepeMeHHHX?
KoHesii0, MOXHO, ONHARO NpMBEfEHHAS 3[AeCh IpOoleRypa HOCTPOSHER ododmeH-

Horo $asoBoro HpPOCTPAHCTBA OYeHs odAeryaeT XHSHE DR pemweHHE Ooxee
TDyEAHX 34R%AY, JO NpefgeXa ARTOMATHSHDYA [DOLENyPy KBaHTOBaHNA., B nelf-
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cTeux (28) Bce mepcMeHHHe COBEPNEHHO HE3ABUCHMH, ¥ MH MOEEM BHIOI-
HATH KBAHTOBAHHE, MPOCTO 3aMeEMB CCIl HA KOMMyTATGDH HIM SHTHKOMMYTA-
TOPH, YMHOXEHHHE HA 1 . ;A oT6cpa (M3MIECKEX COCTOAHER NOCTATOYHO
HAJOXMTH YCJOBHS

R (pug-> =0,

TRe J?. -oflepaTop, COOTBETCTBYDmEME REACCHYECKOf q)yumn JL . Yero-
see £R o523 = 0 nepexomUT B KBAHTOBOM cryuae B J2 = 0, IpH aroM
BOSHEKAET Opofiema YIODPSAKOYEHHS OLEPATOPOB B 5l . B nomen OpocToM
cAyuae 3T4 (POCXeMA DEmAeTCA TPEBMAALHO, ONHAKO B JoXee OOWmeM caygae
3 £5L,J13 =0 He olnzaTexsHO c.xeuwer, qTO \?L" = (0. B wacTHoCTH,
B TeopEA GOSOHHOR CTDYHH ycHoBUe .57. = 0 BHNOONHEHO JMMWB OpE J = 26.
HUABIOTEATHOCTE OZepaTopa ) EMeeT, TARKEM 00pasoM, OYHIAMEeRTSALHOe
3HaveREe. TOAEKO OPE YCJAOBKH HENBIOTEHTHOCTE MOXHO 10CIEROBATENBHO
HCKADYHTE BCe HeduaduecKde CTeleHH CBOGONH OPH COXPAHEHHH YHHTAPHOCTH.
[oxaxeM, KAX BHUHCAMTD NPONATATOD HACTHIH. CTARNAPTHO® BHDAXEHHE
IUIA OPONATATOPA HA A3HKE KOHTHHYWILHHX RHTETDAJMOB MORHO SAOECATH Cpa-

ay: .
6(3,,9:) = D472 D1k 2s Dpe Dy IR

HuTerpApoBAHEe OPOBONRTCA (0 BCEM PYHKIMAM, yRKOBXETBOPADMEM HEOUXOmU-
MHM TPREHYHHM YCAOBHAM. MH BEX He OOCYREAXNN. 3aMeTHM XMIIb, 9TO q,(o)-g,,
(1) =9; = PO)=P(1) =0, ¥ TT0 TPAHNYHHe YCAOBRA He NOXKHH HE~
pymars EPC-EHBADHAHTHOCTH. I BHIMCAEHEA MHTErpana YAOGHO DA3IORATH
BCE OepeMeHHNe B pARH dyphe

V(t) 94 +(¢{ 24 +Z 4% sin(mnt), )
)= {,+ 23 irm(rrnt)
Bce EETerpasd BHIMCAADTCA rplm.uno B OOXy9aex
6(34,9.;) =<{d; gou expf-ipl (59 ~ 50 (Pm®)) ()
Noasras Mmism -;'0 , HAXOIEM CTARNADPTHOE BHDAXEHHe LA OpOHATATODA
60 = (4’ e-i”(P"'fml-l'O)'L, X=g,-¢; (33

HeTpymHO HOHATH, KAK OOAYIATH pa.lmamome monpaBrE. Hanpemep,

X; ": I X4 X,
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Jpv 3TOM HY®HO ROTOBOPHUTBCA, UYTO BEpNMHAM IuUarpamMmm COOTBETCTBYeT
omMH# ¥ TOT Re farTOp g - HroTRyrma, OXHARO, He CHeRyeT, YTO B Bep-
TMHaX BCTPEUAeTCA TOABKO TPM YACTHIH, RIM, YTO BepmuMHHEE $aKTop He
JOM%EeH CONEPEATH NMPOM3BONHHX MO X . BHyTp:H caMolt Teopmu He BO3HREA-
€T CYmecTBeHHHX oPpaHMvesuft Ha BHY B3amuomelcTeusa (TpeSOBAHMS CXONM-
MOCTH WIH [1eDeHODMHPYEMOCTH, KOTOpHEe CWIRHO OTPAHMUKBANT BHOOD BEpURH,
He CBA3ZHH C OCHOBAME TEODMHA, ABAANTCS DHEMHMMK). B Teopnu CTPyH, B
OTJaMYEe OT 3TOr0, BEpPIMHH ONpEeleAADTCH [HOUTH OQHO3IHAYHO, HO IIOKA AOC-
TATOYHO (IPOCTYD KOHCTDPYKIMID BEDEHHH NOAYYATH HE YHANOCE.

JJonatre o BPC -3apsame ododmaeTcs Ha Headereny cHMeTpHu. Ias
ero olpeneneHHA KOCTATOYHO 3HATH HOMMYTAIMOHHHE COOTHOWEHWT MeXny
resepaTopaM# KaMOPOBOUEOR Ipynuu (anreSpy chmaeft)

[ L L] "‘ff; Ly (34)

(pagu IPOCTOTH OTPAHEYMMCH OCHUHHME ROMMYTATOpAMY, HETPYRHO OCOCWHTH
NOCTPOEHHe HA caydalt cymepanaredps). Bmezmem fyxu 6; ¥ AHTURYXH _)3‘-.
YEOBAESTBOPAGIAE KOMMYTRLMOHHHM COOTHOMEHHSIM

{553 % =S;: , (35)

rie [, GyNeM Teneph CUATATS 3PMHTOBHMI, f’f =, . HeTpymuo nora-
38Th, 9TO OIEDRTOP
- k . .

jz =L‘-5"—--(2"h)-PKELB'J (36)
HWIBIIOTEHTEH ((Ipd JOKA3ATEILCTBE HANO KCOOIB3OBATE TORNECTBO SIKkOOH
a4 : ). 3TH onpenmeneHMa M PE3YALTATH He 3ABMCAT OT NUHAMMRA. Ec-
MM ¥ HAC €CTh RelaHHe HOIL30OBATECA PACTHMDEHHEM (R30BHM MPOCTPAHCTBOM
¥ o0mMMM KAMMODOROUYHHMY yCHOBRMMM TEma (I8), 3TO Jerko cHeaaTb, BRERA
IepeMerdne k”t‘, §;,p', # nodasus x §2 wmen ik, pP" . Hanomumm, uTo
ILIA (OXHATHA M OlUYCKAMMA TPYUNOBHMX KHIEKCOB MOKHO HMCHGAH30BATH CTAH-
IAPTHJD TDYLNOBYD METPHEY

m n
9= Fin fim. (37)

ina  Teopum fepwmonuHoll cTpyHH HymHA OoJiee OOmMAA ROHCTPYROEA BBY.
ilycTs L;_ -cBA3X (reHepaTopH cuMMeTpuil), YNORIETBOPADUME KOMMYTAQHOH-
HHM UM aHTHKOMMYTALMOHHHM COOTHOMEHMAM

K
Pie =1 Le. (38)
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Tosopar, uTO L‘i o0pasynT IpalyHpoBAHEYD axredpy Jm, ecum xaxmgoMmy
reHepaTopy L; COOTBETCTBYET WHCJHO gieg(L;)= 0 mniE I, apuyeM

g(IeyL;}) =9:+4; *®
8(33'

Ll L;y = Liky =07 4L, (39)
Ll i) = ~ 0¥ 1,00, (40
lerro moayuuts TOXmEcTBO HKOOH
_ndd X N =
(neéc'r.)( 0*% LL,, I, Luy =0 (41)

K aHaxor cootHomenuda (I4). Kopowe, Bce cBoficTpa onepargu (38) B TOu~
HOCTHE COOTBETCTBYDT cBoficTBaM cynmepckoGok ilyaccona. Ha paBHHX OCHO-
BAHMAX MORHO IONB3OBATHCA TeMd ¥ IPyrEMM. [IyCThP IaMAN>TOHHMAH HMEeeT
BHO JuHeBHolt xomOmHaME cBAzel

Toraa Moxzo mocTpoTh BPC - 3apaxn
; 8- i) 2_
\Sl = "L/-‘ ~"z" C‘i) {[J .Pk 1] LG—J ) \JZ - 0) (43)
2 BPC - uaBApDEAHTHHE raMEALTOHHAGH
H=L[RRJ, [ ] =0. (44)

dpMETORH omepaTopH €', },' YIOBAETBODANT [€PeCTAHOBOUHEM COOTHOme-
HEAM

¢ — Qv
EG’)IDJ 'SJ/

T.¢. @ , P -Pepmuony, ecim g‘-= 0, = 6030HH, ecyH g:.= I. Kax yxa-
3aHO BuWle, STY KOHCTPYKIED MOKHO PACHHDHTH, ROSABKB fepeMeHHHe Ec .
Pt k-
Toro, 4To CEASAHO O AyXaX ¥ BPC —CEMMeTpEE, BIONHE ZOCTATOMHO

AAA TEXHEZeCKHMX UpHAoNeHHME B TeOpHE CTPYH ¥ B RANEGDPOBOUHHX TEOPHAX
OONZ., B 4ACTHOCTN, MOXHO NPOKBAHTOBATH ONECAHHYD BHNle HealeNeBy Ka-
ARGDOPOYHYN TEOpED (EBMACCOBHX CRAMADHHX YACTHN., 38METHM, YTO B3ad-
MopelicTENe TAKEX QACTHI] He MOXeT OHTh OTPOH3BOJBLHHM, €CAX HOTpedoBATH
COXpaHeHNA HeadelepoR RAXMGDOBOVHOR CHMMOTDEN. BBUTY BOSMORHOCTH IO-
ABIGHNA anomaXufi, TAKAfA TOOPEA BACAYRNBAGT OTAEAHLHOTO PACCMOTPEHEA.
OTMeTEM TAKEE, YTO IOCAQUOBATEILHAA KBRHTOBAS TPAKTOBKA RKANXUGPOBOY-
HEX Teopxll wacTHnm TpeGyer mepexoma K KBAHTOBOR Teopwum moiad. M He Mo-
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EeM OCTAHABAMBATHLCA HA 3To#l apodJene. :lOMUepKHEM JIEDL, ITO Haudojee
nocreqoBATEMLHAA PEAATEBACTCKU-UHBADHAHTHAA KOHCTRYHIHA HCOONL3YeT
D:i-myxu, pacmupeHHOe $a30Boe EPOCTDAHCTBO bOB, cyunepcmmmerpmn EPCT
(Bexku-Poa-Cropa-THTURA) B COOTBETCTBYLIEN! 3apan 52, a Takxe Mexa-
HE3n ilapuan -Cypaa, oSecneunsammuit coxpameHMe HedPU3UUECHUX BRISKOB
(JIC —uexammsm). KpaTKO cymsMpyeM OCHOBHHE CCHJIKE B qHarpanMe

6---P
$-ri=
B T

¥ DEKOMEHIyem YATATe o0paTUThCH K padoTaM/I »2,4,5,10-12/ . My xe
mepedineM Teoeps K APYTEM KaJMCDOBOYHHM TEODMAM JACTMI.

B cayvae uacTun CO COMHOM DYyRuiMeHTApHHE JATDAHEUAE BO3BMEM B
BULE

Loqu-« -ngkgu—%Pz . (45)
Onpeneinss ’:trP‘ =P, %,,., 5y ),nepemmen (45) B cTammapTHoR fopme

(7) ¥ palmem mce KaHOHMYeCKHe CHMMETPMH. OHU ONDEREIANTCA CyHepMAaT-
pumeit

(46)

Ine ‘f'i k=~ . lg JorxamMaamum 3THX llpecCpa30oBAHER HOCTDOHM MAT-
pmy A samenof 3 F napamerpon § > L, 9. > A, Py > Lok .
KaumGpoBOYHO~-HHBADUAHTHHR Jarparksal (4) B OOWYAHX [EpEeMEeHHHX HMeeT
BUI

Lo=pi-f58, -0 -NCE) +58 bt

Jra Teopaa{onHOMEDHAR CYIEPTPARETAIMA C K CyiepCEMMET]: ) ommcH-
BaeT GYACTHOH cO CIMHOM JK/2 K Bmieppue Owia noayyexa ® -/ (cMm.Tag-

xe/4'9/).

AHRJIOTHYHO MOKHO HOJYYHTE TEOPHED CTPYH. Bo3bMeM B KAYECTBE PYIE~
MEHTQpHOTO JIATpaHEEAHA ( x = X*(¢t,3), p = P/'(tls), X = ‘%_xs’_. )

d=4G5x") = pX -5 (p*+ x'®) . (48)

He OpemcTaBadeT TpymA HARTE JuHefiHHE CHMMOTDME 3TOT'O MATDAHEUAHA
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Sp=(5,p+fax!)’, §x= F2P+ Fi X’ (49)

Hoxaras {r.—.-(-\p;,\p'z)sfp,x) R sanvmeM 3TH Hpeodpaso-
BAHAA B BHEE ( ? =2,/24)

$Y =2, F . ) % = 3"( ) (50)
(2 5)

Hoxa -f, B §, DaccMATPHBADTCA KAK NApaMeTpd, He 3aBUCAUHE OT t X
4 , yrasamuuit B (49) ® (50) mOpPANOK PACCTAHOBKA IPOHIBORHOE 0
aecymecrneneﬂ YrodH 3a(HRCEPOBATH €0 B TOM CIy4Yae, KOTAA -j-., H {-z
~fynxmx £ ¥ 4 , HATOXEM HG oepalp § IPYLIOBOE YCAOBKE B
BEe TPOUOBAHNA 3AMHKAHMA NBYX MOCAEROBATEAABHHX MpeodpaloBanmii: KoM~
MyTaTop opeodpasopammii $ X 3 » COOTBETCTBYDERX QyHnmaM f, f, U

-T-. ,-F, » HOXReH MpEACTAaBIATL cofoft MpeodpatoBaHMe TOrO Xe Buma. LA
(50) Zerxo mOKA3FTh, 4TO

- ’_ ’
[8,8]=2%Frez)% , Frgy=Ff, —Ffg, (52)
IpHYEd MATDEIA FL'S 3] WMeer Takoft Xe mum,Rax (5I):

WIS s+ W, 5] =a8- 8o/ (53)
F = ! , WF«',¢] = ag ea .
88"\ w ['5'1,“'13 + w[ﬁ;‘h] >§ )

Tlpn ApyToft paccraHoBke omepatopa © B (49) arreSpa mpeodpasoBaHmit
S He samuxaercH.

EcTecTBeHHO BBECTH KAARGDGBOUHHE NOTeHIMAX
2, L :
A= AW, A= (t L4> (54)

KaxmdpoBoYHO-AHBAPEAHTHHR JarpaHRuad ¥ KAARGpOBOYHHE Mpeodpa3CBAHEA
Sa0NOHBANTCA TeleDh B KOMIAKTHOM BHIE

T =
4 ='&:V’C(°t*d4)1") c-(_?f,)f (55)
sA=§-TF4], F=2uFo. ()
Jarpanxwan (55) MoxHO nepenEcaTs B o6HuHOR fopume
I= f’;‘ + 44 (px") +-2L£1(P2+xlz)' (57)
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COBRSDIIEHHO AHANOTHYHHY TOXXON MOXHO IPHMEHHTE IJIA OOAYYeHHA JATpaH-
RUAHZ DEMATUBUCTCKON (epMHOHHOR CTPYHH M3 DYNEMEHTADHOTO JATDAHEKAHA

L =$-x" + 4 (Fé + To2) (58)

Tie § -ABYXKOMIOHEHTHRE I'DACCMAHOBH BEKTOPH §’; , & =12
(M =1,...,D ). loramsamma (cylep) CAMMETpHE 9ToTO JATDAHEAAHA
naeT CTpydy Hene-lipapia-Panmona

CrenlaHuue Had.mueﬂm/ 8/ MOXHO CHODMYIMDOBATH B BUXE BECHMR 06—
mero OPHHIMOA JORAJAZAIME KAHOHMYECKAX CHMMETPHR. 3Mech MH lpABETEM
JOCTATOYHO 00uyn POopMyJTHPOBKY 9TOTO IPHHIMIA M UOJIYIMM C €ro IIOMOWBD
DEJIATHBHCTCKAE KAMMOPOBOUHHE TeopHE A/ vaCTHI, CBA3AHHHX TAPMOHE-
YeCKUMM CWIAMM. JTH MONENE MOTYT OHTH MCHOAB30BAHH IJIA ONKCAHMA COC~
TapBHHX AIPOHOB, CTPYH MeMOpaH H T.A.

PaccmoTpuM BechMa OOuM DyNMMEHTapHHE JarpaHm#aH (i=4,.., V)

o= Gu P4} L hig §°8P — Holp9,3). (59)

[locTOAHHHE MATDRIN g,,,, u h_,‘. MOXHO [IDMBECTH K NUATOHAMBHON
popme JuHellHuM npeodpasopanEeM. O0TOpPOCHB iepeMeHHHe, AAUME HYJePHe
IOHaroHalbHHE 3IJEeMEHTH, [IONYYEM 9 v=Ieee -1, +I,... +I). Mox-
HO IIOKA3aTh, YTO NOCAENOBATENbHOE KBAHTOBaHMe Jarpammmana (I) m mpy-
I'X JArpaHEMaHOB, PACCMOTPEHHHX B » BO3MOEHO JIHIIL B METPHEE
MungroBCKOTO, T.E. g v={~-4, +j_, e )+1)- B 9TOM CMHCJE H3 Ka-
JMUGPOBOYHOTO MOPHHIMNE BHTEKAET DeASTABUCTCRAR nﬂnagnanmocn (opu
KBAHTOBAHUM MOXHO NOJBE30BATECA METOXOM Jlupam / wWm 6olee COB-
PEMEHHHME METOXaME 5,4 ). B manbHeRtmeM 3gech MCOOMB3YETCH METDHHA
MUHKOBCROTO, & MHIERCH & ¥ ) OIyCKAaDTCA. B BuOOpe IpacCMAHOBHX
flepeMeHHEX MMeeTCHA 3HAYMTENBHHR OPOM3IBOM, KOTOPHM MOXHO BOCIOAB3IO0-
BATHCA JJIA ONACAHAA COMHOBHX ¥ "BHYTPEHHHX" CTemeHeR CBOGONH WACTHX
(nanpmsep, modannenme x (I) rpaccmaHosa wieHa -4 gf'; IO3BOJAET
omcars, Oeauacconyn yacTHIy co couroM I/2; ecuu nodann'rs eme oxuH
wieH ~-£. $3#D , To noAyIEM ONHCAHEe NADAKOECKO} wacTmiu). Jarpams-
aH (59) Jgerxo nepeincats B Hopme (7). Ero riodansHHe CyHepRAHOHWYE-
cxue cimmmerpmn, § V= F(f,¢9)y , ompemeamoTca ycaoBHAME

.
FC+CF =0, [F HJ=FH,—H,F =0 (60)

(3ame'1_r'_zu. T’% TPAHCOOHWDOBAHEE CYNEPMATDHIH [  ompenpereHo Tar, 4To
(F¥) C y9eTOM AHTAKOMMYTATHBHOCTY IDACCMAHOBHX BeAH-
qHH),
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JlarpapxuaH, MHBAPHMAHTHHE ODH JOKAJNBEHX peodpasoBamHkax f ( §c¢),kp(i-))
moxzo sanmcaTh B pume (4), rme cynepmarpuna A(f,A) noayuaercs us
F($,¢) szemesof §+{ , ¢>A , a xaméposounne npeoSpazoBanus
A onpegeaanTcs odmuM BupaxeHmeM (6). 1A ompemeaeHnA T'PaHMYHHX
ycaoBuit Ha napameTpH -}'{t) u P(t) HeoOXOZEMO YUECTh WiIeH LDg.
9To =2aBepmaeT FOpMYIEPOBKY UPWHOZNA JOKAIAZAIME.

JAa OpaRTHYECKOTO ONpeReieHMs TPYINH CEMMETPUM PYHLUMEHTapHOT'O
JarpaHEKaHa H JOCTPOCHMS KAJMGDPOBOYHO-MHBADHMAHTHOU TeopuM uacTo
yIoOHee MONBLIOBATHCA He CylepMaTpHnaMy [ , a reHepaTopoM Y cy-
nepKa C eodpasopanult —

EPKAHOHKYECKHX peodpa 5x 'E'g/X]P.e

9=g§a3a+zlﬁt{d,
2Y - 39 _; %Y
%g, 89 = / $8=157

(6I)

E. ?
Tne DPOH3BOZHAA OO rpaccMeHoBo#f nmepemenHoft depeTca ciaera. lIpu mpeod-

PA30BAHRAX CHMMETDHE |F{, He MeHfeTcs, T.e. [_‘f/ H., ] e =0,
a Jarpauxuan (8) ncmyqae't' npnpamerme

§L, —E[P T +-L; ‘9_] +7C Y ¢ gg.

lleppuft wied onpegelfeT I'PAHMYHHE YCJIOBUA HA {(i—), w(1) , a ocrans-
HHe WIEeHH KOMIEeHCUPYDTCHA KamudposouHo#ft nodapxoi

- il,"l:{fCAv = —aztaot)gﬂ(h$l ;) —“sz(t) xd(qul' ;), (62)

TIe "I’E(F;, 9;, ¥« ). Bux npeodpasopamuft KATUSPOBOUHHX (YHK-
LA MOXHO ONpeNEANTh JHO0 ¢ DOMOmBR odmeff dopmyau (6), Juso Hemoc-
DGICTBEHHO U3 TPeCOBAHES MHBADHAHTHOCTH KANMGPOBOYHOI'O JATPAHKMAHA ,

HCIONBSYA SEMKHYTOCTh AJrelpH I'€HEPATOPOB (% v ¥ OYHOCHTENBHO
CKOOOR [lyaccoHna.

[pEMeHEM TemePh 3Ty KOHCTPYKRIMD IJIA [I0CTPOEHHMA pPeNXATHBUCTCKOM
EAXEGDOBOYHOR TEopHM N 9aCTHI, CBAZAHHHX JAMHENHHMHA (TapMOHMYECKH-
ME CcLEAMS). JIA DPOCTOTH H3JNOKEHEA MH OTPAHHYUMCH PaCcCMOTpeHHeM Gec-
COMHOBHX 4wacTHI. Torma DyAMMeHTApHHE JATDAHEMAH MOEHO BSATL B BHIE

qu«v. zPP; 2‘7)— (1‘ q,J , ‘J.. J” UE,:EO, (63)
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OCmee JauneiHOE KAHOHKYeCKCe peoGpaacBaHKe OlpeRelAeTCs IEeHepPaATOpOM
=lg. . p: ) b, la. _yXrab
Y =daypip; +4ypiq; +4ey ‘iz%=1"'l‘r(pc )1»", (64)
rIe 0,:J.=a‘,-; ; C;J- =CJ,; (HAOOMHMM, YTO MH HEe DAacCMATpUBEEM JIO-
PEHIICENX [Ipeo0pa30BAHMU,M BCe WHEEKCH A,V  CcBepHyTH). HeTpymeo
yoenuThCA, PO Jarpansmad (63) ERBADKAHTEHR OTHOCUTENBHO Npeodpazopa-

umf (61), RoTOpHE TaKEe MOEHO 3a0MCAThL B BHEE é'{i=c"w/9‘!y . €C—
U

T _
[V,a]=0=[V3], §7=-4, ¢ = -Va, (65)
e NxN uazpume V' meer mux
Vu='g% , Viy=wy o, t#S (66)

Jerxo npoBepHTH, ¥TC yCAOBHA (65) OCTARIADT B ’ff He Menee gem N
KOMMYyTHPYDILX I'eHepATOPOB, HOCTPOEHHHX U3 CHIMHelHHX JAOPEHNIEBHX HH-
BApHAHTOB f; Py Pig; g G“@ j « B ’m.rmapoaoqaon TEOpEE 3TOTO0
BCETrXa HMOCTATOYHO LJA UCKMIUEHHA BDEMeHHHX KOMIOHeHT KOGDRMHAT H

wmiyAscoB ( =N ceasell e Taroe e WMCAO RAMMGLOBOUNEX ycoBul).

Taxam oOpasom, (W3MUECRAA CHCTEMA, OOUCHBAEMAS KAJHODPOBOHIMA
JATPAHEMAHOM, NolyuyaeMuM B3 (63), ompemelderTcA DapameTpasms YV, .
Fcan 15',5 =V, Ipu BCBX 1'.,5, TO OOJyYaeM CHCTEMY N TOXEECTBEHHAHX
qacTid, OoUapHO CBA3GHHHX OOMHAKOBHMM TADMOHMYECKMMM CHJIAMHK. KasmnG-
popousas rpyuna ap arou ects T,® U, ® SUy_ 5. 9ro Momso moka-
3aTh, WCLOAB3YA odmue dopmyan. OgHAKO B aToM cayyae Goliee GHCTpO
BefeT K UeAd BHOOD APYTMX KAHOHMYECKHY KOODAMHAT. BBefeM KOODIMHATY
H EMIYABC LIEATDA MACC YACTEL

=-L . =41 '
Q W Z%L ) @ W EF 2
a oCTAILHHEe KOODLMHATH BHOEDEM Tak, UTOGH JATDAMKMAH LPUHSI IMATO-
HAIBHYD GopMy (i =4d,..,N—-4):

L, =56 -4 0" +5if, ~ 27 Ut

(vu BHOpATK HODMUPOBRY Yy u t  rapmu odpasom, uToOH yépaTs 3aBd-
CHMOCTE JIATDAHEMAHA OT U, ). ilpwseHas Hawy o6uy® KOHCTDYKIMD, Xel-—
RO [OAYIATE KANXHCPOBOUHHA JATpaHEuaH
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L o= Ph+2 —F b (M) = F L (2t g~ P=m®)

— U (2o + g0y —F by (B84,

rae A 4 I ‘21 {a _ ea_
f;.,-= i, 2 =0, =T hic
3Kecs reHepaTop Opm &, I0POXTAET TPANCILANME 'l; , T'eHepaTop npk
1OpOXRIAET aJrelDy TPYHUHpI U;_ , & OCTANBHHE CQOTBETCTBYNT Al-
redpe S U,_,-, . [Irr aTOM Hagop I'eHepaTOPOB IODH £: mopoxnaeT mIon-
anredpy Hapranu r .aredpe SU”_4 . 3aMeTHM, UYTO MH BOCHOJL30BAINCH
adeJeBHM XAapakTepoM TeHepaTopoB T, Uf‘ , IOGABYB B HEX MZCCOBHE
xoncTanTy 2 u MY , U BREEAWIN B TeHepaTope UV, wen -9°,
KOMMyTHpyOUHit co Becemu TeHepaTopaM#. Ec)M He Bce mapameTps Uy,
ONEHAROBH, T.e. BIAMMOLeMCTRUA He TOMeCTBeHHH, IDyuma SU,_ , paspy-
maercA. 3ameTmM, uTo ciayuait AN = 2 monyuaercs us (68), ecuam mojo-
e Py =Yo=0, i22, 1 OCTABATH TOJBKO IEePBHe JBa T'e€HepaTopa,
T.e. RAMMCPOBOYHAA Tpyuma ecTb T, @ 'U; .

Jns xBauTOBAHMA LOJAYYeHHOR RATMOpPOBOWHOR TeopuM Haudolee ecTec-
TBEHHO BOCHOJBL30BATHCA MeTORAMM, ONHCAHHWMA B Havale 3TOT'0 JORIANE.
Moxro HameATLCA, WTO NPHMEHeHHe METOROB, PA3IBUTHX B/~ *</ 1103BOMMT He
TOJBKO TOCTPOETE DEAATHBHCTCKYD KBAHTOBYD TeOPMD HeB3amMoxelcTByD-
IEX COCTABHEX JACTHI[, HO W MOJYYHTH 3QJEKTHBHYD KBAHTOBYD TEOPHR MO~
JA, OMECHBADMYD HX BIaUMOLeiCTBHA.

YToOH NOJYIMTH TeopMd RMCKpeTHoR CTpyHM, T.e. JAmHellHoR memouxu
YBCTHIl, CBABAHHHX TapMOHMYECKMME CHJIAME, ZOCTATOYHO B3ATH u;J:S,‘-__'-“
AR oTRpuTOR CTpYHM ¥ Uy =8y ;4 +6ix 6y +8,&8n —  nnn samm-
HyToff CTPpYHH H BOCNOABL3OBATECA oOmeft moHcTpymmefi, on¥caHHO# Bume.
NoxpoOHoe H3NOXEHUE TEOPHH NHCKPETHHX CTPYH GylleT OIyGIMKOBAHO OT-
XeXBpHO. 3hech MH OTDAHEYAMCA JMIb I0RCIETOM JHCXA T'eHepaTOpOB Kakind-
DPOBOYHOR IpynnH. YpasHeHMA BAA ij XKerKo pemanTcsa. LIS OTKpHTOR CTDy-
m b, =0 , 8 JAT 3aMRHYTO U3 YCAOBMA [v,4]=0 caenyer, uro

by =05, i<i ; ei_,':gh’-lbjl: (>J.
BmecTe ¢ yCAOBHEEM AHTHCHMMETDHHA 8 i; 9To ocramader [0/-1)/2] oapa-
MEeTPOB '64,... ,e[w_1)h] , THe CROGRH 0003HAMADT HEIyD 9YacTh 4ucxa. Ha-
ufoNee CHORHH ypaBReHMA RAA (. . [ oTKpuTOR CYDYHH HMeeTcH A
HESABHCHMHX MApAMETPoB {Q,; ., T.K.
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Iti-t t-ivi-a
a¢J=Z Qe (-1) , (8jgN-i+d ;
E=j-i44
a; = a”—j+1'}/—[+L R i+j >N+1.
B cayuwae 3aMKHyTOR CTpYHH ypaBHEHHAA ['v,ajzo JOBOJBLHO HEIpUAT-
HH, Jerko,ofH&KO, DONCYMTATH, UTO UYECIO HE3aBHCHMHX OapaMeTpoB Q2.
pasHo [(3M-1)/2]. llonHoe wMCa0 reHepaTOpoB KATMGPOBOUHOM TPYHOH QAL

saMrHyTOR CTpYHH 38BMCHT OT YETHOCTH N u paBHO:

2N-2 , N - =erno; AN-1 , N - neuerro.

3JTH TeHepaTOpH COOTBETCTBYDT reHepaTopaM ailreSpH BEDacopo IAA KOH~
THHYAJMLHHX CTPYyH. MM He OyIeM ODHBONETH KX ABHHe BHpaxeHMs (3aMiHy-
Tasg "cTpyma" apd 4 = 3 oomcHBaeTcs JarpammuaHom (68)).

B zaxmyenme OTMeTHM BO3MOXHHe OGOCMEHMA W NPUWIOKEHEA LOJAyUeH-
HHX pe3yapTaToB. C (IOMOMED IDACCMAHOBHX (EeDEMEHHHX MOXHO ONHCATH
CRBA3AHHHE COCTOAHEA A HACTHIl CO CIOMHOM ¥ BHYTPEHHWMM CTeleHsMz
CBOGONH, & TAKKE IIOCTPOMTEH COOTBETCTBYDERE TEODHE LAMMUHHX THIOB
JUCKpPeTHHX CTPYH. He npemcranider apHHIAIKANBHHX TDYRHOCTel KOMIAR~
TudurAIAA yacTH cTeneHel CBOGOAM HA TOPK A opluboamu. Odo0meHHyD
TaKEM 00pA30M TEOPHD CBA3AHHNX cocTofuuBt A4  uwacTEy MomHo Omio Gm
[IONHTATECA NPUMEHHTS IAS ONECAHMA ANPOHOB, & TEOPE® MKCKPETHHX cymep-
CTPYH - A NMPECIUXEHHOTO OIHMCAHEA 0e3MACCOBHX Po30yRAeHmll B peasuc-
THYECHUX MONEIAX CYINepCTPyH. He ECKMOuEeHO, YTO TeOPHA NOAA JACKPET-
HHX CTDYH OKAXEeTCA B HEKOTOPHX OTHOMEHHAX ipome, deM TEOPHA ROHTHHY-
aJbHHX CTPYH. Haronell, IPELIOXEHHYD CXeMy B IPUHIMIEe MOXHO IDEMEHETH
¥ OOCTpDOEHMR XpyTMXx TeopHit, HANpUMep, MHCKPETHHX MeMOpaH (nirocime
pelleTKE YacTHN ¢ B3aumoxeflcTEHeM Oimmafmux cocefeft). OfHAXO B 3ToM
ciayvyae HalfiTE KAMMODOBOYHYR IDyally, O-BANEMOMY, SHAUMTENBHO TpYyXHee,
YyeM B D&CCMOTPDEeBHHX HaMM MORENMAX.
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STRING FIELD THEORY™

I.Ya.Aref'eva
Steklov Mathematical Institute,
Moscow

I. Introduction

In the last yeara in the theory of elementary particles the es-
gential change of point of view has teken place. The point particle
point of view is replaced Ly the string peint of view,This perestroj-
ka touches the main noticans of theoretical physice and the situetion
car be compared with tue crcation of the General Reletivity and the
Juantum kechenics.

The atring theory has the long history. The string was atarted
as a theory of hadron at the 70'S [1].The most impressive success
has been achieved in the comstruction of string theory as the theory
cf all interactions in cluded gravity.ihe last two years the string
models have been seriously regarded ae reslistic candidates for a
unified theory of all interactioms. This is due to the remarkable
discovery of Green and Schwarz [ 2 ].

The main idea of string theorles is simple. We have to consi-
der ms a fundamental object of our theory a curve instead of a point
which one deals with in usual local field theory. 5o, main ides is
very simple, however the construction of fuli theory of siring is a
rather difficult task.

1.1. Motivations for the developing of 5.F.T.

Let me recall the main feature of the superstring theory.
Superstring theory

- D = 10 (This theory predicts the space~time dimension),

~ Greavity + Yang-Mills(string theory in low energy reduces to the
(super )gravity and the (super)Yang-Mills theory),

~ Absence of divergencies (Divergencies are absent in this theory).

- EB x Et s 830(32) (The theory predicts the gauge groupj.

~ FPhenomenclogy ( Im some approximation it is possiblie to argue that
string theory does mot contradici to known phenomeno-
logy).

%) ThIm report coincides with the twc first lectures of the
cycle of leotures delivered at Poinu Brascl School on Strings,Romanis,
Septembder,1987.
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I dare to say, that we have arguments in favor of these proper-
ties of superstring theory but to be sure of them and to have a more
profound inderstanding of them we must be able to investigate super-
string non-perturbatively.The unique pesaibility of deing this is to
investigate string theory within second quantization approach or in
the framework of string field theory (S.F.T.).

Let me give a comment now above mentioned properties were obtained.
As it is well known in the usual local field theory all properties of
the theory are derived from the Lagrangian[}] . S50, starting from gi-
ven Lagrangian we can, in principle, obtain all properties of the
theory. However in string theory the situation is not the same. In
particular, the above mentioned properties were not obtain from given
Lagrangian, which would be obtained from some fundamental principle.
The reason for this is that during long time the string theory
758 nct the thecry which has been constructed from one fundamental
Lagrangian, it was itself the sst of rules which could not be obtained
from some general principle. All above-mentioned properties were deri-
ved using these rules.

Let me now give some comments about status quo of all these pro-
perties.

Recently, it was found that there are many superstring models di-
rectly in four-dimensional space-time [4] « These models can be con-
sidered as special solutions of 10-dimensional superstring. So, the
following question arises. Which of these models is in fact realized,
or which one is more stable? In the usual field theory then we get
different classical solutionsthen we know what we have to do to choose
one of them. To answer on the same question in string theory we ought
toldevelop the field approach for string because only in the frame-
work of S.P.T. we can choose the praferable solution .

Pinally, we need to understand the appearance of the graviton and
photon in string theory.This aim can be achieved if we find gauge in-
variant formulation of the string theory. Indeed, we know that low
onergy limit for open strings gives us the Yang-Mills theory and for
closed string in this limit we get the General Relativity. There are
the gauge invariance principles behind these two theories. It is the
geuge invariance (or the equivalence principle) which led Einstein to
construct the General Relativity and alsc the gauge invariance led
Yang and Mills to the comstruction of non-abelian gauge field theoty.
In the usual fiseld theory atarting from given set of fields and assu-~
ming gauge invariance we construct a Lagrangian. Having the Lagrangien
in hand we can at least at formal level investigate non-perturbative
questions such as dynamical symmetry breaking, appearance of new par-
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ticle (for example, soliton sector, etc.), as well as we can prove
at least at formal level unitarity.
So, the usual echeme in Q.PF.T. is :

Perturbative theory
(Uniterity)

Set of + Gauge

tields invariance Lagrangian
principle
Non-perturbative

affects

It is natural to try to mimic the same logic in string theory be-
cause in gome limit case of string theories we get gauge theories,
it is natural to believe that some gauge invariant principle is in
the base of string theories.

In these lectures I am going to analize the string gauge invari-
ance principle and you will see that this principle, like Ariadne's
thread, will lead to the constuction of a gauge invariant S.P.T.

So, we will see that the liat of known gauge invariant theories can
be enlarged and now in physics there are three gauge invariant theori-
es - Yang-Mills theory, General Relativity and S.P.T. It is well known
that the mathomatical background of the General Relativity is the clas-
sical differential geometry and the background of the Yang-Mills theo-
ry is the theory of fibre bundles. I'l argue that an analysis on the
non-associative superalgebra mey be put into mathematical background
of the S5.P.T.

So, let me summarize the main motivations for the develcpment of
the S.F.T. They are the following.

- To understand the gauge principle behind the string theory,

- To investigate non-perturbative questions such as dynamical
symmetry breaking and spontaneous compactification,

- To have unitarity "automatically™.

What is S.F.T.? Or what is a set of fields for strings?

Or in other words, we want to Xknow the string analogue of usual local
fields. To answer om this question let me remind how we get e set of
fields in usual field theory. Or in other words, let me recall the con-
nection between the first and second quantization for a system of point
particles.

1,2. Pirst and second quantigation

Particles

First quantization

¥e have a world line z’-2%/z), along wich the particle travels,

r=0,4,... P-4 y T 1is a parameter in the line. The classi-
cal action is the lengh of the line
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S==\[a2‘V:i‘ ) zt= oz

2T
There are actually two equivsalent versions of the first quantized des-
cription of the point particle . They are the Feynasann functjonal ap~
proach and the operator quentization. In the Feynmann approach we deal
with the functional integral

Je S oz,
To introduce the interaction of point particles we can consider
some Feynmenn functional integral, but ve have take into account paths
with intersections. Specifying the intersections we specify the inte-
raction. The sum on the set of intersections we csall as the sum on
different topology-.

Z .fe-';s.%:c(z) _ (1.1

(topology = intersections)
—_— Ot D 4

In the operator quantization we introduce the canonical conjugsate
verieble 2™ and Pu = -¢ %gr 8nd the vectors of the Hilbert space
can be consider ss depending on X , i.e. ¥= Prz).

The classical action lesds to the constraint

pPimi=0 .
So, in the quantizetion version of the theory we put this constraint
on the wave functions
O,l.+ ,m_Z) $lx )= (O (physical state condition) (I.2)

Second guantization (field approach)

Ag is well known the eouivalent disc¢ribttion can be done in
terms of the field theory.

In the field theory the main object is the field ¥rz). Operator
?(1ucreates or destroyes particles,Let me stress that field Px) de~
pends on &£ not on the peth. The first quantized physical state condi~
tion becomes the Klein-Gordon field equation. Note that the passage
from the singke perticle theory to field theory only yields the li-

neariged field equations.
It is remarkable that the transition emplitute (I.1) can be also

represented as the Peynmann functional integral over clessical field

YY;)uith the action, which is the sum of the free action from which
one gets eq, (1.2), and the interaction action, which form is depended
on the specificetion of the paths in the first quantization scheze .
For example, the paths in expression (I.I) correspond to ¥ interac-

tion.
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Let me stress that in the field theory the transition function is
defined without referee to perturbstion theory in contrast to the fimst
quantization epproach,where the transition function can be defined
only within the perturbation theory. So, the first quantization ap-
proach is intrinsicelly perturbative. To get a deeper understanding
of the theory we ought to work within second quantization approach.

Let me also note that the passage from first to second quanti-
zation epproach gives us naturaly only the scalar field . However usu-—
ally we deal not only with scalar field but also with vector field,
tensor field, spinors,etec.

We can perform the same pessage from first to second guantization
in the string theory.

Strings
First quantization
The string is described by a world-surfece 2'% /(¢ 7) in the
Minkowski space Mb » Here 6 is a space-like coordinate, o6 SJF)
and T is a time-like coordinste on the surface ., The action for the
string is equal to the total area of the world surface

= ; : y * ", 3zt
S= [doar /(zz’)z_xzxfz, z"’:ez-;- , =2

Proceeding with the full analogy to the point particle we can
consider the Feynmann integral on surfacest with the string action as
well as operator quantigation. In Feynmann integral we have to take
into account the sum on different topology

Z /E”';S&Sx(z,é')-

(topology )

In the operator gquantization the main objects are the camonical
conjugate varisbles ¥(5) end P,.(F)=": Z7Rzg)  ° The vectors
of the Hilbert space of states are functionals depending on Jt’?Uj.
tee P=Plare].

Just as in the point particles case, we turn to a field string
theory or a second quantization formalism by introducing fields which
are functionmals of 25), ?: ¢[¢(¢)J. The physical state comdition
of first quantization approach will give us the lineariszed version
of string field equations. It is natural to ask the guestion about
existence of some action from which one cen get these equstions,
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At first sight the functional 4%[2167] is the anslog of the
scalar field Y?zj. But what sbout a string gauge field which must
be an analog of the usual field A%‘ﬂZJ ? I shall discuss this ques-

tion more later.
S0, we have considered the particles and éne-dimensional exten=-

ded object-string. The next step would be the ccmsiderstion of mem-—
branes, which are two-dimensional extended objects.

Menbranes

The membrane is described by & world-body z/%:2*(s 6; 63) and the
action is proportional to the total volume &f the world body.

Recently, have appeared many papers about membranes theory[S] .
The mein problem here is a non-renormalizability of the theory.

I.3. Basic fact sbout operator quantization of strings

Let me return to strings and remind some basic fact about the
first quantization of strings.

There are two basic forms of the string action. One is the just
mentioned Numhbu action, which is proportiosnal to the total area of
the world surface. The second action has the form [6 ]

S= [Jdsat /g gt gzt 2, (1.3)

wvhere “# is a metric on the surface, This metric playes the role of
a Lagrangian multiplier apd it is easy to see that the actions lead
to the same equations of motion. Note that the metric 94ﬂ in the
action (I.3) has no dynemics. The strirg model for which the 2-di-
mensional metric satisfies dynamical equations is considered in[ 7].
Using the reparsemetrization invariance the equation of motion
for the action (I.3) can be reduced in the conformal gauge to the fol-
lowing form

gl Ql

,,‘-Et ‘,"E'I)xﬁft, 5):0 (I.%)
together with the constraints

(Zrrar)t =p. (1.5)

The boundary conditions have the form I/ '(z, ¢) /,_ 0 =
" = £ tri ~ ~
T (z:‘o')/ﬁ” 0 or en open string end X'/g p)- x’z; 7)) for
s cleosed string. We will restrict ourselves to open string for which
the most general solution of eq. (I.4) is given by
—-enr

zhr,6)sxkiprr s Z L ale
npo

Cbsoza‘)
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where :I’L is the center-of-mass position. Performing the operator
quantization we gzet the following canonical commutation relations on

modes a :

v
[a’nﬁ',a’m J=’n5‘”*m ?"V s [:C":/DV];.- 4..'7'“"/
rvY s . . . s
where 2 is the Minkowski metric. The a, with positive indices sre
considered as annihilation operators and e, with negative indices are
considered as creation operators.
The L.H.S. of the constraints (I.5) is summarized as

(1.6)

. hacg Fent
1 (:c":tx’f*)z/ =5 L,e”
z z=o Nu-co ?
where L, are the operators
g /‘-
n. =- if . 6LV»¢# AZ

These operators aatlsfy the V1rasoro algebra:

[Ln,lm ] = (n-m)Lippyy, + B mtR*-8)S,,, , D
in which the central cherge depends on D, the dimensionality of
space-time.

Because of the Lorentz comariance of the commutation relations
(1.6), as in the Gupta-Bleuler quantization of quantum electrodyna-
mics, the space spanned by the oscillators contains negative norm

states. The space of the on-shell physical states is a subspace of
the entire space. It is characterized by the following conditions [I]:

[Lo-1] P =0 , (1.80)
L,P=0, n A, (1.8b)

ZLD contains the string mass operator,

L(L-t) =p™ 2l 2 4l a1} = aem?,
so eq.(X.8a) gives the eqﬁgtion of motion of physicsl states and
(1I.8b) can be considered as the constreint.

To understand the physical contents of the theory it is usef
to expand ? in eigenstates of the mess operator M 2 . Let /o> be_[s?:ate
annihilated by all of the @n, Mud, i.e.  dn/o>=0, n24 A basis
for the Hilbert space of states is formed by applying the éLn to/a>n;1
An srbitrery state /@' may be expanded ss

19> = [ ptzx) —LAF_(::)Q., - Fhootealay +£3,‘(z)a_?+...]/o>_(1.9)
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here the coefficient functions depend on the center-of-mass position
2. This vector state looks as infinite component field theory. It is
an eigenvector of the mass operator. M2 PxZ)/0>=-2 'ﬂ’:cj/o>,
MlA,., d—;‘/0>= 0 , etc. So, P/Z/ is tachyon , 4/.. is messless
vector field, 4ﬂnv ia messive tensor field, etc.

The state (1.9) corresponds to some functional i%ﬁtmzl The con-
nection between the state /@) given in oscillators representation

oo \
and the functional @[ )= 2 VT Z tt,:"dﬁnd“j is the same as
for usual oscillator N
?[:z:(f)] = L2 P>,

where the state /(6> is given by the following formula

- | x3 1 S tat ST, .ot
/rm)-hg[,,) oxpf- %2 - it afal +i/Ean, . An=d-n.
The bra and ket in these formulae mean that we calculaete the ususal

Fock-space scalar product. In the late I shall omit the bra notati-
ons.

So, in the S.F.T. the main object must be the functionsl ?[x(oy_],
or the corresponding vector in infinite product of Fock space.

Let us consider another state

R = fwz) -cwuzials... §loS
:izd the following transformation P.» Hsf, P , where i?:lu @
nce

L—19-=/—d’3"‘w1x)a,:/“+m] /o> (I1.10)

from eqs.(I1.9) , (I.I0) we get 5};_ AF/A!} = Qﬂwﬁt},i.e. the linesrized
Yang-Mills gauge transformation. So, this transformation can be con~
sidered as a string geuge transformation., Genersl string geuge trans-
formation has the form

5'55—1,54 Ly 29 . (1.1II)

2. Btring Field Theory (S.F.T.)

2.1, Free Bogonic Siring

In the S.P.T. the main object must be the functional QP[IRQ] or

the corresponding vector in the infinite product of Fock space.
Linesrized field equations have the form (I.8a) and (I.8b) .To

develop the S.P.T. we need an esction.This action has to satisfy three
conditions?

i) it must glve us eqs.(I.Ba) and (I.8b);

ii)it must be gauge invariemce under (I.1I),

iiji)it must for low level fielde reproduce the usuel action (for
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example, it must reproduce the action i—_J‘F(ﬂ—mszd’.‘c for

tachyon, and the action —"—J.F/'J' &% for massless vector tield).

A more simple way to get & desirable action is to introduce
ghosts fields C"_ and to consider an action

S=<Q,0P> 2.1
where Q is equal to S C,,L(L,,_-J',, 0) . If c..,,,/ nzo (cn <£9
7z -00 ’ ’

are realized as creation (annihilation) operators and if /Q} has no
ghost excitations, then the equation Q/?> =0 impliee

Lettot) v 2 Cntn ]I > =0, =

Since C-n/@) ere linearly independent eq.(2.2) yiels eqs.(I.8) .
Therefore the single equation & /@P>=p is equivalent to the set
of eqs.(1.8).

However the action (2.I) with such kind of Q hee no gauge inva-
riance. Fortunately, one can modify the operator 0 by adding some
extra terms up to getting a nilpotent operator Q ,

[-ocd
= (23)
0=3 colinrig).
z ~00
2 0
Here ,Z»"": Z(m'm-)l;,,m C'm) G, ond £, ere enticommuting ghosts
(CmCa}=0:0bs, b}, [Cm bn}=5,,, | (2.)

. + + .
which satisfy C.n :C,n’ é’n = fn_ + This operator 0 satisfies the
nilpotency relation

@2___0 (2.5)

only for D =26 and it is nothing but the BR5I-charge connected with

the Virasoro algebra.
Let me note that the BRST-charge connected with en algebra with

generators L n

[Ln, L] = Fom b, Kot W,

is given by the formula [ 35, 29]
A
_ 4 c
=L catn 2215 bce,, o

where C',t and (m are anticommuting ghosts (2.4)_

Due to nilpotency condition (2.5) snd hermiticity property of 6?
the action (2.1} is inveriant under gauge transformation.
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Notice that the new Q,is a sum of terms, each of which contains at
least one annihilation operator. So if has no ghost exitation,
then Q/Q):O implies again the infinite set of constraints (I8)

The action (2.I) for the free open bosonic string field theory
was proposed in Refs.[B—IOJ.

More complete list of the references about the field theery free
action for the bosonic string and its guantized version see in[:[ZJ.

It is convenient to restrict our string field to have the num-
ber of { excitations to be equal to the number of # excitations .
It is possible to show that a string field with this ghost number in-
cludes all the physical component fields II . Then a genersal string
field can be expanded

19>=[ve)ridiz)al + Btx)b,6¢. .. T/o> (2.7

Substituting this expansion in the (2.I), withQ as in (2.3) one
gets

<Q; 0?>=fﬂ/‘%‘f(ﬂ‘ )¢ + 2‘4‘04,‘_4- 8% 25?.'4,.*"'}.(?'8)

After elimitation of the auxiliary fiehiﬂﬁﬂthis action reproduces the
tachyonic ection and the Maxwell action.

2.2. String Field Algebra (interaction)

Lot me consider a set of string fields B . Under string fields I
mean functional of string coordinates as well as of ghost string coor-
dinates. Within our ususl understanding of local gauge invariance
parameters of gauge transformation are the objects of the same nature
as the fields undergoing gauge transformations.For sxample usual
local Yang-Mills field is Lie algebra valued vector field and gauge
parsmeter is slso the Lie aigebra valued scalar field. So let us sup-
pose that parameters of gauge transformations are from some aubset
of the set of string field }8.

If we desl with gauge theory then it is natural to suppose that
if we perform subsequently two infinitesimal gauge transformation
and compare the result with the result of the same gauge transforma-
tion performing in the opposite order that the difference between

_them has to be represended also as a gauge transformation

8‘&8:11 - 5}21 5}14 = S_rz, °Q, . (2.9)

Here &Q is an infinitesimal gauge transformetion, depending upon the
string field f2 and 5}1 acts on some string functional. One can think
about string field 22 ss a parameter of the gsuge transformation.
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R,08, which appears in the RHS of eq.(3.I) is a multiplication of
two string fields JZi and J'lz « By multiplication as usual I mean that
for any given pair of element JZ,’JZJ corresponds the third element
-Q,QJZ,_One cen see from eq. (2.9) that the following relation holds

:)-1 "an_ - - 'SZZ OJZ-‘, (2,10)

Therefore for subset KCB which consists of perameters of gauge
transformation the maltiplication appears in the natural way, so K
is an slgebra with multiplication low satisfying anticommutation rela-
tion (2.I0). After that it is natural to think about all set of string
fields ﬂ as an algebra. As I have just mentioned the main les~-
son from the field theory of free bosonic string is that the fields
are functionals of bosonic coordinates as well as of anticommuting
ghost string coordinates. So, we have 22 grading on )3 from very begin-
ning, i.e. J= ﬂo@zi end an element P&/ has a degree /¢/ which
is O (even element) or I (odd element) depending upOn whether ﬁlies
in B,or in .51.1?01' further consideration it is importent to distinguish
two different cases. For the first case the algebra of the gauge
transformation consists of even elements of ./3 y le0s /C=J/.7)o , for
the second one it consists of odd elements, i.e. /C=/3¢,

For the first possibility, the multiplication law must be an
even operation, i.e. the degree of the product ¢0V‘ is/¢/f-/}‘/. It
is netural to believe that there is the multiplication law for arbitra-
ry elements of Bz with the following property

Potp = (-1)!PHH y,p (2.11)

which is the generslization of eq. (2.10).

An slternative possibility is to consider the gauge paresmeters as
the odd elements, i.e. K=8 « In the cese the multiplicstion law
has to be odd, i.e. for two elements 4,’}/ the degree of the product
Po is {P/+/¥/+{ . 1t is natursl to consider the multiplication
law O for erbitrary elements of/j and to demand that the multiplie
cation law be commutative in the sense that the following identity

holds
Pop —(-1)!¥¥ wop-p, (2.12)

which is another gersralization of (2.I0)}, i.e. the even elements
commute and the odd elements anticommute. Such algebra Z is called
the nonessociative commutative superalgebra.

To give further intuitive argument ss to why one can say more
about properties of two different multiplication laws I have to speci-
alize more gauge transformations. There are two ways to do this.
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Ramely, to consider the straightforward generalization of the usual
gauge transformation for matter fields or for gauge fields. To deal
with a trensformation of gauge string fields we require the diffe-
rential on f§ algebra. However in order to write the gauge trensfor-
mation for matter string field the multiplication law is sufficient.
So, let us consider the matter-like transformation law, i.e.

Sa¥=¥on . (2.13)
Here we assume that the paremeter J2 of the geuge transformation
and the matter string field )L are the objects of the same algebra 3
and moreover the trensformation law can be written as the product in
the algebra. Substituting the gauge transfirmation (2.I3) in the
eq.(2.9) aone gets the relation

(¥oR,) 02, — (¥og)00, =o(203,).
In eq.(2.I4) the Jacobi identity is easily recognized.

Starting from (2.11) and assuming natural linear properties un-
der multiplication on Grasspann numbers one can deduce from (2.I4)
the Jacobi identity for arbitrary homogeneous elements of /3 N

W pott01)+ (1) o (Bet) +(-1)" M o o) =0 215

(2.14)

(-1)

Eq. (2.II) and (2.15) give us on the whole ﬁrthe structure of
the Lie super-algebra. The string field algebra ,Z is the nonas-
sociative commutative superalgebra with the multiplication law se-
tistying the Jacobi identity.

So, from physical reasons we get (after some additional postu-
lates) only two minimal chemes:

i) 8% is the Lie super-algebra;

ii) _81 is the commutative super-algebra with the Jacobi identity.

In particular case ﬂzcan be reslized with the help of an associ-
ative product ¥, Po Y= Puy —(-1)IPNY Yy

By analogy with the Yang~Mills theory one cen teke the nonabelian
gauge transformation of string gauge field to be of the form

$oP=QR +Pog, (2.16)

ra
where § is & linear map of the algebraz into itself and 0 is zero
In this case eq. (2.9) gets in addition to the identity (2.I4) the
Leibnitz rule for the derivetive & of the algebra A . Q can be
considered as exterior derivative on string fields string differen-

tiel forms [9].
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There sre two possible string reslizetions of algebra 3[13] « First
of them uses the Witten vertex [IO . IBJ , the second uses the light
cone-like vertex proposed by Hata el al. [15 ] and by Neveu and West
[14] .

To construct an ection one can also go by two ways. In the first
way, proposed by Witten, cne deals with an integral on the algebra ¥ ,
in the second way one deals with inner product on the algebra 8 .

So, the main ingredients of the Witten construction are:

i) ¥ product,

ii) exterior derivative,

iii) integral,
i.e. in this case one deals with the Witten-Connes set

W:. ( ¥, Q’ f ).
The main ingredients of the construction, proposed by Volovich
and myself [I6] are
I i
i) o product ( B or B%),
ii) § exterior derivative,
iii) (.,.) an inner product,
i.e. in this case we deal with the set
ﬂ= (0 ) Q; (' )')
The action for the gauge string field ¢ which is en srbitrary
even (0dd) element ¢f 3!(8I) hss the form

S= (¢, 9?) +}{¢’¢, ¢)'

The action is inveriant under the gauge transformation (2.16).

The Witten system of axioms is more restrictive smd, in parti-
cular, sny given resligation of the Witten-Connes set gives the rea-
lization of BT = (]31} e, Cse).

We conclude this section with the following taeble which summa-
rizes the relationship between Yang-Mills theory snd interacting
open bosonic string field theory

(2.17)

ang=Milla Theory String HMHeld Theory
Gauge Feld A= A, &7 Pl xce, C o), 8067 F
Gauge Transformation| FA= 44 +LA, A7 SP=QN + Ponr
differential d
sultiplication IOy 0 or
Action ,fTr(l}w‘)d.t. (2,0P) +{(Peg @)=
JP50P +§ [oxPrD

Note, +that the last yeer the interesting suggestion to consi=
der the pure cubic actionhas been proposed[3I],
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3. Superstring Pield Theory (S.3.F.T.)
3.1. Free action
In SSET. we will glue together the idsas just tested for bosonic
string with genersl ideas of supersymmetric field models. The motiva-
tion for developing the fisld theory approach to superstrings is the
same as for bosonic. But there are some additional reasons.
They are the following.
i) To investigate non-perturbative questions such as 5USY brea-
king and spontaneous compactification,
ii) To have unitarity "automaticaly™ (In the firast quantizetion
approach there is a problem with spin structures).
The main object of S.S.P.T will be
@ [ra)Vtz), gnosts]
where Z/¥) and y/¥) are world sheet bosonic and fermicnic coordi-
nates. Different boundary conditions for 5‘ correspond to different
sectors - the Neveu-Schwarz (NS) sector and the Ramond (R) sector

8: Y(e)=ZH %" | / 1is half integer,
R: ¥raj=3 /;f‘ " , 7 is integer,

[,;-”, IMV] :~Z/Myﬁfmj /Hr,‘, HJ'yj =_Zj,“,J:q_f .
Fermionic ghost representation for the NS and R string has the
following content: anticommuting (anti) ghosts (b) ¢ corresponding .

to the bosonic coordinates i/ end commuting (anti) ghosts/Z)# cor-
responding to world sheet aspinors 9‘ .
@ [ z‘/g)’ y«,é;],boing a vector from the Hilbert space of the
first quantization approach,satisfies the following constraints:
&n Q[I/D),Y’YZ)] 20, mpo
¥: Gr PlTw), #2)]20,r 2 3R Fu@lre),¥e))-0,n 20
where [, and G,. { £, ) are the generators of the super Virasoro ?
algebra ;
Lln, b I=(m-n)Limpn + & MM*2) 00, 5 ;
A3 sector R sector

[l ,Gri=($m-r)Cper | Lim, Fule (£m-2) Frren,
{6"; Gsi= -2Z'r+s *,,2 ("z-'z,!)fﬂ; . [Fm,ﬁr]=-ﬂmm -zﬁm‘{'w,_

The mein observation for bosonic string is that if one takes the
BRST-charge Q connected with the Virasoro algsbra then the equation
QQ:OgiVes us the correct set of constraints, and moreover one can
get this equation from the action.

One can expect the same for fermionic strings and this doe= work
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for the NS sector. But this suggestion does not work directly for R
sactor for two reasons:

i) the appearance of new zero modes of the commuting superconfor-
mal ghosts;

ii) the presence of two kinetic energy operators in the BRST opera-
tor connected with the R super Virasoro algebra

Go=Glpt+ b(Mettd) +2aFr bl +8 o . (3.1)

0f course we would like to have the Dirac equation for the zero
mass-level field ﬂ“‘(z} of the R string

Yz ¥]= x%x) /05 +-- -

There are a lot of papera devoted to this eubjeet[19-25 j.Up to
now there are three versions of the construction of a free A -string
action:

i) The Witten construction [19] is based on an inverse picture
changing operator,

ii) The Kazawa, Neveu, Nicolai and Weat [20:]and the Terao end
Ushara [22 ] construction uges a notion of consistently truncated
fields.

iii) The Medvedev and muself construction [23] is based on exploi-
ting the truncated x) BRST charge and the truncated scalar product.

Following the pap°r[2511 will start from the third possibility.
I shall show that the eppropriate action for the £ -string can be
derived from general algebraic considerations. The other proposals I
shall discuss 1later.

As for the bosonic string a field theory action for the R string
has to satisfy the three requirements pointed out in Sect.2. Note
that due to the relation F,* =/l ,if we just have Fo¥=0,we do not
worry about the first one,Zo W=0.

This is a reason to drop out the mode C, which corresponds to Lo
operator.

But if one drops out one mode from the BR3ST- operator,then the
corresponding truncated operator

tr { £

Q =}£—;—m Conln -z mz':,,'",m /mn, e CopCom
is no more nilpotent on the whole apace. However there is a subspace
%ﬁ- specified by the constraint

4 ”~o
A= /Sp/nfvnp Cn Com F (f‘:a}’

where the condition (@ ¢ ) (/= 0 holds.

+ ®) Note that the notion of the truncated BRST charge was also used by
Banks et al.[21 ] in the context of string differential forms.
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So, tr - ~
Qe =toF+ LK +Ge
is nilpotent on vector satisfying the comstraint
(‘éoz *MR) Y=0-
But instead of solving directly this equation I note that to provide
e gauge invariance it is suffjcient to have a "weak" nilpotency, i.e.
only an everage of (Q;" 2 should be equal to zero.
This supplies a reason for introducing a new scalar product (<),
for which the relation (¥ (42 +Me) W,y e =0
would hold. Hence, let me introduce the acalar product by the

formula (ylb Vz)tr =(4 Y ) where the kernal Y is given by the Yam-
)

ron [24] 4 -function
Y= 5/f02+M£)'

Under this definition the equality

(¥, Yé(t2eMe) W) (3.3)

is expeoted for all Y .
It is possible to give the precise meaning to the last two equa-
tions [237].

Now it is the time to describe the space %g » As for nonzero phy-
sical and ghost modes they are in ordinary Fock representation where
negative frequence operators are realised as creation ones so the to-
tal vacuum / J > is the tensor product of the vacua for each mode. Be-
nause the gero modes of the R fermionic oscillators act like gamma mat-
rices, the vacuum and the fields for tha R string also carry S0(9.1)
Dirac spinor indices, which we suppress as usnual.

As to the bosonic ghost zero modes "40, 4, + they canmot be reali-
sed in the standard way. Really, let /0> ©bve the £, vaccum;é,/od=0
and A“»:[Zd,, t0*/0>= T@a In>} be the corresponding “Fock" space,
than it immediatly follows from the algebra [ é,,l t:]:{ and the her-
miticity properties 4.,: f.;") Eo =—E: that a scalar product in 4,‘»
is identically zero, i.e. (/n>,/m> :(n/;n):o_i:or every /n> , //m) .The
sane is ulso true for the space #,,,= /X7, £y f0)=3dn /4)]7 2o/0)=0,
i.e. (In),1m))=(n/m)=0.However, demanding (o/g>={ we obtain

(3.2)

(ins,1m)) = <ntm)=nt Ep pm = (im3,1m>) = (ntm>
S0, non one of the two bases {/D}) {/ln)} forms the habitual
orthogonal system but together they do form the biorthogonal aYstem and

the completeness oondition tekes the form

1= ~Z '—:-, m<n + é_’ L /n>nl.
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The space ror the R string states would be %e = ‘7{ a>@%/0) R

where %,» %@%,,m and %/0) %@é,g) can be considered as

the "Pock” Bpaces corresponding to the total vacua /03010> and/d’)@/a)
In what follows we shall omit, a8 a rule, all the vacuum structures
except the £, t_structure.

Now we ere ready to give the precise definition for S(tozf-Me)
ned

8 (4 5 3 )t

P = R -

° Mﬂ) nzo K=o (Rn+d-x)IK! /2n+d K)(,C/‘
It is easy to check the deaired relation

Bt +Mr) (424Me) /WD =0 .

To obtain from @ YW= o the Dirac-like equation £ ¥ =p
we have to define v to be a vector from the ﬂ/‘» space, denoting

it as /YD,

Let me introduce the important notion of truncaeted field [23].
The truncated field /¥®/) is a state comstructed from /¥ = z A Ind>
as follows:

I'[tr> Jiy>= Z ("Hg) :42,,,/05 +Z (—Mz)'LAz,”,‘ >

nxo
where An‘ are arbitrary polynomials in nonzero modes.
It is obvious that

S(tg+Mp) (1¥W>-1¥t>)=0
80 I!V) and /!["} are indeed equivalent in reapect to the metrics

Y = 8(¢& +Me).

Dealing with the notion of truncated field we can present a sca-
lar product for x/a) vectors in the following way

(Y, %)% = (145,149 =- L 4,2, STa) 8D,

where 8(t) = ~(0)(1]- 11)(o/ . “w
As 1t follows from [24] Q‘zis hermitian operator in respect to (-,.)

The action for the £ string

tr
Se =LY, YR V> (3.4a)
can naturally be defined in terms of(-, . )tr‘. Moreover, dus to the
relation (q;’/yf})‘% (@™ /Y¥?">)%" we can present the R-action
(3.4a) through the components of truncated field /"{‘"‘):2’/0} ,«-!}'/4)

(v} 6 0[ V)} (3.4v)
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where
- Kv /0, z
Y“('!" > @1’—'(;:‘a é") , °*° 100,))
(]
2:—%(FM£f-MEF)
(3.4p*)

Se = (Y, FY)+(W, QUG )+ (¥, 2¥,)

the scalar product in the last line means the scalar product in Z
space.

From one side the action (3.4a) coinsides with the action propo-
sed by Yamron [ 24 ] and from other side the component formula {3.4b'}
is tha same as the formula obtained for Sg in the papers by Kazawa,
Neveu, Nicolai and West [20] and by Terao and Uehara [ 22 ],

Rote that the action (3.4a) is minimal in what concern the num-
ber of independent field components and the structure of BRST charge,
that makes it suitable for the purposes of studying the interecticn,.

Recently, in the paper [28] it has been shown that all the R-
string actions [19—25] in fact possess the following structure

Se ={Y¥Y,GQV¥V>, (3.58)
where a metric ( admits the following decomposition
G=3lg9%, (3.6)
¢ being & pojector on a two-dimensional subapace and is met-

ric in a two-dimensional space (we have in mind the dimension of
world-sheet supersymmetric ghosts zero modes space). A significant
teature of - is its BRST invariance

[¢,@]=0 (3.7
that guarantees the gauge invariance of the action and permits to
establish that (3.58)does depend only onm (* -truncated fields S”*;_{'/
il.e. .
S,_:(‘}"r,y(% ,Lﬁr)ér>=(‘7&£r,ﬂ@a, "ltr>' (B'Sb)
The Q; is modified BRST charge which is weakly nilpotent in respect
to G metric, i.e. <Y G(g,)*¥>=0.

S0, an inverse picture-changing operator playing the role of a
metric in a space of ghost modes is the origin of the appearance of
a truncated string field as well as of a truncated BRST charge.

Note that the representation (3.5a) with the decomposition
(3.6) for the action (3.4a) has just been demonstrated . The proof
that the Witten action S ¥ ),
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(w)
8. =<V, Ye)Q¥S, (3.8)

where

Yiz)= cee)8'ttm)

¥=%, ,is also of the form (3.5b), is leas trivial.
The following formula holds

Y(e)= 9} (1o +1000f - 2 2023 100]) S, (3.9)

where e ot
Iw=Iw I,

ﬂf:«waw,f#(%fgﬁymu % -cre)y §

TW(Z tntns) = (Z(-4)™tn-1)E)" ¥y 10> +(Z On(t) "I,

Cla) =G+ Cla), t(a)=to+ £(2). .
It is important to note that in close analogy to Y =50t *M), Ya)
hes & nontrivial kernel, i.e. Y(2)/¥> =0 s consisting of the
following vectors: (WD = ca)/A>+ t¥e) /8> with /4> and /8>
being "smooth" Fock vectors, i.e.vectors which do not provide the
Schwinger terms in OPE arround the point Z . We denote by 77/ the
space of these "smooth" vectors. This fact can be really cheked by
means of OPE if we define

Y(€)1812)>= dom Y &)1218)>

Denoting the components of a truncated field as Pp and P, ,

i.e. ..%’,/y">=/y’:'>=ﬁ/o> Hfa/1>1t 1a a matter of simple caloula-
tion to check that the change of varisbles

Po=¥ +CFY, , 0 =¥, (3.10)

casts (3.8) into the form (3.4t) that has been found by straight-
forward computation in [26].

3.2. Supersymmetry of free MNSR action

It is convenient to write down the action for open superstring
using a single string field ¢ in the form

S=(2,9%,,
whers - (};), Q=(% &)_The action is invariant under linear trans-
= 'V'Q 5

formation § of [V,§]=0.
If we choose the matrix /;o be off-diagonal, V= (Vo V‘ga”:) B

i.e. the variation of bosonic A/Sstring tiels is axproﬁ:d trough
fermionic £ field and vise verse, then the equation [V;@]=p

means Qe Vens =Vows Qe, @eVuse =Vise Qo -
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The last equations mean that Vg, and Ve p  are inter-
twining operators for the BRST charges.

But actually, things are not so simple, since the scealar product
for K sector is deeply degenerate

= - /10 3.1
$=(2,7908) , J=(o &) (3.11)
The action (3.11) is invariant under 6‘?.—:]/‘? if th€ following con-
dition +

VIR+JQ V=0 (3.12)

is fulfilled.

The structure of the matrix V has to be specified.
Namely, as the R action really depends not on /¢ >but on /_lftﬁ, 8o
J‘a, should be defined in terms of /‘f’ »therefore we put

Vews = Vews 5.
For the R action in the form (3.4a) we suppose also the following

structure for V'”s)e M
-1
Vise =~=(8)7" Uye o

(51)"= ~tosctt-m5<ar, 8 ’/,fp)(é"/tp))-iﬁ,,), B,y= 1002104

o 0 vty +* o w5yt
V= ((-3’)"7)' 0 ) , vV =(m; 0 j

BEg.(3.12) reduces to single equation

ir -4
- Progy ¥ Gus ~-8'9Q. (&) v =0
It is poasible to find ¥ in the form v=uW ,whereWia the inter-

twining operator between (Jy and {J, , Wys= & W, and 2% is
the intertwining operator (on the subspace only’) between 04‘ and ¢!

P/oa) (-2 Gy + Gyu)=0.
¥ is given by the total fermion-emission vertex [19 - 23] (spin
operator in the context of the conformal field theory [36]) .
It is not difficult to guess the anawer for 7 [237]:

U= (ol -~ 11)0/ F o/co.
So, the explicit form of SUSY transformations is

1820 =[W-W'CFlos@)] 14¥> /o), (3.138)
1895 = (-8)7 o/ [ W ~ 130l F& W ]lay., — 31

S
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Let me discuss the connection between SUSY transformation propo-
sed by Witten [19] and (3.13), The Witten SUSY transformations are
of the form

sa =wty (3.148)
SV:XW'a,, (3.14p)

where X(Z') is the picture changing operator [36]. As soon as the
form(3.5b) of the action is established eq.(3.148) seems rather puz-
zling. Indeed, the transformation law for NS field 2 includes the
total field LF , although the action depends only on ‘/’""_—.L ¥and
thereby the tranasformation must be of the form &d= zy—‘?,",zj‘;, ¢
So we have to search for the operator which is capable of transfor-
ming ‘/’ into ‘f for all the smooth vectors. Such an operator does
exist and it is nothing else the well~imown "unity" }/e)Y () mul-
tiplied by the factor fp)) . Really, we fird that

bm bm X(2)(Y(20/00 5, ¥)= ¥, ¢em. 319

2/22 2"»2
The standard calculation yielding X[’E)Y/é‘}zi is really correct when

we suppose that the operator _K/z} acts on regular vectora (finite
Pock vectors for example). But in singular cases we have to take into
account the nonassociativity of OPE and we ought to define the ac-
tion of operators carefully:

Xe)Yre)¥re)= &M, &m Xte) (YE)¥2). .16

The eq.(3.15) holda only for the states YIrom the smooth space.
For the states from the kermel of }/a), for example for &= {2/3)/0),
the formula (3.15) does not hold because the L.H,S, is identically zeroc.

The proof of eq, (3.15) one can find in[28].

The above discussion leads to the following modification of the
transformation law (3.14a).

Sa=W'XY/)V¥ ér (3.14e)

so we conclude that "XY'/O)) is a proper operator for SUSY trans-

formation in the truncated space.The R.H.S. of (3.14&)coinsides with

the R.H.S. of (3.14a) for‘-l’m.Let me compare the transformation laws

(3.14) and (3.13) supposingéthat the components or\ff " are smooth

vectors. The state vector r in the R.H.S. of (3.14d) can Ee paramet-
Yo

rized in terms of ¥p and 4 ,H’é_'n‘) as in eqa'(3-10).5.u-wr =
4 E@IFY,)103 £¥, 145 that gives

00 = WX YI)YE =W Y/ (¥ +Ct)r¥) jo> + ¥/ 15io)=
W (102 +35145)10) - W, FY, /05 o)

which coincides with the {3.13a).
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To compare eqs. (3.13b)and (3.14b) we noted [28 ] that due to the
structure (3.5b) of the Wittem action it is sufficient just to look
at (8¢ )i7= T, (XWa). The R.H.S. of this formula can be calcula-
ted using the following representation for (compare with eq. (52) in
ref. [23] )

T = (10301 + 13¢or+ 22) 105 C0/) V1)
that yilds

(V) = (105<t]+ (1< 01 LE () 03CO) Wik, -

Exploiting the commutation relatiom /Elz), F}: - -ZtV/E) , we find
for the componens 6’% and SH the same transformation rule as in
eq. (3.13b) . So the equivalence of SUSY transformations (3.14) and
(3.13) 1s established that immediatelly gives the on-shell
closure of the algebra (3.13) due to the closure of the algebra of the
Witten transformations [19] .

Let me consider the interacting open. It is convenient to write
down the action for the open superstiring using a single string field
in the form 4

S5=(P,T79P)+F(P,T(P3)),
where ¢= (.“,') and ¥ are functionals from supersymmetric sectors
of the A/S and #£ string, and

@ ? _ [/ a, Aoty + Yok,
123 = (y o(y) = .
71 ‘2 azoy_/;_ + YWi0a,
So, to define Qog it is necessary to define three kinds of multipli-
cation.

As 1t was demostrated in [23] it is possible to define the pro-
duct of the A/S and the )e states as well as the product ot two L
states by requiring supersymmetry. Naively, one can expect the follo~
wing consequence of the SUSY invariance

V(PeP)+(V PP +t PovVP =0,
which yields

Yro¥y, ~ (Vews ¥1)o(Vens %),
i.e. naively one can expect that the product of two R states is de-
termined in the following way. At first, using lém operator £ states
are converted into the NS states and then it remains to multiply them
as two NS states.

But we have to take into account the degeneracy of the metric J

In this cese SUSY invariance of interaction yieldas,

VIT(Po@) + J(VP)eP + PoveP) =0.
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Apart from the formulas defining the NS-R and R -R multiplication,the
last equation, put the constraints on the NS-NS multiplication. To
complete the construction one needs an explicit form of the NS-NS-NS
vertex.

Note that recently the operator realization of the Witten const-
ruction has been obtained by Gross and Jevicki [27].

The investigation of the connection between the Wittem theory of
the interacting superstrings [19] end our theory [23.]19 now in
progress.

References

1. G.Veneziano, Phys.Rep.9C(1984)199
S.Mandelstam, Phys.Rep. 13C(I974) 259
J.Scherk, Rev.Mod.Phys. 47(1975)123
C.Rebbi, Phys.Rep. 12C (I974)1
J.H.Schwarz, Phys.Rep. 8C(1973) 269.
V.Alessandrini, D.Amati, M.Le Bellac, and D.Olive, Phys.Rep.
1¢(1971) 269.
B.N.Barbashov and V,V. Nesterenko. Theory of Relativistic String
Moscow, Nauke, 1987.

2. M.B.Green and J.H.Schwarz, Phys.Lett. 149B(I984)II7
M.B.Green, J.H.Schwarz, and E.Wittea - "Supestring Theory®™,CUP,
Cembridge, UK(I987)
I.Ya.Aref'eva and I.V.Volovich, Usp.Fiz.Nauk, I46(1985)655
D.I.Kazakov, Usp.Fiz.Nauk, IS7(I987)59.

3. N.N.Bogolubov and D.V.Shirkov - "Introduction to the theory of
quantized field", Interscilence, N.Y.(I959).

4, ¥W.Lerche, D.Lust, A.Schellekens, Preprint CERN,TH,4590/86.,

5. M.J.Duff, T.Inami, C.N.Pope, E.Sezgin and K.S.Stelle, preprint
1c/87/74, CERN-TH 4737/87

6. L.Brink, P.Di Vecchia, P.S.Hov¥e, Phys.Lett. 65B(I976)471
S.Deser and B.Zumino,Phys.Lett. 65B(1976) 369

7. M.O0.Katanajev and i.V.Volovich, Phys. Lett.B175 (I1986)413.

8. A, Neveu and P.West, Phys.Lett.I65B(1985)63.

9. T.Banks and P.West, Phys.Lett.165B(I1985)63

10. E.Witten, Nucl.Phys.B268(I986)253

11. G.Thorn, Nucl.Phys.B287(I1987)61.

12. I.Ya.Aref'eva and I.V.Volovich, In.:"Fields and Geometry",
ed,A.Jadczyk, World Scientific, I986.

13. I.Ya.Aref'eva and I.V.Volovich, Phys.Lett.BI82 (1986)312

139



14.
15.
16-

17.

18.

19-

20.

21.

22
23.
24.
25

26-
27.
28-
29

30-
-
32-

33-

34

36-

A.Neveu and P.West, Phys.Lett., BI68(I986)I92

H.Hata, K.Itoh, T.Kunitomo and K.Ogawa, Phys.Lett. BI72(I986)I96.
I.Ya.Aref'eva and I.V,.Volovich, Theor.Math,Phys. 67(I986)460;
Phys.Lett.I82B(I1986)163.

H.Hata, K.Itoh, T.Kugo , H.Kunitomo and K.Ogawa, Phys.Rev.D34
(1986)2360; D35(1986)1356.

D.Gross and A Jevicki, Nucl.Phys. B283(I987), 1; Nucl.Phys.

B 287(I987)225.

E.Witten, Nucl.Phys. B276(I986) 291.

Y.Kazama, A.Neveu, H.Nicolai, and P.C.Weat, Nuecl.Phys.B276(I986)
366

T.Banks, M.E.Peskin , C.R.Preitshopf, D.Frieden, and E.Martinec,
Nucl.Phys.B274(I986) 71

H.Terao and S,Uehara, Phys.Lett.173B(I986)

I.Ya.Aref'eva and P.B.Medvedev, Preprint ITEP N22(I987).
J.Yamron, Phys.Lett.I74B,(I986)69, Preprint UGB-PTH-86/35.
H.Ooguri, Phys.Lett.I72B(1986)204

S.P. de Alwis and N.Ohta, Phys.Lett.IT4B(1986)573.

W.Siegel, Marylend preprint UMDEPP 87-60(I986)

G.D.Date, M.Gunaydin, M.Pernici, K.Pilch and P van Nieuwenhuizen,
Phya.Lett.I71B(I1986) 82

A.Le Cleir and J.Distler, Nucl.Phys.B273(I1986)552

B.Sazdovich , Preprint Brown-HET-6II.

D.J.Gross and A.Jevicki, Preprint Brown-HET-603(I987)
I.Ya.Aref'eva and P.B.Medvedev, ITEP preprint I55 (I987)
J.-L.Gerveis, LPTENS preprint 86/1 (I986),LPTENS preprint 86/29
(1986)

I.Ya.ATef'eva and I.V.Volovich, Trieste preprint, IC/87/61
G.To.Horowitz, Preprint UCS-BTH-87-38(1987).

I.V.Volovich, Theor.Math.Phyes. 71(I987)337, Class and Quant
Gravity 4 (I987) L83

V.S.Vledimirov and I.V.Volovich, Theor.Math,Phys.59(1984(3
I.V.Volovich, Preprint CERN-TH-4781/87(I987).

E.S.Pradkin and G.A.Vilkovisky,Phys.Lett.55B(1975)224
I.A.Batalin and G.A.Vilkovisky, Phys.Lett 69B(I978) 309.
D.Priedan, E.Martinec, and S.Shenker, Nucl.Phys.B271(I1986)93.

140



http://Phys.Rev.D34

JIOBAST TOURA 3PEII
HA BCNOMOTPATEILHWE OIS B CYIEPCUMMETPHUNLIX MOTENSIX

P.M.Hbanon

CaMapKanIcKHil rocynapcTHennni yuusepcirer us. A,Hasowu

B.['.KaanweBCcKHIl
O6beaHHEeHHbII MHCTUTYT siAepHLIX Hccnenopanuil, AdybHa

OTsMeueHo, UTO BKJAN BCMOMOIaTENbHBIX 110Xeil B MaUPAdHKMAaHbL TEOPHM [O-
aa ¢ dyHnameHTanbHO MACCOH OKa3LKBAETCH TIaKIM, YTO HPOCTAhR CYMMa KHHe-
THUYECKHX UYJIEHOB, OTBeUawMyX B HOBOM l"bOpl\h‘lj]H’)MC CRAUIIPHOMY , NCeBNOCKa-
HAPHOMY H MAltOPaHOHCKOMY NOJIAM, ABNSETCY NHHAPHANTHON OTHOCHTEJIbHO
npeob6pasoBaHuil CynepCHMMETDPHH, NpHCyledi moican Becca-3ymuHo.

/1-4/

Kax 6wuio ycranoBsieHo panec , B NHaHIOROI Teopul nolg ¢ dhywna-
MenTaNbHoN Maccoil (h.nM,) BCe BH3HMUCCKHC HO.ITH HUSIRIITCH B CONPOBOXTE-
HUH HCHOMOUIATCILHWX II0JAEBLIX [MCDCMCOHHLX, He BNMCKPUIN UBOUX YDPABHEHUH 1IBU-
KEHHUA., HX 3naucHny HCINHKOM ONPEACHARTCA stiaucnuyamy buszvueckux rnonedd.
[fotoBhan CHTYauHst MMCCT MCOCTO M R TCODPHU CNUCPCHNMMCTPUH, XOTH MPOUCXOK-—
JiCHNe, HPHPO/I H YHCHO BCUOMOPATCHALHLIX 1w Uit §ax cosceMm apyrue (cm. ,on-
HHKO,/S/). HHTEPCeCHD CouocTasithk 06d 1OING 1 IPYIT ¢ IPYUOM C Hedbl o6-
HAPYKCHHHY XOTs OB MaCTHUHON HX IKHUBAJICHTHOU .

C¥Th HAWero CoobmMCHMA CBOJAHTCH K NPOUTOMY JIMCYIHIIO, 4TO B paMKax
TEOPHH noidd ¢ d.M, CYMMa KHHETHYCCKHX WICHOE, OTBCUAMIKX CKAaJSpHOMY ,
HCCRTOCKAIAPHOMY H MANOPAHOBCKOMY [HOMANM, HURIDHINTHI OTHOCHTENLHO npe-

efpa3zosatuil CyuepCHMMETPHH, IHPpHCYMEl MO ICiH BCC'ﬂ-ByMHHo/G/. Bce meno

H TOM, YTO Camo noustrie "'WHHETHUCCKHI uwicd' 13 nameMm ionxoac upvobperaeT
/4/]

HOBHI CMLICST (CM,

Bresiem pnauane ‘g yepeyuciieHioro HaGopa noleii nepeMeHHbIe ¢[X/9)
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MINTMAL QUANTIZATION OF TWO-DIMENSIONAL MODELS WITH CHIRAL ANOMALIES
N.Ilieva

Joint Ingtitute for Nuclear Research, Dubna

Introduction

In the common opinion, anomalous theories have been considered
for a time as mathematically interesting but physically unacceptable
constructions., So, cancellation of anomalies in the local symmetries
has been used as m kind of "selection™ rule or a criterion for the
physical consistency of different models, This principle was plau-
sible in the GWS model and in D=10 supergravity without matter
fields. Nowadays, it is widely used for fixing the gauge group in
superstring theories.

The problem with anomalous theories is in their consistent
quantization., Since not all classical symmetries are respected on
the quantum level, one finds that some of the first-cless constra-
inte have become second-class ones, which is crucial for the ‘“quan-
tization procedure iteself. Some progress in our understanding of
anomalies has been achieved with the observation that a scalar field,
added by hand to the action through an additional Wess-Zumino term,
pregerves the constraints to be of the first class after quantiza-
tion. This maintains gauge invariance on the quantum level ! .

Later it has been shown/2'3/ that the W-Z term 1s an indispensable
ingredient of thrs theory whose presence is simply explained by the
impoesibility of neglecting the geuge-group volume in the Faddeev-
~Popov integral in the case of anomalous theories contrary to the ca-
se of anomaly-free ones. In any way, it becomes clear that quantum
and classical theories may have a different number of degreea of
freedom, since some gauge transformations acquire the status of a
physical field when gauge-noninvariant interactions are present.

These new developments revived interest in two-dimensional
gauge models as a playground where the ideas and mechanisms of gau-
ge-symmetry restoration, anomaly cancellation and consistency of the
solution can be verified. For exsmple, the chiral Schwinger model
was largely discussed in different approaches because bf the contra-
dictory results ¢'5/. Recently, both its gauge invariance and non-
anomalous nature were argued/S/.
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in the presert papvr i approsch to the quantization of anoma-
lous two-dimensional gausn wodels is developed., It is based on the
explicit solution of the constraint equations and controls the gauge
invariance at each stage, The paper is organized ams follows: Section
1 presents a briefl review of the minimal quantization method nl gauge
theories, 1ln sections 2,3 the "left-handed™ QED1+1 and the chiral
Schwinrer model are considered, A table of the anomalous commutators
in D=2 is given in the Appendix.

1, The minimal quantization method

The minimal quantization method 7/ is based on the gauge-inva-
riance principle used for the construction of physical veriables and
in the choice of the energy-momentum tensor, The method ia self-
~coraiatent in the senss that ensures the same transformetion pro-
perties under lorertz tronsformations for classicl and quantum vari-
ables, The gauyre freedon is reduced to an algebralc one connected with
the 2hoice of the time axie of quantization.

Let we illustrate the method by the example of the Sehwinger

model-magsaleas two-limensional QED:
JC;(J») - —'/,'./v{} 4:‘4’//" ,‘~r'€/4/4)(7u
;1/,,.1': C/_., AJ ab'/q/u. , /‘:V:d,,'

According to the minimal quantization method, we exclude the nondy-
namicel field /IU from (1) through the constraint

§5
o o ,
cr/fa_p = .40:5’1(91%,4142/0).

(1)

(2)
Then, a transverse projection ls done with the operator & (4;)
. 61:{', {-[e 91",4,} , following from (2)
T \ s
AT (04, £2)07(4)
A O AN AN R ) )
and the effective lLagranglan is obtained
, T oo T T e'z N L
ey £ (o)
¢ v )

We would like to emphasize the main feature of the transverae
veriables (3) - their invariance under gauge transformations of the
initial fields A/,, ¥
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et

1449:;(/4,4 é-a/)j-’
q/?—_j‘//

97?=¢j-'
J?(A):J(X,f):«ff

The field 4/* disappeared from 35 » thus reflecting the
absence of tranaverse degrees of freedom in the two~dimensional
world, In the general case we are left with the fields 4 , ¥ .
A;r and quantize juat them and not the initiel ones, It is impozr-
tant to note that vacuum has to be defined so a8 to ensure the posi-
tive definiteneas of the free fermion Hamiltoniaen, This task is ac-
hieved by filling in the negative energy states in the Dirac see,
i.e., by introducing the Dirac vacuum, The price is the anomaslous term
in the current commutator though Y +a themselves canonically anti-

ARSI
Whdpapd -7
7T 96997

commute 9/:

[ W), W)= 0lzy) 5 Gu-Opt
[/,(.’L), J'o(a)]:lj—i%f(x-a), )

Such a commutator structure allows an equivalent formulation of the
model in terms of a massive scalar field Y(x) through the corres-

pondence relation
9, lx)

A R AL

So, the mass spectrum is easily found with the help of the
Heisenberg equation of motion for /:ra (=) :

aoj:ro (=): 'de [76 T(y);(jl.ro(x)] = a/ﬂ - 5‘1 Ql‘j/..ff

T
« K being the Hamiltonisn obtained from eq.(4)) that gives us

(D= E 3 o (@en)¥Pre0

3 L/
mt. e SIa. -
In the same manner the conservation of the vector current Z (x)

may be proved

3 . M.
0 fo(®) = iZHT,/;(x)]= 2f = Vb0 @
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Kote, that in this scheme the role of the Dirac gea is evident
since the filling of the negative-eneryy stales is the reason for
the appearance of the Schwinger term in (5) ard further polarization
of this vacuum by the gauge (Coulomb) field leads to the anomaly (é).

The minimal-quantization method is based on the excluding of
nondynamical degrees of freedom through their equatione of motion
(in fact, constraints), So, the choice of the time axis of quanti-
zation becomes an essential step that has to be physically motivated.
This is the only arbitrariness of our method and it is to be consi-
dered separately in each case.

This operator method can be translated into a functional integ-
ral language., Let us write the Green-function generating functional

2[7‘,7]:3%%0%4/4 %/p{i szx(,é + Wy ”[:v)f

with X, given by eq.(1). Transition to transverse variables (3)
does not cause eny change in the fermionic measure since vector

gauge invariance ie present, However, as AqT = 0 + We have
ks
D4, — 24,
Solving the constraint for '4 ie equivalent to integrating over
2 in the sense of extremals. So, we are led to the follo-

wing % [7 7

-r 7] jg(/, By W’{ e :// 77(// 9’7)}
with / ;U’(A)A/
IZ_T: lgc""(ﬂ)

and 35_46/ given by eq.(4). Now, the hLosonization is performed/10/

,/‘ s (r2) + 2 (x)) )
W) = e (/12 kotx)  (BXo(1)= 0

and we finally obtain

?["ﬂﬂ :39%,976050&”%}: exs {7 AJJ}L /Lf AL

1 r 1 K “Tf -
ot 2 %7 T4 }’"‘./J Wk, ”45)]}
(8)
(Kf/\/_r('/# I) — »:‘lﬁfr('ffi)

£, i Vo 1 ¥, e '

s/
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Here bp is a massive scalar field and -, is a massless one,
quantized with an indefinite metrice. Its inroduction is connected
with the consistence of bosonization procedure on the Green-function
level in the case of the free fermion theory.

Generating functional (8) lesds to the correct two-point fermion
Green function in the model 10

T (B (xg) - Ayl y1]
G(.l,—{'f} = € Ga(.'l\g)"

where Ahu A, and C‘;c are the free Green functions of a
magaive and maesless scamlar field and maselese spinor field respec-
tively.

Note, that the fermion meaaure in (8) is not changed again
aince the transverse spinors V/ 9’ are invariant under arbitrary
gauge transformation, So, the change of the action contains the
whole physically significant information.

However, this is not the case in an anomalous theory. Due to the
anomaly, transition to transverse variables in X is accompanied by
a Jacobian factor aocart of that, comming from the bosonization. Thus,
the operator formulation is more convenient for consideration of
anomalous theories,

2. Two-dimensional U(1) theory with left-~handed fermions

In the recent discussion of the chiral Schwinger model two
different (though similar) theories have bgen considered: a model
with only left-handed fermions and a model with left-current coup-

ling ¢o the gauge field. We shall treat them sepesrately.,
The "left-handed" QED1+1 is determined by‘)

A{(I):’z{(} 'j]‘/”/ r‘((////‘(a —124/4)%:
%A

145 0470, ¢ s’

L7 (9)

L
)Throughout this paper the following/ﬁatrix convention is adopted

Fe(Sa): g (50): pebo(3%) f 200

goo :‘344 Ay wl.(k) - F—(l) Y.

and
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o
So, we have two possible candidates for a time axis: x and

7/+= x®«x? . Ag has been mentioned above, thia is the only

ambiguity in our quantization procedure.
The choice ¥ =29 leads to the constraint

Js / +
== - =1 (2,0,4, VA
Ao = A 9,’“( oAt e W) (10)
where
+ - ’-.l. \ . ‘_, +
WO oL (g, (09w YY)

is just the Noether current in the theory. Lagrangian {(9) on the
solution of (10) becomes

- . el 4 ¢ + eyt +
.767; 1 W/:/V}"B/JW+ Z 705-‘_\7‘. 4-9:7,-91 aolq «QZ A,
[4
and for the Hamiltonian we find
4 4
PN AN A ACFARRY ALY
2 9,
It is easily seen that neither a vector nor a (left) chiral

gauce invariance takes place here
A

'E)OJAC(IJ H [[’7’,(7'«:(1')_]; 91-7,4 + i} a’~l\70+

= B"/‘ﬂ/r) 22,9 () + < o "vix) (e

and
(hl,l)TJOJ(I)] ANAEY ;:(_ R ATES]

2.7 () -

T TGt
I SN SN A A
! 2T
(11b)
In these calculations the anomalous commutators have been taken

into account (see Appendix)

{:}(‘:’JP, ‘1"_‘,.'.!”) - [:]'4(' J, (H / L— D &x- 3) ‘ (12a)
- TN ‘e .
[Ho,\]u‘(l)] :‘[»HQJN\T' (I\]: :T;’a’A'I (12¢)
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There are different ways to compute them. We have followed the BJL-
-method (see, for example, 1/,

Since just the current that is coupled to the gauge field, is
anomaloue, one cannot expect that transition to transverse veriables
will make the model content wmore transparant on the Hamiltonian
level. Indeed, one finds

el 4
yﬂ _1WFJQPW = ;;7”+
’ (13)

with the same expreseion for the chiral-current divergence (11b).
Relationa (13), (11b) are very similar to (4), (6). Nevertheless,

al analogous interpretation in terms of a bose field is impossible

due to eq. (11a)., It destroys the canonical structure of the pair

{ ¥, JT~9% "P& , defined through the relation

+ o4
:,’J (x) = (IF 'a,u.\f(r)

since commutators {\P(T) ,\P(EH] and[w(-l‘) j'[(y )] do not vanish,
The other possibility for 18 t=x* . The lagrangian

takes the form

£ - L(on NP AL AN

(14)
Instead of (10) we have the constraint
‘r_sro = 4,-1 (9‘94,4- +4e )
LI 2.* (15)
and the Lagrangian on its solution becomes
<+ N
z AN +Le2“7,il Y, ore LA LA
2 (16a)
The corresponding Hamiltonian is
Ho= -2tV i.z Js
2 (16b)

Since the only anomalous commutator in the cone frame is (see
Appendix)

[%.(), 74(3)]”_- 2.0(x-y7)

the Heisenberg equation with ap a8 & physicel time and Hamiltonian
(16b) determine the following time evolution of :
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N L R R
%% =1 (H, V(=)= - &8, (x) -

In other words, °7+ satisfies the Klein-Gordon equation
L -
(El + ”"// ) J + =9
L
& e
a-= fb¢fb- N m = L‘F »

Racallin7 the one-parameter formula for the mass epectrum of the
model/12

(17)

one easily mees that we have just singled out the value Q= 2.
Fig, 1 gives some evidence for the phyeical motivation of the
choice of x* a8 & time axis. The only physical field QPL
propagates just along this axis and the only interaciion that ia
pregent in the model has a Coulomb structure a) with respect to the
frame (3«0; L') when t=x° o b} with respect to the

cone frame when t =x* .
-]

So, it ie not surprieing that . z |
the choice of case (b) ensures if
internal consistency of our N ;ﬁ,n/
further conaiderations. N 7 P

In such a way, the
minimal quantization method VA RN
leads to a consistent unitary v N
theory with mass generation. / N
The maseive mode represents
a fermion bound state and the
value of the mass is fixed
uiiquely. Fig, 1

In the functional integrsl langauge the situation looks out
wmuch more complicated, The transition into the transverse space is
connected with a nontrivial Jacobian factor, Here we mean comsidera-
tion of quantum fermions in an extermsl field which has to be consis~
tently quantized. If we stert from a classical system and try to gquan-
tize it a9 a whole, theee troublesome transformetions csn be performed
on & classical level without any influence on the fermlonic measure,
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which is constructed directly as 20 ToyT , thus simplifying
the problem. However, the latter treatment in fact ignores the ano-
malous nature of the model.

3. The chiral Schwinger model

The chiral version of two-dimensional QED is determined by the
following Lagrangian:

,zz.{;jw;/“ﬂ : @//‘“( Ou - 12 4_-554/)%

Fol iU G 6 0T G + 2¥0A,

(18)

faadl

Though only left current is coupled to the gauge field, the
presence of R-fermion term in (18) changes aignificantly the situa-
tion if compared to the one of the previous section.

Let us begin with the case ¢ =%° . The constraint equation
is the same as (10) and on its solution (18) becomes :

Lot .= 4. +
b= B Lgte i@ o, e e d"0,4,- ¢ %4,
A 3’1 - ’ 1s)
where the notation of section 2 is used, So, for the Noether current
in the model we find

P. __e 3 el 5ot
3Z}~- 5 ‘,A,,+ s ' ¢
(20)
Por the left and right current we find, respectively,

4 “t +
ryt_ el o'y
LA
Fy=-._ & 24
R ’ (21)

Eq.(21) reflects the presence of the R-fermion term in the free
Hamiltonian. Though this current is not coupled to the gauge field,
its anomaly can be removed in a suitable gauge. This point is new as
compared to the case in the above section as well as to the nonanoma-
lous theories (for example, the situation with the axial current in
the ordinary Schwinger model).

The fermion asymmetry suggests two types of "transverse" vari-
ables
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A) and B)

AT (A, ey 8)e ! AT o (410,007
¢ o (AR

T
(»V,ZT:J"HQ (/’,% A

where U : Wo‘i-*f& 3,.'/4,;.

So, we obtain two different Hamiltonians

TA =LA &/”) R £/ 4 -
76( “-TW(r)qo"‘}b FZ_%\{V@‘GI&Z/‘;

’

(rB)  ~(7,8) (r.8] PR
(X ‘-Iq Ja’q} - e_%iy".
4 2’ (22)

(7, A)
Note that in yﬁ a new interaction term 1s present
which points the difference between the transverse projection and the
gauge fixing in this anomalous model, Of course, the same relations
(20), (21) for current divergences take place.

Thua, we are faced with a situation that is analogous to the one
in the “le'ft‘-handed" QED" +°
In fact, ¥, 's and L)
propagate separately along x
and ¥~ , respectively. e
Right fermions do not N v §
interact and the inter- \\: ;;
action between left currents NS 1
ig of a Coulomb type with -
respect to the frame / AN
(v ° r”’ ) (case "av), / N
So, a suitable rotation of Va ~N
the coordinate frame seems na-
tural with ~ " as 8 time
axie (case "b"), The Lagran-
gian then iakes the form ’ Pig, 2

+ o

vt
/

)
Lot (o h-ad)sidlo, 0o 4oy ve A
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and the equations for nondynamical varisbles A‘ and (¢k are

YA, = 2.0, 4. +4ed,
LW 20

On their solutions Lagraﬁgian (23) coincides with the corres-
ponsing expression (%a) in left handed QED1+1. So, a massgive scalar
wode with m? =4e* /I is found.

The R-fermions which propagate freely along the Y -axis give
rise to an additional massles mode.

There is one more possible choice: t=x" (case "c"),
that meane 44_ and QQ are the nondynamical variables with the
following equations of motion:

a+4_=a-44_ =’> ‘¢_¢-=—o
j+—v1 =0 (’or 94_U{T=(D 5 qiT;L79Z )

Legrangian (23) takes on their solutions the form

.
2 - Way,.
So, we are dealing with a free fermion theory, which is equivalent,
as is known, to a8 free massless scalar field one,

Conclusions

We have used the ideas of the minimel quentizetion method in the
case of anomalous gauge models in two-dimensional space-time. The
fermion saymmetry in the models under consideration puts the probdlem
of a8 correct choice of the time axie of the system we are going to
quantize in, This step is essential since it determinea the structure
of the constraints in the‘theory (the equations of motion for its
nondynamical variables). Remind that it is just the Gauss law (the
constraint that ie connected with the nondynemical component of the
gauge field) that causes troubles in the anomalous theories.

We have shown that the natural and physically motivated choice
is the lightoone frame. In this frame the Coulomb interaction (the
only one that is present in these models) is consistent with the
fermion propagation directiomn.

Quantisation then leads to the mass spectrum containing

- a massive scalar particle (fermion bound state) with
mts bet/or in "left-handed" QED, . ;
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- a massive ( Mm% : 4er /I ) and a massless scalar modes in
the chiral Schwinger wmodel.

We have obtained consistent, unitary theories with uniquely
determined mags spectra. The value A = 2 of the reﬁularization para-~
meter in the mess formula is singled out (see, also 13/) due to the
requirement for self-consistence of the minimal quantization wethod.
So, this requirement plays en anelogous role with the gauge-invariance
principle which fixes the value of the parameter @ in the
case of enomaly free theory.

I exprese my gratitude to Dr.V,N.Pervushin Hr introducing me to
this problem and for helpful suggestions. I would slso like to thank
Profs. B.M,Barbashov and A.V.Efremov for valuable discussions and A.V,
Radyushkin and E.A.Ivanov for fruitful conversationsa.

Appendix

To calculate the anomalous commutators in the models under con-
eideration we use the method of ref. 11,. We consider currente ;/q,
and the free Hamiltonian 'ﬂo a8 local limite of the following
functionals after their regularization

M(F): dedy Y=y F(”';})W;;) r
H(F)= Qdxdy Y0 Fu(rD WO T Falig) =By Flag),

where

: S g (xey,)
1 4 2 74 d' —~
F(*"?}'):(H)lsdk‘d‘?‘ € ¢ Fengn)

(4.1)
ﬁ for UU(F) —» Jc
]—1~ .
- Ks for J,(F) = (]1
XY for H(F'a)q.?{n‘

; .
For currents AJ/W‘ this [ -matrix acquires additional
projection factors f'i . The change of the fermion Green function
under vector and axial gauge transformations is teken into account

Y(x) = Q/x.’,u-, ()(x)j Vix)
So(x-a) -~ e—L‘MI) Sq(oc-y)ej”&)- (a.2)

The anomalous term in commutator [D(F) 5 D(G)] ie caloulated

R
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o (F,6)s-tr [r,e)sr_gs’” o] Po ;T2 IL
So, the following commutation relations are f;;;;:nid
[33(), 3 ()] = [9). 9. (y)) 44? % dCe-y)
[ 9 (=), 910y)] = 2‘;{ 9, drx-y)
[He, 350 Ge)] s = ¢330 .er, 2,2 A(x)

[Hy, IF(x)]= -0, 9}

which have to be used when gauge transformations are performed on the
operator level, _

Note, that in terms of the transverse variables ‘V7, %7 there
are no anomalous terms in commutators with H, . The reason is in the
invariance of W7 'S under gauge transformations of (»U'a, hence in the
abeence of relation (4.2). .

Calculations in terme of cone variables with X as a physeical
time can be performed in a similar way with the following differences
taken into account:

1) instead of (A.1) we have
p .
CyT) 2 — C!k_ J . e
F(m,;) (m‘)"j 1
1i) the equal-time Green function has the form
d r'/v_x/'
6(1)/ = -AJQ _e‘ a/_-
‘Li: 1D 41 (Ib ) ﬁ
So, we find the only anomalous commutator
x j(~ :——4— 3_.5(1‘- ')
RAGIRACY) o y
which has to be used in solving the corresponding Heisenberg equation

2,0 - ‘z[#,(?]

that follows from the representation of the wave function as
LA - 4
c ~Li(pxTepxy

Y. )J}; F (p_)e

1-k_"x—:t<¥—- ta.(x-y7)
F, g

-
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The Klein-Gordon equation in this case reads

(B‘B_ + lill’hz‘)'&/': O .
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KXI H JHEPAKLH
J. X, Baxopcruft, B,B.CrpyMmuHcKult

HHeruryr Teoperuueckoft dusuxa AH YCCP, Kuep

Hy oScymuM ROCTHEEHWR ¥ NpoGAeMy B npuueueuuu KXE ¥ nponeccam
PaCCEANHA AIPOHOB MU BHCOKMX BHEprMsx , Ss>m?, g Qu cHpomaHHHX
SHAYENMAX REpefaHHOro mMmyabca, [t & Wn" . 9TH nponeccH onpeneRsi-
DTCA OOMEHOM B - KaHaAe BaRYYMHEMM ocoGeHHoc-rm ¢ NOXNOXUTENb—
HOR ¥ OTpMNaTEXBHOR C- YEeTHOCTbD, HASHBAEMHME COOTBETCTBEHHO NOME-
poHoM M opmeponoM. B KXJl uM cooTmercTByer OOMEH GeCLBETHOR KOMGNHA-
IMN PADOHOB, NpMueM NpEAnoNaraeTcs, YTO AOMMHHDYET BKXAN C MUHMMANb-
HEM HX YMCXOM, OfeCneudBANMMM COOTBETCTAYDIME KBAHTOBMWe uydcAa (aBa
K TPH PADOHA COOTBETCTBEHHO JMAA NOMEpOHA M OfAepoHa).

3asisuefl TeopUM ARNAETCA OfipefleNeHUEe XapaKTepa CHHIYRApHocTefRt
B J ~ IMOCKOCTM, $OpMH H napsWeTpOB TPSEKTODHM M BHUETS.

B EXH, HecMOTpA Ha SHAYNTEAbHHE YCHINA, OTa 38Jaya Nafeka OF
PemEHNs - I'ASBHMM OCpasoM M3-38 NMpoSXeMy 3anMpasMA KBAPROB. OTMerTuM
OCHOBHWE JOCTHROHMA B DTOM HANDABNECHNM,

1.H. Juneropsm K corpynuuxamk [I] B npuGmixeHsM Bemymux nora-
pifuop meprypbarupHoft KXJI ¢ fuxckpopaxmoft xoHcraHTol! CBASH MoOKasaHo,
YT0 pPOIXMSOBAHHOMY [BYXPANOHHOMY ofMeny (puc.I) 8 J - naocrocts
COOTBETCTRYET paspes,

q
N ' @ N n—_—
S &
NGy ¥ — (=D
Puc, I Puc, 2

Hawmammxtics » romxe A=J~ 4 | muven A= 0,32-04.

Mipn sxxmuernu  "GerymeR" roncranTd csasu KX aTor paspes pacnafaer-
€A Ha GeCKXOHeVHYD CeplD noxpcos ¢ WwrepcenroM or I go 44 A,

O9ro mce, YTO U3BECTHO O nomepose B KXJI,
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TpexrmwoHHu#t o6MeH (OfJiepoH) B GOPHOBCHOM NPHGIAXEHME H3yuancs
B padorax [2] , B KOTOpNX GNMM MOMyueHH YPSBHeHHs Ha CBA3EHHOE COC—
TOsiHMe TpeX rimoHop (pHc.2). Ero pemeHHe, BOZMOKHO, MPONBET CBET
Ha COOTHONEHHE MeERy NapaMeTpaMy MOMEpoHa M ONNEepoHE, KOTOpHE NOXa
ONpEAeNAnTCA Db NyTeM SKCNEPHUMEHTANbHNX MONIOHOK .

llepsim srcrepHMeHTaNbHEM YKS89EHHEM HE BKAGL ORIGPOME ABRIACDH
JaHHEEe 0§ ynpyrom H»- H PP-paccenHun mpu dHepruu JS =53 TaB.
Maavcrh ofpexTa CBANETEABCTBYET O TOM, YTG NpH ITHX SHEPTMAX BKASL Of~-
JepoHa NofapfieH NOo CPABHEHHD ¢ BKJIAKOM NOMepoHa, He HckmoueHo, oA~
HBKO, YTO OTHOCHTENbHEN BKJISfl ero ¢ JHepruelt GyleT pacT¥ M 3TO npU~
pefleT K HOPuM HaGymaeeMid 3dfekram. Bosmoxno, raxkum sfpexroM ApaneT-

ca Goabmoe 3HaueHHe 9(5) = ReT(5,0)/InT(5,0) = 0,24,

HW3MepeHHoe HelaPHC HA Koamaknepe 3PS nphu E = 546 I'sB.

flapaMeTpu TpaeKTOpHH NOMEpoHa X OflepoHa B NPHHIMIE MOXHO Ofi-
PefenAaTs TaKke M3 JEHHHX (t >0 ) o wmaccax u cnumax rmGoaos [3]1.
K coxaneHnn, O9HCIEPHMEHTANLHHR CTATYC 3THX YACTHIl NOK& HEOAHO3HaYeH,
rOaTOMYy TAKMe MNONIOHKK MOTYT NMNb AONONHATDH CBENEHHA O TPAEK TODHAX,
NORYYEeHHWX H® NAHHEX O paccemHmd, T.e, mpet< 0

YnousmyTuil Bume Mopxof Junarosa W mpyrdx [I,2] paer mxpopsammp
o "mponaratope" (pHc.l,2), HO He pemaeT MPOGNEMH BEpUMH, CBASAHHKX
¢ BOogHOPWMH GyHKrMAMM WaM QopmpaxTopaMH CTaZKHBADEMXCA BIDPOHOB.

Murepecha upes Jownaxu-Jlanncxofe [4], cormacHo koropolt nomepow
CBASHBAETCH C KPApKAMH HyKHEOHE kaX "goron" (¢ nosomuwreasmot C -
YETHOCTHD), T.€. NOCPEACTEOM b/l“' MaTpHIH. KocpeHHHM noATBEpEIEHNEM
TAKON AHANOTHH ABAAETCA BHNOXHEHME SMIMDHUYECKOTO oTHomeHus. 6 1%/GE%
=2/3. ' [posepkofl efl Gyler CRYXHTH CDABHEHHE DASJHUMHX CIMHOBMX
apfiexTOB C SKCNEPUMEHTOM,

OromgecTeue (Ha OCHOBaHMM cBORCYBE (QaKTODHIAIMK) BKCNOHEHIMEHb-

HuZt pepxenckufl BuueT ¢ fpoMspelenHeM GopmpaxTopoB ARYX BEpUMH
bot(£) 2
e =[F®]

(pam onpeLeleHHOCTH paccMaTpHBaEM NN - paccesnHe) W NPUHEB OM-
MOALHYD napaMerpHsauuw axa fopmbaxtopa HyxnoHa

Fit)= U-F%)-l ) T oHmer

NORYVMM CASAYREYD NADAMETPMSALMD TpaeKTOPUK BaKkyyMHOT'O noImca

($) = oto ~ 3 o (- ).

?
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[lpusenerrme pume cooGpaxenna W gparMeHTapHHe cBemReHHs M3 KX
XGAATEABHO HCMOALIOBATD NPK OCTPOSHHH PESNNCTHUHOM MONENH aMNNATY~
I paccesHn. CHOXHOCTL 38RAYK COCTOMT B TOM, UTO 3THX CBENEHHR CAML~
KOM MBJIC IMA €e peleHHs. EiMHCTBEeHHM! NYTh COCTOMT B MCNOAL3OBaHWUK
RONOAHHTENLHOR HHPOpMEIMH, ocnonamioh Ha GOraToM BXCNepHMEHTAIbHOM
Marepuane, HAKONAEHHOM O bb- K PR-pacceanuu npu encokMx SHeprmx.

YnoSHoR feHoMeHONOrAUScKOR MOmenbD AWfPAKIKH 8ADOHOB ABASETCH
paspiTag B 1mkae paGor (cM,. 0630D [_5] M UNTHpPOBSHHYD B HeM JMTEpaTy-
py) mogens pdnoasHoro nomepona (AI). OcofeHMHO MpoCTH W HAPRATHH ero
cpoficTBa B cryuae muHeftHOft TpaexropHi ol ()= {+ A+ o't

.t..

T( {.) \550 2‘ o.R. eﬁ’ (N

rue

(‘.1=4/€7 cg_’%'q/g7 E:""((g"'L—“{)’ R ’A(L‘ )7
L= 0 (%.)-

Ormern, yro caenyomee u3 KXI| ycnosme A>0 NPHBONHT K CTENSHHOMY
pocry ceueHmfl, HapymammeMy rpeHMuy JIpyaccaps ¥ ycaopHe YHMTAPHOCTH.
9TOr0 HapymeHHS He GyleT, eCNM, CAGAYA KBAHTOBOR YEODKH MOAR, DACCMAT-
pusaTh BupaxeHMe (I), XaKk ¥ BKFGR AMArpaMMy, M30o6pexeHHOR Ha pKc,I,
p KayecTse "sarpapki". llonpaBK¥ K HeMy, PMUMCAReMHe, HANpHMED, B DaM-~
HAx SfXOHAABHOrO MM W - MaTpuuHore nopxopa (cu. [ 5]), poccraHasm-
BADT YHHTADHOCTD H MAPHBOIAT K $PYacCAPOBCKOMY HACHIEHHD.

BosHuxapmuR NpH STOM SHAKONEDEMEHHHN DAR ANA aMINAMTYAH MORET NMpHBec-
TR K ociMARAIMAN B mMdepeHIMaAbHOM CeueHWH, CTPYKTYpa KOTODHX, OfiKa~
HO,He COPNACYETCR C SKCNEepHMeH.aXpHiMH naHmsa, llo aToRf mpuuMne Ham
npeacTaBAserca npeanoyrurenpHee Mouexb (I), B koropofd amfpaxMoHHR
MHHIYM, COOTPETCTRYIMY 3KCTIEPUMEOHTAABHEM JIaHHLM, FEHEPHPYETCR B
"GopHosckon" uaene (I). _

o nopronox mogemt (I) K maHMEM O H)- " I) -pACCEAHMM MDH MaK-—
CHMBNBHEX yoKODMTOALHWX DHEprMsX crefiyer sHauesMe A = 0,06 (cn.[ﬁ]).
ORHAKO, OCAM YUECTh TEHIEHLW®, HadiufaeMyD b NOBelicHMH CEUEHHR B mM~-
pOKOM KHTEpRaze PHepTHA M BuCOKoe SHauenue A>03, caepyrmee us XXJ
(1], ro momto npunarh

A—>A(s)=A,— (2)

(5/ )
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dpdexrupHan ocofeHHOCTL ¢ apHRymMMCH MurepcentoM (2) sBmserca ypoGHoR
H emxoft napaue'rpuaauﬁleﬂ obmeHa GecKOHeuHEM uMcaoM nojocos B KXJ [I]

T+Bg +5(4)
(sfc) f:'?__ac:.< (%.) _

Ans poxasarenncrea (2) HeoSxomuwo sHaTs sasHchmocts Ay m Cg or K,
Corzacho peayapraraM[I ] _
P |< ~ 1"/(K+4) ’ K= 0)47"'7

opHaxo Ck B aTOM moaxose He onpefeneHo.
Monens ynpyroro paccesnus (I) o6o6maeTcs Ha NpOLECCH AMFPAKIMOH=

Hoft nccommaru (puc. 3).

N ?<X
t Puc. 3
N S N

lycrs G ~MyNg~ nl"@(.s). TIe VI ~ UHCJO YacTMI B KOHEUHOM
COCTOSHUK, A q.(s) ~"KoHcTaHTa" cBAsM B Momeau (I), Torpma asnaMTy-
Ly OfHoKpaTHOR mMcconmMarmu (pHc.3) B NMpeACTaBAGHHH NPHUSABHOTC NAapa-—
merpa (cM. [5]1) moxHo sammcarh xex

A ) =clg e’ /trge™Y,

2
0 (A+L)
== T i,
4'[(6+0)+ 4]
Orcona ceuenue o,n.HOKpa'l'HOﬁ .n!(ﬁpaxuu OHHOft IMCCOpMAaIMK paBHO

G’ §
Gb‘c’ggd;%e*l 4+}( %Q‘)’—yﬁ n (o).

CroGopxuit napameTp C wommo HCKAOUATL, BHUYMCAND OTHONEHMe MU IABYX

SHEPIHAX ; A
Sin () [ (50
Ssp (%) = T )6 (s.)[%b ] ’

rae (em, [ 5))

4 (52) = ‘}(’%)L ‘/s,) 5=0,06.

r5e
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Hcnonways sicnepHMenTanbiye manHwe npx sweprur LoK (Jg =53138).
3ﬁo,l(‘a’ Biw=32%u%%, Gp=%310Y u5u,

noAyuMM NpefcKasaHHe ANA BHEprud Koxnafmepa Js=F\6rab
2=0, 66 §;, =M%, 6bndn Ggn= 9,6 ng[w:

KOTOpO€e corjacyeTcsl C SKCNepUMEHTAJbHEMH JNaHHEMU J ‘{ + O * Le‘l

lipuBenen Takoe Xe HPOACKA3AHMO AAA SHepriht YHK :
Js 0068 2,2Ts8 6 T8

Gyp(adic)  101E0S 12,5x0,3 11,8205

Kak supro M9 npuBelleHHHX De3yxbTatToR, Ha YHE omugeerca cMeHa
pesuma B ageucuMoctd Sgy, o S

B saxmmwueHue OTMETHM, UTO, BOMPSKH OXMIaHWAM, EMJPaKIMOHHOe pac~
CefiHHe C POCTOM SHEPIH¥ CTBHOBHTCA He npoMe, & chomnee, llora Teo~
PHR He B COCTOAHMM HK npenckesath, H¥ OODACHHTL pABHOOGDA3Ne ABACHMH,
00HEpYXHBAEMHX B ONHTAX 10 YIpyroft u seynpyroft aufpakudu.
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XBAPK-TJIXOHHAA [UIAS#A IIPM KOHEYHOA [UIOTHOCTY SAPMOHOB U B
IIPELRIE BOIBUMX /V,

C./.A3aK0B
NucraryTr dusmkr AH AsCCP,Bary

1.Beenexnne

B HacTommee BpeMA MOYHO CUMTATH BHOJHE YCTAHOBJSHHHM TOT (FaKT,
YTO CHJBHO B3AMMONefiCTBYHNaA MATepHA BeIeT celd Kak cHCTeMa,IpeTep—
TeBamuas JeBoBnft mepeXoX (cM,HampEMep,o630DH [I,2]).Hpn IOCTaTOIHO
BuCORO# TemmepaType B/WwmM CONBNON GADHOHHOI MIOTHOCTE IPORCXONHT
BHCBOCORIGHMe MBOTa (ARIeHEe NeKOHDEHMeHTa),m B CHCTEME EMEET MeC-
To (asopuil mepexonm:#3 (a3sH ANPOHHOTO ra3la,Tne KBApKA K IVINOHH yIep—
AHBADTCS BHYTPE aIpOHOB, OHA NDeBpallaeTCi B KBapk-rvmorHYD (KT)mwias-
My,B KOTOpoft CHUIM MexXIy KBAaDKaMM CTAHOBATCSA OYEHb CAACHMM 32 CHeT
IedaeBCKOR 3KpaHWPOBKM,TaKoe KPETNYECKOe MOBEISHMEe MOXHO OGCHapyEMTE,
OPOBeAS KOMILOTEDHHE MOHTE-~KapJIOBCKEE BHUMCJCHHA B IMCTO IVIDOEHOHR
S(/(a) TEOpHE Ha pemeTKe. CRAYOR MNOTHOCTZ JHEPTMH MMM IapaMeTpa
noparka (BRABCOHOBGKONA NETJH) ¢ POCTOM TeMIepaTypH YRASHBAET HA
Hasmque ($a’oBoTo llepeXxola MepBoro pora.B cayuae KXI Ha pemeTke
(Brumyammeit ¥ IEHaMEYeCKEe JEDMEOHH) CUTyaIMA MeHee fgcHad.MsBecTHo,
9T0 B 3TOM CJY9Ya2e BHOBE MMEST M8CTO ABICHWe NeKOHDajlHMeHTa,HO pox
(a3oBOro mepexona BCe elle TBEPIO He ycTaHOBIeH.!Ipm TeMueparypex
MHOTO O0yblle xpn'rmeckoﬁ,_l;w 200 8B, KBADK-TINOHHYY IXASMY MOXHO
C XOpONEM IpHG/ITRCHEAM CUMTATEH EUEANBHHM T'a30M,

UneanmpHutt KI'-ras MH OyXeM DaccMATDMBATE B KOHEYHOM OCBEMe,Tak
KaK ,BO-IeDBHX, KOMIBNTEDHH® BHUHCJeHHMA 5 KXI rrpnT;é 0 mpoBomaTCA
I pelleTOX KOHEYHOTO pasMepa, BO—BTOPHX,B COGTEBOTCTBEN C OOMONpE-
HATOR B HacTroAmee BpemA KapTmHOX dopmuporenma KI'-masmH CHavala
aUpOHH npespamaprcsd B KI'-Memk® KoHeWHOTO 00boMa, BHYTPE KOTCpHX KI-
a3 MOXHO paccmaTpHBaThk KAk ENeAaNbHHN,a HacTynmammee HpE TajabHefmem
OOBHUIGHAE TEMOEPATYPH II6DEKPDHTHES 3TEX MEUKOB NO-IpeXHeMY NO3BOJAeT
TOBOPNTEL OC MLEANHHOM Ta3e B KOHOTHOM OCLeMe.

Ha KI-1a3 HyEHO HAJIOXNTEH YCJOBEe GeCLIBETHOCTH.lIaxe HECMOTDA Ha
TO, YTO IIPE BHCOKNX TOMISPATYpAX X/WIM BHCOKEX ILIOTHOCTAX KBSDKE X
TVIDOHH "3a0HBanT" O TOM,"BHYTPEHHOCTAMH" KaKOTO ATpOHA ORX ARIAINCH
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paHee,BCA CHCTeMA No-Tpe’leHy TOJERKHA Ou.b OeciBeTHOH, JTOo 03HAvaeT,
9T0 IPH HAXOXNEHTN! clela RTPUUH JUIOTHOCTA I IPYTHX ONEpaTOpOB Hy3-
HO DACCMATPUIBATE TOABKO COCTONHUA, W3MRHAKIMECH IO CHHIVIeTHOMY (Cec-
IIBETHOMY) TpPENCTABJeHYO IPYNNH TVIOCAJBHON BHYTDEHHe! CrMMeTprH
SU(/\/). Hamoxenme ycsoBiA GeCIBETHOCTH NPHBOLAT B TeDMOIMHAMEIE—
CKHEX BeJIMUMHAX K IONpaBKaM KOHEYHOTO pasMepa. JITO yCJOBEE UIDAET pe-
WAy poJb NJA NOJYIeH:IT VH3MYeCKA NOCTOBEPHOR KapTHHH B TOYHO pe-
waeMoii MoNed# (asoBOr0 Tepexona MeRNy ampoHHol 1 KI-maTepmsavm [3] .
Hamm nmpoBEIEHO 'CCJENOBAHIIE TEDPMONMHAMMKH HISaJBHOTO GeCIBETHOTO
Kl'-rasa B mpenene Soanmix AV, . PaccMOTpeHRe 3TOTO Ipefefa 3HAINTENb-—
HO yHpoWasT 3a0aYy O BUTICJCHMI CTaTCyMMH Takoil crmcTeMu, B oTymdie
or padoT [4] ,Te CBO‘iCTBa INMcasbHoro GecuBoTHOTo KI'-raza ycraHaB-
JIMBAJMCE B IPHOJITREHTH , CTDABEIIBOM TOJBKO NP COJIBMAX OO6beMax vV,
B HamrX BHYUCJAEHIAX o0beM “0RET OWTH HNPOHIBOJBHNM, BIEpBHE TaKad
3a7a4a OHJla pacCcMOTpela CrarepcTamoM [SJ ,KOTOpH{t noxasai,dTo ecyu
OTPaHMIABATECA TOJNBKO HIM3KUMI TemmepaTypavz (T.e,J0NBIMAHOBCKON
craTECTEKOR), TO 3amjada HAXORMSHWA CTATCYMMH TaKO# CHCTEMH B TOU-
HOCTH COBNaZaeT c NOjOGHOH 3anadelt B IBYMeDHOH peilleTOYHOM’ SV /V.:)
TVIDONMHAMAKE CO CMemaHHNM IeicTBAeM [6] .B aroit cucreme mpx Ve o°
mMeeTcH ®aaoBu# Mepexon 3-ro poma (mepexon I'pocca-BuTTeHa) ['7].1':‘.0.711{
CUATATEH, YTO MMCJO KBADKOBHX {ADOMATOB MpDOIODUHMOHAIBHO IHCJXY I[BETOB,
TO Ge3 ydeTa COXpaHeHMA CapHOHHOTO 3apAia Ta %o fazoBad KapTAHA
EMeeT MOCTO B CJydae GeCLBETHOT'O KBADK~TJINOHHOTO HIAEAJLHOTO rasa.
Onmnaro,RaK MH NokateM, B GoJiee DEATMCTAYECKOR,C TOUKN 3peHMS
fm3HRE, 3a5a96, KOTTa YMITHBAETCA COXpaHeHMe CapHOHHOTO 3apsana, Hazo-
Bult NepeXOX OTCYTCTBYOT.

2,becuBeTHas crarcyvMa ¢ (HAKCUPOBAHHHM GADHOHHEM 3apPANOM

OCmme METOXNH BHWMCJIGHHA BKJANE B CTATCYMMY Z OT COCTOAHMIA,
H3IMEeHANEXCA I0 ONpeNefeHHOMYy HeNpRBONEMOMY [IDEeICTABISHWR TDYIIIH
BHYTPeHHe# cEMMeTDEN G’ ,A3JJ0XeHH B padoTax [8] B wacTHOCTH, dec—
mBeTHaR (CHHIVIOTHad) cTaTCyMMa ENEANbHOTO KBapK-TJOOHHOTO rasa npel-
cTaBIAeT co00it HeKOTOpHI I'DYIIOBOH MHTeTrpal Mo PpyrmeSU(/V,_-)El,S,B] .

B dmamgeckolt curyaumu B XI'-mnasmMe KBApKOB JOJRHO OHTH CoJbme,
9eM aRTEKBApKOB, B CapEOHHOE JICJ0 B nomeno durs fERCHPOBAHHHM,
HoaToMy B METEepecymuly0 HAc CTATCYMMY IOMEHH IaBaTh BKJAL COCTOAHMA
HE TOJBKO GOeCHBETHHE,HO X ofaananmme CApEOHHHM IMCJIOM B +T.0. Ta—-
Rue, koTopue coxmepxaT A, (B+m)xpaproB @ N.M aHTHKBApKOB,TIe 47 -
NPONSBONBHOE MOJNORATENHHOE WACIO. ‘

B panHOlt padore MH GyReM YyIHTHBATEH 3aKOH COXpaHeHMs GapRCHHOIO
YHCJA TOYHO H BOCIONB3YSMCA IJIA 3TOT'0 LHOIXOINOM MAKDORAHOHAIECKOTO
aHcaMdnd, B 3TOM cilyvae GecupeTHaA CTATCYMMA EMeeT CJORymHMi BHT;
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2y - pH
2,7, (-6
7 —cA BY — 8l
= ﬂe 7-"7:5_(6 IBH ?O)____

2
- : (I
s [T mp
/ dp e Z.().
.27/‘0
—1.-77/
3necs 7'1; 03HAYAeT,TITO cJell GepeTCA TOJNBKO NO CeCLBOTHHM COCTOA-
Haem, 2, () —GecuperHas craTcyMMa B PaMKAX NONXORa GOJIBUOTO KaHO-
HH9eCKOTO aMcaMda,

_g(H-pf)
Zp=Tle D,
I'Jxe /"_— meqecmﬁ no'remma.n, Z (h& 2 ’7 £) /V /V

8, Nt /V3 - ONGPATOPH YHCJA xaapxcos QHTARBapROB (¢ MMITYJB-
cami K 7 KkBaHTOBNMN Wiciamn{ ) M GapuOHOB COOTBETCTBEHHO.

Z MOXHO TDEeRCTABHTEL B BEIE [5_]

58
e L

3)

rme

5% (da)=zvj(f; Tita[1- e"w’-‘/ag)],
(;5’) Jvf(‘z 5 72/4[# S ”y]

+ aﬂ,[//+ -,Rw,c L;}}

B artEx Jopuynax AZ(;) - 3JIeMeHT TDYTIH S v (’V ) B NPRCOSINHE HHOM
NpeACTABICHNAT, h - YMCJO KB&PKOBHX apomMaToB, d} -Mepa Xaspa Ha
rpyme SU(A.), “73 —cnen no uperoBsm muzercam.OTMeTmM, YTO IDE
BHBOZE ITHX mopmyn IHCKpPOTHAA CyMMa Z {raMuLTORNEN RNEANBHOTO
ra3a B KOHETHOM od-beme nmieer ,lmcxpe'nmﬁ CHOEKTD) OuMA 3aMEHeHa HRTEI-
panoM Vfct IC/ (.ZJr) , To€. MH CYHTaEM CHERTDP KBA3MHEIDPEDHBHHM. ﬁ[enc'r-

(4)
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pra" S, /j) S [j Y)sa.BHCHT He oT Beeit Ma'rpmmda , @& TONBKO OT ee
codcTBeHHmc sﬂaqemm e °5(4 sM) ,rme X c( = (, I MORHO BOC-—
TOJB30BATECH NapaMeTpA3anyel DeIyIMpOBAHHON MepH Ha rpymie, Cumras
KDApRY X IJIOOHN GECMACCOBHMI,T.8. &y =/k/,momywns mocsie muTerpmpo-
BAHWA IO EMIYJBCHEM NEpEeMeHHEM (¢ TOWHOCTEY MO HOCYHECTBEHHOTO MHO—
RETENS)

VR o o)

Zse " gafoc"e ; (5)
v
I'ne
S [04]~~Z£,,44w ("‘ °‘/)+.25 ZZ—Wh(OL % )+
h= 11«
/Vc . oo M
+iBD ol +AN, 7’22 (OCONWZL

7= bt img 7 ) (6)

Bf.ww’/:ﬁ, 3 - 2 VT ('),

YToOH HpOBECTE BCe BHWYMCJICHWA 2HAMUTHIECKE, MH BHOBB, KaK X B
padoTe [5] »OTPaRMYIMCA GOJBOMEHOBCROH CTATHCTHKOM, T.6. OymeM yLep-
XEBaTh B pANax mo 2 B (6) Tomeko wiewn mpm /7 =I,

3. Ipemexn M;—j oo

B npegene /\{900 MH 3aM6HNM IMCKDETHHE CYMMY O COGCTBEHHHM
sHauveHwaM B (6) EHTeTpDANOM, T.O.

z 1), /altf(oc/t)) -

i=f

9708y CHASIATH BCO WISHH MOpANKA N ” MH JymeM CUATATEH, UTQ THCJNO

ADOMATOB 0f TPONOPIEOHAIBHO THCHY mae'ros /;: =2/, , ¥,cHen0Ba~

TOXLHO, B,, He SaBECHT o Ae , a Takxe Bo3abMeM &= 6'/\/,; .
c'ra'rcymy (5) Mox¥o DpeNCTABETE B BENe KOHTHHYSIBHOTO HHTEIDAJA
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4 2
NSl )]

¥ BHTACJHTH €TI0 METOIOM CTAIMOHAPHOR Ha3H, T.e.

2
Z = M S%é (9)

S&
Ime e -3HATEHNS GYHRIEOHATA S [04/ M 8 "rome /o(,/t) te/o, 1_?)

oIpelleITOMO{ H3 YDABHEHHAA

§8/5u)=0 (10)

Xax OCHYHO, DX NCCJSNOBEHRY TpeXese GOJBUMX N yIno0HO BBECTH
CIERTPAIBHYD IIOTHOCTE f[‘*‘) ,onpenem{emyso dhopMyoit
Plet) = (oot /o)
Torma Szﬁl ABIAOTCA SHAYOHMOM (YHKIMOHANA S []’()] PR /’: jfﬁé) ,
THe jb_ (o) - pCUGHE® ypaBHOHEA
85S/8plet) = O, (11)

Taxkoe, 4TO

fﬂ(d)alol =7 @)

# MHTeTPHPOBAHWO BCHLY OCYWECTRIAeTCA IO TOi OGJAcTE HepeMeHHOH of ,

The Ped) # 0,
Ilpe 6 # 0 "rouxa" c*ramoxapnoc'm MOReT OHTE TOMBKO KOMILIGKCHOM,

T.0. TDAGKTODHW HHTEIDHDOBAHES 10 o, B (8) IOMRHN OHTH LefOpMMpPODAHH
TaxkmM O0pasOM,YTOCH OHHE JIORANM B KOMILIEKCHOH# odiacTH,
YpaBHeHE® IJIT COOKTPANBHOR ILIOTHOCTH /o (a2) IMeeT caeXynauit BRE

[9]:
Pfddf(oé)[ﬂ%«d 4-.,;‘,{03-0()] 46'+-23¢M (13)

(nepememm9 of ¥ o ‘ABMADTCE KOMILTeKCHEM). BROXA IepeMeHHHe Z = e
EZ=0" , 9TO ypaBHEHHO MOXHO MepefmcaTh B BHZE

L/ -pre)= ——(4—6‘)4‘_3 /B}f/’/*?’) > +L'E,,)z ~
‘5(3(?/)0(2)42 - ;)zi,

(I4)
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ITpHIeM f’( 2) IONRHO YIOBJETBODATH YCJIOBMD HOPMEDOBKE

Prrzh ’
/ A=, (15)

Koutyp £ ,mo KoTopoMy BemyTcs MHTerprpopemmsa B (I4) = (I5), rax
3T0 OGHYHO CHBAeT B 3a1avax TaKOTe poXa (CM.HarmpuMep, [IO] ), HaM
HOW3BECTEH, M MH IOJRHH [ONGNpaTe eT0 TaKmM odpasoM,ITodH (I4) 1 (I5)
MMeJIH DelieHsa, a BeJWIHa f{aﬂzézdu.na BelleCTBEHHO#, T.K. OHa ABJA-
OTCA He UeM HHHM,Kak UHCJIOM COGCTBOHHHX 3IHAYOHH.

O4eHb MPOCTO [OKARATH, YTO KOHTYD / HE MOZET OHTH IAMKHYTHM,
scam 6 # O, m Ges nOTepH OGHHOCTH €TQ MORHO BHOPATh B BHWAS IYIH
oxpyxsocTy pamryca £ ¢ xomam 28 % 1 £a % | yron Y. & pamaye
OnpenesIAeTCA B3 yDaBHeHI!

B-t) i,
*/+g;/1_,zg;/ Ve (16)

34
(1-g) (-4
- B, )2
85 4
TRe /: M‘z{s o Tak vak O /( 4, HeOOXOomMMO HOTpPOGOBATSH,ITOCH
ijﬁ,;(l-*e")}/.
B cayuae, xorma U = U, Z = I,n MN BHOBB NOXydaeM,YTO peUCHHe
ypapuerna (I4) c OTKDHTHM KOHTYPOM CYNECTBYOT TOJNBKO IpE &, +28, >4
[5_] . Ecom xe £J+2£,,€ 4, ™MeeTCH pemeRWe ypapHenws (I4) ‘c zamkuy-
THM KOHTypoM. [loaTomy mpm 6= 0, r.e. KOTHA coxpaHeHre GapHOHHOTO
YHCcaa He YUMTHBaeTCHA, WMeeTcA $as0Buit NepexoX TpeTheTo DoIa [51_
Ope 6# 0 (I6) m (I7) mMenT pENCHEA ODX JINOHX 3HAYOHEAX 83,. 89/
x 6, nosToMy $asoBHil mepexon TPETHETO DOXA OTCYTCTBYST.
Ecym orpaHWYmBATECA TOJBKO CGONBOMAHOBCKOH CTATICTHHON, MOXHO
HaliTH B ABHOM Bxme A cBoGonHyp sHeprm® Kl'-rasza B npenexe Aé-)m,npn

6#0:
- i‘:‘[‘&(f-//)-f #J—(ZZ+@§+£4[—§+A§ Y, (19)

=6, (17)
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e

Y= B U+ L IM1-f) _
1 - ‘gjfz (19)

PaasviqHHe TepMOIMHaMAYECKNE BEOJMIIHH MOTYT OwTh Haitmenu nndde—
PEeHIMpOBaHEeM MO IIapaMeTPaM 7, ¥, 6 u1.n. HemocpencTBeMHO BH-
YACAATH TaKEe IPOM3BONHHE,HCTONB3YA BupaxeHne (I8),IOBONBHO CHORKO,
X yZoOHee BocIoap3oBaThes fopuyioi (9). Torma B cumy (II) mocraTou-
HO IudbPepeHIMPOBATh TOJBKO KOIDIMIMEHTH Nepel MHTEeIDAJIAMM,3aBHCANES
OT ¥THX HapPaMeTpOB. 2

B 49acTHOCTH,IJA TUIOTHOCTH 9HEPTHH,NeNieHHol Ha A, , & of ! HOJy-
926M

1_2 3T <
by Bb 2= T {5 [([penaiin)’

+ ( /P(d)macatdf:/*‘z g}/ plJeosoldet (20)

The

S pt)cosctaa =y | e

(-84 7 @)

HeTpyzHo OpOBEpRTH, 4TO B NMpefene 60 (20) nmepexoIMT B COOT—
BOTCTEYINMIOO Bupaxesne B (5] .

Jdo cEX MOp MH PacCMATPABAIM IMOIXOJ MEKDOKAHOHNTOCKOTO AHCAMOJA,
B XOTOpOM GapromHoe wmcao B=6A/f Tuxcmposano,0GpaTMes Temeps K
TMOAXONY GOJBWOTO KAHOHMYECKOTO AaHCAMOJA.

LmayecKRil noTeHmad M ,CONpAMEHHHE K CAPAOHHOMY INCAY, X CTaT-
cyMMa B NOAXome COJNBUOTO KAHOHNYECKOTO aHCaMGnA OHJX EBeNeHH B (I)
r (2).Hac murepecyeT mpemen GOJLITNX /\é » B KOTODOM BCEe NHTEIDAJH

17




D)= =5 e iy /y

2

D p:)- (% pe)
Dy (ped= (b-pe)  t 5

.e_‘) 62) 4, JPg BT® the momenta of e e’ ’ ,K , ,?fz y 7, 887,
are the masses of é and QR, y 7, and /" are respeotively

z
the mass and decay width of Z° .

3. Aocording to 8USY the oouplings of the ordinary partioles
are identical with those of their superpartners. So & ° couples)%o
and /Z,, and does not couple ; and f s while the oharged
sleptons at the considered energles of negligible eleotron mass
oouple only J« and }L" . '.l'hus in the oonsidered prooess of neutrali-
no produotion it 1s only the ;‘/ - components ( A7 B /V‘,y ) ot %,
and x that oontridbute to X3 {a)a.nd only the gaugino components
(/V“) //b_,,_ ) that contribute to X (8) . It is the interference
tem* )( < /8) that gets oontributions both from Higgsino and gaugino
oolpononta.

Let us assume thmt one of the produced noutralinos %, is
either of the gaugino or of #,—typc. In this case X {8) aquals
sero, whetever the mixing in the other produced neutralino )(—z is.
Iz X, 1s of the Higgsino type, process (I) prooceeds via ¥° -
.exohangs, i.e. X:(0) = ]5:: (9); while if XI is of the gaugino
type, it ocours via 6;_ €p - exchange, i.e. X;/8) = X (61)

Iz we propase now that X, 1s LSP, separating the contributions from
Z° and from e,_) QR, —exohange we would be able to distinguish bets
ween the two mechanisms of 38B3 when LSF 1s of ths Higgsino and
gaugino type. If L8P is of the mgino trpe, thz-ee situations
charactericing the mass speotrum of e and en ars disoussed:

a) the chargino masiive states are degencrato, M, = Mg,

b) mE 5y rm;' and o) m2a< ’mp,. Obvlously when L8F is of the
Higguno type, the oross-seotion would not depend on 777, and 774 .
In 218.(I) the unpolarized total oross-seotion 0’(5) is
shown. We see that 1f LSP appears to be of the /7, - type, due to

the Z° -snnintlation diagram & rssonance peak at V3 = 277, 14

expected, while a flat deoreasing behaviour of (°(s)is predicted if
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GOMBIAHCTBO HAGJIGLAGMHX ABJAINTCA HHTETDAJAMH OT AHAMTUYIECKAX
OYHKIHE 0 3aMKHYTOMY HKOHTYDY L » OHM He BaBHCAT OT A B aroit
dase, B gacTHOCTH, BHGOD M= On L-—-‘{/Z/: 7 ] COOTBETCTBYeT TOH %o
(QH3M9ecKOd cUTyalmi, YTO ¥ BHOOp M= VR JT0 UMEHHO TO, KaK TOIB-
JsieTcA (asa CIBHOK cBA3H I'pocca-BurTena [7] B HaueM DPacCMOTDEHHH.

I //»/ e N‘&/ :
S;ﬁ&"} = S.lﬁl (’/”)’—' 57, /f‘gf).
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IIl. KBAPKOBHE MOJEJW W $EHOMEHOJOI'MA SJIEMEHTAPHHNX YACTHL

CTPYKTYPA BAKYYMA KXJI B MOEEM! KBAPKOBHX MENKOB

11.H.borosmdos, A.E.JopoxoB
O0BOIHOHHLA MHCTATYT ALSPHHX nccaezosaHHl, lysHa

H.l1.Kogexen
MHCTUTYT uauru Bhcokux sHeprait AH KasCCP, Ama-ATta

B 0o030pe paccMOTpPeHN pasAmvYHHEe HOXXOIN K ANPOHHON CHeRTDPOCKOIHEE.
OcdcyxueEa EX ¢BA3s ¢ K. CiopMyXmMpcBaHa HOPAsS KBADKOBAS MOIENb, YIH-
THBANMAR B3AMMONEHACTEME KBAPKOB O BAKYYMHHME IOARME BHYTDH MOmKA,

D pammax pasemToff MOlleAm NORA3aKO, YTO 2HEDIMA YREpRAHKT KBap-
ROB B AUPOHe oupemeasercA B3aRMOLeHCTENEM KBADROP ¢ AIMHHOBOJHOBHMM
BAKYYMIHME (WyKYyaImsmMM, KOTODOE 3AIACT MACHTAd AXPOHHEX Macc. BeyT-
PeHHAZ CTPYXTYDA ALPOHOB HA MATHX paccromumax (€ <0,2 = 0,3 dm) on-
poXeAReTCH NOTERIMANOM ONHOIVINOHHOTO OCMEHE MeXIy KBapRamd, a HA Opo-
MexyTomHx (¢ ~ 0,2 + 0,3 dm) P3aEMOfedicTBEEM RBRPHOB ¢ BHCOKOYAC-
TOTHHME BREYYMHEME [IOAMHM, KOTODHE AINPOKCEMADYDTCSA HMHCTAHTOHAMA.

I. Momexs xycHeucroro memea / /%)

Hnest mapmn/ 3/ , HOHATHE O IBOTE /4:8/ » @ Tarkxe JOPMYTAPOBRA IH-
HAMNYECKNX NWHINNOB DeAATHEENCTCKEX cOCTaBHNX Mogpexel’ 4+6/ 057:}?111
HOHOCPEeRCTBOHHOEe BIRAHAE HA CO3NAHME KBADKOBOU MOIENM MEHROB .

B sroM mopxoXe ampoH npencTABIAET COOOR CecHBETHYD CHCTEMy Heaa-
BHCMMMX KBAQpXOB, NBEXYNMXCA B ROHeWHOR OGJACTH IpOCTPAHCTBA — MOMKe
(pEc. 1).Boxnopoft JyRRimel NOKOAWEIOCH afPOHA ABAAETCA AHTHCHMMSTDR-

30BAHHO® DO COPOKYNHOCTE KBAHTOBHX YHCEJ IIpO~

HE3BeJieHNe OAHOYACTHUHHX BONHOBHMX JyHKmEi xBap-
KOB, YNOBIETBOPANUXX YpaBHeHwn JEpaxa

[Xﬁ* mg + V('?)]W(’Z):-&EW(E)(I)

Pxo, I

AIDOH~MENOX: CHCTEMA X TOSCYELEHRKe DASTHYHNX BADMAHTOB MONGJR Mell-
HeBIAMMONSRCTEYINILX KOM - kOB, 8 TAKKé HAWGOJeE NeDECUeXTHEHHR nany.,
fallEMEDOBARHNX RBADHOB. ponRieHNt o8 PAIBUTEA COMEpRMTCH B 0630pe 2,
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CO CKAJADHHM HDOTEHIMANOM ynepxam

V(7) 7= : (2)
OGHYHO IAA OLeHOK HCOONB3YETCA MOTEHUMAN B BUNe GECROHEWHO IVIyOOKOR
NpAMOYT'OABHORA NOTERIMAIbHOR AMH (pEC. 2):

@ Mq >4, (3)
MemOR ABIAGTOS DEATTHBMOTCKEM
IPOTANEHHHM OCHeKTOM, 6T0 OPCNTANEHHE
M BOZCYANEHEA MOXHO DACCMATDNBATE RAK
) CTPYHHHe KoHEMTypamm (pEc. 3).
Puc. 2.
CRanApHKE DOTEHIMAN Ye[AaHEA.

P~ — —
O~ — =

Pxc. 3.
CBA3p MEMKOBHX N CTPYHHHX KOHIMIypammit:a) OTKpHTAd CTPYHA
COOTBETCTByeT CfiePHYEeCKOMy MEmKY. O)3aMRHyTad CTpPyHR COOTBETCTBYeT -

TODONTARBHOMY MONKY.
Mozmeas (I,3) mdeeT OXNH mBpaMOTD - PamEyC Memka ‘%, . IlpocTefmme omeH-
KE yX93HBADT HA BAXHHS OCOUSHHOCTE MoZemma: I) NnoNyYaRTcR DASYMHES SHA-
YeHNA BONNYMH MACCH, MATHNTHOTO MOMEHTS, CPeIHEKBANPATNIHOIO 38PATOBO-

TO PANNYCA HyXIOHR, OTHOWGHMA CIACHX KOHCTAHT ﬂ/ , +2)m
HIME TO BeMNINHE ¥ JHAKY OKA3HBADTOA DEATTEBECTCKNG mompasmx x SU(6)

HepOAATKBECTCKEM COOTHOMECHNAM.

2. Momear MOmMROB

Nosxe rpynaof aAs MIT v OMX NMpEeIOXSH BAPNAHT MOAGXN, B KOTO-
POM OWAN DOAATNENSOBARM TDAHNUHNE® YONOBRA yUSPEKAHETI. B 9T0M cXxydae
C HEOOXONEMOCTED CAGIYeT HANOXNTH ODEHINN, GAATONADA KOTODOMY CNCTEMA
ora3lasack 0N CTAdREBROM.

Coorperoreymmait npammm rpymmu MIT sarmwaaeron » mpmneras -
DOTe3M O NMONHOM DASDYNSHEN BAKYYMHMX QIYRTYAIR# B ODOOTDAHOTBS, 3JAEATOM
KBAPKORIME HOXTME (pmc. 4). HsdwTowHAR SHEDIWA, SANACKHHAY TAKEM odpa-
30M BHYTDN MPHRA, COSXAET CWAH, NDONATCTEYIMNS DA3AGTY KBADEOS.
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0+ »
2
//

P I RO

SRepreTNYecRad ILIOTROCTE: BAKyYMHHX Ooxelf.
SamTpuXoBaHHed OCNACTH — BHYTPEHHAA OGIACTE MEWRa, IKE
no mpexmonoxermw MIT cnpamemmsa Teopma Boawmywemwh KXJH.
~ N30HTOYHAH, OTHOCHTOALHO (WIHYECKol MEOTHOCTE SHePImH

BaKyyMa BHYTIH MEURA.

B cTaTRIeCKOM NPRCAEXCHEA Macea anpoHs f’}H(R) ¢ yuéToM
HOmpARKE 18 ZENEGHEe IRETDA Mace KBaproB B Memre /°/  sajaered coor-
HOMGHEEM

M5= Eﬁ "<p2> ’ (4)
L2 2 2
'<P7 =/qu :/v/%’z/ (5)

BRNA] NBRXGHNA IPHTDA Macc ( P“ ~ MMITyABC KBADKA B Memge),

TRe

~ 3
EH=.ZEL'(M$ *'g"nyR +AEL’R2‘PZ (R) (6)

BHeDIER MomMES, [lOpBOe cXarasMos B BHDARGHEM (6) NAS BReprmR [ y”
eCTh KNHOTNUOORAS PHePTER A KBApKOB, 8 BTOpOE ~ NOTOHIMANLEAA 2HEP-
I'SA yNepRAHNA ¢ odsemioff wrotHoorsm A .

YpanHoHRA MONEAN CBOSATCS K YDAPHeHMAM NBWEeHMA CEBOCORHHX HOH-
JaRuMEDOBAREMX KBADKOB B MONKe (XOTOpHe TOXE6CTBEHRM ypapHemmam (I) (3)

(¥P M) ¥ ()= fo €,0mg¥5) = weuxe ™

—ziﬁl/f(z”){ = W(a),s HA DOPEXHOCTH MBEEA $
[
E JOEOBND COXPAHSHNA SHepreTHYECKOTO NOTOKA, TAPAHTEDYXNOTO AMHAMEIEC-
KYO rorotmoagh cucTeMH,
M (R) _ 0 (8)
R '
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Ilo npenncmoxemm/ 8/ B3aMMOReficTERe MeXNy KBADKAME OCYCNOBAEHO
TOTeHIHAN0M Wor.moanom odueHa ® yunrHBaerca KX[H-reopHeit BoaMyme-
Huit B memge /O (pHc. 5).

® &

Prc, 5.
Tpafexz OEROIVINOEHOIO B3aEMONEHCTBEA B MeMKe,

Braar oZHOTMMOHHOTC OCMEHA B SHEPIUM aNpoHA 3aNdeTCA EHDREKSHEEM

Py
=_es . ) /A% E).
aEg =~ 7 [y <A} (A°E)IH) |
rme N - nomoe wNemo xmapmos B aZpors, O;(A}) - cmmoswe (mpero)
omepaTop L ~To XBapma, /‘”,/ = }Vl(rmR,MjR) XAPAKTepESYNT MHTCHOHB-
HOCTN HBeTO-CINHOBOTO BSamMOncfcTEwd. Maccosas gopmyza (4-6,9) oo-
HepXXT SeTHDS URpEMSTD, SHAVSHEA XOTOPME YNGIEHHO OUDeXSleii X3
(stra crmexrpa OCHOBEEX COOTOAHME 8ZpPOHOB 8/,
BV‘( = {50 M3B R oCs =2.2 R
Z, =184 , Mg =280M38 . (10)

MoIsXE MOEXOB ¥ DASXNYHHO ed BEDCHH HOSBOJNMNE MOBONBHO YCHOHNHO
omgcars He TOIBKO MACCH ¥ CTAETEYeOoXNe CBofteTBA AIPOHOB: CpenHeKBAN-
paTudHNe SADANOBME DANNYCH, MATHNTHHE MOMOHTH, HO Takxe X EX INHO-
MEdecKNe XAPARTepE ! ONpEHR DACHAXOB, KOHCTAHTH BIaMMONefoTBR:,
OpMPAXTONS X T.X. o/ .

3. Konmercaru KXI-BaxyyM. MECTAHTOHH

Hapanneasfo ¢ (eHOMOHOROTMICCKNM DASBETHEM MOJGNE NHTEHCHBHO
NCCNONOBANACH BOSMOXHOCTDH 68 OCOCHOBAHEA B paMzax KXJ[ myreM yora-
HOBXCHNA CBS3Y NAPAMATPOB MOLGAN ¢ XADAKTSDHCTHKAME BaKyysa KXI /11

B YACTHOCTE, ONHO M3 ONpeNOLTNMX JUSKKY HESKO9HEePTOTHISCHEX
ARMGHER - CHOHTAHHOE HApymeHNe KEDANEHO! CEMMOTDME-OCSACHASTCA HANM-
TWeM HEHYNOBHX KMPRAEHO-HeMHBADHARTHHX cpemrmx (Y Yf>. B eroft oduacts
SHepruit OCHOBHYD DONF HIDANT Ge3MaCCOBHY I'ONUCTOYHOBCRull mioH
¥ TARSJNE HYRNOH, MacmrTad ‘z?oc7 KOTOPOTO OLPOAGKIASTCHA EAK DAS BAKY-
s cpeEm hny~ (¥ WIA/1R/

BOSHEEHOBOHRS HOTDHEMANLHOM CTPYETYDH Bakyysa KXJ| MOXHO mpexn-
CTAENTH HAK NPOABACHRe EACSLINEEX BAKYYM MOMHEHX HeNepTypCaTHBHHX
fuyKTyamsit, XOpomo H3BECTHMM HDRMSPOM KOTODHX ABAHETGE xmcranzor/ 1%/,
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OUEHKHM, BHUOMHEHHHE B NPASIEXGHRE DA3DAKSHHOTO MHCTAHTOHHOTO
rasa, YKA3HBAXH HA BHCOKYD CTeNieHh NONARTEHMA BAKYYMHNX HIyRTyaimi
[BeTHHMA MONAME KBADKOR, UTO IDEBOUMAC K (R30BOMY Nepexony NepBOro
pONA OT KBAPROBOA A3y BHYTPM Memka K axpoHuo#t mae ero /1%, 5ra map-
vHHA mpakTEYeckm coBnaia ¢ mofeasn M [T , rme BuyTpE Memma rax~
Z6 NMpeINONATATACEH CIPaBERINECCTD TEOPHY BOIMyWeHwm ICX.IIA

2 e
STA

—_— 0 —
7 ;\4"\

-
=

T
Puc. 6, Re

Baxyym KXI xaR HHCTAHTOHHAdA XHUIKOCTS .
a) Cpeza B3auMOIEHCTBYOEX =—=  MWHCTAHTOHOB © .
0) B BaxyyMe HApALY C HE3ROYACTOTHHME HMIyKTYalLHAME
(@yae ~L7%) cymecrsyor BucoxodacToTHME BAYRTYAINE
(wi,,,; -~ fc’/ [LTOTHOCTS BHCTRHTOHOB B 38BECEMOCTH OT

IX pasueps [ 3a1aHa COOTHOUEHTEM E&S?’ =n, 8¢ Q-9

n=01038 , Qe=2rs87", P/p.=43.

Bollse KOpPEeKTHHE BHYACHEHMA B PAMKAX MONEJH Baxyyma HKXI xar
"ZHAKOCTR" BWHCTEHTOHOB (pEc. 6) HORA3am®, WTo (PASOBOTO Nepexong Iep-
BOTO pojlla HaT X nen7g§y/pOaTmﬂe QIyRTyalME OpaKTEYECKH He paap%cgm;;/
CA UBOTHHMR TOJLAMH . bosree rToro, pesyALTATH NpPEEEA cymu KX/ -°°*
YRaSHBAIE TaxEe HA CYMeCTBOBAHME CEPHE3HOTO NPOTMBODEYEA MEXKy BeJH-
IEHAME NapaMeTpob, H3BACUEHHRHX U3 ODABHI CYMM ¥ IOIYyY6HEHX =3 (uTa
coexrpa macc aersx agponos 3 MIT - momemu.

JeficTBRTENEHO, ECAN OCHOBHAA rEmoresa M IT - MOJIONH O noJ~
HOM BHTOCHOHNH HeNepTypPOATHBHOIO BAKyyM2 B3 o0LeM2 MeNRA BepHA, TO
BAKYYMHOE fanNeHHe B IONXHO ONTH CBABAHO C IWIDOHHHME B KBApKO-
BHME KOHJIEHCATAME COOTHOMNEHRSM :

= Q L r?pQ 4 )
BKXD— 35 (0/.7,7 Cfv 6‘” 10> 7 ;/??, DIRQ,. /0. (II)
910 BHpDAXGHNE ABITETCA CHOICTBAEM HANMYAS AHOMUINE B TEHSOpDe 3HEDIEE-
-mMyanca. loncrasnas » (II) SHAUeHEA ROHNEHCATOB, M3BNEYOHHHX H3
npaser cymM, nomymM By, = .55 TeB/gm®, 5 10 Bpewn xaw
BI‘I]T =006 TI9B/i%>. 3To ABAAETCA NPAMHM CBENSTENBCTEOM B MONB3Y
TOFO, TTO MAPAMETDH BAKYYMA MDAKTHIGCKE HE MEHANTCA BHYTDH AIpOHA
(mc. 7).
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P — g =

L
J

S V&%) ach

T8
AN

ad J
B B’
2R,y Pac. 7. 2Ry

[IOTHOCTH SHOPIEM BAXyyM4 RAR (YHKIMS PACCTOAHRER .

a) Moxexs MIT : odxacrs zorammsamsz agpona X odxacTs dasu
TEODER BOSMymEHHME (BamTpEXOBAHHAA) COBHATADT,

d) MeTon mpanEl CyMM: OONACTH fa3N TeODEE BOSMYMOHEER
onpenexserca napaustpoM Pr << Ruadr ~ Rbay -
B cpemHeM 00 ofbeMy SHOPreTAYECRAA IUIOTHOCT: BAKYyM2 NDAKTE~
YeOKM He MoHSeTCA BHYTDE ANPOHA,

JBa ApyIEX NapaMeTpa MOIeJH MIT ! ROHCTAHTA KBAPE-TANCOHHOYO
B3aEMONieRCTBEA eC_c, = 2,2 1 Maoca crpaHOro xpapxa (tlg = 280 MsB,
KOTOpHS ORDEREAANT DECHEIIeRHS MACC MOXIy uanagx QNPORHIX MyALTE-
OA6TOR ,TAKEe HO 7or.uaoym'cn ¢ KXII- 3HaTeHmAME e(“, =07, Mg =
= 150 MaB /172 18/,

Janee, Macurad anpoHHHX MACC B MOIEJIN MI T onpeneAderca NAPaMOT-~
pou B™T | 7.e. b OCHOBHOM TIEDOHHHM HOHZGHCATOM, B PESYXBTATOM
MeTOna ODABAN CyMM ABISETCA YTRePRIeHHe, 'ITO CUOKTPOCKONRA JAOT'KEX
QlPOHOB ONpeeAfeTCA B3aEMoAeRCcTBNOM KBADROB C ROHASHCATOM .un,x
KBApKOBR. B TaCTHOOTE, JIPOMERHAA CLSHKA NPNBOIMT K COOTHONGHED 18/;

4
Mﬂ:[z(gmzkoqu:ml} = {38 2

910 X0 RACAOTCA DPACKEIEGHHES MACC MOXIY ANDOHHHME MyJALTELIOTAME, TO,
K8k OOKSSMBAOT AHANMS NDABKI CYMM LA NCEBIOCKALADHHX @ BORTODHHX
uesoros’ 11/, ocuopmoft mraam BSf-p DACHEIVIeRHe TAeT BsauMofefoTBEe
7epe3 HECTAHTOHH (pHC.8).

Pxo. 8. TondapasalgoHHad (YHXIMA DCEBXOCKA-

Nnw AADHIX MEOHHHX TOKOB B SaERCEMOCTE
‘ - 5 or GopeneBcroro mapamerpa T :
. ”" I - BRAAR TeOopEE BoIMYNOHRR,
i '3 2 - BRAAJ] BHCTAHTOMOB,
' ! 3 - BRIAY KORNEHOATOB; 4 — OyMMAD-
; :f Huft BRAGK, 5 - DPABAL RMOTH
13187 CRRGHED COGTORERON. PPigp = O
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9TOT HpEMep RATIATHO YKASKBAET HA CYMECTBOBAHKE TpeX XapaKrep-

HMX ofnacrell OpoABNeHHI CHABHOIO B3&EMOLEHCTELI: .
MAXNE DaCCTOAHEA, I'Ie XOMMHEpPYET BKIAN TeopEd noswmennn,
OPOMEXYTOYHOrG DPACCTOAHUA ~ MHCTAHTOHH,
CONEBIEe DACCTOAHMA ~ KOHOOHCATH.
Taxas o6pa30cM, KAK DA3BETHEE DPEaNHCTHIECRUMX Moneiel Baxyyma KX,
TaK N CGISEZCTEBAA OPABEA CYMM LDHBONAT K HEOOXOIMMOCTH NOCTPOEHRAH HO-
BoR Monex¥, yuwrubammell B3&MMOZEHCTRES KBEDKOE CU BCEM CHOEKTPOM

BaKyyMHEX noneff.

4, Y9er adfexroB BakyyMa KX B MOJelE MSmKOB.
Fougencaru
}1157 NOCTROSHNM MOJIGAM M GYASN HCXORMTH M3 CAGIYNIMX Npencranie-
Huft .

Axpo ¢ HAZBAKYYMHHME PO3CYANSHWAME. Kax OpuHATO B MOAE-
xx wemxop /o7 » YJCEORNe KoHJaRHMeHTa DOCTYAMpYEeTCH KAK OTCYTCTHEE
IBOTOBOT'O IHOTOKA 46pe3 LNOBEPXHOCTh Memka (7), (8) 12,7,

M dyned TAEXEe DpeRNONATaTH, TrO BAKYYM BHYTDE MelXR NpaKTNdec-
KN He paspymaeTcHA NBeTHHMN NOJNAME KBSDKOB, X,TAKEM OCDPA30M, BIAEMONol-
CTHEE MGXXY KBADKAMN OCYHECTRIAETCR KAK Yepes IPAMON OOMSH IVIDORAME,
TAK N Y6pes OOMOH BAKYYMHHMN HelePrypPOATHREHHME WYKTYALMAMA KBAPRO—
BMX N IANOHMMEX HOoXefl.

OOMeH TANOHAMN, ROTODHfl NOMMHMpPYET HA MAIHX PACCTORHRAX ¥ < JOC .
OMECKBASTOR TeopmeR PO3MymeHEE KXl B Memke (9) (puc. 5).

YrodH yuecTh BSAHMONE#CTENe KBADKOE C JGABHHOBONHOBHME BAKyYuHlMU
noxnm ( &< WP - xaparrepuas wacrora KeaproB B ampose),
PAOCMOTDEM m—mrpaan/a'uy a .

czxxp'-_-"zt.z 7/""’ +£‘¢V¢ "'/?7{”3’” (13)

X BMTONMNM Tpeodpazosaune™) (pmc. 9)

bag _ dag vac
¢=7wr¢m*0"" '4/”"/4/7" +5L¢/” ' (14)

B COOTBETOTERN O HDOIUOAOXCHEAME MOXEAN  HOXYyDEM SPPeERTRBEME Xalpan -
ERQH

x)leaotSpasaonaxma {I4) aus coMHOPHHX moaeil cliexmyeT HOBEMATE BAK 1%:06-
PA3OBAHNS XEH ORANHeMEEX RomOmHaimd (Jyuxnedl I'pwHA) BrRx HOJEL.
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Lot =Lacy (9,4) + Lot (9, 4,8, )+ Loue @A), (15)
® — @
- O

Puc. 9. T'pajusN OZHOTEDOHHOYO OCMNGHA B PeSYABTAT® IPeOCPASOBAHNA
(I4) napexom 3 IPAJEKE BsamMoneficTRNA BaseHTHHX noxef
9, J? o saxyysuom xomnencarsiom noxn® (@, H)..

lpaenxs CTAHXAPTEYD TEOPEND BOSMymoHNI

8 bvac= <¢/Hrm/W)/‘@/w) ) (16)

/P)> - memosuymemnoe cocromEEe,
U>= U(-°°»0)/9°) )
UG-o0,0)= & jq/{ Sl TIH ). K )]

an naamnslctm (15). uoxym nemm! BRI™ B S5HepTED BsamMoxefor-
BEA:

8bvac=" 7 "a<a QY R )+ ..,
TRe CyMMDOBRENE DEZGTCA OO BPDOMATY Q=2 4, s /2 9NOXO KBAp-
KOB B QXpOH6 NaHHOTO & , ~PAIEEYO MEmRa, Z. -~ THONONMe
xosdimImenTs.

OCHOBHMME OcoCeRmOCTIME (I7) sBRmOTOS:

- 1) My~ N¢ - ™oto meeros, 710 000TBETCTEyeT PeSYABTATAM
KXI B mpexexe Ne—>°2 , B 70 xe Bpemt B Mozean memxos MIT P‘|u'~=Nc
(oM. oSoyxzeHNe B / /

2) My ~ (q‘i)"" KX X 3 mpemuax oy KXI (I2), B oram-
we 0r MIT-momexs, Tie M, ~<(G2)% ~B¥,

3) o Eyac~<79>R". Tamm ospasom, cradmxsHooTH MOERA ROC-
THTASTOS CAMOCOTRACOBAHHEM O0PASOM GEATOAADA YIHTY BsamMoRefOTENR
KBA&DRA ¢ BAKYYMHHM KONXGHCATOM.
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4) Ecam BHOpaTk 3Ha9eHHe BONHYMHH KBAPKOBOTO KORTGHCATA TAKEM,
KBK B OPABRAAX CYMM LqQ) ~ -(250 MeB)®, T0 XOpOmO BOCIPOMSBO-
gArea macck [\ -maosapu m P ~Me30HA.

5. Yudr sdferror Baryysa KXI B MONGAR MOHEOB.
HHCTAHTOHK

Kax oTswevaXOCh Bume, CTPYRTYDA BAKyYMA HA IPOMEXYTOUHMX DACCTOA-
HEAX X8paxTepNsyerTcA BHCOEOYACTOTHHME fryxTyammaME, KOTOPHe ANNDOR-
CHMEpYOTCA EHOTAHTOHAME (Wimef ~ﬁc$>a),. HECTaHTOHHOS B3aEMORel-
OTHE® mpmyzg dyaeM YINTHBATH C HOMOEDLD SHIeXTERHOIO AArDAHXEA-
Ha’t }oo@ra s DEBCCMATDEBRSMOTIO B IPNGANXS CTaHTOHHO# xXHA-
KOCTR 11, L/ . Baammozelicreme wepel’ mc'ram'on;-, 157

A E[ns[ = '(9”/-:1’,;"5{ /¢> =

2 o2 uds =2 (18)
= 4" B8 T (1458 Aue (14 38.G)f
OTANYHO OT HyXA B m%%. TRe 00a RBApKA HAXONATCA B COCTORHHE C

HyxesoRt mozoft | O
T(85+¢)1>=0,

-
ree 6 - commosat, a8 % - mevocmmomaz SU(2) warpmm.

Yuer paammogzeficTmma (18) noannuye'r /mn OCBHCHEHNe DAZA UpoliaeM
B pamxax cocrassolt xeapropod mogexx /19

I) 7-pP - pacmenxeuxs: ol =~970M28; s E4,e =0,

2) U())- nposaema: AL, =+540M3B; AEZ , =-252M38,

3 N-b - pacmemtomme: A E],=-480MsB, nE5, =0 u
00OCNOBATE CYNOOTPOBAHME B HYRNOHO KBASNCBE3AHHOIO COCTOSHNEA - CKAAAD-
HOTO mm /22/.

B pesyasrare, xomomempys (9,I7,I8), noXyimM BHDAKGHN® AAT MACCH
axpoHs 3 namsf moneam (pac. I0):

(19)

Mi=f%-<P%,
aM*_ 120)
5!:- -0,

E=ZN.& + AE_q +aEinst *aEvac
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9990

Pre. I0.
JzarpanHoe IpeACTABIOHNe DAIHYHHX BRIAKOR B SHEPTHD AIPOHOB:
a) BRAan He3aBMCHMHX KOHPaHMEDOBAHHHX KBADKOB, () OXHOINOHHNE
OOMeH, NOMEHEPYNHE#l HA MAYHX pACCTOAHRAX % </J¢ » B) BRAEAX
EHOTAHTOHOB ONpejJieZAeT B3aEMOmelicTBEe KBADKOB HA IPOMBXYTOYHHX
paccromumax ¥~/L:, I) Ha PACCTOAHEAX MOPARKA pammyca FoHpalsn-
woETE A¢ IOMEHEpyeT B3aEMONefCTPHe KBADKOB C [XMHHOBOXHOBMME
saxypouna tox (Pe =0,2-0,30m, Re = L),

MaccoBas fopuysna (20) GecnapaMeTpEYHE B TOM CMHONG, ITO KOH-
orauTH ofg, Pe , £§9), xapaxreprsymu¥e pasiNiHie BRAGWH, BHODAHM
TAREMI Xe, HAKAMM OHE.HCIOJXR3YDTCA B MeTOle NpABEA cymM KXI /17 'IB/:

L =07, fe=2 8, 47’7‘):-(2.5‘0/»;5)3_
(21)

B /19/ MH HECHOZHSCBAAN MONSAL IUIA OMMCAHMA OCHOBHHY COOTOAHEE am—
poHOB, IouyYeHHHe DeayAbTATH EMeDT TOYHOCTEH, He XYImyD, Y6M B pac-
erax MIT. B 4acTHOCTH, HONYYeHH De3yALTATH, NPNBENCHHMe B
T840, I, KAY6CTBOHHO yAyUuapoEe peayJdsTaTH M1T. Boaee TOTO,
pmecro gerHpex napanerpoB MIT B uame#t mMomenm CBOGOMHEM ABAAETCH
AENL ONMH - Macof cTpaHRRoro xBapsa( Mg = 220 MaB).

Tadmme I. CoHeKTp MACC OCHOBHHX cocTodH? agporoB ( B MeB)

CocToAHRA T JD V] » ! v A

Mo 591 736 805 699 1,133 1,228
oEingt -471 0 252 4540  -I80 0

Mioter IR0 736 553 1,239 953 1,228

Mex p 140 770 550 960 940 1,236

6. IpuxomeHEA MONeXX

A. Crarmyscxme cBo¥cTBa
Momens OHia MPAMPHEHER K N3YYOHMD CTATHNYeCKEX CBOROT® 0C "“EFUD
COCTOSHNR ANPOHOB: CPOMHEKBATPATNYHHX DAINYCOB, MATHITHHX suMuHTOD
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CapEOHOB, KOHCT&HT JIENTOHHNX paclagoB 0apHOHOB /197, B BHYNCAEHRAX
YYTeHH JMIb OTHOYACTAIHHe biaulH. B 3TOM IpmrSimsenw Momeds ¢ 20 %
TOYHOCTED ONMHECHBAET SKCIePUMEHTARILHHE NaHHHe 0 5THEM ANPOHHHM CBOHCT-
BAM. BepoATHO, 370 pacxoXieHEe CBA3AHO C HEOGXONMMOCTEN KOPPEKTHOTO
yueTa OBHEEHHS IEHTD2 MACC KBADKOB B MelIKe H BHXOZA 38 DaMKH
ONHOMHCTAHTOHHOTO IPHCIMESHEA. YyeT STHX 3(PeKTOB OCOGEHHO BaEeH

nopa omca?m Hampmmep, CBoficTB IDMOHE A CpeJHEKBANPATEIHOTO pamEyca
HeliTpoHa 24].

WHCTEGHTOHHHA MeXaHA3M /25/ OHJI HCUOAB30BAH IAA OGBACHEHHEA CMeIl—
BAHRA NCEBIOCKAAAPHHX ME30HOB I8 (puc. II). HafimeRu HexmaroHANBHHE
MATPEYHHE SJ6MEHTH OT oLinst Mexmy cocrosnmmm F° , Z , 7' -4
BHYECHEHH yrﬁ CMEUMBAHMA: I YTV CHHIVIET-OKTETHOIO CMENMiaHEA
( %2%:'—&—“1 , TIe Ma,i -MaccH B, B Rg ) epzfl/’

(ORPON

Pac. II.
Imarpasdi CMOEMBAHWA: &) pAacCeRBATEILHOTO THNA;
0) aHHATAAAIMOHHOTO THIA.

B PerTODHOM KAHANE PTH BKIANH DABHH KHYJD.

(22)

mag yraor F2/p-4’  omemmmaHma ( ¢ & M= [lr-#7%+3,80% 1,57)MaB):

6. .
L4 - Exp’ (23)
MOEJIE (-1,03 ¥ p,42)- 10 (-0,12  0,05) - 1072
YCAT -1,3-10° - 0,I-10°.

KauscrBeHHMM Oo0pASOM yYIYTWANTOA DESYARTATH MONENH MEEKOB LDH
BHYMCROGHNE SAEKTDOMARIHETHHX pasnocre’ '?cc anpoHOB, ECIHR YYecTh
BsamMozefOTENe KBADKOB Hepes BaxyyM / <8/, PasHocTs My -Mn  gmrem-
pyer B Hamefl Moxexm pasHocTs Macc W- m d - xeaprom: aM= md-
-m, = 3,7 MsB.

TaxuM o0pasoM, IpeIXOXCHRAS MOgeXh ABIAeTCA CAMOQOTAACOBAHHON,
KAYeCTBOEHO DODABMAUEHO OIMCHBAGT  OCOOGHHOCTE  CHSKTPOCKOIMH
OCHOBHMX COOCTOSHNE QIDOHOB ¥ H6 [OPOTHBOPOUMT  IDENCTABIGHHAM
O CTPyRType anmpoRa B KX, R3BeCTHHM M3 OpABHA CYMM X JDYTHX He3aBR-
ONMUX NORXOROB, TOCHO oBRAsaHmix ¢ KXI.
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B. MyAbTHKBADKOBHE COCTOAHNA

B KBapKOBO# MONENN MENROB H3IVYeHHe MYJbTHEBaPROBHX coc'rounﬂ/ 27,28/
ABNAOTCA OINHAM M3 MHTEPOCHHX ee unpuioxeHuil, [o HameMy MEeHZED

B 3THX cHcTeMmax S5PPexTH BAXYYMA NOAKHH NPOARNATHCA HAKGOHCEe SPKEM OG-

pazoM.
OCHOBY CHEKTPOCROIME MyXLTEKBAPROB COCTABAANT NAPHHE CLIN
B [OMKBAPKOBHX' 9" B  KBApKOHMEBHX qq,-coc'romn. Oum BO3-

HERBDT OXATOZapd BSaMMOXOHRCTBRAD KBADKOB Yepes ONHOTANOHHHE OCMeH X
HHCTAHTOHH (Tatlm. 2).

Tadmama 2
CocTosHme S C o Einst Aé‘}
qﬁ 0 6 0 4 My
* -3 11 . M
I 6 ~3/2 nr -4/3 /".'/'
3* 0 8/3 puf
qq 0 I -6 By -6 /1y
8 -3/8 M1 2 /My
I I 0 16/3 py
8 "9/8 EI -22 /’{/'
fe °° Tee=0 -f, ©3 Tee= O
’2 = (=] oo Teo= i ? - '2, 05 Yaem 4
T les es 1 Rs oF
¢} 8s o 8%

B 7adiane 2 BEeNWUNHH NAPHHX ORX, OGYCIOBAGHHHX NHCTAHTOHAME & Eusd
¥ OHOTANOHMUM OCMOHOM A £ ¢ ,IpOACTAVIOHH B 3aBACEMOCTE OT CIMEA S,
msera C  msoomma I IEKBapres g m KBapRoHues § ¢ .

ABSXNS TOOPeTMYOCKNX NpPOICKASAHARl nposbIdeT CASXYNMYD ONTYLIND:
MyARTEXBADKOBHE ONOTGMM EMENT BEOLMA BHCOKYD IUIOTHOCTh ypoBHefl sHepIEN,
CPABHNMY® 00 NODANXY BEANMNHH ¢ OKNNAOMEME BpeMcHaMH ZMSHN CAMNX OXOTEM.
B oToRk cBAIX 0COCHR EHTEDPOC OpONCTARNAET CWIBHO CBASAHHOE COCTONHEE

H = INTEIepOH 29/ . mecruxBapxoBoe cocrosEmEe (] 'JP': OO+)
CO OTDPRHHOCTHD - 2.

M3 tadamin I MOXHO OHONATH BHBOR (HpaBmiIo XyHma /29.30{: doxee
CEMMOTPEYHOS [0 IBeT-CHNNY OOCTOSHEe ofZanaeT MeHEmesft maccoll, C eTmM
daxToM ORG3aHN HANOXNM HA OYNOOTBOBAHHe cradmitHore H -mmrwmepoma.
Iipm pacveTe MaCCH HAMN YINTMBANRCEH ONHOYACTNYHHE B KBYXTAOTNVHME BNER-
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IH. [lorasaHo 130/ y 9TO H- INTANepOH yCTo#YMB OTHOCHTEJEHO pacnaga

w2 A'MH =2,09MB <2Mx .
: Py (24)
ETO CTACHABHOCTS CBA3aHA C CHIBHHM OpETAmeHueM (& Swse =~ 900 MsB)
MORIy KBADRAMN 38 cCYeT B3amMonelcTRRA 4Yepe3 EHCTAHTOH.
Macca H oleunsBanmcs B pasAEYHNX BAPHAHTAX ey mxos/31/
JPYyTHX HO3ABMCYMHX HNCIXOLaX: mnpaBmaax cym KXH 32, » MOEeNR
Crpan 133/ » bemeToTioft MoZeAn 3| yu CUNTEE&M, YTO HEJCCTATROM
STHX BHIMCHEHHt ABWIOCH OTCYTCTERe yuéTa B3auMofeflcTERA KBapkoB Hepes
mc'r%g?xn. 00 3TOM CBEUETEXERCTEYOT B NOCACAHHE pemeromge BHYBCIE-
HREA , NPOBBAEHHHE HA mp?gﬁy 00.§ee mesigoft pemeTke I6° x 48 ,
YeM 270 OWIO CHeJaHO paHEle ! 6 x I2 x I8. 3gech yxe, no-BUOR-
MOMY, Ha eT IPOARISATL CO0S MHCTAHTOHHOe B3amMomelcrTEme. [losTOMy
pesyasral / NOATRBEpXIANT CYWECTBO € CHABHO CRAIAHHOTO COCTOAHEA
¢ maccor M, = 1,9 I'sB ( B pacuerax H - mrEnepon okazancs
HeCTAONNBHEM). JKCIEDHMORTAZRHHE DOHCKE CTSOHALHOTO H- mErmmepona
SBIANTCA XOPOIMME OPOCHMRAMM CTPYKTYPH CRABHHX B2amMojeficrTamii.

B. CImMB-OpOHTATbHNE BO3CYRIGHRA

Ompoft N3 mpoduen COCTABHHX KBAPDROBHX Mojenelf ocraerTcda mpod, e?a
OIIMCAHBI BO3CYXICHHHY COCTOSMER ANPOHOB. IJKCNEDHMOHT YKA3KBae 36 .
970 OORH-ODOHTANRHOE pacmeleHEe MAJo. B TO Xe BpeMA HepelAATHBECTCRAA
xBaproBag Mojexs,Raxk B wonens MIT, mpencrasusaer ouens Goxsmoe
pacmemreHNe 37/ . B o0enx MomemdAX BRIAN CIMH-OPCHTANLRHOIO N3AEMOIERCT-
ENA B OCHOBHOM OCYCXORJIEH ONHOIVINOHHEM OCMEHOM.

B paMrax Hamero nONXoja CymeCTBYNT TDH BRIAA B CIIMH-< DO albHOZ
pacmentenne, [eprypCaTmBHuE OnpeXeNfeTCA MAJIHME DACCTOSHEAME MEEIY
KBApKAME ¥ NOpONODIMOMATEH ofs . BRAax, CBA3ANHNB ¢ MHCTAHTOHHNM
B3amMoZeitcTENeM, NPOTHBONONAOXEH MO0 SHAKY OepBOMY, TAK KAk 3TO B3aEMO-
ReflcTEde HAYMHAOT NOMEHHPOBATE HPW IPOMEXYTOYHHX DACCTOAHHAX MEXIY
xBaprawy (pmc. I2). Tpe™af#t mikiam BO3HHEAET H3 HOTeHIMANA roHfaftHMenHTa.,

a Y

Prc. IR. _f’c [0

a) Doremman bp3amvoleitcTRMA MEXNy KBapRAME, MHIYIMpPOBaHHHA :
I - OZHOIVIDOMHHM OCMeHoM, [I ~ mHCTaHTOHaMHA, U IIRHHOBOJHOBHMA
QIyRTyaImAME. G) CUMH-OPOHTANBHOE B3aMMOJERCTBHEe, MHIYIMPpOBAHHOE
COOTBOTCTEYNNIMME B3IaWMMOJIE ACTEHAMNE.
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Ha pmc. I2 u3oOpaxeH NpAMEpHHM Xon noTeHimaska(a) H CHEH-OPCH-
TalbHOTO B3ammoreilcTBuA (G ) B Hamey{ mogesm. OTMETHM, 4TO Ta-
KO BHUA CIHH-ODOMTANLHOK CBA3K HMEET MeCTO Jmib B KAHANAX C IpAMHEMI
mHcTaHTOHam# (I9), T.e. B GapHOHHOM OKTETE M B ICEBIOCKAIIPHHX Me30-
Hax. b OpyIrEx xaHan8X HOMHHEDYET OHHOIVINOHHHE oOmeH. [looToMy, Hal-
pEMep, Hama MoIeAh [peXCKA3HBAET CMEHY 3HAaKa CIHH -OPOHTANBHOTO
paclieneH®d TUDH Nepexoze OT BO3CYXASHHHX COCTOAHHA HYRIOHE K BO3CYR-
JeHHHM COCTOAHHKAM A—naooagy. OKCIepUMEeHT, TIO~-BAIMMOMY, DOATBEPARAET
3TOT KAvyecTBeHHH{t BHBOX /3 . BazHO em€ pa3 0co60 NOXYEPKHYTH, UTO
paccMOTpPEeHHNt IPOLECC HEBO3MOXHO MMHTMDOBATH, DACCMATDHBAA TOABKO
NOTEeHIMAN ONHOTVMIMOHHOTO oCMeHa., K TaxkéM Xe SBICHUAM OTHOCHTCA pAX
NIpOLIECCOB CAAGOTe B3aumomeicTBUA, NMPOUCXOIAIMX C HU3MEHEHUeM KHpalb-
HOCTH KBapHOB.

3aRnpyuelne

B maHHO# padoTe MH paCcCMOTpEJM OCHOBHHE ACHeKTH Baxyyma XN
B OOKA38JAZ, YTO DPAN OCHOBHHX THNOTe3 IPyNIK MIT me namwm cBoero
HOATBE pRIEHNAA .

ChopMymapoBaHa HOBAsA KBAPKOBAS MOIENL MEEDKOB, B KOTOpO# cy-
mecTBEHHYX PoJib MIpaeT B3auMolefCTBEe KBAPKOB C HeMeprypoaTHBHHMA
noxmm KXJI.B pamxax MoZeaW NOJYYeHO Xopoliee OMMCAaHEe CIEeKTpa Macec X
IPYTHX XapaKTepUCTEK aZpoHOB, COCTOAMMX ¥3 Jerxmx U-, d‘, 5- kpapkos.

Baaumogne#icTBHE C IQIHHHOBOJHOBOX YacTBM BaKyyMHHX quiyxTyaimit
HOCHT AIIMTHEBHHA XaparTep. Bro MHTOHCHPHOCTL ollpelendeTCs BeJNIMHAME
KBapKOBHX KOHZEHCATOB B BakyyMme K, KOoTopHe 3ananT SHepTeTEYecKmit
macwrad ampoHHHX Macc. 2TO B3auMogeidcTBAe NO3BOJNAET CAMOCOIVIACOBEHHHM
00pa30M ZOGHTHCA CTA0RABHOCTH MediRd 0e3 BBEIEHNA NOZABISHHA BAKYYMHHX
noJjeit.

dfpeKrTH OMHOIVIDOHHOTO OCMeHa KBAANTCA MAJHME [ONpABKAME W IAUT
MW He3HaTMTeNBHHY BRAAN B pacmemenme mexry SUg (3) -MyALTELIETa-
MA, TAK Rak KOHCTAanTA BaamMojeficTeus mana Lg = 0,7< o£3=2,2 .

Y4eT MHCTAHTOHHOIO MEXAHA3MA B3amMoJefiCTBEA KBADROB HO3BOJIAST
PeMAT: Cpa3y pAm NpoljeM COeKTPOCKOmME. JaHo OOBACHEHHe CYmeCTBORA—
HEA NpPaKTEYECKE 6e3MaccoBoro K ~Me30HA Z MACCHBHOTO Q' ~Me30HA ,
a8 TaKEe H30TOMMYeCKMX pasHocTel MACC B paMEAX PEeNATHBRCTCRKOR RBaDRO-
Boft moze/M. Cnelmd®KOR MHCTAHTOHHOIO B3amMOLEXCTBEA SRAASTCA O0pa—~
30BaHAe THKBADKOB C H30CKANAPHHME KBARHTOBHMH moaamMi,. (emncTBHEM
aToro mexammsma sauAercs (N-O) -—pacmennenme macc ¥ CTACHILHOCTD H-
-IRrHNepoHa. JAaHO KAYeCTBEHHOE OIMCAHHE CIHH~-OPOETAIBHHX BO3CYyXmeHEN,
KOTOpOoe HEe MOEST OHTHP JMHTHPOBAHO TONBKO  ORHOIVIMOHHNM NOTSHIHANOM,

Ha sam B3IVill,ONHUM M3 HNOCTOMHCTB MOJSJY IIO CPABHOHMD C CYWLECTEY-
auME ABIASTCHA H&IMYMe TeCHOH CRABE ¢ BHBOLAMYM IpaBmi cymM KXI u peme-
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TOGHMY BHYMCIOHRAME. HAIVIATHOCTEH B IPOCTOTA BHUMCAOHME B MOKEJH
MEUNOB NPOJCTARIADT DAY NPSEMYmMECTB IEPON yRASAHHHMU HOLXOMAME .
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KAOHH B KBAPKOBOM MOJEJM CBEPXIPOBOIMIEIC THIIA

. M. K.BoJxoB
O6belMHEHHNE MHCTHTYT AINEDHHX HMccieloBaHu®, lydua

A.H.MBanos, H.H.Tpomixag
JIeHMHI'DANICKME MOJMTeXHAYECKEE MHCTHTYT, JeHHHIDan

1.Beezenne
HacTosmaa padoTa MOCBAilleHA OOCCYXIECHMD HHU3KO3HEPIeTHYeCKUX

CBOWCTB KA0HOB.DYyIyT pacCMOT E€HH OCHOBHHE HHE3KOBHEpreTHuecKHe

BeJIUYMHH, X2PaKTe H3YDilKe KaOHH :CHEeKTp MACC,aMILINTYIH JEeNTOHHHX
¥ HeJNENTOHHHX DACIANOB,La3HOCTH MACC HEMTPAJbHHX KAOHOB M Hapa-
MeTps CP-Eapyuerus.

CyuwecTBEHHY pOJb NIDM OMUCAHME HE3KODHEPI'eTHUECKHX CBOKHCTB
K20HOB MTpanT CHJbHHE HU3KO3HeLTeTHHYeCKMe B3auMmoneitcTeusa (CHB),
YUETHBADIEE CLOHTAHHOE HapyuleHHe KupaibHO# cummeTpEM (CHKC) u
HapymleHHe YHETADHOM CHAMMETpHH.COBDeMEHHAA TEeOpKA CHJbLHHX B34MMO-
ReltcTBuif-KX]I ycliemHO ONMCHBAeT BHCOKO3HepTeTHYeCKOoe B3auMomeiicT-
BHE AJPOHOB Ha fA3HKEe KBAapKOB U IV0OHOB.OmHEako ondcanue CHB ampo-
HOB B KX]I cTaJKMBAaeTCs CO 3HAUMTEJNbHHMM TDYHHOCTAMH.OCHOBHOH npu-—
YHROH BTUX TPYIHOCTEH ABJAETCA HEBOIMOXHOCTD HpMMEHEHHf TEODUM
BO3MylleHHN ,9TO OCYCJAOBJIEHO DOCTOM TERYUleH KOHCTAHTH KBAaPK—-IVINOH—
HOTO B3AHMOJEHCTBHA [pU MANHX NepelaHHHX HMmyJbcax [I].lJosToMy
LA omdceHMsg CHB agpOHOB MCIOJBIYOT DA3JMYHHE ODMGJIHEEHHHE MeTO-
IH H MoIoexH,ocHoBaHHHe Ha KA.

llocaemopaTebHEK clioco0 onMcaHes CHB agpoHOB mpemnaraeT KBap-
KOoBag MOIeAb CBepXIpOBOJAuler0 THlla (MCH)[z,SJ,HpencraB.nﬂmaﬂ
coGoit ocoCmeH#e KBapKOBOI'O Baj MAHTA MONEJM HaMOy—floHa-llasHHHO
[4].Mesomy p KMCI BoamMKanT Kak 9 9 -KOMIGRTHBHHE BO3UYALEHHR.
MexangauM CHKC aHauOrd4eH MeXaHHIMy O0pa3OBaHKA 9HepreTHYecKoft
eJE B CBEPXOPOBONHHMKE Oy¥ HMBKMX TemuepaTypax[S].Ipum arom CHKC
BO3HHR4ET 38 CYeT CUILHOTO NPKTAREHHA B q,c_),—xana.ne 06y CJIOBJIEeHHO~
TO KHpAJbHO-EHBALMAHTHHM qerupemapxonma B3aK¥MOJEHCTBUEM C 3~
feRTHBHOH ROHCTAHTOR GI-4 9 TaB™ [2 6].B pesyibrate CHKC ToKo-
BHE KBAPKH OPEBPAIlADTCA B COCTARJADURE ,IPOMCXOTAT yReJHYCHHE
Macc RBApKOB H OepecTpoiKa HU3KOBHepreTHYecKoro BakyyMa[2,4].

TOKOBH® MACCH KBApKOB P14 (4 =4 ,d , 5 ) ¥ cocrarmm-
IjHe m$ cBasand B KiCll ypubHenuem([2,4]

Moa=mq[l -8GI(Mg)], (D)
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rue I ( h”'?, b&aaqpamqﬂo paexoquEMucs MHTeTpai[2]
T )= § e A4 (14 WI)]. 12
3necs MV ¢~UMCJIO LBETOBHX CTeleHe#l CBOGOAH Kuapka (peagbHo A y=
=3),a j\. -TapuMeTp yAbTpPAIMOJEeTOBOIO OOLe3uHuA.[loABNIeHHE 3aBHCH-~
MOCTH OT [apaMeTya Q0pUEe3aHMR B TEOpHM C [jeKTMBHHM YeTHpEXKBAL-
KOBHM B3aZMOeiCTBUEM eCTeCTBeHHO.leiCTBITEIbHO,IOCKONBKY TaKaf
TeOLMA HeNepPEeHOLMHpYeMa M ONUCHBAET,IO LILEeANOJOXEHHD, Nl HUIKO-
3HepTreTHYECKHe B3aMMOLEHCTBHA,TO B HEll JOJKHO UHTHb BlOJHe OOpe-
nejgeHHoe fuanueckoe odpesaHMe,KOTOpOe XxapaxTepHayer 00JACTEH LO-
OYCTHMHX 3HepIHit B3anMO4eHCTBHS M onpefeiseT macutad HapyueHHA
KUpAJIbHOK CHMMETpUH [7].Hapymeune YHHTapHOM (2 Takme H30TOOWYEC-
Koit) cuvMeTpuUM oOmlpenefieHO DA3HOCTAME MACC COCTABISDWMX KBApKOB,
KOTOpDHE BO3BHUKARNT BCJELCTBHE DA3HOCTEM MACC TOKOBHX KBApKOB.lla-
pavetp /\ H MAcCH COCTABIOWHX KBupKOB LaBHH COOTBETCTHEHHO:
A =I,25 I'sB, b2, =0,230 I'aB, h2,4=0,284 Tabb u 25 =0,460 TsB[2,6] .
MACCH TOKOBMX KBapKOB M2, =3 idl, M24,=4,2 B 1 h2,. =
=30 Mal,COOTBETCTBYWIE MACCaM COCTaBnWMX KBayKOB,HaxXxO4ATCH B
KaYeCTBEHHOM COTJIACHM C OouiempuBATuim [8] .
3pjerT CHKC moxHO onmxcaTh B KwCll Takse W Ha s3HKe KB4PKOBOIO
rongercara <4 9,) £0 Besuunny (21-, 4, ompe.enuM jopMyJoi
<ggq>= &m L —&vZ[ o]f (3)
ooV, o= 0
rie v 4" 4 -Mepuun 00bem xouﬁurypaxmonﬂoro OpOCTPAHCTBA , 8 2['"0]
—-BAKYYMHH# {YHKIMOHAJ B TEOPHH C 4eTHDPEXKBADKOBHM aaamogenc'rau-
em [2], My -mgaronamHan MaTpELA c saementamu (17, , b1, 4,
Mgs ). B OLHONETAeBOM NpRouxeHun[2-4]KBapKOBHA KOHIEHCAT Om-
pelielieH BHDAXEHHEEM Yrvregs

Ay —
= hk Lo =~ Y pre T, (17
Gr= S - K err-Ly (Pes ), )
rne Hy=0,266 I'aB, H yAOBJIETBODAET ypabHeHMn (I) mpe #7 oq,=°'
C noMowbn ypapHeMMa Mifi Mlegr MOKHO BHDASHTH KBADKOBHHt KOH~
ZeHcaT uepes hregy # KomcTanty (gt

<Tuy = (Aoly= (55> = (Mg /2 G [)=-(0,30)° Tab®, (5)
Jeamuua KB4 gxoaoro KOHJEHCATa B mnc‘l ooublle oGuenpunaTolt <g.4.)=
=-(0,25)3TsB [8].0nnaxo,kaK OyReT MOKA34HO Hume,BexmumHa (5) co-
PJACOBAHA C BEAMUHHAMM MacC TOKOBHX KHADKOB B KMCI M DpMBONET X
NpanAJbHOMY CIEKTDY MACC Me3OHORB.

Bepunad CHB meaoHoB B iCMCIl ompeleseHH ONHONETIEBHME KBADKO-
BHMM AHATpaMvaMy C BMpTYa bHHMH COCTAB/HOWMMY KBApKAMA.JOKANBHHE
BEPUMHH MOTYT OHTh OOJyYeHH MyTEM LIMHHOBOJHOBOIC [a’NOMEHEA



KB4pPKOBHX IMArpayM 10 MMIyJbcaMm Me30HOB.PenelnT KCIl cocTouT B TOM,
YTOOH YUATHBATHL TOJBKO IIepBHE WIEHH Da3JIOXEHMH,COlepkKalie HaMMeHb-
Me  CcTeNeHW MMiIyJbCOB MEe30HOB,JTO OrpaHAdcHUe OCYCJOBJAEHO Tpe-
UOBaHMAMY KUDAJBHOW CHMMeTLUH i EeHOMEHUJOTKYecKoro yueTa KoHalH-
meHTa [2].Kpome Toro,0HO HpeAcTaBAAET cOGOM OCOGileHue CMIIOTe3 BeK-
TODHOE  JOMMHAHTHOCTH M U4CTHYHOTO COXPAHEHUH HKCUAJBHOTO TOKA
(ICAT),cormacHO KOTODHM SMILIATYIN HH3KOSHEPr'e TUYECHOI'O B3uUMOLen—
CTBMA Me30HOB ABJIANTCA IJALKUMM JYHKUMHMHM MaCCOBHX [ELEeMSHHHX Me-
30HOB BILIOTH OO HYJEBHX 3HadeHmi NocaeXHux [9].

B KWCIl MOXHO moXyunTh BCe BepuiMEH. CHB M@30UHOB CTaHAApPTHHX
9 )feKTHBHHX KMDAABHHX JalpaHHMaHOB C JIMHEMHOM peafusaluei Kupajb-
HOM  CUMMETpUM [IO]I\.Kpome Toro, KMCII BOCOLOM3BOAUT BCE BErUMHH
HM3KO3HEePTreTHYECKOI'0 B3aUMOLEHCTBMA ME30HOB, 0CYCIOBJIEHHHE KUPATb-
HHMM QHOMAJMAME C TOHNOJOIMMECKOHR M HeTomoaoriyeckoh myuponou {II].

3aBeplias kpaTkuu 0030p KMCII,caeusyeT OTMETUTH,YTO AlIpOKCHUMu-—
1us BepuuH CHB Me30HOB OMHONETJNEBHMH KBApKOBHMY IMaTpanvand {c
COOTBETCTBYOWMM DELEITOM BHYACJEHHA) COIVIACYETCA C IpabiiaMd OT-
Gopa B MHOTOUBETHOU KK (N —» oo )[I2].

JainHeiiee H3JI0£eHAE HOCTLOEHO CJCLUYOWMM 00pasoM.B pasiene 2
paccMOTpeH CIEKTp Macc KuoHOB,odychosieHHHiE CHB.B paspene 3 mpo-
4HAJMSMDOBAHH pacHamy K—» £v£ u K— £y, y ,onpesennemie caacumu
B3auMOJEHCTBUAME ¢ OGMEHOM W -G030HOM M CHB.IIpelIoXeHO TeopeTH-
JecKoe peWeHMe HpolJeMH aKCHAaJbHHX fopM[axTopoB B pacnanax K —+
— fv, ¥ .Paspen 4 nocBawcH pacnagaM K—Y') K — 22~ K—
— 29r ® K —— 39 .llpu onMcaHMH 3THX DacHALOB BawHyl pOJb
ATpalT He TOZLKO ooMeH W -G030HOM E CHB,HO TaKKe BHCOKOBHELTE-
THyeckoe KXJI-p3auMogeucTBHE C OCMEHOM IJIOOHaMH.IIpeloxeHO Teoue—
THqEeCKOe OCBACHERHe yciteHds nepexogoB ¢ AL =I/2.B pasmerse 5
IpoaHANM3EPOBAaHE DasHOCTh Mace K, - u K g ~Me30HOB # mapameTyH
HapyuwesHf CP-veTHOCTH.B pas.eiie 6 HPOBEUEHO OOCYXIeHUE peayJbTa—

TOB.

2. MaccH KuaOHOB
MaccH HAOHOB,OGycJoBJeHHHe CHB,onpefieseHd B KiCI JopMysamu

[z,6]:
g = Cogt B (g2 mil = Cly v B (g R (6)

)] - :
I‘Ilepexo.n K HeAMHeWHOX DeasmM3alMm¥ KMPATbHON cumveTpHM B KidCIl ocy-
uiecTRAACTCA B Npenens mq;-' oo ,
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e = 4G [T )T s} (el
—— - h7. + (i (=l a).

C Z/GZ.Z(M‘MS){i Gg_ 4 | ) 5.
3aecs -L ( e, m;)-ncg'?quecxn pdcxowuca uHTerpan[2] .

( ms) (2_7-)"’}(/»1.-,(/)()!1 k) Mzmlzlfp’&)—"l'f[h’ )], (8)

Z-l16m 2/m 2 ~ T2 -KoHCTAHTA DepeHOLMHLOBKYM BOJHOBHMX $yHK-
uuy 0”-Me30HOB od}cnosneuﬂaa fpaMEME Tieexopamy O s IV (rge 11—
HOHET 4KCHANHHHX Me30HOB)® ' ,BO3HMKAWWMMY BchefcTsue CHKC.KOoHCTun-
Ty 22 MOKHO INOJArATh ONMHAKOBOR HIA BCEX KOMIOHEHT (O -HoHeTa
[13].Josran /7, = +1, =0,28 T9B,naxomm: (M2 ) =0,51 T'ab.
TeopeTHyecKkas BeJMYMHE XOPOUWO COLVIGCYETCH C IKCIEPuMEHTAIBHOI:
(PU) g on=0,494 ToB[I4]).

acCH KaoHOB,00ycaoBNeHHHe CHB,MOXHO omycaTh Takke Ha A3HKe
Macc TOKOBHX KB4DHOB,KBADKOBOI'O KOHZEHCAT4 M KOHCTAHTH “ICAT 9 -
wesona F;_=0,093 resf8]3):

mk, - F;[h%u(aﬁ),%?”d»] hzk,-———[hg,d(dol)#%S(fS)] 9)
MCIIOJIBSY.E qicJeHHHe 3HA9EeHUA MaccC TOKOBHX KB4y KOB M KBA4pPKOBOI'O

KOH[eHCATa, oAy ueHHRE B KWCIL,Haxoumu (12 o =47y, ): P2,=0,51
TaB.

HatumopaeMoe 3KCOEDUMEHTAJBHO paclieilieHde Macc KO- ¥ K*-meso-
HOB OGYCJIOBJIGHO HAapyiWl€HMEM H3OTONHYECKOH WHBADMAHTHOCTY # MOEET
OHTH OOBACHEHO DASHOCTBD MACC ¢ - H o ~KB4pKOB [6].

3.Pacnamn Kk—fvp u K— EVe )"

Facnan k—*£ ¥y JlenTOHHHE jacmaii K— ng MOLYT OHTH ONUCaHH

B KsiCll wBapKoBHMM AMarpamMvami Ha pAc.l.OCHOBHOKM BrJIAX B AMILILTY-
Iy DAclafa [JapT CIACHe B34MMOLEUCTBHH C OOMEHOM W —(0050HOM M
CHB.I[locsemHie ONPEAENANT BEJAMYKHY MATPUYHOIO 3jeveHTa epexons

K Y t x Q oW £
Ye z/ Ve

I'uc,l. KeapxopHe guarpamvd,onuchBaniye B KwlCll pacnag K— t’vﬂ .

2)3necs iy, =1,28%0,03 T'sB -Macca aKCHAILHOTO aI—Mesoua[IiLJ.

3’8 KifCl xoncmu;ga F}- onpejeJeHa \.LOHM_VJIOM[Z 6] = 2P X
[T, (+1,72) /2] =0,093 TsB.
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K ~—> paryym,KOTOpHM [IpollopiuioHaieH KoHCTaHTe UCAT K-Mesoua F. kB
KMCT roHcTatra A~ K onp eJ.e.neHa Jopuyaoi[2,6]:

T (P2, % ,
Ro= Ot i) [ 22 Oy )2 % ( M)[Jf(é::, syl Fr= 7155, (100

rie A = M5/, =1,64.Tecperiueckoe 3Havenue (I0) xopowo coriacy
eTca ¢ oKcmepumentasHum: (F ). =(1,17%0,001)/ [14].

Pacmajg K— £ Ve )" . femHMAHOBCKHE LUATDAMMH ,OUCHBANIME pachay K-—
-» £y, Y, u300paRedy Ha piC.2.3alITPUXOBAHHNE ONOK OGO3HATAET CTDYK-
TYDHYD 9acTh aMILIMTYIH pacraua K— ¢ ¥, ¥~ youpefeinemyn CHB.Iua-
TpaMMe H& pUC.<Za ONMCHBAOT TOLMO3HOE K3JgydeHue ¥~ -kBanTa.Bruan
JMaruyaMM Ha puc.2a IIPONOPIMOHAJIEH Macce JeOTOHa 1, .lloaToMy B
npenese Mz, — 0 (92,55 724 )TOPMOBHHM H3JIYyUEHMEM MOAHO mpe-

Heopeys. A2

:%: K £
a_r~y
4

K

o e
PHC.2. DEMHMAHOBCKAE Qmaryamvi pachiaia K —» £Vp Y~ :a) marpamm
C TOPMOSHHM H3JyyeH#eM X' —KpaHTa,0) DMarpavMa C HajydendeM ¥~ -
KBAHTa M3 CTpPYKTYpHOTO OJoKa.

v
K w £ 149

——Q——Qf< (9) w (D2

Puc,.3. Keaprosue nualpavMu,omdpedeJuioume B KiCIT c'rpyxTypnyo YacTh
aMILIATYIH pacha.a X — £V, yv.

(2

CTpyKTYpHAA YacTh aMLIMTyqH pachaja K — £ V, ¥* onpelneieHa B
KMCIl KBapKOBHMA muarpaMMamd Ha pHC.3.Pe3yJbTAT BHYKCJIEHHA MOKHO
ONMCATE C HOMOLWbH UBYX JopMfaKTOpOB hv x 2 A[IS},me hv -BeK-
TOpHHH, 8 h A—aKCHATHEY fopMiakTop.BayMcaAA OuarpamMH Ha puc.3,
OOJNy4YMM CJefyDlEe BHyLAdseHHA WA (OpMIaKTOLOB:

194



kKt re 3A  ARND,
Ay ,s:r.-u;[z K1 T T @],

(ID)
Ko d_ (1015 0t
/‘A";xar‘&(z)[)u Ja()+ @+20) 35 00)-
- (/*2)) :Yz [/Dj;
e { R
T (A= j ook : (I2)

BuuucsuM oTHOUEHKE JOpM,aKTOUOB:

x
XK" h, 4+/\[)\ )-;-(3*2)0_13(4) (f+2z\)3' (A)J

____.—-

h—v (I3)
43\ A(zA f)&’z _q??_f 0 573

2 N1 TR

Beanuuna Y. meHbwe emmm!o'rmoueﬂue ¥ g OT eaMHUIH OCyCJOBIe-
HO B KWCII:IVY CHKC ( 22 #I) u 2) HAapyueHueM yHUTAPHOK CUMMETDHH

(A £D.

B iljpedeJe yHUTALHOK cmmerpun ’_( A — I) JopmiaxTopH h '8
/?. A COBH&&&D; c Lopula.u'ropdrmx /av M A 4 bacnana T Zveg"

/L 2 ’ A ' J '
v &7 A ”.z,;; = (14)
B 3ToM cJayyae oTHouehde fopMiakTOpOB OMpeieJeHO TOJbKO KOHCTAHTOR
zZ . .
J"g;-’-’hv//lA_Z <I. (I5)

Taxum oGpasoM,B pacliane 9 —> ZV,A HeLuBEeHCTBO X;,- < I ueyMKOM

ouvycJosaenn CHKC.

ToJyqentye pe3y/ibTaTH OUPOBEpranT yTsepsmieHde CKaspoHa # [a-
pepa [I6] ,4T0 peNATUBMCTCKAR KBAPKOBAM MO4EMb AZPOHOB HE MOKET
OOBHCHATE HAGIOTAEMOr'0 IKCIEpPUMEHTHILHO COOTHOJEHUA b"' P< I (p=7",
Ky,

4. Pacnagu K—¥¥ K— ¥~ K—» 27 u K— 39

CorJacHO COBPEMEHHOH TeOLMH IIEMEHTAPHHX YACTHI, pacoamy K-—
YYL£TE™,29 u 3¢ ongeneeHt CJAACHNY BIULMOUBKCTHHAME C OCMEHOM
W -GO30HOM, CHJIbHEMY BHCOKO3HEpreTHYeCKUMA B3AHMONCUCTBAAME C 00~
MEHOM IvmoHaMu M CHB.PesysbTaT cJaCHX B3adMOAeicTBUME ¢ OOMEHOM
W-0030HOM ¥ BHCOKOIHEpTeTUYIECKMX B3AUMOLEUCTBEN C OCMEHOM IJNO-
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H4MH MOKHO ONMCATE JOKAIBHHNV HUBKOOHE)I@THYEKAM 3, eKTUBHHM JAr-
PAHXMAOM ,i,ﬁ 7):
Gr . . .
Logy = 54 D> Ce(m)G i), (16)

356
3aech C,f A/ )-IMCIOBHE KOB|JALMEHTH, o, ( ( #/ )-UeTHpeXKBa KOBHE ome-

patops Dumvara~Bauca [I7] ,m.naem ae(ﬂ Y-onepaTop "munrssu” [1d],
a M -ToyKa HopmupoBxu.lloABJEHHe TOYKM HOPMUYOBKM A/ QCYCJAOBJIEHO
YYeTOM BHCOKOSHE IeTHyecKoro KXI-B3aunOfeUuCTBHA.34BUCHMOCTD OT M
BXOLKT 4epes 3aBucEMOCTh OT of 3(pr)=(2 7 /9) &L‘I(/u/./i 3)-Texy-
we¥ KOHCTAHTH KBAPK-TJIOOHHOTO B3auMOZeHCTBMUf,TAe AS-KX,FI_-napaue'rp.

KoajumeHTd C.(p¢) 3d4BHCAT OT CTPYKTYDPH MOLEJE 3JEKTPOCIACHX
B3aUMOHeHCTEYR. B CTAHAapTHOM MosenH KoGasmm—hiackasa (Kil) [T9] koag~
GureHTH C. (M) MMELT BUK , ” ]

Co(p) =Cim) +vCp (A1), (I7)

rie T = So+ (53532 Cp /CQexp(- ¢ ¥ ).3necs Sy =#%8 ,c, =
= e838; (¢ =1,2,3),a ¥ -BeuecTsenHas pasa Hapyueuusa CP~3eTHOCTH.
YgcaeHHne 3HA%eRUR Cf(ﬂ) s Ci”(f") 3ALUCAT OT &/ U MACC THAEAHX
KBApKOB 47, #7g ¥ »7¢ s CTAHIAPTHOH HOpMIYOBRE X o(#/) = I
[18)( s =2Ay =0,24 ToB) u »1 =1,4 T'aB, #7%¢ =4,6 Tob u /% =40
TaB umeeM [‘[’7?5‘:
Cy=-1,007+0,037 v, C=I,€11-0,037,C4=-0,033-0,007 T,
C5=0,018+0, 005 ¥, Gg=-0,097-0, 11, (18)

dfjexTupuui Jarpaussan (I6) yuopneTsopaeT HpaBuIaM OTOOPA:
|6S)=I & 1AT)=1/2,3/2.1epexomn ¢ /AT/L3/2 ocyuecTsarca ome-

peTopoM & |Ax=3/2°

® 3y o= (Salla Xlie bt - (S0 Lo Yol ook )+ (Saea) Blgl g 1)
RoTOpHR BxoguT B (I6) c mHoxuTesieM (CI+CZ)/3=O.20I.Oc'raBmaﬁca
9acTh Jarpans#ana (I6) mpMBOIKT K mepexoiam ¢ JAI/=1/2(4 = Yu
(I-¥°) & 4,6 -uuzexcu "wsers”).

AMILIMTY M MCCAELYEeMHX PaCIaLCB KAOHOB BRINYANT MaTpHYHHE aje-
MeRTH omepaTopoB & ( (M) (X G ( (MK, rre )X) -HeroTOpoe HEBKODHEP-
TeTHYeCKOe COCTOsAHUE,BeJUYUHH MATDMUHHX 3JeMeHTOB ¢ X) 0{(}/))&)

4‘Hapamerp/}3 CBfi3aH C MACCOif C-KBApKA K napauﬁ'rgou I‘JU/OOROHeyupy—
roro paccessun /1, coornouenuem [17]: A3=Ai5 27 yoe %27 mmpyu
1. =1,4 T8 KA‘,:O.I ToB umeem A4=0,I2 I'sB.

5)B9Jm‘maa MacCH 7 ~KBABpKA K3BECTHA IUIOKO,NOTTOMYy BHOOD /7p =40T3B
MMeeT MUIDCTPATHBHHE XapaKTep.
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onpefegeHy CHb.osToMy BuyuscieHue X | @ ( ﬂ)]ﬁ} HpeXCTEBJHET CO~
60K Ype3BHYAAHO CJOKHYR lIpOGIEMY,KOTOpasi MOIyCKaeT IOKA JMUL MO-
feibHHe DeleHHs.

Hcnoss3ya pesyJsTaTH pacdoTs [20] ,MOXKHO NMpeiCcTAaBATH MATDUUHHE
asemenTs (X ] & ( M YJK) B BAEE CYMMH UBYX CHATHEMHX:

XN R (K =L XI G (KD yy + <X QDI K> g 4 (20)
rae <X| @ ()| KDy 0CosHauaeT HemepTypCaTibHuy Brian (HIB),He
3ABHCHWMK OT TOYKM HODMHDOBKM A/ 1 onpenensemud CHKC,Torma kax
Xl ﬂ)]l‘:} [g COOTBETCTBYET HEPTYPOUTHBHOMY BRIALY (IIB) .Ilpxt
2TOM BeJuyiHa ¢ X}C?l'(ﬂ ) K> g onpeneseHa KBAHTOBHMY IYKTYaLUsMA
C SHEpIHeX Membue A [20].Coraacko]20] , mps 4OCTATOYHO MANOM
( i~ 2A3\ CYuecTBEHHYW DOJb JOJIKHH MIpaTh HelepTyplaTUBHHE BRJA-
IH.[Jo3ToMy NEpTYpOATUBHEMM BKRJSIAMM npd [ 7~ 2A3 MOAHO [peHe-~

opes X Qe PO 2L & (PO KD e (21)

B KMCII mpaBynw 9acThk COOTHOweHHs (2I) ecTeCTBEHHO ANUPOKCHMMULOBATDH
KBADKOBHME NETJHMM C BUDTYJbHHME COCTABIANLMMM KPADHAMM ¥ Napa-
MeTpOM oOpesanua_A:Iizﬁ I'aB, X4paKTepU3yWUM MACWTACG HADYUEeHHUS
KADAJBHOW CHMMETDHH.

CirexyeT OTMETUTE,9YTO ANNPOKCHMAlIAH HU3KOOHELTeTHYECKHX MA-
TPHYHHX 3JIEMEHTOB ONEPATOPOB &y (#/) KBupKOBNMA LETJAMH CO CBO-
GOIHHMY COCTABJIAGWMMA KBapDKaMA:I) yaOBJIeTBOpsSeT ODABUJIAM OTGOpA
go I/N c pa3zioxeHnio,2) coryacyercs C OpenoJoxeHdeM O BO3IMOXKHO-
CTM MCHOJBH3OBAHHMA NPHCJIMXEHUS BAJIEHTHHX KB4DKOB OPH HODMEPOBKE
ol 3( (U )=1 ['18_7 .JdepeilieM K PaCCMOTDEHHD KOHKLETHHX pacO4goB.

Pacnag K — ¥ X" .Ammmutymu pacuagop K, ,g— §"¥“ onpenenesy B
KMCII KOHTQKTHHMM ¥ MOJICHHMM IMarpamvamy Ha pic.4.lJoiocHue mHa~
T aMMH OCyCJIOBJEHH OOMEeHOM IICEBILOCKANADHHMU Me3OHAMH 97’0, ’Z ' ?’
M CKAJfpHHM Me3oHoM & (700),COCTOomMM TONBKO H3 &0 - U o ~KBap-

KL r KA ?‘/} '7) ? ! r
T(?‘@:x E_@‘* & ro0) g

Puc.4 KoHTaxTHHe ¥ HOJICHHE IM4TDAMMH,OLHCHBaluue pacunaid Kz ,s
— Xy B KiuCII.

6 1A omeHKM NepPTYpPOATMBHHX BKRJISJOB MOXHO MCNOXB30BATH TE e KBApD-
KOBHEe NeTJad,HO C oCpesaHueM (U [20].0pu aTOM B KammoM KOHKDETHOM
cay4ae JIeI'KO yOeAMThCH,4YTO HNepPTYPCaTHBHHE BRIANH MAJW OO CPa&BHe-
HHO C HelepTypPOATHMBHHMA.
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koB[2,21] .B npenesax TouHOoCTM KMCI (204257) BRIAUOM KOHTAKTHHX
LUATDAMM MOKHO HpeHedpeus[od].

AMILIUTYSH DaCU4loB £, , s> ¥¥" B NONCHOM NpUOIHKEHHU BKJZ.IO—
9anT Mananue BJIEHEHTH Olie,:ATOPOB CP, (#/) WieXIy COCTORHUAMM %0
u X,rme X= y’ 7 7 wm &£ (700).Ha puec.5 uaoopameﬂu madpxosm

I¥arpaMvid MaTpRYHHX 3Je4MeHTOB NepeXojoB KO 7‘ ? 7 n KO £,

K . P K . E

K K K

— e —— Q —-;‘—)E: __'l;_.,. Ae P
Puc.b. gaapKOBue Jdarpanivi, ouyeﬂe.ummne MATpHYHHE 3JJeMeHTH Nepe-
xou0B K¥-P n K - ,one P= 7% ? ? ,AP—dKCﬂaJLbHHrI Me30H C

KBaHTOBHMM HUACJAMA P— 1830H4.

AHaJIMTHYECKHE BHpuseHUA 3THX MATPUYHHX 9JIEMEHTOB IOJYUEHH B pHUO-
Tax[22,23].IMCAeHHEe 3HaUeHHs NDUBELEHH B Taduume I.

Tao.)mua I. ﬂdCJIeHHUE SHd‘{Pr{Viﬂ MATpAYHNX JJCMECHTOB OeLexoloB K.O_’
7 0 2’ '] 4 & (7C0),onpedeaneMuX OIEDUTO SiudH CQ,

@, -

C B en g0 1502 5 £ #efes, 5x1073 Lot
@ I 1,0 0,d 0,6 0
], 0.3 0,3 0,2 0
Q 3 -0,3 0,4 3,3 0
& s 17,0 3,0 -37,0 143
QR 6 51,0 13,0 -104,0 L 63

AMILUIATY AN pPacladoB i, , o> OolpeseJeHH BHpaxeHusaMu [22,53]:
YAH P Z

A(KA*rf)—-yrﬁ (G,-S,C',c‘s){hz m,('f /@/AS/-4U<°)+ ~———-

- b
4 ($3nB- J—-Q_c&j&)(y/&/AsA//ko)d _T__, 2 (scew+
FQ""”B)(? 1@as1-7/K2}=3,3x10 5/33 ; (22)
¢ <£/ ras/= f/K° 5
Ak ¥ 8=~ TF 2”‘1(@*“‘7 %) s . Teot S, Og,).

expzéglm,) = 4,000 % cos & (m xexpdm,) /387
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Teo;eTnyeckasd pearuuna A(k,— ¥¥") xopouwo come.cye'rca C SKCIepAMeH-
ramsnol [14]: |A(K,>¥¥ N gpon=(3: 1640, 14)x107Y Tay ~1.B cBon oue-
Lenb,amminTysa A(Kg™ ¥y )T o ynoauemokﬂer SKCiephMEHTAIBHOMY
orpanuvenim[14] : |A(Ks*F¥ )] guop < 7%107 Tan~l,

Pacoagy K — £*f ~ Pacnamu K,,g> YL~ nyT 4epes mpyxio-
TOHHOE MpPOMEXYTOYHOE COCTOAHME (CM.puc.6)C H3MeHEeHMEM CHOAPuIbHO-
CTH JIENTOHOB.[I09TOMy aMIUMTYEH pacrnatos Ky ,o— £+£ ~ nponopus-

r*/—"— £-J F“

K. @/,he
Ks ol pp,

Fuc.6. DedHMAHOBCKAA gUarpamma pd.Cﬂa,Ild. T 2 e - yepes OBYX-
'{OTOHHOE IpOMEexyTOYHOE COCTOSHME.

OHAJBHH Macce JeNTOHa HM7p (AMIUMTYUH PaclaioB X YR 2*F “co-
IEepPXAT MHMMHE M BedleCTBEHHHE YacCTH.. HUMHE YacTH ONpelesJAlT HEX-
HIO0 TpaHHLy (YHUT4LHHE Npenes) BEpOATHOCTEH pucnafoB K AE.‘L*[ -
¥ NPONOPLMOHANBHH AMILIMTYAAM DACLAgoB K, , 5—‘62]" ¢ ABYMA pealbHH-
Md foToHaMu,/Jia BHYAC/EHHMA BeUlleCTBEHHHX Y4CTeM HeOOXOIUMO BBECTH
fopMiaKTOpH . JIOCKOJbKY SMILIMTYOH pacliagoB Kg , s—’a"a" onpeeJgeHH
[IOJIOCHHMM IMATDAMMANKM C OOMEHOM Me3OHamB 7, . 7 u & (700},

TO BeWECTBEHHHE YacTH AMILIMTYL paciuados K, ,g° 2*8~ B atom npu-
GJ[MEHHH Mory'r OHTB OllyeLeJeHH [OBYX;OTOHHHMHA .[OpMJAKTOpAMU ME30-

sop 770 Hah'u £(700) [24]:
1

1
~ % —_—

g 1 Bl W gi/mp 1~ g_,/m‘ Har- 7,'/»74 1-futg
A(Ks”b“*y V=, il

(23)

As 77 2T 7 7,/m"'

3nec5 i, -Macca BeRTOpHOI‘O Me3ona 4 -,P u P ,Ap=2,IxI0" -2
ras~L,B, =1,2x107%rap{ & A g=2,0x16™xe of.4 roy-trasy.

AMIUIMTY JH pucRadoB K Xy = 2t £, Buuncaennne ¢ yueTom (23),
HMenT BM[&SJ

ACK, = YL D)=k, X"J“)—'—(OGW"/4435/‘1p)[a[p_)¢y‘v?'p,)]
Mg 218 DI=A(Kg>E P ""M Lap )P ],

3mecs ¢ (p_ \ n VU p+ -,unpaxoscm«e Cmcmmopu JIENTOHOB, M, ( vV =
A AR M olpeleqeHH BHpakeHRAMM [24] :
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Mv=-‘7‘8n r2 +2[eF -'—E)+£‘+&121+T2‘4
'gnimmzen’”keh“?] 2 (fn Lr1)-
-2 (2 e)[th*""a,[f- ——5)+/-[~1-)]
. SN2
T G DR

awm? (//\/1/—'5? 1‘) 4 (»—i 1)54(/— -—5)
OnpeieJit OTHOCKTEIbHHE BeyO.H.THOCTM paCﬂdJLOB K orl* 0™

‘- f’(k -7 f) _f GCMﬁ 4 poz, /z
B ) e ) ff»x) (- Z£)"

] Q64 My + 236 Mp|” (56
& T EE) 4 rAb
D0 0): F e 4 () VO S

QucJeHHHe 3HaveHus B(K,,3™> AR 2 OpuBefeHH B Tadanle 2.

Tadiaua 2. 'InciueHHHE 3HAYeHHH OTHOCHUTe bHHX BEpOonTHOCTed pac-—
nagos K, , —~ prp -

s B¢ I B Iaxcnepum_l.
Pacoan i p W p 7| gy B en.10"Ts ex 1079 enI0™d
. - .
K> it o -3&(1;4 -tfig-4 - 1,20 1,52 I.ssto,g
- * =1 ’
>et e 59‘_44 55- . - Isx107* |raxze? | a0
- -1
+ -
- .
s M - - 1.8+ 1,00 1,03 | <0
+010,4
i ~et e 50~ -4 _4
s - - ” 5xI0 I5xI0
i

Tlpameuan¥e. 34ech B ,-ONPEfeJSHA MHUMOH 4ACTbI AWILLTYIH DuClizia

# ABAAETCA YHHTAPHHM OpELesoM BEpOATHOCTH DAClais.PesylbTaT BHYM-
caenua B, (K, = }(" 'm”) cormacyerca ¢ NOAYYEHHHM B padoTe [26].
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YRoBJIeTBOpUTEbHHE IKCHE UMEHTANbHHE JNAHHNE WUMENTCA TOJBKO
41 pacnaga K, —’/l4+/u".'reopem-{ecxoe BHuyexiKe B(KA—'f/"/u')
XOpoWo COrJacyeTcH C SKCIEepHIieHTAAbHEM. 41 OCTLIBHHX KAHaJOB pa-
cnaja TeopeTHYecKUe 3HauUeHHs OTHOCHUTEJbHHX BEpPOLTHOCTEH yUOBJET-
BOPANT 3KCHIPUMEHTANBEHEM OTDAHMUCHEAM. poJee iIOLPOCHOE olCyxie-
Hie pe3yJbTATOB paCYeTa BHIIOJHEHO B DadoTe [?_b].

Pacnagn K —+ 277 AMIUIMTYON pACNAN0B K —= 277 MOMHO BHDasHThb
Yepes GMILSTYAN A pacramgoB K — (22 )_7_— B Z 7~ ~COCTOHHHA C

nosHuM M3ocnuaoM I =0,2 COOTBETCTB2HHO

MK — 7 =572 aye O,
AMEO— gt V=273 Aget ® 0 HI/3 Aze"yz , (27)

— 5 .
A0 700124273 8ge 00 - 243 16 %2 .
3nech 5' o H Slz ~[A34d CHJIBHOI'O HM3KO3We I eTHYECKOro - n3aumo-
NEACTBUMA B COCTOMHMAX C M30CHMHOM L =O.2 COOTHETCTBEHHO.

AMILIATYRA A 7 € RES npencTaB/AeT COOCH MaTUHYHHK 3JeMeHT of—
JexTuBHOrO JarpaHxuaHa (I6) Mealy cocTosuaMM [K> ® |(2%~ b.):

S
Ape’ L =0 T Wy Loy KD (28)
W= BHpaxeHus (28) M CTPYKTYPH 2]feKTMBHOIO JarpuaHxuana (I6) cJe-
JQyeT,yTO BeJMYMHA AMILTHTYIH AO onpelelieHa Nepexouamy ¢ AT=1/2,
TOrZA KAaK BeJAYHHA AMILIATYHAM A, - Mepexouum € AT =3/2.CoraacHo
JKCIepHMEHTATLHEM JAHHHM ]Az/AO’axcxx=(4'44to'O3‘XIO-2<< 1[14],
nepexomd ¢ AT=I/2 yCuAeHH NO OTHOWEHMD K lepexogum ¢ AT=3/2
(npaBuio AT =1/2).

Jepexomu ¢ AT '=’3(2.311Lexmmuuk JATPUHKRUH , Y TOBJIe TBORHIOWHY
npaBuiaM otéopa A S =I W AT=3/2,umeer Bu1[23]:

& BT5/2 (Gr NDrs,cp ey x0,201x Ayl grn . (29)
AMILIMTY I8 pachaia AB/ 2(K ~— 27" ) NponopLAOHANLHA MATPUIHOMY
anementy {27 C‘:)AJ';'3/2,K> :

8320k — 2% 1=3,54x10” W@ 7Dy 54 | K)(ToB

)
P ' IR
—N——
P#c.7. KOHTAKTHHE [HATp:MMH ,OOMCHBAKUME UMILIMTYIH HEPEeXO4OoB C
AT =3/2.

~2
)7,
(30)
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3 KWCT Marymunue anesenty (o7 ' a7/-%, | KD ONpeLe eHs (OHTAKTHE-
MH LMaTpaiMaMi Ha puc.7.DuidilleM pesyabTaT BHUMCAeHHA[27]:

(HE] Ruazsz 3 | K> <= T4 Qrazjezn | KO>=

- £<T47“0/Q/AI/ . [K? >18 . ({-N\ 2/‘,,-/?;)—(31)
({0l Quazy-sp 11> 7o X Fire [ B

- (2-1) (4+o\)(4_ _1)_] 6,55x10 {/93)

‘THCHeHHNE FHAYEHHH AMIATYJ M NUPLUMEbHHEX GAPUH puUCHAloB K-> 277,
00ycJaoBNeHHHX Nepexofuiu ¢ AT=03/2, npuBedeHs B Tadimue 3.

Tadmuiia 3. "[HCJACHHHE 3FH4YEHMR AMIVIMTYL ¥ NapUiUBHHX WHDPHE
pucnamos K —> 297

Teopus . SKClIepMMEHT
Pacnazn HTepexodn ¢ AX=3/2|lepexomu ¢ AI=1/d
A r A T A T
K %t 2,33 1,80 0 0 1,34 ] I,I3
k0 ot 1,00 | 0,40 [ 30,0 297 27,7 | 233
K0 9% 2,20 | 0,80 | 30,0 149 26,3 | 1I6

Npameyanre. 3mech A -adCoOMOTH4A BEJNUIMHA aMIUIMTYIH pachiaia K —
~— 29 B ef.I07° TeB,a I' ~NapuMaibHaf WMPHHA Jachiajy B e,rL.IO‘I'7
TaB,

Hepexomn ¢ & T =I(2.Hepex8m 8 AT =1/2 EMeDT MecTo B .ac-
o~ ¥ i 9

nagax K'—— 9%~ u KX~ 9> 7 ¥, JifekTusHNi JarpaHXHaH, yIOBIET-
BopAmmzE NpaBmiaaM oT60pa A S =I 1 AT=I/2,M0%eT OHTE NoOJy4eH
#3 (I6) BHuutanuem (29)]23]: &
L3

,Z’M’-/z e z;;’ 4 JZstq’ ax Wuziavp (32)
AMnJm'rymi pacnanos K — 2 77 oipeleJeHH KAK KOHTAKTHHMH, TAK
¥ NOMNCHEMY AuarpuvMami.OCHOBHO# BHIAL HAST LIOJIOCHHH HUaTpaMma
C OOMEHOM CKaJspHHM MesoHom & (700).B upedesux TOuHocTd KMCT
BRIANOM KOHTAKTHHX IUaliaMM ¥ HOJKCHHX HMAT)aMM C OOMEeHOM [Apyru~
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MA pe30HaHCAMM MOXHO OpeHespeub IO CplBHEeHWo C BRIATOM Me30Ha
£(700[23,23] .
MATPHMHHE 3JeMeHT olepaTopa 0 AT =1/2 MERAY cocmmmh(O)
M | €} CBA3AH C MATDHTHHM SJEMEHTOM OlepaTopa &' COOTHOWeHUEM

(<EN@ zpo1/ol ¥ =000 L EIRg | K =2,2x1072(TaB)?, (33)

KpapKoBHE AHATPAMMH ,0NKCHBALMEE MATLMYHHE IAEMEHTH uebexo.ua K-
—» & ,u300pareHH Ha puc.5.BHOumeM aMIUMTYIH pacnanoB KX'— 29+,
ogycJosserHne mepexonamt ¢ AT=I/2 [24]:

827'7‘ )

/2040, Gr Fs,c,c,.<E|R °
AV 4K 2% )= < IAT j=1/ | K >
vz Tl 2 —MK (34)

Co'jf () e Velrnc) =30x10'xe’ SI/Z(FB)

3Kech '51/2 = %;_(mx)=61.40 ~lasa UMILIHTYIH A240 27,
YncJeHHHe 3HaYeHHA aMIUIMTYH B DaplMaJbHHX WHDHH Daclanos Ko-a 2%E,
oGy 2JioBJesHHX mepexodamd ¢ A& I =1/2,npupeXenn B TadmEme 3.

TeopeTUUECKHE 3IHAYEHUS AMILINTYS M HapIMaBHHX WMPMH PAcOANOB
K —>» 2 5 BaxogaTcn B YZAOBAETBOPHTEJLHOM COTIVIACHH G SRCIEPENSHTANL—
HHME  JaHHHMH 4 TOATBEPRLAOT JeHOMEeHoJuTHYeckoe npapmno AT =I/2:
(AZ/AO reo =5,2xI07°,rae YMCJAEHHHE 3HAYCHMA AO b A2 HalfeHH M3
TaoJuUH 3 gcmeaue nepexozos ¢ HIT=1/2 p KMCI npoupxomur sa cyer
OOMeHa CHRAILADHHM Me3oHOM & (700). ilezon € (700) sBARETCA WRDOKMM
PEe30HAHCOM ¥ ONHCHBa4eT CHIbHOE HM3KO3IHepreT4YecKoe BlapMozeiRcTBEe
B KOHEYHOM COCTOAHUM 5~ -Me30HOB puchaja.

[IpAMeHeH)e WMy OKMX PE3VHAHCOB NI ONHCAHMH B PACHUJAX CHAb-
HOT'O B3AKMOIEACTBMA B KOHEYHOM COCTOSiHMA YacTO BCTPEYEETCA B JH-
TepaType[29_].AMﬂeryna pacuaua,fapaMeTpM30BAHHAA WMPOKEM DEeaOHAH-
COM, Y4OBJETHODAET YCJOBMO UBYXYaCTHYHOM YHUTAPHOCTH.JTO LONYCKAET
ONWCaHWe He TOJNBKO 4O0COJOTHOH BesiuMHH AMUIHTYOH pacnala,Ho  ee
Jasu[29]).06H4HO MApaMeTpH 1IPOMEZYTOYHOrO UIMPOKQI'® PE3OHARCA —MAC-
C8 ¥ WMDHHE~ABIADTCH NOATOHOYHHME ¥ Oll; ACJNADTCA M3 CPABHEHHS pe-
3YJAbTATOB paCHeT8 C BHCHE, AMEHTAILHEMYA iuHHuMH [29].Baxno oTmeTuTs,
yro B XMCIl napumeTpu mesona &£ (70C) [MKCHDOBuHH,ad He BMOpAHH cie-
UKalbHO /15 OOBACHEHHA yCHJeHMA flepexofoB ¢ AT =1/2 p pacnagax
K — 277 JeliCcTEUTEIbHC , IOCKOIBKY Me30R & (700) spuaseca B KMCI
KHPAJbHHM 04, THELCM 7 ~Me30Ha,TO ero NujaMeTpH-M&CCA H KOHGCTaH-
Ta EFT ~BIUMMOIEACTiLs NOTYT OHTb BRunCJeHH[2,21]: Senm(/2.)

= (4 Z"Z//;r)[/f (ng-riglrexi 2=, té/—’éB B/(E»29)=

V2
= BYerp V32517101~ 91754725 ) =7 138.
Baxuyw polib NpH ONUCAHHM IEPEXOROB C A.T =1/2 HrpasT BHCOKO~
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3He TeTHYecKoe Kil-B3uhuolenCcrine.ZenCTBHTeAbID, 0SHULHUA BRAEA
B MuTpMYHHN BJeMeHT hepexoma X“— & QueT oneparoy & g+ l10AB~
Jellde KOTOporo B 37exTHsHOM JaTpaHxuaie (I6) oOycaomJeHO NdarpamM-
oM "IMHIBMH" ¢ OGMEHOM w—OOSOHOM # mumooHoMI] (cM.pac.d).

u,d.S u,d.S

Puc.d. Juarpamma "HHHTBUH",DDHBONAUAS K HOABJCHUK B 3 jjeKTHUBHOM
JaTpaHxiaHe CJACHX B3anvoleucTBui (I6) omeparopa & 6

llepeiimeM K OOCY£LEeHM0 jasH aMILIATYIH Al/ z(t{o"—’ 277 ). craH-
IapTHO# napameTpu3allf# JasH aMIUIMTYR pacOagoB K —* 27‘ N4 paMeT-
PUBYDT NapameTpamd © o M 2.Iuaay'5 1/2 GMIMTYIH al ‘(h — 2g")
Hal0 CDABHMBATE C [A30i $O.0maxo #3 BKCNEpPMMEHTAJBHHX I4HHHX 0O
pachaiam ‘{ —* 297 MOXHO M3BJ€Yb TOJBKO PA3HOCTE:( & o ¥, z‘)
=56,5¢3,0 [30.'] Tem He MeHee,ecsi# NDMHATE BO BHUMAHUE,YTO aaa 2
MaJa 00 CP4BHEHMO C 3’0,1'0 Pa3HOCTh (5’ 5'2) MOKHO de.BHh.BaTI:

I /2.Herpy.mo BHIOETh,YTO TeopeTmecan; BEJRYLMHA 31 /2-61 4
xopomo COTJIACYyeTCA € IKCIEepMMEeHTAJbHOM.

Takum oGpa30M,BO3MOXHOCTD 1IDABUIBLHOTO OMUCHHMA M OKMM pE30-
H4HCOM C (MKCUPOBaHHHMK nagdme'rpamu KaK a0COJIOTHOY BRJMYMHH , TAK
u §asHy aMUmMTyms pacnage K — 297 ¢ AT =I/Z gemaeT cxemy pac-
naga K — g (700) —» 297 peasmcTHuHOM .

Pacmagi K —= 39 .HejenToHHue pacnuii K — 397 URyT ¢ HeSorb-
wmM SHeproeuzesenneM ( ~ 0,025 I'sB Ha OuMHY 4ucCTHUy pacnaua),nos-
TOMy METOJ MATKMX NMOHOB (HM3KO3HepreTH4eCKM# nperne.) ar.deTcsa
XOpolMM mpudiukeHneM LJIR UX ONMCaHWs.B HU3KOSHepTeTHdecKoM Opede-
Je aMIUIMTYIH pacnaleR K —» 377 MOMHO CBHS4TH C AMIUIMTYAAMM DucC-
naua KO — 29y [31] .Hanpumep,B cayuae puchausa KF— 71 Y777+ ume-

eM
ABr—g * r*(q,+))| ,,FF' AL +57-y (30)

COOTHOWEHHA A AMILIKETYXN HAPYTHX KaHaJIOB pacuaga K — 397 MoxHO
ooJyuuTh ¥3 (35) myTeM M30TONMYIECKHX npeodpasopanuit[31] .
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5. PasHOCTHL Macce I{L-n Kg—neaouon,na,oamemu CP-HapyweHusi

Caadhe B3aMMOIENCTBMR HpMBOUAT K DACLIEIIEHMO MACC KO- | RO-
Me30HOB , BOSHUKAOLIEMY BCAEUCTBUE HEQUul'OHAJIBHHX NEpPexXoLoB KO RO,
B pesy.bTaTe HaCMOAACHMHMU FBJADTCH Me30HH K, i Kg ,BOJIHOBHE |YHK-
LMY KOTOpPHX JMHEHHHM O0pasoMm BHpaxeHh Uepe3 BOJHOBHE FYHKUMM Me~
aonos KO u &O: b N

[, > =L2(t +1EPI] L1+ EVI KOD> + (1 - E)) K],

I Kg>=I2(v+/Er0T L +E)I KPS~ (v~ ENRDT. (863

bonHobue fyHKnMU KO- " —KO-Meaonos CBa3aHH Mexgy COGOH npeocpaso-
BaHueM CP—quHocTn:CP]KO):]FO).l{ommle}ccauﬁ napameTpy £ Xapak-
TEpHSYeT OTKJIOHEHME COCTOSHEA K, M Kg OT COGCTBEHHHX COCTOA-
HU# oNepaTopa CP-4eTHOCTH.

PasnocTs macC K, - # Kg ~ME30HOB,a Takke NapaMeTp £ MOKHO
BHP43UTh Uepe3 BEWECTBEHHYD H MHMMY® Y4CTH Mpo,TNe My-MATDUUHHIE
3JemeHT nepexoia K KY;

A =ML~MS =‘2P€M4a} (37)
= 4 oWy TpMe
MaTpuyHHl 37TeMeHT MIZ HpeACTABIALT B BULE CYMMH ABYX CJaraeMHX
[32]: .
i3> + w42, (39)

rie M;([gm-odoaﬂaqae'r BRJIAJ] MAJHX DacCTOsHUM,a .‘-A%'D)—oo.umu pac—
CTOSHUM . I\ €K THBHHHE JIATDAHRMEH , ONUCHBAOLMM BKIAL MAJHX paccroaHult,
meer BHA[I7]:
(sD) G‘foC‘fC.f{[g 69¢iml+ 0,598  mE+ 5258k
el S et S g g 2 g 2
Z oy 76972 2, C e
47l P (el Y] + ¢ ThaC[-1.38C 7+ 4,758, Pt 7 (40)

b4 2 e
+ 0,82 (Co-$3 )7 En(P1/mE)]f Qx
rIe 07 ~YeTHPEXKBAPKOBHA OepaTop

% 7= [Sqa"/‘(/—a”)a’q][s-‘ d’/,,[f-d’:)olg 1, (41D
MeHfMk STpaHHOCTb Ha gpe efuuuii: A S =2.3]]eKxTHBHHH JarpaHEu-
a & 2‘;:;” \ OIUCHLAOWINA BRIAJ CONbUMX LUCCTOAHUM ,MOXET OHTH HONY-—
YeH BU BTOPOM NOpSLIKE 110 KOHCTaHTe iepmu C HOOMOwbD KTEBHOTI'O
NuTpulanaEa (16).B KMCI aJfeKTUBHEY Jarpuiiiol oL, ,f‘f MOXHO OIX~
CaTh KBApDKOBLIMM ,[IMH._I‘}J&T»‘EMHMM Ha 1)MC.9.AHEUI}“T}‘J'~[L&CKOB BHpaxeHue 417
igf‘{ HOJYYEHO B yaOOTBLBaJ.OHO JOCT:4TOYHO I'LOMO3LKOE, N0 TOMY

M HE CYIEM IILFBUURTD CT'O 3[€Ch.
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u,d,s d S
d B
O d‘s d’s
d
L]
ud,s s d

Puc.9. KpaprOBHE LUul, aNMH ,OlMCHEANLHE cigi'?) B #hCl.

PassocTs Mace K, - 4 {5 -Me30HOB.A3 Jopmyn (37) u (39) caeuy-
€T,9TO pPa3HOCTh MuCC X, = U g -ME30HOB A h7 OLpelesieHu LopMy-

JIO#
A= am 52, 41 @2)

(42)
D (sD 4b) . cp))
TIe A S g2 Pe My ),a am™PL 2 pe N1(2 ).Buquc.um; CHaqawia

Am(SD) JHcnoussys 8} eKTuBHEM JarpaHEKaH (40),uomydum [33]:

+ A

A D= (GRS /16T V0 ) [0,69 6577+ 0 555 m30
+ G R2SICE 7S Car (17 a2 )T L IO @) KO> .
MaTpHuHHIL dJevenT < KP) Rz ) X °> meer Bun
LK) &z ) ko>=B LE Sl m, (44)
The mapaMerp B XupaiTendyeT OTaIoHeHwe <K/ Gz) kDot (K716 1K,
=(16/3) Fi¢ P .3 iilii mneem b=T[27] .losaran b7 ;=1,4 Tod nhy=
=40 TaB, nepemuuen Ap1C¥xur fynauo napaverpa S5

(43)

Ar®Po1,6x10710(1 +6 5%+ 69788 ras. (45)
Hamvenbiee suauenne A PPyuxommm npu S5 -=0:.4 mn:[,ﬁ/LxIO'Ib
TaB.lIpr S 2540 pesriia &m0’ BO3pacTaeT.

[lepeiirem K BHUMCIEIAD Am("b).ﬂcnosmayh aHa AN THICKOE BHyaite:

HUe LA 3ffeKTHBHOI'O Jal aHdn+HA Efgff" [33],nonyqnm[_31}];

2 r@P=3,43x1071(1 - 4,96107% - 8,100 ) TaB , (e,

Irne
CRASa Y P2 Y5) A0 BB (1205 VAg KO > = 0 L Hmg,

RSy SIS o (20T Ko=) o3, 7

B KNCII napameTp &/ 4 L7 olpedeeHH LopMytamu[34]):
w's - 5w =3202%m,2 5% h 2552 =152, (40)
MOZCTABAAA YUCJEHHNWE 3HudeHks </ ’MKA)K B (46),nouywm s3] :
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40142 1 45 x 10719 1eB. (49)

Cyramipya BRIANH <3 mﬁ,‘f)u A “ D). Bafined HEXHOD TDAHHIY IAA
pasHocTH Macc /<, - B g - Me30HOB

Ab12 3,09 x 10'15 IsB. (50)

JTOT pes3yabLTaT comacge'rca c amnepmemm}mu (Am)axcn =
(3,521 * 0,0I4)x 1072 3B {I4) . OroHuATeIbHAA BENMIHHA NOTHOR
pasnocTR Mace /, - H g -ME30HOB 3aBHCHT OT yIMa &, watpE-
w4 KM. Hampumep, nomaras S, = 0,II [33] , naxommm pasrocTs macc
AL = 3,38 x 10777 I'sB, RoTOpasg Xopolio COTVIACYeTCA C SHCOEpH-—
MeHTaAsHOR .

[lapaMerpu CP-sapywmerms. Hapymemme CP-7eTHOCTH B DACHANAX K*
+ 27 XApaKTepPHSYDT RBYdA IApaMeTpaME & ® &£ , KOTOpHe onpege-
10T penwwuHy CP-mapymemma b pacmagax K (2% )r ¢ I =0m 2
COOTBETCTBEHHO. IlapaMeTpy & M £’ MORHO BHDASHTH Yepes MHEMHE
u pemecrnennne wacTH M, u amwmryy A m Ap

i ‘]79 ImMiay .o E
(gS' 2§eM’2) d
P (9
&:ée 2 ")Re(ﬁfé)(-g))
e ¥ =ImAc/Ref, B KK uoxuo HaldTH cReXyDNMe BHPAXCHMA Xin
yrasamsux B fopumyitax (5I) pexmatu:
D (Gv3G) e
Re(c‘s +3C¢,)
Im M4,_ Pl s #x13 s (4+6?35 I,
Im M(“”- 22,1210 Px.Im,
TImM,,=Im(Miy r M“'D")wz 9416 % (1429352 ) Im

(5I)

(52)

15

g;?e:vl"_-s 1310 x(1+352+3695]),

~2

Re(Ay/Ac)=%,2x10
rge Lm@T:-(8253C2/C, Cy) #n® . ¢ nomomsl (52) ompege-
JMEM noapaMeTpy £ u £ Ha g3uxe napamerpoB Kil:
7+293s; o ‘r/l’_l‘mf“

7+35; +3635s]

- 286
E'=-35xr0%e" "7

-—

(53)

——

[+]
X LT
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Hawoseu, =3 dopmya (53) nalmem Beuwamny Re (S/E)

21—+55 43695
,Qe(_)=36xiox T+ 293508 20 8x10° (540)

UncieHHOe 3HAYEHHE OOAYSEHO Upd S, = 0,III_33] . CpapHuM dOJy-
YeuHufl Pe3FABTAT ¢ MMEDUMMECH PECHEPUMEHTANBHHME NaHHHEMA
Re(E/E)=(-0,462 0,532 024)x(6° [34a],
Re (E/e)y=(+017220,82)x710 % , [398], (g5
Re (€/e)= (+053 20,30+ 0,20)x 167 [3v8],

Hefrps:uuo BUNETh, GTO TeopeTHuecKad Beamupua L€ (£ /&) =
0,8 x I0™° He OPOTHBOPEUHT IKCOEPHMEHTANLHHM JAHHHEM [346,3] .

Taxmw odpaaom, KMCIl maer corvIacoBaHHOEe onUCcAHWe OpABAJIA
AT=1/2 » pacnagax K —» 27 , passocT: Macc JG - u g -e-
S0HOB ¥ OapaMeTpoB CP - uspymeHns.

6. Odcyxierne

PespMApyeM KpaTKO LOJYYEHHHE DESYJLTATH. AHANN3 HMIKODHED-
TeTEYecKMX BaadMoneficTeull K40HOB HA OCHOBE KBApKOBOR MORemM cpepx-
npopogamero Tuga (KNCII) noraswsaer, wTo HNCI npaBuMBHO OMMCHBAET
IMHAMEKY CHALHHX HESKO®HepreTuuecKux psammoneficreuli. Teopermue-
CKHe pPesSyIbTATH, IOMyYeHHHe JNAA MHPOROrO KAACCA HUIKO2HEpreTHdYe-
CHRHX XApPAKTEPACTHK KROHOR, HAXONATCA B DA3YMHOM COTJIACHM C BKC-
NOPEMEHTAALHEMA JAHHHME.
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KOHTAIMEHT ¥ KBAPKOBAA CTPYKTYPA AIIPOHOB
I'.B. EfmmoB, M.A. Vpanos
OCreommieHHHE FHCTATYT AKEPHHX HccaeZoBaHmk, Jydma

I. BBEIEHNME

Map JSTKEX KBapKOB K JEIKAX aFpOHOB CXEMaTH4eCKHM MOXHO NpencTa-
BATE CJeIymImM odpasoM. Ha Mamix pacerosmuax (mo 0,2 -~ 0,3 dm) mme-
RTCA TOJBKO CBOOONHHE KBADKM M IVIDOHH, 2 Ha GOJBIMX DPACCTOSHMAX
(cpume I (M) TONBKO AUPOHH, KBADKM ¥ IVINOHH OIMCHBANTCA KBAHTOBOH
xpoMonnHaMuko# (IKXI),IpEueM u3-38 CBO{CTBA ACVMMNTOTHYECKOE CBOCOIH
KBapKE HA MaiHX DACCTOAHMAX ARIANTCA IMPAKOBCKEME, PUKNOHH ~ BEKTODHH-
ME 98CTHLAMM, & MX B3auMmojelficTBHe ONMCHBAETCA Teopmelt poamymenmit KXI.
ATpoHE Ha GONBIMX PACCTOSHWAX ABAANTCA CROGONHHMNE QACTHUEME, KOTODHE
NONYMHANTCA YDABHEHMSAM CTaHIApTHO# KBAHTOBO# TeODER NIOJA.

B mpomexyTouHo# oGnacTe paccroammit (0,2+1 M) OCymeCTBIAeTCH
TaKk Ha3HBAeMHY# KOHPA/HMEHT KBADKOB M IVINOHOB M IPOMCXOIMHAT HX &IXPOHE-
samma. TeopeTwdec eXAHM3MH 3THX TPOLIECCOB ABINANTCA HAERMOHO® H3Yy4rH-
HHMH (cn.,aa.upmep,I ). C fm3naueckoft TouwxE 3peHMA, ITO OGAACTH &N~
porHO# u3miw HM3KMX SHePIHMA, T.K. (MSHUOCKHO IIPOLSCCH C 3HEPIOBHOe-
Jernem 10 I-1,5 T'eB IpoTeKanT HE 3TEX DACCTOSHHAX. METORH, CJeXymiHe
23 KXI 7 ceaAsuBanmme §M3MKY AKPOHOB C KBADKAMA B THANOHEMM, Kax OH
IPOCKAKWNBANT 5Ty OGIACTh B CTABAT cBoeil samaueft CBA3ATH AMIUIATYIH BJ—
POHHHX OPOLECCOB ¢ NapamMeTpaMy KBApKOB I IVIoOHOB. Ilpm sToM mpodieMa
KOHpAlHMEHTA He DemReTCA ¥ TAK WA MHAYE OOXOIMTCH.

Tax, MeTOXN NMpaBAX CyMM KXJI/ 2/ cTaByT OBoeft 3amavelt chBASATH MpeI-
CTaBRNEHHO MATDHYHHX 3TEMOHTOB ANDOHHHX TOKOB B (fOopMé IHCHEDPCHOHHHX
TPABAN CYMM I B BHNe KBADK~TJIOOHHHX ImarpaMM. Bruanme oGiracTE KoHPadn-
MOHTA YYATHPAETCH MAHEMAILHHM 00pa3oM — BBEIGHAEM ([OHOMOHOJOIMYECKAX
napaMeTpOB - KBADKOBOTO ¥ TVINOHHOIO KOHIEHCATOB,

MeTon (eHOMEHONOTMYECKAX JATPAHKUAHOB (CM., Ha.rrpmaep,/ 3/ ) era-
BET cBoeit samayell, HCIOJBSYA IPYMIy I'DABUMEHTHHX B KMPAJBHHX Ipeolpa—
30BaHRit, TOJMY4YXTH JATDAHXMEHH MOJOHHHX B38MMOICHCTBEft, MUHEYA HTpolie-
ME HEHEMABECKOR SIDOHM3AUME KBADKOB I OJLACHOHHS MeXaHwama Kobpalmsen—
T8,

PaspadoTaHHAA HEMEH B/ 4/ BUPTOH-KBapkoBaa mMomens (BKM), B pamxax
KoTOpo#l yHanoos ommcar: COABIMHCTBO NpPONECCOB (M3MKM JOTKMX &KpOHOB
MpY HE3KAX SHEDTHAX, MCXONMT K3 ONpeleJEHHOTO IPeACTABJGHMS O IOBaNe-
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HUM KBApKOB ¥ aIPOHOB B oo0JacTy KoudalfinveHTa. OCHOBHOE NPELTOJIOxEHME
COCTOMT B TOM, 4YTO B MHTepecyuel H&C oOJaCTH KBapPKK BENYT CGCA KaK
HeKMe KBasMUaCTHUUH, HeCyupe KBAHTOBHE WICT& KEETKOB, ¥ UTE KBap~
KE~KBA3NYACTHIH MOXHO ONACHBATE BEDPTOHHAM IIOJIEM, T.e, IOJel, HBAHTH
KOTOPOTO CYWECTBYWT TOJBKO B BEDTYAIBHOM K HE NMOTYT CylleCTBOBATH B
CBOCOIHOM COCTOSIHUX. MAaTEeMaTyuUGCKHM 3TO OCECIEWB2ETCA TcM, 4TIC IIpo-
NMaraTop BUPTOHHOTO TIOJNA ABJAETCA LEJOR SHaNUTAYECROHE JYEKIUei# oIpe-
IeJIEHHOTO BMUJA B KOMILIEKCHOM ILIOCKOCTH MMIYABCHOTO NELEMeHHOIO P~ .
Taxym o6paszoM, B MoIedH yIOBISTBOPEHO TPEOOBAHNE KOHaiHMeLTa KBap-
KOB. [lamee OpermmoJaraeTcd, YTO CBASH ANPOHOD C KBAPKaMy—~BE[TOHEME
MOXHO 38JATH COOTBETCTBYHUMMM JarpaHxueHaMl B3a2MMOIECTBYA, & TOT
daKxT, 49TO &IPOHH COCTOAT M3 KBADKOB, YYUTHBACTCH KBAHTOBO-IOJIOBHM yC-
JIOBIEM CBASHOCTH, KOTOpPOC ONpeneiieT KOHCTAHTY CBA3M B JalpapxiaHe
B3aAMONECTBUA. SHaHMe NMHAMKKE OEepexolia aNpoHAa B KBADKM ¥ KBADKOB B
aInpOoHH NO3BOJSIET NOJHOCTBK OIKCATEH BCE BOSMOKHHE HPOLECCH SIPOHOB
HU3KEX SHepTHii.

Opnako B XeHHO#t gopMyiampobke BIM He UMeeT HENOCPENCTBEHHOHE CBA-
3z ¢ KXI. My dopMyJmpyeM Momexb, KOTODYH HA30BEM MOIEJBI0 KOH(aiHMI-
POBAHHHX KBapkOB (MKK), oCHOBaHHY® Ha miesx LXI. B uwacTHocTm, OymeT
BHIHO, IIpN KAKMX NpemmoJoxeHnax U3 MKK moxno noayumts BIM.

[Ipennaraemas Momenb OCHOBAHA HA cilemywueil JwsMYecKOl KapThHe,
KoTopad, K8K IpemfioJaraeTCsd, MMeeT MECTO Ha HHTeDeCyoulX Hac pacCTo-
AHuax. OCpasyeTcs HeTPHBHAJIBHHI, TOCTATOYHO CJOXHHH BAKYYM TJIOHHHX
noJeit KXI. Hayq7ﬂ7m orofi NpoljeMH HOCBAWEHO GOJbLWOe KOJMYeCTBO padorT
(cM., HampuMep, 5 ), OIH&KO »Ta NpodJieMa MO CMX TOP He peleHa, UTOT
BAKyyM IpelncTamiseT coloit cBoero pone Cpeny, B KOTOpOi He MOTYT Cy-
MecTBOBATH HM KBA&DKM, HY IVIOOHH, HE JOWEe IDYyIHe LBETHHE COCTuAHHA
K&K cBOCJOnHHE YACTHIH.[pyIMMHE CJOBEMM, BAKYYM IVIKOHHHX Ionell KXL
o0ecneyyBacT KOH(AMMOHT JIOOHX LBETHHX OOBEKTOB.

AIpOHH, Kak OeCLiBeTHHe COCTOMHEUA, NOABIALTCA B JopMe KOJLUISKTUB~
HHX NePEMeHHHX, COOTBETCTBYKUMX OeCIBETHHM To%:} KBapKOB. IJTA HMIEA
DPASBABAJIACH BO MHOTHEX padoTax (CM., HaIpmMep, ).

MaTeMaTHiecKan peamm3elEA 5Tof KAPTMHE HA ABHKe MATDHLM DpacCesi-
HHA 8UpOHOB TpedyeT ompelefleHHHX TROOTe3 O MeXaHW3Me KoHJafiHMeHTa
K&K YCPeEHeHHE HKBEADHOBHX NeTeNb 10 IVIMOHHOMY BEKYYMYy K O MeXaHEsMe
QUPOHA3AIAN KBADKOB KAK NMEpeXole K KOJUIeKTHFVHM IepeMeHHHM B JarpaH-
xpaHe KX, CooTROTATBymIMe IPSUHOJOEEHHA M COCTABIANT CONEpAAHME Hpen-
Jaraemolf Mojes® xoHpafHMEpOBAHHHY KBapKoB - MKK.
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B UACTHOCTH, U3 IPELIATAEMO} KADPTMHH KOHJGHHMEHTSE M AXDOHM3E-
LJM MOEHO NOJNYUATH BIM KAK OIWH X3 BADHAHTOB YCDEIHEHMA 1O IJIMOH~

HOMY BAKYYMY.

2, TVWIOTE3A 0 KXI-BAKYWME 1 AIPOHMGALIA

B ngHHOM pasznejie HIIORANM BPIYMEHTH, H& KOTODHX OCHOBAH BHBOJ
Hame#t mMomesm u3 K{l. CiexyeT OTMETHTBH, 9TO MHOTOE B IPeIiATacMHX
PACCYXRIEHMAX He ABIACTCA NOKA3AHHHM, ONHAKO OCHOBHH6 WPEINOJOXEHHA
HAM IPEeNCTARIANTCA BIOJHE IPABJONONOGHHMY,

Bynmem KCXOJIKTS 3 Jarpassuana KXI A
/ 5 5
Gxo =342 Guv + 2 3,00(F-mp+g 8(00) g ().
3necs B=BQ + ;6 v=a B"_D"B'“' T fB/“*‘ B‘j‘l’
25 Juv g
rme B -TUmcoHHOe moMe M ¥ -MATDMUN LBETOBOY IpyINH SV¢ (3) y
gy /(f=41,3) - keapxomHe oXA C MAcCO# /My ¥3 IPYMI apoMeTos S U'[S))
-KOHCTaHTa CBA3N,
denpmeM FyHKIMOHAMBLHEY RHTerpan KXL

Z“{Syg?fSB D(B)exp ] [dx é(;(xf;‘}, (2.2)

roe QyHKIMOHAN D 8) YUMTHBAST BHOOP KaMODPOBKM IVIOOHHOTO IIOJIT 8

Hame npezmoJoXeHre COCTOMT B TOM, uTo X[ - BaKyyM peanmsyeTcs
HA KBAHTOBHX IVIDOHHHX IOJAX C RHNedMHUTHOH Merpuiol. OGosHEUIM 3TH
NONA 4epes Bmclx). Jllaslee mMpenNoJiOXMM, UTO BaKyyM BHDOKNGH, T.O.
CYmeCTBYeT MHOEECTBO BaKYYMHHX IOJeit BVAC (x) , XapaXTepH3yOMHX Ha-
OOpOM He38BUCHMHX NapAMETDOB {CVA, , ABNAVIMXCA,TIO CYTH meJsa, CTeme-
HAME CBOOONH BaKyyMa. Torma IVINOHHOE MNOJie MOXHO IIPeICTABATE B BHIE

B(x)=B,,. (x)+ B (x},
rne B” (%)- QIyKTYAIMOHHEe IVIWOHHNe HOJs Hal KX[-BaxyyMoM —
IpencTaRAANT coloif kKoHfeimMMpoBaHHHE NOJA IVIKOHOB, HAXONAWMMXCA B Be-
kyyme KXII. -3TE oA SaBHCAT OT BVM ¥ ONpeleJARNTCA HAa0OPOM CBOMX He-
3aBUCUMHX HApamMeTpOB {Cﬂ; } QyHIUMOHANbHNYE mudepeHIMAN TIDOHHOTO
[0JIs SalulleM B BEIE

ndﬁ(x\:- TTJCVAC -IT C[Cfp o@ (B / CVAC) C’pp)’
rIe $(6[CVA¢, ('f?) onpepesyAeT HDEeTEPMEHEAHT IIEPOX0oNs K NePeMEeHHHM

{CvAr} w ‘[Cﬂ’}.

(2.1)
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flogeTeBMM MOSyYeHHEs FO1MYJH B (2.2) i MDOMHTEIDUEDYSM 10 N2Le-
MEHHHEM QUIYKTYALMOHHO TN TOJA { Cfp} . PelyThTaT UHTeIDUDOBEHMA 13-
IMme TCA '

Z= {a/ VAC( g(fe/)cp{z'fcl"‘/ﬂ(f’" e c?&mc\?*'z[‘]]

(2. 3y’

RPN A or Gt Ko 81nc),

.=_4 /"d ( ) /“4' '
3necs -
J/:f(x)=fz Ze(x)(){“f 7 ()

LUBeTHO! KBADKOBHIf TOK X

dO'\'/ TTIZCVAC F’[BVAL'] (2.4)

EHIeTAIRHUTHAA MeDa MHTEIDHPOBAHMA II0 BAXYYMHOMY NOJM, ABHHE BUI KO-
Topolt MoXeT OHTE HailfleH TOJNBKO B De3yJbTaTe DemeHmMs HpodiemH HXL-

BaKyyma. 2. i
Pyuximn G ) (xl"' Xn /BvAc) 6{;}} [X /BVAC>

SBIANTCH nomm caﬂ'aam{m N -rouewnnMu QyHrUMAME [pAHA TUIKOHOB,
HAXOISANEXOA B BAKyYMHOM. moxe &, Ac -

[IpexmosoxyM najiee, 4YTO IIpd OMNCAHMA OOCJIACTH CONBUWIX DACCTOMHMI
B fyHKIMOHATBHOM mHTerpase (2.3) ¢yHxpm I'puHa QIYKTYAUMOHHOTO IVNO~
OHHOTO MOJA G"'" ‘f,” (%0, Xa 18uace)) [IePeHOCAMET0 CHIBHOE
BpasEMojieticTBHe Mexuw KBADKOBHMM TOKESMM, MOXHO 38MEHHTE Ha

G:/:; (x18,p0)~+ [, @"’f (x| Byac)=

[ J-
= G er (o T,
Q... Qn

Tme G/..,,,. ' [X,.., 4) ABNAETCA N —TOYcuHOU CBA3AHHOR yHHMUZER
I'puHe TNOHOR B peXEMe CIUIBHOM CBASK. JTO MpUCIMXEHNMe O3HAWAST, 1TO

B (yHKIROHANRHOM HHTerpante (2.5) MOXHO mpeHeOpedb CBA3AME 4epe3 IUw-
OHHEHI BAKYyM MOXIy KBADHOBMMM [DOJSAMM ¥ PARVMMUHEME IVIDOHHHME (YHKIMA-
vy I'pmua.

Caenywoimatt mar - agpoHH3almA. ANpOHM3aIMD OyNeM NOHMMATL KAK Me-
POXOR K KOASKTHBHLM NMEDEMeHHHM B NMpelcTARIeHWE (2.5) ¢ yuerom (2.6),
Hmea coCTOMT B TOM, YTOCH B KagnoM i, Tepe#TH OT UBETHHX KBADHOBHX
TOKOB I K OpOM3BEJSHND OOCLIBOTHHX KBEDKOBHX OCBEKTOB. [IpH 2TOM
c.uaraenoe Ln HOJXHO NATH HAGOD COCLBETHHX AIPOHHHX COCTOAHMil, 00pa3so-
BAHHHX N KB&PKaMH.

(2.5)
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[lpoIeMOBCTPHPYEM MeXaHu3M ATPOHM3AlMN Ha IpmMepe OGDR30BaHHR
IBYXKBAPKOBHX ANPOHHHX COCTOfHMI — Me30HOB, A 2T0r0 OTPEHMYMMCSH B
QYHKIMOHANBHOM HHTerpate (2.3) TONBKO WISHOM ¢ « Mrax, paccMOTDEM
caaraemos [_, B (2.3), KOTOpOe 3anmmeM B BHIE

L, —f/dx dx, Ja'( )Ga'az(x %) 4, (xz)

TIe maapxoauﬁ TOK J ( x) mﬁe'rcn OKTBTOM B I.tBeTosoﬁ Tpyume ‘Y U (3)
¥ CHHIVIETOM B rpyrme apoMaToOB.

DYHKIMIO I‘pmia TJINOHHOTO NOJIA NPENCTABNM B BHIE
-;P{X
o) e 6w

Gt 68 S, o O, [

MepTCa IBE Toqlm 3peHna Ha TOBETIeHne G( £°) npm meumx P . Ilo ox-
Ho#t u3 an/ )-—*1/ P’ opm p-o , 4TOCH oCecnewnTh Jmuenﬂo pac-
Tymmit NOTeHLWMal MeXIy KBapKamy Ha COJBIMX pacCTOAHmAX. lpyras TOURA
sperms’/®/ cocront B TOM, uTo G (p) aHaIUTHUHE B TOuKe P =0 , a
MoxeT OHTH, Iaxe ABIAeTCA Lesof dymumel B Pz -TIOCKOCTH, YTOCH
00ecneanTs NOJHHHA KOHPAHMEHT IVIOOHOB. MH NpDMMEM BTODYR TOHUKY 3pe-
HAsA,

3aMeTiM, UTO eCJH IOJOXKETH 6(x,- x,_): S[x,— %), roLz npex-
cTapyAeT co00il JOKAMBHHY YEeTHPOXKBADKOBHI JATDAHXMAH B3amMonei#>TBRA
BAIA TOK-H2-TOK. JMeeTcA HeJioe HallpanlieHue ncc?enosamm Y L E XaxbHefl-
Uye CCHJIKM TaM), Oepyllee CBOe HAYANO OT DAGOTH . B XoTOpoRk aBTO-
DH, KCXOIA M3 BHIleNpPHBEIESHHOTO WEeTHPEXKBADKOBOIO JATPAHKEAHA, IOJY-
UaPT HM3KO3HepPreTHYecKMe JAarpaHk¥aHn IJI1 ICEBIOCKANADHHX, CKANAPHHX
¥ BEeKTODHHX Me30HOB. Mu Oynem meicTBOBATE B DycJe 3THX Huolt.

[lpeoGpasyeM L . Meronom dmpuenakna L,_ MOXHO 3amgoars B JopMe

L —// +$2
Z a7p “‘“fd" I (%, x X, )6 (- "z) J‘: {sz l) (2.6)

9,- Zf o, B, %)6671) B, £ ), (15 RYA)

C.na.raemoe Hz COCTOHMT A3 CYMMH ITpOM3BEIeHHH Oecmse-rm TOKOB

{ J[ =§4(x,) 4)(7["2)
rme N -MmaTtpuua rpymm apometor SU (3).
Cnaraemoe &), CONSPAMT MPOE3BENCHHS NAKBADKOBHX HBETHHX COCTOA-

B;f:?[x,) CO,T >\f Q[Xz) .

x)

Huik
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Cnexyer cpasy *e OTMETHTH, 4TO B Opelcraminerru (Z.6) BHOOp KOO~
GuIeHTOB ag\[ n 4#7 HEOIHO3H&YEH, KAK YBMIUIM HMKE, 3HAK <TUA KOodw
{ULMeHTOB JHOJKEH OCECHEeUHTHh RHTEpIpeTalMlk TCKOB Lf- Kak aipoHHHX CBs-
3aHHHY COCTOAHMI, & BesMurHa 4 7f Ompenenser Maccy STRX aIPOHHHX
cocroaHuli, STH NMPOGNEMH 3aCAyXMBENT OTIENBHOIO OCGCYXNeHMA. #H Xe B
JaHHO# padore OIPAHMUKMMCH PaCCMOTDEHMEM TOJNBKO /'/2.

B H‘2 IepeiieM K MEpeMeHHEM X = Zi(x,-r XA) §:2-’(x,— X, ), noxryum
o, [l 45 L6 D)6 )T, (,05)

P=i7
Lopy=gnl 90-1), [ =9x).

~ o2
CoTiacHo HAmEMy MpEINOJOREHMN, TVNoOHHHH mpomararop & ( P )aﬂa.rmmqeﬂ
B TOUKE Pz = 0. IpemcTaBmm {yHKLHL G(}') B BHIE

. .2 k
= (fdPY o~ PT S () =((LPY o PE ST 6, () =
6= (L) e T Er)= () e T L 6 ()
=76 L'.l; §().
=0
HozcrapmM 3TO OpencrapieHue B Hz. ¥, MONBIYACH MHTETPUPOBAHEEM II0
QacTaM, 3IalumeM
» em ) (Gn,¢)
- [ R A (x)
=Y'a,? G, 2 . 'z,,!J"_ (x) ‘], 2 @m
HZ Zj Fk:o k2n+P=k / /“’ 7 /"(

TIe 'Z,,[ ~qQUCJGHHHE M3BBCTHHE KOS(QIMIMEHTH U

rnl) \ " ¢/ rer e [ (e _
T =0 27,.7«, (7Dl 10Dl
ol T, (D (T3,

(oal

3necs iﬂ‘,,,/.,, (ﬂ' ) ~HOJHOCTHR CHMMOTDHYHNHA C HYyJeBHM CJENOM TEH30p, COC-
rapteHHHlE B8 pexrTope @

4 ' o
7/—;/’(&)*:0/‘}5,1 },(— /4’/,2% 544( ven

7;/‘/‘1__/,( (a)=0.

3TOT TOH30p OMACHEAET ODCHTANBHHY MOMEHT £

(2.6}
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Tok T‘P" !)( X ) IpeXCTaBIfeT cofo#t COCTOAHME IBYX KBEDPKOB,
KBaNTOBHe Wcia ROTOpOI'O onpezeaanTcA mHmekcemm I'={7T £ } 1
B He 38BHCAT OT N . JTO O3HAYEeT, 4TO R CBA3&HO C Pajmas,
BO3GYRICHIEM JIBy]m.BapROBOI'O COCTOSIHMA, OINICHBAEMOTO TOKOM .T o, ( )
JoJRHA CYLeCTBOBATE: HEKOTODASA ODPTOIOHAJBHAA CHCTEME nomouon. xa—
PEKTDUIYMMX TR BO3CYXNEHAA. BIOJHe NOIMyCTHMO, WTO 3TA CHCTeMa IOo-
JIMHOMOB 38BHCHT OT KBAHTOBHX UYHCEX IBYXHBADKOBOI'O COCTOSHHEA, T.E.
or [ = [ . M He Oymem B HmaHHO# padoTe YIMIyOJNATECA BO BCe JeTaH
STOTI0 IOPeJICTABACHHMA.

CrenyeT NOMIePKHEYTh, 4TO HpeficTaBieHAe (2.7) COmepRHMT BCe IByX-
HBEDKOBHE 8IpOHHHE COCTOAHEA.

BocnoarsyeMcA penCTABISHHEM

f Q (x }
{Tf SM {——[alxM(x)+ fa/xM ) J, )
( >,
lloneBe nepeuemme M@ (’q- Moo plp (X) COOTBETGTBYNT MO30OHHLM MIOJAM
¢ TMPOM3BOJIBPHHME BO3CYAIeHMsME. [loICTaBMM 3TO Npencramiesde B (2,3),
IpUYeM OIDAHEYEMCS TOJBKO CJIATAEMHM H,_ , TPOMHTETPHPYeM MO KBADKO-
BEM TOJLAM

2= ”TSMR (doy, o 0xp {- £ [dx M“[x)+ KM, 8, 1}
F'tM) BVAC l—_;::_;{c/x ,,.[dx” ‘{M(ﬁ‘)g(xtleeygb:n' S(xh’xl,&m(y’(z'g)
1’4

THe ~ R _/5
(xbxllavﬂt):(mf-*g Byﬂc{x)‘P) (X,‘ Xz).

Hame ciemymines OpeINOJOEEHAE COCTOHT B ToM, uTo (2.9) moEHo me-

pemacaTthk B BATE

T [TTSMomp {4 ok Mol e, L B 1} o0

STO OpermoJoXeHMe O3HAUAET, 4TO KBADKOBHE NETM IPM HE3KAX 2HEPIEAX
MOTYT OHTEH CBABAHH TONLKO ANPOHEMH, & CBA3SAME MOXIY HKBADKOBHMA NeT-
JiAME 4Yepe3 INnOHHHE BAKyyM MOXHO IpeHelpeus.

leftcTre Mepu d Syac B (2.I0), T.e. ycpemHeHHEe IO TINOHHOMY BA-
KyyMy KXII, nosEzo oGecHneunTh KOHJefHMeHT KBRDHOB. [[pexmonoxenme o
cBoflcTBax 9TO#t MepH GyIYT HBJIORSGHH B paszeJse 4.
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BHIEJMM TeUeph ¥3 BHDPAKoHUA [d Tne F[M, BVAC‘l B (2.10) caa-
raeMHe, IMATOHAJBHHE MO ME3OHHMM IepeMeHHM Mg

L (fdx,dx, ?32 Mg () TTq (= %) Mg () |

Wa (x- z) (d O ac {{E S‘(’(" %2 leAc)[; f[xb X }B"Af 3}
00beIMHAA STO CJAATAEMOEe C KBaNpaTHYHHM wieHoM B (2.I0), moiydmw

L f{dx, dx, %Z Mo (L $00-2) g2 TT, (=% )| M, &, )=
- . ;Z [dp M, (F)[i—j:, m, ) M, (P).

JpaBHeHue
R ¥ 2
1-9, TT, (mg y=0 (2.10)

OmpeJNeJaeT Maccy Me3oHa MQ .
Mepeinem B (2.I0) K HOPMHDOBKE

M (X)—r M {X){}@ﬂ_ (ma )\

BBong MCTOYHWKA Me3OHHHX ToJel ‘T@ (x) s C yuetom (x.II) momyyaem

ZU\‘ ITHMQ exp {1 folx QZ Mg (x) (a-m;)MQ&H-
+Z A,]'dx,.. [dx, (de,, Erim () S0,% )8, ,).. Migke.12)

+ 'zro/x Mg ) g ()},
anecn MOY=Z 2Ma(a) .
lirprx y cymme B (2.12) osnaqae'r 910 B KBAIPATHIHHX Jmarona.m»rmx 10
u P

Mg WISHAX CIeIyeT CTaBNTH ]T F= ﬂ' (p*)- ]T (mq) ]Ta e){P mQ)

CnejiaeM HeCKOJBKO sameqax-mn Bo-niepBuX, 38MeTEM, 4TO ypaBHeHMe
Ha Macey (2.II), a rakme mpeoSpasosamme oT (2.I0) r (2.I2) TpeSywr
ONPEZeNEHHQIO COOTHQUEHHA 3HAKOPR KOSJ(MImMEHTOB d, , 6, , 7,/ B
(2.7) ® JT(mg) 7 (m‘_,) 9TOCH 00ecneunTh OPABWIBHY® HODMHADOBKY M-
3M96CKEX BEJHYZH. JTO OCCTOATEJBCTBO HajaraeT OMpelieJeHHoe TPeGoBa~
Hze HA pamiomemme (2.6).

i1/2
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Bo-BTOpHX, OpencTaBneHme (2.I12) He CONODXKMT B SIBHOM BHIO BeJM-
und A, , Gp s 7,/ + OTMDPETENAOIMX DANIOXOHNE TJIOOHHOTO IPONETATODA
BOmsy p* = 0. KomcranTa cBAsH &g ONDOXNeENFETCA TOMSKO MacCo ampo-
HA ¥ MeXaHus3MOM KOHPallHMeHTA B KBADKOBOJ mHeTJe.

B TpeThux, ypasHemue (2.1I) maeTr cpA3k MeXLy CIGKTDOM M8CC Me-
30HOB, KOS(iMIMeHTaMA pazIoReHMA KOHPaHMUPOBAHHOM IIKNOHHOR FyHKUmH
Tpuna B OKpeCTHOCTH TOYKHA P" = 0 ¥ yHEBEPCANBHHMK QYHKIMAME KOH-
(aliiMeHTa, BOSHAKAGIMME NPM YCPeXHOHME KBADKOBOI'O MACCOBOIO ONEpATO-
Pa N0 DAROHHHM TOJAM, :

[Ipomsponsaummli QyHKIMOHAT Z (I} B (<.I2), ompexexsoumit B3amMonell-
CTBUA Me30HOB IpYT ¢ IPYI'OM 9epe3 KBapKoBHe NeTAN, JIOXUT B OCHOBO
mamelt Momesu. Omnaxko yHmoOHee Npm NpaxTHdecko padoTe NOJH30BATHCH
IPYTHM [IDPEHCTABRISHNEM, NOJHOCTHY SKBHBAJNOHTHEM (2.I12):

Zi\= [IJSMQ (da,, {89 §F excp {zi;Z{alxMa (n-m:-Sm;)MQ+
+ ;(dxz (f;"mf'g"émc(x))?; + {2.13)
+ ;ZZ -\?_f [dx Mq(x)q}()()/; ?f{x)+;£ {dx Mg(x) &g (x) }

OpH YCJOBMM, YTO KOHCT&HTA MEPEeHOPMHPDOBKM BOJHOBOH JYHKIMM Me30HA
MQ paBHa HYJo:

ZM=1—(§Z;'TT@’('”; )=0- (2.14)
(<]

3TO P&BEHCTBO HA3BHBAETCA YCJOBHEM CBA3HOCTHM B KBAHTOBOW TeOpHH IIOJIH/ II/.

HroroM sTOTO pasnena ABNASTCA NMPOICTARNICHWE MATDHIH DACCOAHMA
Me30HOB, KAK CBA3AHHHX KBADKOBHX cocTosHuii,B fopme (2.I3) ¢ ycaomuem
cBAsHoCTE (2.14).0T0 NMpencTARIEHWe MOJHOCTHO SKBMBANEHTHO (2.I2) ®
JeXAT B OCHOBe Hamell Mozesm.

3. MOEEID KOHGATMMVPOBAHHHX KBAPKOB

B aroM paszmese OyneT cHopMyamMpoBaHa MONEJb KOHJANHMMDOBAHHHX
xBapkoB (MKK), B peMkex RoTOpoit MH OyleM OMHMCHBATEH (MBHKY &TPOHOB
HM3KUX SHepIHit. Mojess OCHOBAHA HA CJAEHYOUKEX IpeIOJOXSHHAX.

¢
I. CnexTy ampnuoB ¢ Maccamu /M j ¥ KBEHTOBHME JHCIEMA J he
BHOMPAGTCA COIVIECHO IKCHePHMOHTAJBHHM IAHHHM. [OCTYNEDYeTCA KBAPKOBHE
cocTap anpoHa. JarpaHwEaH B3AMMCLeHCTBHA ANDOHOPB C KBAPKEMA CTPORTCA
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HA OCHOBAH} TDMHIATIA: B HEPENATHBHCTCKOM Ipeliesie KBApDRM, 00pasyw—
IMEe ATpOH, NOJKHH HAXOIMTHCS B COCTOSHWM C HAMMEHBUDMM ODOHTATEHHM

MOMEHTOM .

2. BzayMoneilcTBMe MeMLy aIODOHAMM OMMNCHBAETCH NpPOH3BOLAUMM JyHK-
moHanoM Buua {2.I3), TIe KOHCTAHTH CBA3YM ANPOHOB C KBAPKAMH O eme-
JFANTCA U3 yCJOBAs cBasHocTH (2.14).

3. lleificTBue MepH c/ Tyac » ocyulecTRIANEefl yepenHeHne Mo hXI-
BAKyyMy, oOeCleuMBaeT KOHPAHMEHT KBAPDKOB M CXOIMMOCTH BCEX KBADKO-—
BHX IleTeNb.

B oToM pasnese paccMOTDMM NONpOCHee NepBWe IBa ansatz'a Mome-
JE, a B pasfiele 4 ONpeNe VM MeXamMsM LeicTeus mMepn of 0,4 He KBap-
KOBHe NeTVIM ¥ SaIamuM ee ABHHI BHI.

[lyeTe mMeeTCH HaGOP ANPOHHHX Nojef H C Maccamy /7, ¥ KBaHTO-
BHMM 9MCJEMM J'h <, lTocsienoBaTeIbHO PACCMOTDAM ME30HH M GADHOHH.

MesoHH (IBYyXKBaApKoOBHE COCTOHAHESE H)
BecllpeTHHE IBYXKBADKOBHE TOKM C MESOHHEMM KBESHTOBHME YMCJAMH

Q=1°T°C mmenr Bux

T, ) =706) g 9(x), (3.1)

e maTpuua r'Q ofecneyyBaeT HyRHHE KBAHTOBHE WACJA.

CBA3k ME30HHOTO TOJA MQ » FMGRIIETO MacCy /Mg , ¢ KBADHOBHMY
TOKEME BHpaxaeTIcA B fopue .

!fa = %MG(X)JQ(X). (3.2)

Eaprnosy (TPOXKBADKOBHE COCTOAHNSA)
TpeXKBEPKOBHO TOKH, WMORIMe GADMOHHHe KBaHToBHe wcxa 8= 167 P,
MOTYT OHTBH HpEICTABICHH B BUIE

< / ¢ abr
IB(X)= HBQ/X)? (x) g (x) & 2 (3.3)
rme Rg-mpomssemenue warpmy ) = Marpmn apomara )’ , AefcTBymmx
HA KBADKOBHE NOJA ¥ ONDeNANANEMX KBAHTOBHE UMCJA OADHOHA.

CBash GapmoHHoro moaa 8 , mMenmero macey Mg , ¢ KBADKOBHMY
NOJAMH BAIMECHBASTCH ale

§ e, €,
Fa g B AL 11 e,

Tme g- KOHOTAHTA CBASH, & CYMMB GEDETCHA MO BCEM BOIMOKHHM TDEXKBAD- .
KOBHM TOKaM (3.2) ¢ XBAHTOBNMH wuclaMu £

220



BzamsonelicTe MeXNy aTpOHAME OIDICHBAETCA IPONIBOLANMM (YHKIMO-
HeJIOM, MOJHOCTED SHAJOTHYHEM (2.I3):

wds 1= [ TTEM, frTsa §B, [do,, {5767 -
xexcp {4 f c/xZM (o- mQ)Ma-rfa/xZ (p-Mg) Bg +

+ (dx Z 4 (P -mp=9 Bpa e+ [dx (T Lo+ TLp)+8LY
§L =[x, dx, | $ZMa g5 T, TMg 7B, s Zg Bg).

Jarpanxaany ,‘fq fe OIPeNeIATCA q)opay.naun (3.2) 2 (3.4). Komcran-
TH CBASH B JAIDAHANAHE B3AHMONEHCTBAA ONDENeNANTCA M3 YCIOBMA CBA3-

HoeTH (2.I4).
3 (3.5) MOXHO NONYIHTPH IpSICTABJISHHE IJIA S -MaTPHIH ;

S (d Sac TP/LIO {f{dX (‘.;ZYQ+BZ$6)+;‘SL}_ (3.6)
3ech XPOHOJIOTHUECKOE YUODATOUCHRe NOHEMASTCA KAK OCHUHO® BHEOBO

T -DpoM3BORGHES IJA SUPOHHHX M KBADKOBHX Nojed, MPEIEM IDONATATOD
KBEDKOBOTO TIOAA EMeeT BN '

> 2\’ ’
%f*)i,/"')=§oz'(”’:+i3m -p) $6-x7), (3.7)

n mocye mepexoze B {(3.6) K HOPMAJIBLHOMY YIODANOUEHWH CJASXYeT IQJIOXEHTH
KBAQPKOBHE IIOJIA PABHHMA HyJw. Mepa c{cr neﬁcmaye'r TOUHO TAK X6 ,EaK
B (2.10).

3TEM TpemICTARTCHWEM IVIA MATDHIN paccesud (3.6) MH Gy@eM IOJB-
30BATHCA B JalbHeimeM.

(3.5)

4. TWIOTE3A KOHOGAJHVEHTA KBAPKOB

I'mmoTesa roHpafiiMeHTA KAceeTCH ONPeNSJIOHEA NeHCTBHA HE KBADKO-
BHE TOJIA IVIDOHHOTO BAKYYMHOTO IOJA vac + KOTOpOE OUPeNelAeT H MeXa-
HAEM KBAPKOBOTO KOoHPANHMOHTE M IMHEMEKY SNPOHHHX B3aEMomefiormmft mpm
HESKHMX 9Hepr'#AX, HO O KOTOPOM MH B HACTOsNee BDeMA MOHBII@é BOSIO 3HA~
M C TOYKE SpeHMA TOYHHX DOSYJABTATOB TOODEH. Hama rmnoresa Konfefiu-
MEOHTE& COCTOMT B TOM, 9TO KBAPKE B 00nacTH koHpallMoHTA M@ EMEDT ONpe-
HeJIOHHOTO 3HAYeHMs MECCH, NMPeBPANANTCS B HEKHe KBASHWACTHIH, HECYMHEe
KBAHTOBHE WHCJE KBADKA, HO He CYMECTEYNIIME KAK OCHYHHE YACTHIN.
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Ham ensetz 3aKkaOYaeTCA B TOM, 4TO B (YHKOMOHANLHOM mHTerpamse (2.10)
HHTeIDHPOBaHMS KBADKOBHX IeTexdb IO da«;.qc MORHO 38MEHVTH ONHOKDATHHM
MHTeIDaIoM

{JO;’AC t’L {M(X,)S‘[Xh X, /8,/,“;)‘...' M(Xn) s{xﬂl X//BVAC)}_)

~ {ds, tr | M) Sy (%3 )0e” M%) 8 (X,- %), 4D
TIe

ye -7'/0 (XI'X )
SX‘ (x,- x,)= g(i;)‘fi € ) ——i———x (4.2)
Mp+ Mg P

MapameTp /\{ , MMeoiMi pasMepHOCT: MACCH, 3&BUCUT OT apoMaTa KBapxa
¥ XApaKTepH3yeT pamMep oCnacTZ KoHdaiiHMeHTa KBAPKOB ¢ ApPOMATOM ,/.7 .

Taxmm oGpasom, ansatz  xoH(afinmeHTa (4.I) GBOZETCA K TOMY,4TO
0T (YHKUMOHANBHOTO MHTEIrpAia [0 BAKYYMHHM IVOOHHHM Tojav B (2.I10) mwm
(3.5) MH mepexomuM K OZHONAPAMETDHYECKOMY MHTerpaxy (4.I), sdfexTun-
HO YYWTHBANIEMY NeilCTBHE IVIOOHHOTO BAKYyMa Ha KBADKOBHE 1OJIA.

llpz nambHelme.: OIpeneJeHRE MepH J¢,\ MH XOTAM DEeUMTE IBE 3ala-
un, Bo-mepBhx, oGecnewiTh KOHPaHMEHT KBapKoB, T.e. I'&paHTHpPOBATH
OTCYTCTBHEe OCOCUBHHOCTElf B MATDHYHHX 3JIEMEHTax hy -MaTphiH, CBA38H-
HHX C DOXNEHWeM KBApDKOBHX Iap, Bo-BTODHX, IOOHTHCA YJIbTpafmoJeTOBOR
CXOIEMOCTE BCOX HHTETDATOE, ONpPeISJIOMX JOCHE MATDHUHHE JJEMEHTH §-
-MaTpuiil, 970 HO3BOJMT HaM OTDAHHYNTH WHCJIO HE3aBHCHMWX ITapameTpoB,
BYXONLAMX B MOZLeNE.

Ompegesiene neitcTBHA MEpH de, A COCTOMT I3 IBYX IIYHKTOB: ONpene-
JIOHEEe anTecpaydeckoro XapakTepa ReilcTBAS MepH B NPOCTPAHCTBE LBETa #
onpefieNeHre ee ESHAIRTUIOCKOM CTPYKTYDH.

Anredparueckasg CTDPDYKTYyDP& MeDH

llocae B3gTwa mHTerpana B (3.5) wm (3.6) MO KBADKOBHM IEDEOMEHHHM
TPORSBONANMYE QYHKLMOHAN i ,S‘ -MaTpHlia HpeICTaBIART COOOH COBOKYM-
HOCTH 36MKHYTHX CECIIBETHHX KB&DKOBHX LWMKIOB LIA Me30HORP U doJee CJIOX-—
HHX CTPYHTYP B CJyuee O8DEOHOEB, K KOTODHM NPHCOeIMHEHH AINPOHHHE MOJA
Me30HOB B OapHEOHOB. IlepBoe Hame IpeImoJOXeHNIE COCTOMT B TOM, WTO BCe
9TH OecClBeTHHE LEKIH YCDEeNHAKWTCA II0 MeDe He3aBHCHMO, KAK 00 3TOM Io-
BODRJIOCH IIpH no:ry*lglmﬁ gopmyu (2.I0) ma (2.9),

(‘{VA=QEH°XQ , oyl =1,

Jefictsue Mepy (o) B KBEDKOBHX NOTJIAX, BOSHUKAWIMX TONBKO B ME3OH-
MOSOHHHX B3amMOTeiiCTBHAX, onpenengeTes fopMyno# (4.1). AMILUmMTYIH
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ydacTueM OapuoHa m Meaonon OlIpeNiesM Kak
a/c aa’ k, ) !
fds, e 1" $ 0 x % 18,,)] S' (x,xz 1Byac) -

3
1 f(k‘){x,x 18,4 ) E"gf = 61T ‘S'(d)[x,,x ),
i

(4.3)

rue
St 1, )= [ [, 8y Gy )My ). M3 )Sh (e ). cant)

B m4arpemMMax TJA Cosiee CJORHHX NPOLECCOB C YYRCTHOM CADEOHOB M MHO-
TOKBEDKOBHX COCTOSHHIt OyIeM CJeNOB&TH NPABMIY: KAXNO} JMHHA C 38J8H-
HEM LBETOM CONOCTaBAsETCH QyHKmMA (4.4).

AHanHTHYIeCKAA CTPYKTYPA MOEDH

Angatz  gopjaihMeHTa COCTOMT B ONpeXe/eHNN AHAJNMTEISCKOR CTDyXR-
TYDH MepH @) » T.6. B ONpeNENeHAN EHTEIpata

(:;\Gim -f "f (—LP) z[a(“{ "I) PZ/ ))

B

(4% _¢¢
= z

A+ B )

CYHKIMD 6‘ ( Z) Oyzem HasuBaTh ¢yHximefi xondeltimeHra. [Ipemmosara-
erce, uto & (Z) YROBNGTBOPAET CHASEYWIHM YCIOBHMAM:

I. 6(2) yHHBODCATBHE, T.0, HE 3aBECHT OT LBETA M &pOMATAa
(no xpam{en Mepe mns TPymmM apomaTos §U(3) ). Ipyrmum cnobeMu, EyHR-

&(z ) @IMHA IVIR BOeX HBA&DKOBHX CTPYKTYD, ONDEREJLAOIEX nsmonen-
cmne Me30HOB, GApHOHOB M IDYTMX MHOTOKBAPKOBHX BIPOHOB.

2. 6 () saBraeTca Lesio}t AHAMATHYECKO! B ILIOCKOCTH KOMILIOKCHOR
nepeMenHo#t £ ., I3T0 ycJoBHMe 0CeCHeYNBEST KORJAUHMEHT KPADKOB H YHA-
TapHoCTy ,§ -MATDEIH B &NPOHHOM CEKTODS NpOCTPAHCTBA COCTOMHMHE.

3. G(z ) yOuBaer CHCTpee JpGoft cremeHu 22 p esxmnoBoft 00J20TH,

bm (- 22)”/6'[3)/ =0, VA& >0,

2% oo
310 ycJoBME 00SCHOUMBAST CXOIMMOCTH JIOOHX KBAPKOBHX JMAITeasd.

4, fBHHE BRX JyHKUEH 6(2) NMOKE He MOXOT CHTP HaiftfioH H3 KAKHX-
J6o o0maX coolpameHnit. [loaToMy BHOOD (YHKIME KOHJAHAMEHTA TAKE® BXO-
maT B ansatz Monesm. ONHAKO, KAK MOKA3ANM DPACYETH, LIA FHAOBAOTBO-
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PHTEABHOTO OIMMCAHNS HMBKODHEPIeTHYECKMX NPOLECCOB C y4acTHeM Me30-
HOB X GADWMOHOB BAXKHH TIVIABHHM OCPA30M METETPAJBHHE Xa)aKTepUCTUKH

dyuxmn G (Z).
B LKJIe pacueToB, IIDOBEIEHHHX B/IS/, UCHOJB30BaN&Ch @:jlif\‘ﬂlﬂﬂ

2
Glz) <exp(z-1)f,
ora gopma QyHKRIME KoHPaliHMeHTa B3ATa U3 BUDTOH-KBADKOBOH Mone.rm/ 4/ .

5. Tlpn BHUMCNEHME MATDHYHHX 31eMEHTOB MaTDHUN PalCeAHKS BCe
pacyeTH HeOoOXOmMMO HPOBOIMTE B ©BKANMIOBOfi METpHMKE M 3aTeM NEPEeXOIMTH
B M3MYeCKyD OGAACTD MMIYJBCHHX [IePEeMEHHUX, AHAINTHUECKN IPOIOJIRAA
MaTPUYHHE JVIEMEHTH s ~MaTDUUH II0 MHBEDUAHTHLM MMIlyJbCHLM JIeDEMEHHHEM,

[locTpooHHAaA MO BCeM BHNOCKA3aHHHM mpapwiaM p -Matpuua (3.6),
THe Mepa do’,\ YIOBRETBODAET II€PEUUCICHHEM ycJoBRAM, OTHOCHTCA
K KJI8CCy Teopmit C HeJOKAJBHHM B3aMMOLeiCTBHEM, MCCAeIOBAHHHUM B I .

,S' -MaTpHullg YHATAPHA E MaKpONpHYMHHE B BIPOHHOM CEKTODe B KAXIOM
TOpAIKe DAIOROHMA 10 CTeleHAM JAarpaHRUaHa B3amMoleAcTBUA.

CopMyavpoBaHHyl TeopHi CyIeM HASHBATH MONEJBH KOHPANHMMpOBAHHHX
kBapkoB (MKK),u B ee pamrax OymeM ONMMCHBATH HM3KOSHEPTETHUECKYW (man-

Ky Me30HOB M CapmoHOR,
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DYNAMICAL ORIGIN OF CABIBBO ANGLE AND KAON Al = } RULE

M. D. Scadron®
Physics Department
University of Arizona
Tucson, AZ 85721 USA

Two long-standing dynamical problems in particle physics are: (i) explaining the origin of
the flavor misalignment of strong and weak interactions as measured by the Cabibbo angle 6, * [3.1°;
(ii) given 6. then understanding the guark model mechanism driving the dominant Al = § K}, weak

decays. In our opinion, deciphering problem (i) presents the necessary 1ools to solve problem (ii).

1. Strong flavor vs, weak flavor

We begin by recalling that the (strong flavor) strang q um ber is defined
through the strong interaction 7 p =+ K°A, which conserves strang The subsequent weak decays
af K° and A violate (strong flavor) strangeness. At the quark level, the various strong flavor quantum

numbers (u, d. s, c. eic.) explicitly appear in the "semistrong” hamiltonian density

H,, = m,uu + m,dd + m,is.+ m.ec + ... 1))

where m, 4, . are curient quark masses. Of course, there is no direct "semistrong interaction,” but (1)
represents the influence of the strong flavor breaking weak interactions upon (semi) strong interactions
(as in x~p + K°A) in the "world hamiltonizn density"

H=H, +H, +H, . @

In the “chiral limit* H,, + 0. the “current” quark masses in (1) vanish, m, 4, + 0.
Just as H,, in (I) is manifestly diagonal in strong flavor, the weak quark current (which
drives the weak decays of K® and A) is defined "diagonal” in weak quark flavor (u,. d,. 8,. ¢,):
Beirhd, G ks, ®
Here the word “diagonal® refers to charge-changing (W*) processes which conserve ihe magnitude of
isonpin (4, = Iy =} 1 =1, = 0. The caveat with (3) is our unfamiliarity with weak flavor.

sSupported in part by the United States Depariment of Energy.
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Instead we are more comfortable with the "isospin-off-diagonal” or AS = 0, | and AC = 0, 1 off
diagonal Cabibbo-GIM form/!/ of the same weak quark current expressed in terms of strong fiavor:

B = Gykid cost + s sinf) + C ks cosh, - d sin 8)) . @

2. Diagonalization of Q = -} quark mass matrix

The off-diagonal Q = -§ quark mass matrix is diagonalized as

my Mg my 0
L™ m, 0 m,

o

Such a quark flavor realignment is embodied in the mixing angle ¢,y defined by

d = d, cosg,, - s, SiNdyy (6a)
s = d, sing,4 + s, €06y (6b)
tan 24,4 = 24/lm, -my ) . {6c)

While the diagonalized d-s current quark mass matrix on the RHS of (5) is manifested by
the diagonalized Hy, of (1), the diagonal weak flavor masses (mdo. m,o) and off-diagonal Ay on the

LHS of (5) must be computed from the dynamics of the weak hamiltonian H,,. However the ratio of
k.d/(m.o-mdo) (as peeded in (6¢)) can be determined from the chiral symmetry properties of the light,

relativistic weak flavor quarks u,, d,. s, without detailed knowledge of H,,.

More specifically. in analogy with the usual PCAC chiral properties satisfied by the strong
interaction quark current, we study the partially conserved vector current (PCVC) properties of the
weak quark current expressed in terms of weak flavor fields (3). The Heisenberg equation of motion
(ie., the Dirac equation for [ree [ields) gives the vector current divergence

ia’l’: - (-'“.io' muo) f‘:do"mcn'msn) Eoso (7a)

=0~ (mg, - m, ) s, (16)

It is certainly reasonsble to assume my = m, (why not?). But in any case. the iy,d, isovector
component of &) is much smaller than the C,s, isoscalar component, since we expect
m,,o'-"-m4°<m,°<<m¢°. This bears a striking resemblance to the standard/?/ isovector CVC hypothesis.

In particular, just as the CVC electromagnetic current component V: is rotated to the
V,}"z CVC weak current. so from the PCVC statement (7b) we can aiso expect the (lighter) weak
flavor Q = - § quark vector current §,7,d, lo be partially conserved. In the standard SU{2)xU(l)
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model’3/ (which is the approximate analog of the linear ¢ model but for weak interactions), the
spontaneous chiral symmetry breaking scalar Higgs VEV {(¢y) # 0 together with the Higgs-quark
diagonal coupling gy, generates the current masses according to

R Bug g, = Mg, « Pr) BHes, =T, @®

Then the PCVC statement (7) extends the weak chiral symmetry relations (8) to the off-diagonal form/4/
- 1

g = By By g, = 1@y - mg ) . (&)

The minus sign on the RHS of (9) is needed because no diagonalization of (5) is required if
the current masses become equal: as m, < my then Ay 0. The factor of § on the RHS of (9) is

similar to the semistrong Goldberger-Treiman-type of (chiral symmetry) relation involving a scalar
kappa meson and strong flavor constituent quark masses/S/

xld"ugud'i(m!'md)l:lm . (10}

For pseudoscalar pions and kaons, the analogs of (10) (but with a plus sign on the RHS of (10)) give
the ed decay cc 1s f, * 93 MeV, fy * 116 MeV, fy/f, = 1.25.

Note that (9) and also (10} have interpretations as quark "tadpole" amplitudes; in the weak
tadpole relation (9). the scalar Higgs (propagator) mass divides out, while in the semistrong tadpole
relation (10) the scalar kappa mass cancels out. Furthermore the weak scales {¢y) = 250 GeV and
SHsg ~ 1073 cancel out on the LHS of (9). leaving the semistrong scale of 10* MeV to describe the

semistrong current quark mass difference on the RNS of (9).
Taken together, (10) phenc logically supports (9). When the latier is substituted in the
mixing angle constraint (6¢c). we then obtain the chiral result/4/

( 0 ” mdo) L 4
- % _ -X_25 .
tan2d,y iy - mg) | $a=g (1
In fact, this angle (11) was first approximately found/3/ from the ph logical istrong relation

(10) with/®/ f, % f, - fy.

3. Diagonalization of Q = § quark mass matrix

The Q = § c-u quark sector can be diagonalized in analogy with the s-d sector. In

particular, (5) sad (6¢) are respectively replaced by
m, Aeu m, 0
om0 mf - 12
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2

cu
tan2¢,, = e, - oy, . (13a)

A mixing expression equivalent to (13a) but more useful for our purposes here is

2,
m,-m, ° (13b)

sin2¢;,, =
Since the (nonrelativistic) charmed ¢ quark is much heavier than the (relativistic) light
u, d, s quarks, chiral symmetry arguments will not be valid in the c-u sector. Instead we appeal to

the semistrong relation (10) to write/5/

m -m 12 12
)‘cu - "st gDscu x [H] xld ® % [(mc - my) (m, - md)]m“ - (14)
con

The square root in (14) is reminiscent’”/ of a nonrelativistic wave function description of a meson
decay constant (in this case a scalar D, cl meson replacing the scalar sd kappa in (10}).

Then substituting (14) in (I3b) for the usual’¥ constituent quark mass differences
(my - my)o, * 170 MeV and (m, -~ m,),, ~ 1.6 GeV leads tc the cu mixing angle/45/

12
. m, - my ~ .
sin2¢g,, ~ W Tm, ]m 033 . ¢y ~95 . (15

4. Origin of Cabibbo angle
The semistrong hamiltonian (1) and quark mass matrices (5) and (12} are diagonal for strong

flavor, while the weak quark current (3) is diagonal for weak flavor. This mismatch is translated to
the Cabibbo-GIM form/!/ of the weak gquark current, but then the various mixing angles must be
related by trigonometric identities as/%/

%, = $ua - Peu (e

Given another mismatch between the chiral angle ¢, = 22.5° generated by the light s, d quarks in (11)
and the nonchiral angle ¢, ~ 9.5° due primarily to the heavy ¢ quark in (15), the Cabibbo angle in

(16) should be

6, % 22.5°-9.5° % 130 . an
The Iatter value is quite close to the observed Cabibbo angle 8, = 13.1°.

If the ¢ quark were light like u, d. s, or if all four u, d, s, ¢ quarks were heavy like b and

t. then the Cabibbo angle would nearly vanish. The latter is what happens’™ for the KM mixing
angles/!% 8, and 8, in the six-quark (rather than four-quark) model.
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5. Dynamical origin of kaon Al = § rule

Once the weak 1o strong s-d and c-u flavor diagonalizations are performed leading directly
to 8.% 13.1°, no further flavor transformations are allowed. Nevertheless, first-order weak transitions
do occur, then generated by the (rotated strong flavor) Cabibbo-GIM weak quark current (4).

In particular, there is 2 Al = § s-d (strong flavor) weak transition, which we depict in the

standard SU(2) x U(l) model’ by the perturbative graphs of Fig. 1. For diagonal weak flavor masses,
all thiee types of graphs of Fig. I are needed to manifest gauge invarisnce (at the current mass pole
position./41//)  However, for the already rotated strong flavor dizgrams in Fig. 1, the s-d
dizgonalization procedure of Sec. 2 demands that g;; , and the tadpole graph of Fig. 1(c) identically
vanish. Furthermore the unphysical X~ Higgs non-lefthanded (LH) loop of Fig. 1(b) is suppressed 1o
O(1/My*4). = can be verified’#/ using "operator regularization."/12/

m———
b

W_ X ‘\~r_’/
TN ]
s ,‘H—N\H’g d s / Vd s fHo d
u,d u,c
(a) {(b) {c)

Fig. 1. Leading order SU2)xK1) graphs for the s-d quark transition.

This leaves the physical LH W- loop of Fig. I{a) to control the Al = § s-d quark
trapsition. Due to the GIM mechanism. the latier amplitude is finite, generating the O(1/M}) effective

LH weak hamiltonian density/!3/ (with 1:' = 7,(1-ivg) and s.c. ® 0.221):

H:,f_fm-b(i‘ytd+h.c.) (18x)
b biph e O) = - D5 1y 594 108 (18b)
82

Next, this s-d (strong flavor) weak quark transition (I8) can be nonperturbatively
hadronized between a Nambu-Goldstone kaon and pion, as depicted in Fig. 2.

w

Ko § d o

Fig. 2. Hadronization of s-d quark trassitioa in K,.
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Using light plane wave functions/'¥ for K and # normalized to the observed decay constants fy and
f,. (18) becomes “cemented” into the K, transition of Fig. 2, with

(rHET KD = V2 b mE &g /f, ¥ -2.6 x 10°€ GeV? . a9

Finally, folding (19) and current aigebra-pion PCAC into XS, decays./!¥ we are led to the dominant
Al = -} amplitudes (with f, = 93 MeV),

M2 1o M Bee] = (O KO -mE/mR /S, | = 26 % 10°8 GeV @0

This prediction is very near the observed amplitudes/!5/

lMK’-‘-'I = 27.7 x 108 GeV . |Myoe0} ® 26.3 x 1078 GeV. 2y

6. Summary
The heavy charmed quark mass sets the scale for the PCVC mixing theory of the Cabibbo
2ngle and also for the current algebra-PCAC thecry of the dominant Al = } weak K3, decays. Both

of these problems have been solved without introducing any free parameters.
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MACCH K IMPYHH PAIVAIMOHHHY PACHOAZCB ME3OHOB B PEIATHBACTCKO!
KBAPKOBG! MOPEIM

B.0.Tanrad
MockoBcKult rocynmapcTBenHk# yHuBepcATeT EM.M.B.JoMOHOCOBA
P.H.daycroB )
BeocowsHHl HAYIHO-KCCISNOBATANBCRUE MEHTD 0O A3YIEHMD
cpolicts nomepxmocTefl Bakyyma, I'occTaHmapT

OmicaHye cBOACTB Me30HOB B DAMKAX COCTEBHHX MoTNeqeft aJoMeHTap-
HHX 49aCTHy ABIAETCA BamHo#t Teopermuecxkofl aamaueft [1.2]. Wayvenre we—
30HOB MO3ZBONAET NOJYWATH HHPODMAUMD O NOTeHuMAaNle B3aMMOLOACTBHA KBAD-
Ka C aHTHKBApKOM, KOTOpas HEOOXONHMS IAA ITOBEMAHESA XADAKTeDa CRABLHOIO
B3anmonieficTBYA HA COJBEMX DACCTOAHHUAX [1,3] « Onnoft =3 mpodiem omEce—
HHEA CBOMCTB MO30HOB ABIACTCA yYeT DEIATHBACTCKEX adperToB. OueHxm
CKOPOCTE [OBHXEHHA KBADKA B ME30HAX MORA3NBANT, YTO POXP PEAATEBHCTC-
KEX OOMpapoOK CWIBHO BO3pacTaeT NPE YMOHBUOHRM MACCH Keapka. losromy
LA eOHHOTO OIMCAaHBA CBOHCTE JIeCKEX H TAREVIHX MO30HOB HEOOOXOLEMO
NONAB30BATHCH PEASTHBACTCKYMA KBADHOBHME MOIEJIAME.

Y4er penarmeEcTcREX 3ffeRTOB 0O3BOJIAET NMPABAIBHO OMHCATH SKCHOE—
DEMEHTANBHC Haljniaecmie pachmei.ieMES MACC B WMPPHH DARMAUEOHHHX Dacha-
IOB ME30HOB. B maHHO# padoTe RCNONBL3OBAHA POIATERRCTCKAS MOLENh, NIOC~
TPOGHHAA HA OCHOBe KBA3HIOTEHURANEHOTO MeTomA JoryHopa-Tapxeamunae
[2-6].

KeasgnoTeHuzaJbHOe ypaBHEHEe, OIMCHBANNEe ABYXSACTHYHYD DOIATE~
BECTCKYD COCTA&BHyD CHCTEMy, MOXeT CHTEH HpeoGDa’oBaHo [7] K JOKAXBHO-
My YDABHEHMD NMPEeNRHTEPOBCKOTO THNA

b P . . A
(—2%% ) EEFR)YM(P) = JV(p.a,;M)\l’..('})(%‘-;, , (D

rme Y, (f)- CIPOOKTEPOBAHHAS HA MOXOXETEIBHO-YACTOTHHE COCTOAHMA KBA—
3UOOTeRUHAIbHAA BOJHOBAS (YHKUNA CBASAHHOD CHCTEMH; V(",;;M)- KBA3E-~
OOTEHUEAH; M, m, - MACCH B3aEMOCHCTBYmX dYacTHEU; M - Macca ceA-
3aHHOTC COCTOSHRAA; F - OTHOCHTEJBHHfI EMIyJbC BACTHW;

= Eq E; = M“-(M,"-m:)l .
_HK E."El . yM* ’ {2)
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E.= M-wm+m; . E,= M- miem? .

M ’ ZM ’

by = (e m ) (M () o
4M* :

Ypapuesze (I) umeeT §OpMY, YROOHYD LJ BHUMCTIEHHA MACC CBA3aHHHX GOC—
rosHull, llpocrefimue MpEMODH MCNONL3OBEHNA ypaBHeHRA (I) IJA NONyYeHHS
MACCOBHX JopMya paccMoTpens B [7,8].

llocTpoum oneparop KBAsHIOTEHUBANA B3AUMONEHCTEMA KBADKOB B ME30-
He ¢ TouHOCTED Y /c* , Iipenmonommm, Wro sdJEKTHBHOE KBADK-AHTEKBADKO-
BO@ B3ammoLeficTBMe OMICHBAeTCH HOMORHAUMEH mepTYpOAaTMBHOTO OfHOTVINOH-
HOTO OOMGHA ¢ IANBHOZSUCTBYOMUM CHRANAPHHM H HanbRoIefficTBYMEM BEKTOD-
HHM OOMGHOM C KBADK~TVIDOHHHM AHOMATLHHM MATHNTHHM_ ssaumometcrsuem (9]
Torza omepaTop KBasmAOTeHUMaXns Oyner AMETh BRX s]

VEG M= e {1 ) D@+ Vg @ 1" e
* Vet @) L LY wi@rua(-9). (4)

TIe Dro(\'f ) - mpomarartop IVmOHa (¢ UBETOBLM $axTopom 4/3}, koropuh
YROGHO BHOPATHB KYJIOHOBCKOH mndpomce;vg..,; (€) , Vti“( {(¥X) - Bex~
TOpHEE ® CHaIADHHE s3amgpanie IOTEHUMANH; f'r - affekTHBHAR BOKTOP~-
Hasg BepHHA:

i )
(@) =Yr G &0 K (s)

¢ - xansRomeficTRywmazl anomanbHuft XDOMOMATHETHHI MOMEHT KBADKE;
K= P-q, : u1,,(§), ~ GUCIUHODH:

1
N £(py+m s w
u )=y 2Eip) (_é,E_. ) - (6)

E(p)+m

loncrasuM OEcmopn‘ (6) B BHpameHHe Aug RBasmmoTesmmana (4) z
YOOPEEM WAOHH mopauka v /¢’ . llocle Mepexoma B KOODURAATHOE NpENCTAB~
HGHEG HOJYTHM

<t
v (1‘) = ‘\/sr'm- i.nder (1) + \/Sin'.v\' ch. ('L) ) (7)
coul P
Vipin snsp. 0= (V@ + ViZg @) (12 55, ) +
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Vg (1- *‘:T.:)‘g:) Vo Eml, +
4

m
+~(h" :T‘t)A(V“(t)i- ”“{ (1)) ((
-3 ) AVm{ )+ m.M;V v-f(‘) (e m: )V:on( @) W

=, 8)

1 cond

miemy (v) Wmiemd 7'
VPM dar (.T') m.m‘_ { (1"’ ——t ) \Ll) ——— (\/‘mf('b)_"

hmem, J 72 Ymom, \ —3

rv — -
Vu\\f (.1)) + '_"_‘_"_v.“_"- ((1+X.)m‘_+ (4+xl)m‘) \/;,“f(.‘b)}Ls_._

T 2 my
+ A { V"(:-v;l - (Vut\f (v) \/,_::f (v ) .
Yy, ‘im.m,_ T Lam ™, z ¥
V:v . )
s (g e VD (55
¢ conl o cout v“" ( )
*34»,.".,(‘/“ -V (o + (o) et 2 Vm (z)))l

e

- coul
3 -~ - Z v .
+ ‘Z-z(sﬂ—)(g;?-)] + 'b—_m‘VM; (A \/(1.) + (1 +&)(1+X1)Avﬂ*(t)} S, S;  (9)
coul l.{ d
e V (z) = - 2T ; NTDEX o3Hauaer NuffepeHUApPOBAHEE HO T ;

8= § S, ; L ['L P] ~ ONepaTop OPOHTAIBHOTC MOMEHTA.
llpegnonoxuM JmHefiHoe zamEpaHBe KBADKOB B Me30He, TOLAA

Vc:“f ()= (4-¢) ( A+ B), (10)
vr_o..e(b)= e (Az+B), a1

TRe £ - napameTp CMENMBAHES BEKTOPHOTO U CKANAPHOTO JMEEHHOTO HOTEH-
upans.,

Nomerawnans (I0), (II) s (8), (9), monyuuM BHpameHme AIA KBABRNO-
TEHUMANA B paccMarTpHBackeill monexm, IIpEMeHEM o0 LIS OIMMCAHMA COEKTPA
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MACC TAXQIHX ME30HOB, LIA 3TOTO [ONCTaBMM B ypanHenue (I) noxyvesHuf
KBASKINOTGHUELAL ¥ YCDEAHUM IO BOJIHOBHM QYHKUMAM ME30HA. YUMTHBAA TOY-
HOCTh HAlMX BHUMCJieHu#l, HpM pacyeTe MATDHMYHHX 3JEMEHTOB KBA3MIOTEH-
uBana MOXHO no.ubaosaugx BOJHOBHMY QynxupaMu ypapHeHus (I) c HOTeHUM-
atow  V(z) = v (1) * Views (v = Viug (+) , Bunomnan ycpen-
HeHme, 3aMEHEM P , cornacho (I), Ha B(M)- 2}-,,\/(1). ToxyuuM coteny-
PUyD MACCOBYR QODMyJy :

: 'ndirag = o - - .

———‘; (,51) = Wit a < U8 + 8¢ T eSS0 el -5, 2

4 - e
TRe < <\/s’>m w-u(er> _‘E‘_> N 'T'q:,: %‘ (S,:t:)(S;Z)- S‘S; “
Kosdpmumenty a, B, C, o Mesor{os, COCTOAMNX N3 KBADKE M SHTH-
KBapka ONHOTO apomata ( W, = W=V, 24 = X, =¥ ) , UMEOT BHI

fusd,ca® - A a (0 (raher D] (g

o= T
= é‘_ [q¢(5<z >+ (4-) (1) AL DT (14)
Cm e [ B W™ () (1023 A LT, (z5)

d=o0,

TI6 olg - KOHCTAHTE CWILHOTO B3aEMOLe{CcTBHA

2z 127
d (@) = ST Yy T znf;)eh(a/,\) (16)

N; - YHQJIO ApOMATOB KBADKOB; A =220 MeB [IOJ.

i NpoBeleHHs pACdYeTOB CIIeKTDa Macc ¢ momombd fopmyxa (2), (3),
(I2) - (I5) Hy®HO JHKCEDOBATH KORJJHUMEHT £ , ONpeleidnmull cMemMBA-
HEe BEKTOPHOTO ¥ CKARADHOI'O JRHEHHOTO MOTeHurala, M AHOMATBHH] Xpomo-
MATHETELH MOMEHT XBapka 3¢ . Paee [II]| UDE pacCMOTDeHEN PaluAUHON-
HHX pACc{IRROB BEKTODHHY ME30HOB ORNO IOKA3AE0, YTO HYRHO MOJIOXHTDH £ =
-0,9. laa onpenenen¥s 2@ NepemmeM BupameHms (I13), (I4) crenywomem
o6pa3oM ;

= %6+ 232 A -«>,,?ie__a_e A(-er . (17)

3 aHANE3A DKCNEPEMEHTAIBHHX NARHMX LIt Y -cocToanmil wapmomma (° P)
crenyer [I2] , 7r0 a < & . Mcnoasays bupaxenus (I7), NOJYTAM COOTHO-
meHEA: € > 2,86 Juto »x < -0,86. CpaBHeHMe Pe3yJAbLTATOB DACYETOB IO

dopuynam (I2) - (I5) ¢ IKCHEPAMOHTAIBHNMY KAHHNME MOKA3HBAET, 9TO [pH
DOJNIOKATENEHNX 3HAdYeHMAX X (> 2,86) moayuamwrcs sHaUMTeJbHHE pacXoxme-
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Tadrmaua I. CrekTp MACC THAMEINX ME3CHOB

Cocrosmre | YacTaua l‘r“z‘?p; M rii‘;‘“ *+ |4actuua Mr3 ESOP-’ Mr :;CH .
3 | Iy | 3,002 | 300 |V 9,462 9,460
1ls, V. | =297 | 29I Ty | 9.401 -

I°P, Yo | 3,417 | 3,415 Yo | 9,861 9,860
1%, Yo | 3,504 | 3,510 Yo | 9,888 9,892
I°%p, Y. |3,586 [ 3,55 Yo | 9,905 9,913
1P 3,510 - 9,892 -
225 | V' |36 | 3,686 Y | 10,08 10,023
215, y. | 8.60 | 3,59 n. | 9.998 -

HEA. Hawrymee cortacue ¢ sKCMOPUMEHTOM LOCTRTAETCA Mpu e~ - I, mo-
3TOMy 0OpM MPOBENEHHMM BCeX NaRXbHeimMX BHUMCJHEHAR mOJOXHEM 3¢ = - 1. Pe-
3y/IbTATH DACYETOB CNeKTPa MACC TANEVIHX MO3OHOB Ho Jopmynam (I2) - (I5)
NOpuBeNeHN B TadM.l. 3HAYGHAA [APAMETPOB JMHEHHOTO MOTEHUMAIA CHIX BHO-
paru: A = 0,18 TeB?, B = -~ 0,27 T'sB.

llepefinemM k pacCMOTPEHFI CIIEHTDA MACC JIETHEX ME30HOB. CxopocTs
IBMMeHHA W-, d-, S -KBApKOB B ME30HAX COCTARIAET G0JNee MONOBMHH
CHOPOCTH cBeTa. Posb pesATEBECTCKEX 3)(eKTOB BO3pACTAET, HODTOMY apu
MposeneHim BHYHG/IeHE! ¢ momowsd fopmyaw (I2) HeMOCTATOUHO OIpPAHMYH-
BATHCHA DACCMOTDEHUEM TOIBKC BKIANOB mopanxa V/c® B me 3aBACAWYN OT
cmia 9acts Wiz . B padore [I0] Ha ocxoBe KBABHNOTEHUEANBHOTO MeTO-
na [0CTpoeHa DPeIATHBUCTCKAA MOASJb, B KOTOpOoHf Be/mMdMHA Wu B (I2)
paccmaTpaBanach KAk (HeHOMBHOJAOTHYECHHY NapaMeTp. 3T0 MOZBOJAIC TARKE
ka4eCTBEHHO YYOCTE BRIAN B BOJHOBHE (QYHKUMM HEKOTODHX ME30HOB DPasJRy—
HuX mpuvecefl. LA NOXydYeHHA CHEKTPA MACC M ONDEleNeRER (EHOMEHOJOTH~
veckoro mapamerpa Wa mcrosssosancs SMIMPMYSCKMR QaKT NOCTOAHCTBA
BOJIMYUHH A= M\z, = H; Il BCeX ME30HOB, CONEPXamMX 6o Kpaftnell Me-
pe onuH Jerxuit xBapx [13. I4]. CnexTp Macc JOerKHX BOXTODHHX K ICEB—
JOCKAJAPHHX ME30HOB, DACCYMTAHHWE B pamkax aTol MONeuE, NpHBEIEH B
Tadn.2.

ll¥puHH PANNAUAOHHHX DACNANOB BEKTODHHX M@30HOB V CO CKDHTHM
apomMaTOM B ICBAOCKANADHue P (V—' P+ b’) C y4eTOM OCHOBHHX DOIATHBACT-
CHAX MNOMPABOK PACCMOTDEHH HaMy B padoTe [II] « HonyweHo caemymmee Bu-
paxeHue IJIA WHDHHH Dacmazna :
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= w5 Vi z M:— M"

r(V*P*X) 35 IMel, w= =S5, (18)
-
HW— MATPUYHHI HJEMEHT MATHWTHOTO MOMEHTa Nepexofa X3 BEKTODHOTO COC-
TofHUA B MNCcesfockalapHos, M, n M p = MACCH BOKTODHOTO K [ICERIOCKAD-
HOTO Me30HA. DHIN DACCMOTpeHH Iyyas: 1) BeKTOpPHOTO BaamMoleficTBHA
KBADKOB C yYETOM AHOMANLHOTO XPOMOMATHETHOTO MOMEHTA; 2) CKANAPHOIO
B3auMonelicTRYA; 3) CYNepHO3MUMM BEKTODHOTO M CKAJAPHOTO HOTEHUMAIOB C
napaMmerpoM cMeuymanug £ (cw. (I0), (II)). Hamrywuee cornacue ¢ BKCHe-
DpUMeHTOM JocTuraerca mpu & = - 0,9 (em. [II_] , & Taxke Tasa.3). OTme-
THEM, 9TO AHOMAJIbHHI XPOMOMATHUTHH{ MOMEHT KBAapKa He L26T BRIgNAa B WH-
PUHY pacrafa Me3oHa CO CKDHTHM 8POMATOM [II].

Tadmua 2., MRCCH BERTOPHHX M NCEBIOCKANADHHX Me30HOB,
coepmamux o Kpaltmeft Mepe omuH Jerku#t xBapx

g | Mevggpre | Meggree | Mggee | Megpen
uw,dd. | ar 0,135 | 0,I349% 4w 0,760 0,770
us. | K 0,49 | 0,49772 K" 0,897 0,8921
ua, dd, | 0 0,543¥ 0,5488

s£. & 0,951% 0,95757 ¥ 1,02 1,0195
uwt. | D 1,865 | I,8646 D 2,01 2,0072
sE. D 1,98 | 1,971 D 2,12 -
ub. B 5,28 5,2752 R* 5,33 -
sE. B, 5,47 - B, 5,52 -
cb. B 6,94 - B. 6,99 -

W\,‘f 0,33 I'sB; M, =0,485 I'sB; m = 1,6 I'aB; m, = 4,85 I'sB.
¥)yron cuemmsamzs B, = - 20°.

PaccMoTpEM DaiauzoHHHe MI-Pacnany Me3OHOB C OTHDHTHM 8DOMATOM.
B aroM Ciyuae M3 OOMMX BHpaxeHHE LA MATPHIHHX 3JEMEHTOB MATHRTHOTC
MomenTa nepexona Mpy [7] MOy qHM: .

1) nna pacnaga HefiTpanssoTo mesosa V — P°+X

8) BeKTODHHE MOTEHUMAN B3AEMOLEUCTEBEA KBADKOB

oV oo~ A L BN 1- A= (B2%IM (35230
HEsaUs- B2 (5 g Cozpmpnnon
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6) crca:mpnhm OOTEHUHAN

M _Q{——-ﬁ-(m“—m M)(%|,.+:M:)+

_%_(J"m,vn -3 ( mP T 711‘?))3, (20)

- W, m,
TRe Q -~ 3apfaf KBapxa, }4" m NpuBeneHHAaA Macca.

2) IJg paclala 3apsgeHHoro Mesoha |/ T— P*+y
a) BOKTODHHII HOTEHUEAN

+V e 2 m,- M, LPS [ 20(1-%) _ 4-%
M=sal =50 - B2 (- 5%

L 2(Br22) - (3+2X )My 3

Zmimze ) > (21)

0) crANApHHI DOTEHuMAL

+$ o Zwm, -, 24
M = -Z_Q{‘TWL.TMT-" (M‘+ML'M)(R;‘E:)+

<~z> 2w, -y i 2 4_
M ’%‘( w2 (%= Mf))}) (22)

e (=3

Tadmaua 3, llMprHH DATEAUMOHHHX MI-pACHSJIOB ME3OHOB CO CKDHTHM SPOMATOM

Pacnag r?é' ! l"’:PB' <PB” Kr:ovB xr:;' rkv;é I":: g ?
~ny|3,0969 2,981 [0,5 |I,8 2,8 1,07 [0,80%0,34
v'ev'+y|3,686 | 3,592 (0,8 0,75 0,67 0,82 |0,4342,8
T-w+y|o.460 | 9,401 (1,8 {8,6.10731,1-107% 6,610 -
w-#+y|0,7826 | 0,13496/0,034 | 670 565 782 860360
§=x+x10,770 | 0,13496/0,034 [ 70 68 71 70,8%7,7
w-p+y| 0,7826 | 0,5488 | 0,034 | 3,7 3,5 3,9 -
g-n+x| 0,769 | 0,5488 |0,034 | 28 29 27 -
¥-n+y| 1,0195| 0,5488 {0,067 | 82 137 45 5010
y~y'y| 1,0195 | 0,9576 | 0,067 | 0,2 0,3 0,I -
W'-u.+yf 3,686 | 2,981 [0,28 |4,0 0,24 7,4 0,92%0,56
Y| 3,099 | 3,592 10,28 4,4 0,27 8,2 -
Pyyll0,0234| 9,40 |1I,I 12,5-10‘30,45.10% 2,4.10%] -
ne-Tey| 9,460 4 9,995 |1,1 |2,5.107%1,1-107 [ 4,5-10% -
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Tadamua 4. lmpymu panvaumonHnx MI-pPAcnafioB Me30HOB ¢ OTKDHTHM 8POMEIOM

Py v S V4s 3ken,

Pacnaz (_!:‘é/' (!:PB’ %‘Eg" E}B' I;E:' EBB’ r\ca& ’
"y
K=x*y| 0,896 | 0,498 | 0,044 120 141 105  |1I7tI2
K=kl 0,892 | 0,493 |0,044] 59 72 a7 52t
' Dy 2,007 | 1,864 [0,I3 | 4,5 12,5 1,0 2430
Doy 2,000 [ 1,869 | 0,I3 f0,03¢ 0,04 0,82 340
Ditebiy| 2,12 | 1,971 | 0,16 | 0,02 0,09 0,19 -
B"E,&%q 5,33 | 6,275 [0,I5 | 0,25 0,07 1,3 -
BBy 5,33 | 5,271 | 0,I5 | 0,000 0,01 0,008 -

gyl 5,52 | 5,47 [0,27 | 0,02 0,0I5 0,025 -

PesyarraTH pacuyeTOB WADHMH DafVaUMOHHHX DPACHALOB BEKTODHHX ME30-—
HOB C OTKDHTHM apoMaTOM B [CEBIOCKaIAPHHE MO Jopmyaam (I8) -~ (22)
NpHBeTeRH B Tadn.4.

KTak, mocrpoeHa PeNATHBHCTCKAR KBADKOBAA MOZSJE, HA OCHOBE KOTO~
poft rosiydeHN pedysabTaTH LA CHNSKTPa MACC B MEDMH DANHAUMOHHHX MI-pac-
nanos. Hamwrywmee cornacie € 3KCHEPUMEHTAILHHMI NAHHHME, KAK O MACCaM,
TaKk H [0 WHPUHAM DALHAUMOHHHX paclafob, JOCTUTAETCSH, eclIN JaabHordefcT-
ByDuee BaammolefcTBMe KBADKOB B Me30He BHOpATh B BUNE CYNEDPHO3HUNM
(c uapaMeTpoM cmemMBasMa & = - 0,9) CRANAPHOTO ¥ BEKTOPHOTO MHOTEHUM~
ajoB, C y4YeTOM RHOMATBLHOTO XPOMOMATHUTHOTO MOMEHTA KBapka 2 = — I Ha
GOJEIAX PACCTOAHAAX,
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THYBOKCHEYTIPYIOE PACCEAHME B SOPMAIIGME C BQUHOBHMY SYHKLMAMU
TIOKOAMXCA COCTABHHX CHCTEM
A H.CrcaxaH
OGbeIMHeHHHA MHCTHTYT ALSPHHX HCCJeNOBaHuE, IyOHa

A H.Keunuxunze, A.M.XBemeauzse
MaTemaTugeckmnit uHCTRTYT AH T'CCP, Towamcy

Teopud BO3MyuWeHUR ARAAETCA €IMHCTBEHHHM peTyJApPHHM MeTOIOM B
KBaHTOBOY Teopuy noid. OZHAKO MHOIME 3aJauX PACCUMTHBAKTCHA C €€ Ho-~-
MOWEN JMIE YaCTHAYHO M LIA KX NOJHOTO pelleHHA HeOCXONEMO MpHBICYEHHe
TaK Ha3HBaeMHX HelepTYypOaTHBHHX METOROS. JTO OTHOCHTCHA, B YACTHOCTH,

K OMCaBEm TpPOLIECCOB paccesHud COCTABHHX CHCTeM. YYeT COCTABHOR CTpyk-
TYPH AIDOHOB NPHBOINT K NpEACTaBIEHMAM IIA aMILIATYHON PACCeAHHA, B KO-
TOPHX MO TEOPHH BO3MyulleHM#t BHYMCNAETCA JMUB 9ACTE, COOTBETCTBYKUAA
paccefAHMK BHCBOGOXKHCSHHHX N3 CBASAHHOI'C COCTOAHHA COCTABIANLMX

Tlonoe BHpameHnme comepxuT  QYHKIMM, COOTBETCTEyWUMEe NMepexony gmsugec-
Kot 4aCTMIH B cocTamiAnime (BOJHOBHe (YHKIMM CRBA3GHHOIO COCTOMHEA),
ompelleJleHAe KOTODHX, KaKk H3BeCTHO, BHXOLET 33 PaMKH TEODHE BO3Nyme-
Hu#, [loaToMy mpelcTapidAeT MHTepec HOCTpDOeHKEe JODMAIE3NZ, B KOTODOM
4acTh, PACCUYMTHBAEMam HeOeDTYPCATHBHHMM MeTOXAMW, MaKCHMaJbHO yHpome-
Ha. CaeIyeT OTMETHTER, 4YTO 3TO, BoOoOme I'OBOPA, HpPUBEIET K HEOKOTODPOMY
YCJIOXHOHAD TeODAM BO3MYWEHHEA.

B HacTosmelt padoTe paccmaTpuBaeTCA OIMH M3 Haudoiee NPOCTHX IIpA~
MepOB B3aumonelicTBMA cOTTaBHHX CHCTEM: IVIYyGOKOHeyNIpyroe paccesHue ToO-
yeyHOR YACTHIM HE anpone., BHOODOM CHCTEMH MOKOA COCTABHO# YacTHIM (an~
poHa), COOTBeTCTByMee CeyeHUe BHpa¥aeTCA Yepe3 dojlee IDHBHYHHE, C TOY-
KM 3pEeHns HepeJAATHBHCTCKO#l KBAHTOBO# MeXaHHMKH, BONHOBHEe JYHKIMM CBA3AH-
HOTO COCTOAHMA B IIOKOe. KaR M3BeCTHO, B TPANMIMOHHOM HOMXORE HCIOXL3YRT-
cA folee CIOXHHE H MeHee nay'{eﬂ7ue BOJIHOBHe (YHKIMH B CHCTEME (€CKO-
HEYHOTO MMIIyJAbCR P;-’ oo /2,3 . llpemnaraerca Hoeult BapmaHT pasioxe-
HAA CTPYKTYPHHX (yHKIMR B DAXN 110 KOHCTAHTe CBA3M, KAXTHE wWieH KOTOpPOIO
odnanaeT CBOMCTBOM CNeKTPAABFHOCTE OnaroRapA NPaBAABHOMY YY&TY 3aKOHA
COXpaHeHMA SHEPI'HM B JIOGOM MOpANKe TeOpMM BoamymeHmi, AHam3, npoBenoH-
Huft B KXJ[,IOK23HBAET, YTO B CHCTEME NOKOA CBA3EHHOIO cocrodnma (Pa 0)
EMITyABCHOE NpHOIMEEHHEe, XOTHA M YHOBIESTBOpAET TpedoBaHMN MacmradHoli mH-
BapHAHTHOCTHE, HENOCTATOTHO LA KODPEKTHOTO ONHMCAHAA YIPYTIOIO NpefeJsa
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3‘-53 - 4 » B OTIMUME OT GUCTeMH Py > ©0 . 3T0 oamauaeT, 4To
NapTOHHAA MOIENEL SKBUBANEHTHA UMIYJIBCHOMY NPUGIEREHUD JHUEL B CUCTEMe
Pz-v ©o . A noJyvyeHHs BeIylMX B acHMITOTHYECKOH odaacTi Xgj>1
WIEHOB HEOOXOIMM y4ET B32UMOIEefCTBUA COCTABIAKIMX B KOKEYHOM COCTOA-
Hi. B 3TOM KaxymeMcA YCAOKRHEHMM pac4yeToB [0 TEODWNM BO3MylleHuit 3axmo-
YaeTcs BHUlEYNOMAHYTAaA IJlaTa 33 IPOCTOTY ¥ (QUAMYECHYyl HATVIATHOCTE BOJ-—
HOBHX (iyHKIMi, (QUIypHpYOWMX B HAueM HOLXOXE.

§ I. Teopua BO3MymeHMH

PaccMOTpuM 1IpoliecC IMIYOOKOHEYNPYTIOIO DAaCCEeAHUA IEKTPOHA Ha
anpoHe, CedeHye Mpolecca ONpeIeRfeTcs TEH30DPOM

WMV = 2_:; gd"oc exp(14x)<P| ]];(x) J;(O)IP> , (D)

rne |PY - coGcTmeHnoe cocToAHmEe NMOMHOTO TaMwibToMmaHa H , coor-
BeTCTByRmee axpoHy ¢ 4d-mumyascom P (P?*=M2?), nopmupoBammoe ycimo-
mew {P’|P)=@n)*2P°8(P-F') . Ty(x) - snexrpomarmmrmi
TOK B NpencTaBleHuy IeitseHGepra. IS ONpeneJeHHOCTH YGIOBEMCA, UTO

B HyneBo#f MOMEHT BDEMEHM KapTuHH IelfiseHCepra u BaamMomelcTBHA coBIa-
LawT

Jn(i) ‘-']-”(1) npr X,=0.

Ecin omeTh#l TOK IH (x) DPASNONHTH 10 KOHCTAHTe B3aumonehcTmud

t + t
J. (&) = {Teacpi,§ Hz(t’)dt’} Ir(i,t)[']"expig H,(*’)dt’} , @
NONYyY#M ONMH M3 BO3MOXHHX BapHaHTOB TeODHH Boagwmennﬁ IJil CTPYyKTYD—

HHX ¢yHKImM# ITyGOXOHeyHpYIOTO paccefHMA. B HYJeBOM NODAIKE HMEEeM H3-
BECTHOE BHpaxeHHe CO CBOCOIHHME TOKSMH

Wy =2 (= explga)<BI T TR, g,

BHABAANMEE OCHOBHO# HENOCTATOK TEOPHH Bo3MymeHm# (2) - B Heft mo-
TepAHO TAKOEe BAXHOe CBOHCTBO CTPYKTYpHHX (iyHKIM#t, KaK CHEKTDAJIBHOCTS,
CRA3AHHOE C TPABWILHHM YYETOM 38KOHA COXpaHeHMd SHeDIEHM NIPH coCTaBIe-
HAM ceYeHEA IMYGOKOHeYNPYTOTIo paccesHuA. JeiCTBUTENBHO, MOEHO TIpOBe-
pETH, uTO B EyneBom npEcmmmenmE (3) Wy, £ O  Hume mopora peaximm
P+q)'= M2 , X3;=-9%/2Pq >4 . fero, wro mmkaxoft moMHHH HAadOD
cocToaHmlt |ND  mexmy Toramm B (3) He NpEBENeT K O - JYHRIME IO
SHEepI'MM B BHDaXeHHM
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T = (d* exp (ig %) <P, @IVD (@)

rag kak |P» - codcTBemHoe cocTomHMe TosHOoTO TamuibTonMana H

BpPeMeHHHE TpPaHGIALMHM TOKa J,, () 3a18K0TCA CBOGOTHHM IaMUib—
TOHNAHOM. [JOCKOJNBKY HapylleHMe CBOHCTBA CIEKTPANBLHOCTH 3aBeIOMO 03—
HayaeT MCKaXeHHWe NOBeNeHMs CTPYKTYDHHX (yHKIME B OKPeCTHOCTH xgé ~1,
npencramieHye (3) CTAHOBMTCA HENMPUTOIHHM IJIA M3Y4YeHMA 3roit odiacTu.
A BOCCTAHOBIEHUSA CBOJCTBA CHEKTDPANBLHOCTM B (3) HCHONBIYWT NapTOH~
HY©0 KADTHHY, B KOTOPO}t BAXHH XBA MOMEHTa - IlepeXoll K CHcTeMe Pz"’ oo,
npexnoJioxenHe o0 OTPaHMYEHHOCTH TONEepedHOI0 IBWXEHUA KBApKOB B ai-
poHe. [IpM STOM CYEEeCTBeHHH MPOeKIMOHHHE CBOlCTBA BOJHOBOH# (yHKLEL
CBA3aHHOTO COCTOAHMA IO NPONOABHOR PpaKIMM HMIyXAbCA COCTABJIANUMX,
MMenlIYe MECTO TOJNBKO B CHCTEME P; > 00 . [[OCKOJBKY HIEXe DpacCMOTpe-~
HHe BeleTCs B CHCTEMe NOKOS COCTaBHO# yacTHUIM, HeoGXOIMMO MMeT® Te-—
OpHEl0 Bo3MymeHn#t, B X0T0opo#t CBOKCTBO CHEKTDANLHOCTH COXPAHEHO B KAk~
IOM WieHe pa3jOREeHUA.

Tenzop Wyy Mepemues B BETE

Wy = (45 expid £)<BI R ED3 (g D T, 010>,

CUMBOZIMYECKAS SAIMCH O - (YHKUEM C ONePATODHHM apLYMEHTOM DacHm-
DOBHBAETCHA C IOMOMBW 3aMeHH (5):

5(z-H) = LEE-EDINW,
N

Tme (N> - DIOVIHHE Hadop COGCTBEHHHX COCTOAHMMI ramarsronmanaH .
TlocKkoNBKy 00a Toka B (5) CBOGOIHHE, IOCTPOEHHE TEOPHM BO3MymeHHit
CBONATCA K pDAsJOXeHED § - {yHKIMM No KOHCTAHTe CBA3H. JiIA aToro
BOCIIOJB3YEMCA TIpeICTARICHEEM

. ~ A . -4 A . -1
o1 §(2-H) =[2-H-1€] - [2-H+1i€] ,
A
onpefeneHueM omepaTopa ' -MATPHIH

[2-Heie]' = [2-Hpiel" + [2-Hiel” f?*(z)[z-uoﬂe]“,

- =4 A -
Lz-H-ie]'= [2-He-ie] + T2-Hgie]' Tlay[2-Mo-1€)
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e T REET TIETET AR T e T

¥ yoroBMeM yHmTapHocTH')

flf“(z) -pf‘(z) = 2911 'AT'(E) 8 (Z-QJ'{\P?E) .

Torza IOQJIE HECNOMHHX BHIIANOK NOJYIMM

W, = (°2 expad £) <R} &)1+ [;-ﬁ°+.'ej’r?1(z)}-
+8(2-H)- | T+ T2-Hesi €7 T @) 3, (01P).

(6)

(7)

Ec/m BoCnOZNB30BATECH IOJHHNM HAaGOPOM IOJHX COCTOAHMA | h) (T.e.

COGCTBEHHHX COCTOAMMi TamwibTonmMana H, ) ¥ NpONMHTEeTPHpPOBATH IO
-y

Bx  , meen

3N W0 +
an = (2w ; § (P+q-P("D'T;, 'T'v R (8)
roe g
T,= <BAITLON T+ Tz-Horiel T@)iny |
pt") - mo;HHi 4-MMIYJABRC cocToAEmA N . !4 npensaTaem Teopun
BOaMyUleHnlt LAA GyHKIMA ,\va , OCHOBZHHYI Ha Da3JNOKEHMH IO KOH-

CTaHTe CBA3K olepaTopa M'(z) B cooTHomenmsx (7) wm (8). Torza Ha-
arume B (8) YeTHpexmepHOi § - dyHKWM B JMOGOM NOPALKE NpEeLIOREeH—
HOTI'O BapmaHTa TeopuMM BO3MYLEHM{t ofecleuMBaeT COXpaHEHHWe BHIIEYK33aHHO-
T'o cBoltcTBa cleKTpaJdbHOCTH. CJenyeT OGPATUTE BHUMAHHME HA CUeIywinee
OCTOATENBCTBO : KaXIN WieH passoxeHmA (8) HemMHBapHMAHTEH OTHOCUTENb-
Ho mpeodpasoBaxuit JopeHlia, B TO BpeMA Kak pasjaraemas (yHKLMA WMV
JOPEHU-PHBAPEAHTHA . YHA3aHHAd 3aBACHAMOCTL WIEHOB pa3JIOREHMA OT CHC—
TeMH OTcCYeTa XapaxTepHa LA TeopHi BoaMymeHu{, B KOTODHX BHAEJIAITCA
HeKoBapMaHTHHE HeNepTypoaTMBHHe "OJokm" ( B HameM cIy4Yae BOJIHOBHE
yHKIME CRA3AHROIO COCTOAHMWA),HETPUBHANBHO 3aBHCAIME OT NapaMeTpa pas-
JIOXCHAA .

x)Hpn HQIATMA B TEOPMM CBA3AHHHX COCTOAHMIt |f> 3 HpaBoft 4acTH
JCIOBMA YHATAPHOCTH (6) MMeeTcA NONOJHATENBHHE WieH 29ty ZP(E-HO)IFQ-
«F(2-Ep)<{pi(2-H,).  Donee TOro, B ONHOH M3 BOSMOEHMX CXeM
3aIMApDAHAA KBapKOB MMEHHO 3TO GJaraemoe OKA3HBAETCA CymeCTBEHHHM.
OdcyxneHge 3THX BOIIPOCOB CyEeT OpOBENeHO B HPYI'OM MeCTe.
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§ 2. WvoyAbcHoe NpUCMEEHMe M [TOPOTOBOE f0BeJeHHe

HpeJICTaBK)M cBAzaHHOE cocTofHEe (P $HOKOBCKMM CTOACLOM C KOM-
[IOHeHTaMK 1_{5 (p“ .P“) » KOTOpHe HEXe OyAem HasHBATh Y — YaCTHYHHMK
BOJHOBHMI q)yHKlmmm

n,=> (h)_" -
<pu,..p I PD = s (p —t_Zip‘) Yﬁ(p,,,..,‘,h)

A
Burmwem (8) B MMIIYJIBCHOM INDHCJIMEEHMM, COOTBETCTBYMIWEM T(Z):O:

. ) 2 a2 4
WHVZZXQP(P)S ((P+q-P)—m£)vad P, (9)
LA
rIe Q};(p) - ecTh BEpOATHOCTH TOIO, YTO B aiPOHE C MMIYIBCOM
CYMMADHHII YeTHDEXMMITYJILC BCEX COCTARLANILMX, KDOMe i,
HaxOIUTCA B HHTepBale P, prdp,

| ) "de [0 B
gP(p)=Z;«(1"l) &E; 3 (p- EP)B )W (Purf, B, )

2

t: 1‘
, (10}
Wyy = <PATOIP R/ T 0

- D, -, = 2 '3

P;:P—p s Pi:pi-q-q , p‘_=h1e.
MaTpryHHE SJIeMEHTH CBOCGONHOIO 3VIeKTPOMATHHUTHOIO TOKA CIMHOPHHX COCTaB-
JUTOUMX MMeXT [POCTOR BHI :

<P TP = €5 Up)T, UG) . (1)

OTpanAYMMCA PAcCMOTDEHAEM CHelMaJIBHEX crCTeM oTCHeTa P=0 =
P~ =0 . 3amermm, 4o cormacko (I0) Q_- (p) sBuAeTcH JyHKiMeft
IBYX apI'yMeHTOB P, B, a B cHoTeMe P, = o0 3aBHCHET
OT TpeX apTyMeHTOB I:p‘&p’/P;P’. B2 , P2, MHPADHAHTHHX OTHOCH-
TeJpHO BpAMEH#! B IVIOCKOCTH, nepnerumxympnon och 2 . lipeneCpexme-
HEe MaJHME claTaeMuMz (mopamka M'/Y ) B aprymenre O - (yHKIEH
(9) naer npnomemme OpencTaBNeHRA, COOTBETCTBYHUME HADTOHHOX Kaprh-
ne ( B cacreme P =0 )

wFV = %[gdp gdpo Q...(Pospz) . (12)
tow Pt Rg O
20 27
B cucreme P, -» o0 (9*¢0)
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W, =aMs T o' (1-p)w
W=t 28, W 5

TIe -
q".gx) = &dp"gdﬁz an(x ’sz» b) ) pe=pie P3
m o

U3BeCTHOE TNApPTOHHOE padlrpeneseHye N0 IMPONOJABHNM @yﬂmm.m MITYJIBCOB
2 2 =
\'J ~(P+q) , M§= M+v—\q‘.

Noap3ysaces npemcTamaeHueM (I2), MORHO MCQIENOBATH NOBeelue
CTPYKTYPHHX $YHRIMA BOJAW3A SKCKIIN3UBHOTO Iopora 'g > 0 . Jerxo
BAIETEH, YTO OHO OlpeleiideTCA aCUMITOTHUECKMM HOBEIEHEEM BOJHOBHX
fyHxiMii DoxkoAmMeTOCH aEpoHa B OGJMACTH GOJBUMX HMIYJIBCOB BCEX COGTAB-
amopx pm< ME . AasoTwumuM oopasoM B cucreMe Py »co  yn-
pyTmit npelieX CTPYKTYpPHHX GyHKIMA cormacho (I3) 3amaeTeA noBeNeH:sil
JyHElMi cBeToBOrO JpoHTA pM X -> 4 . ACHMITOTHYeCKW! SHAJU3 ypapR~
Hefm? 11.11.7 N ~ YaCTHYHHX BOJHOBHX (iyHWIM# CAg3aHHHX cocTofHuft B

m)
> ~3(n-1) + nf2
7 (fB.B) — 17 v

B~ B ~[F | ~ P » o0

‘}_f('" A (2n- 3)+ 1Al
(Elu ’Plnsx‘.l I) - (4-x
x4
( AN ~ DasHOCTH MeXIy CIMpAILHOCTH® CBABAHHOTO COCTOAHMA H CIM-

PANBHOCTLE AKTWBHOTO KBApKA) [TOKA3HBaeT, YTO MMIYJALCHOE IpUGIMREHHe
HAET pasiudYHHEe De3yAbTATH B 3ABMCHMOCTH OT CHCTEMH OTcYeTa. A MMeH-
HO; B {opmanmsMe c noxomnmmc& a,uponanm noywydaeTcs dojee CHIBHOE
nazeHge npu E- O W, 4; » 4YeM oluenpyUHATOe B HACTOAUEe Bpe-
M YWy ~ g 2n-3 +2|AN / , comacyhiieecd cO CIEZCTBHEM HMIyJIBCHOTO
OpRGIMXEHAS B CHCTEMe 0TCueTa Pz »> oo . 3mecy M mMeeM cryyait,
KOT'Jla HYJEeBOi HMODPANOK 10 TEOpUE BO3MymeHE# He ofecleduBaeT IpaBHILHO—
TO OMHMCAHuA HCCIenyemol 3aR0HomepHoc'm ¥ HeOOXODEM YYET CJIeIynumX
wienop pasioxerma T(2) és).

JHe#icTpuTensHo, B padore IOKa38H0, YTO BeXymad acHMIITOTHKA
mpn § » O B CHCTeMe P O CcoOTBeTCTBYET IHMATDaMMAM THIA
pEC.I, 2 ¥ pesyAbBTATH DACYETOB COIVIACYRTCA C MMIYJILCHHM NPUCIHREHEEM
B CHCTeMe PZ > oo -
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L8 KayeCTBEHHOIO OGBACHEHUA CKA33HHOIO 3aMeTMM , MTO 4acTh Jodoi
marpamvu (Tuna I,2), HAXOIAUAAcs clupasa oT qxo'x'oxmogi. BEDIMHK, COOTBET—
CTBYeT DaccesiHMI COCTABNIANIIX C MOJHHM iparyibcoM 9 . B npegexe

v l3|_'l-> oo {(5To ecThr MCCHeNyeMas HaMy OGNAcCTh) AIpa, COOTBETCTBYKUME
5TUM IWarpaM4an, onpefefAnTcs Teopuelt Boamyuenu#t,B cucTeMe "GecHOHeY~
H_(Lm waryxsca” .Pz—v oo c ocklo 2, HanpaBleHHO#l BRONL BekTOpa
q- 3TEM Xe MHTYATHBHO OOBACHAETCA OoclaldieHue NajeHud ceveHuft
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APEAJIBHHE OBBEKTH B QUBMKE B3AMMOIEHMCTBUA
PEIATUBRCTCKIX YACTHL

H.C.llapoxuus
OGbenmHeHHHE MHCTATYT ANEPHNX KccaefoBammit, lydua

B padorax/1°7/ Ou/¥ NOCTPOGHH SPESNPHNE MOZEJE ZBYX YaCTHI C nap-
HbM BSSKMMOAGHicTBHEM, TPEX WSCTHL C TPOHHHM W NOPHHMM B38UMOAENCTBHMAMK
B YeTHPEX YBCTHI C YETBODHHM, TPORHHMH M NAPHHMA BIgMMOAERCTBHAMM
MEEZY HMMM. JTH MOZAGJM ONJY HS83BSHH 8PESIBHHMHE, NNOCKOABRY ANS ONMCE~
HHAA PBBXMYMNX BaauMozeficTBAN YSCTHL B HHX MCIONb3YyETCS NOHATHE MEDH
n10mMeAN BCEX BAOXEHHHNX B anonepxnocreﬂ/e . Byzes roBopdTh, HTO NH-
HUAA - 3T0 OAHOMODHSA NOBEDAHOCTH, 8 €6 NAOMBAD PBBHO €6 ANMHE. DyZAeM
TOBOPNTH TBKXE, 4TO C8MO X} BIOXEHO B Xq B BHAE YeTHpeXMepBo# nomepx-
HOCTH R ¥I0 Mepe [AOR8AX OONECTH (), USTHPEXMEePHON NOBEPXHOCTR COB-~
nexseT C MEpol 00nEM8 OONSCTE &), NpOCTPAHCTBE-BPEMEHK Xy.

ApesaBBHE MOJSAM ONMCHBENT apPasnAbHHE O0HEKTH. ECnX OGASCTH 3640-
HHA ZOHCTBMA 8PEENEBOTO OGBHEKT8 KOHEYHS, TC OyAeM T'OBODHTE O MpoOCT=-
PSHCTDEHHO-OI'PEHHYEHHOM 8PEeSIbHOM 00B6KT8. Ecam o0n8CTh 38A8EMS AGi-
CTBHSi OGCROHEYES, TO 8PE8AbHEHY 00beHT OyZeM H93HBOTH CEGCKOHEUHHNM.

B pacore/7/ NepPeYECIeHs E KCCASNOBOHH BCE BosMoxase B X, npocr-
POBCTBBHEO-OI'DSHMYGEHHNE Bpe8ABHHE 00beKTH. [Ipocrolimuu TOKMM O0BEKTOM
AIBRAGTCA MOTEPHONBHOA TOYK®, T.8., OECCTPYKTYDESs 4Y8CTMUS. JeHcTEHe
AAA HES NpPONopUNOHAABHO AAHHE BPEMOHMNOAOCHOHA IMHHM MEXAY ABYMA PO~
N3BCABLHHMN MIHOBOHHMAMM BpeMEHM. [I0STOMY MOTEDHSABHYD TOYRY H83HBSE
OAHOMGDHHM 8POSXBHHM 00BEKTOM. CBOGOAHSA MBTEPHONBHOA TOUKS ABAXET.:
10 re0Z83HY6CKOR B XQ . Hccrenopauxs CBOHCTB MPOCTPSHCTBO-BPOMEHM, o
TOKKG KHHOMOTNKN N AMHOMUKE OZHOR MSTOpPHENLHOHR TOWKH COCTEBASET HW3HO-
98ABHOG COAGDESHME TellepDh yX6 CToBmel xasccayeckoR cneuusapHoi TeopuM
oraocaTensHocTa (CTO) +10,

CuCTeN8 N8 ABYX DONATHBHCTCKAX MOTEPNAINHHHX TO43K, Y8CTH AEHCTBHA
KOTOPNX NPOACTOBNNS B BAJE NAOWSAN KOHOTHOR OTRDHTOR OOASCTH (O
BPOMOHRNOZOOEON NOBADXHOCTH C COOTBETCTEyNENM KO3{(NINEHTOM NPONOPINO-
BBELEOCTN, 00p923yeT ABYyMOpHHN 3xeMenTopEMM 8pasAbHEE 00BOKT ’

9707 o0BeKT OrpgHNyes B NPOCTPAHCTBE N NPOACTABAAET COCOR penATHUBACT-
CKRYD CTPYRTYPHYD 48CTMUY. DOKOBHMN BPOMEENNOXOCHHMM I'DAEBLSMN 0CASCTH

(W, CAYEST MMDOBHG TDPSEKTODEN ¢8CTEN. [POCTPBRCTBEEBCNCACCHELME EBpPX-
soll ¥ HExHOM rpeHMuEME (J, CIYXAT OTPESKN IKENM, XCXZeGNX B fnepeceye-
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HWAM YK838HHOM ABYMEDHOM [OBEPXHOCTHM ¥ IByX [UNEDPAOBEDXHOCTEH 7 =1y

¥ t=1%; MeXAY COOTBETCTBYONMMA TOUKSMW TpaeKTOpuit. Ha xaprose xsy-
M@PHH 8pesanbHHR OGBEKT M3BECTEH HOK CTPYHS C MOBCCEMM HA Rouuax/lz'ls/
WY LBYMODHHZ Memox714 .

TpH MAaTEpUALbHHE TOUYKM 06paszywr TPeruepHuH snemeHTapHnd apeaapHulil
00BEKT 5'15/, ecnu B ZefCTBMM TBKOHK CHCTOMNH NPUCYTCTBYET CI8raeMos,
onMCHB8DLEE TpoilHOe B3auMoAEGHCTBWE, NpPONOPLXOHANBHOE OGBHEMY OTKDHTOH
KOHEuHO# o6macTH (I TpexMepHOl BPEMEHRMOZOGHOM MoBepxHOCTH. [lo Go-
KOBHM ZBYM@DHHM I'D8HRM (J; NEpezsbTCA NapHHe B3auMoAeHcTBMA. Boko-
BHE OZHOMEDHNE I'DS8HH ABASKNTCA MADOBHME TPA6KTODMAMM 48CTHL. B CedyeHHAX
t=% ut =+¢, , KoTopHe OrpSHMUMBADT (J; CBEPXY M CHU3Y,I6E8T
KPUBONAHEHUENE TPEYTrOJNLHMKM KOHEUHHX DS3MEPOB.

TpexuepHH}t 8pe8nsHE# OCBEKT MOXHO NpPEACTSBHTH K8K CTDYKTYPHYD
Y8CTHLY M3 TPEX MOTEPHANBHHX TOYGK C N8PHHMM U TPOHHHM BasnMOAGHCTBM-
€M MEeXZy HUMH. ITOT X6 O0OBEKT MOXEO NPEeACTOBUTH K8K CHCTEMY TpPEX B3gs-—
nuozelicTByNUUX ABYMEDHHX 8pealibHHX O0BEKTOB. TpexuepHHE 8Pe8IBHHE
00BEKTH MOT'YT HE COAEDRETH BHYTPH C60A M8TePRANBHHX TOUEK, 6CIH B
Ae#CTBMU ANA HAX NOMNOXMTP MB8CCH Y8CTHI, DSBHHMH HYAD H NOTPECGOBETH BH-—
nonHEHHE YCHOBME rABAKOCTH ABYMEPHON OOKOBOW IPOHMLN (I, .

YeTHpe MATODAANLHHO TOYKM 00PO3YDT YETHPEXMEDHEE 31eMEHTSPHHH
00BEKT, G6CIE MEXAY TOYKOMH NPMCYTCTBYET 4Y6TBEDHOE B38MMOZEHCTEHE '7/.
B ne#CTBEM ANA YETHPEXMEDHOrO 8pPE8NBHOTO O0BEKTE UETBEDPHOE B3OUMOZGM-
CTBME OMMCHBBETCHA CAAraeMuM, MpPONOpPUMOHBNABHHM PENEPNAORSZE OTKPHTOM
KOHEUHOft 06;8cTH «J, NPOCTPEHCTBE8~BPEMEHH ;Xy « YerBepHoe BIgHMO-
ASHCTENG B 8peSABHOM MOAGAH B X} nepeAseT COMO NpPOCTPSHCTBO~BPOMA
}(4 . TpokBne B3GMMOZGHCTBAA YACTHL NEPEASNT GOKOBHE TpeXMEDHHE Ipa-
HN (J, , N8PHHE BISHMOAGRCTBMA YBCTHL NEPEZEDT ABYMEPHHE IpeHE &y ,
OZAHOM6DHHAG GOKOBHE IpDSHH 0y CIYX8T TPAOKTOPHAME usCTHL. CBEpXy K
CHH3Y (O, OrpSHWYGHS ABYMA KDXBOARHOHHNWMM TOTDOBZPOMM T, & T, ko=
HOUHOr0 00%6M8. Y6THDOXMODHHO 8DESABHNG O0BOKTH, E2K N TPEXMSDEHE,
MOryT HE COZCPEATH BHYTPM C60A MOTE DRGABHNX TOYeK. YTOCH UOAYUNTH T8~
KM@ OOBEKTH, B AGHCTBAM AAA YEKOBOHHOK CHCTEMH YOTHPAX MBTEDMONBHHX
TOYEK H8Z0 NOJOXKHTH M8COH BCEX Y6THDGX 4OCTHI [SBHHMH HYXAD H CUNT8TH
JOKOBNG TPE8HEUN (J), TINOAKHME. YOTHDEXMSDHHE 8pEalbHHE OCBEKTH 00pa-
8yDT CIORHBYD CTPYKTypuyD wacTERy. ToroR O0B6RT MOXHO NPEACTOBETH KOK
BBONMOAGHCTBNE OT'0 PPSHNNENX 8POBABHHX O0BEKTOB: 1) GYETHPSX TOWGK;

2) WECTM ABYMEDHNX 8DESABLEHX OCBEKTOB; 2) UETHDPSX TPOXMEDHHX 8pesit-
HHX 00BOKTOR,

[IaTaNepHNX SRGMEHTEDHHX 8PESXBHNX O0HGKTOB B ,Yq H6 CYNECTByerT.
Besycaosno, B Xq MORHO PSCCMSTDHBOTE BSONMOAGHCTBNR NPOESBOABHOIrO
YHCAS BCOX BOSMORHHX B Xy SXGMOHTOPHNX 8PEAJNBHNX OUBGKTOB CO BCEMN
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JONYyCTHMHME MEXNy HUMM BaauMomefcTeesme. lleLeuMCauM OCHOBHHE CBulicT-
B8 HAOMERTHDHHX 8POBIEHHX OGHEKTOB B )(qo

I. CBofozune 9peaNbENE O0DEKTH ONUCHBEWTCA KpBeBOHR 38284efl AMA
MUENMONBHHX BPEM@HMNOZOCHHX NOBepXHOCTOH, DESMEPHOCTH KOTOPOR peBHS
P83MEPHOCTH 8DEAXBHOr0 0GHAKTA.

2. YpeBHGHNA AAA MAHMMSABHOH YeTupexuepHol moBaepxuored B X, 06-
pemapTcA B TOXAECTBO. YeTHPOXMOpDHHI 8peaAbHHH OCBHAKT CIMCHBOETCA yC-
AOBRAMM K8 FPeHNNE XOHeWHOR 007macTE (O, nNPOCTPSHCTBA-BPEMEHM X, .

3. B an6MOHTSPHOM 8DESNBHOM 0CBEKTO DEAAM3y6TCA B3SMMOZElHCTBHE
BCEX Or0 I'PEHUYHHX 8pPE8NbHHX 00BEKTOB. OHM HE ABAANTCH CBOCOAHHMH.
BasuMozelcTBYH MeXZY Co00#t, OHK O0p83yNT 8pE8NBHHE O0BEKTH BHCHHMX
pasMepHOCTAH,

4. Cuanu, Bo3HHKEDOME B Npouyecce BBaMMOZGHCTBHA 48CTEH 8pPEBABHOTO
0056KT8, YZOPAHBSOT STH 4E8CTH B KOHEWHOJ NpOCTPEHCTBOHHOU 00N3CTH,
@CANM KOHCTAHTH B38MMOZGHCTBUA BHOPSTH AONKHHM OCpDa3OM.

5. ApesibHHO 00BEKTH PB3MEPHOCTH 2 M BHmE 0Cpa3YNT CTPYKTYDHHE
npoCTpeHCTBEHHO~OrPSHUYOHHNG DPONATHBACTCKHEE NPOTAKEHHHE OOBOKRTH,

6. ApesnbHue OOBEKTH DA3MEPHOCTH 3 M BHmE MOTYT HE COXEPESTH
BHYTDH C60A M8TEDHANBHHX TOY6K.

7. Bce apesabiHe O0HEKTH K8K 118X06 00AaR8NT JODEHI-HHBADUAHTHHME
Y4THPOXBEXTOPOM SHEPrHH-NMNYNbCA, OMBEKTOPOM MOMEHTS H Maccoid, 8 Tax-
X6 COOCTBOHHOM OCHD BpPOMG@HH ~ DONATMBHCTCKEM SHONOI'OM MUPOBOR TpaQK—
TODHN LEHTPS MSCC CHCTOMH KASCCHUGCKMX YACTHI.

Bume nepeyRCneHH BCE BO3MOREH® B NPOCTPBHCTBE-BPEMOHM [yeHK8pe-
MumroBCKOro X, NpPOCTpPSHCTBEHHO-OrPSHWYEHHHS DEIATABMCTCKNG npoTA=-
ZOHHNG OOBOKTH M KPSTKO ONMCAHH HX CBOMCTBS, OTKyAs CA8AyeT, YTO npex-
ROT8GMAA BPOBALEEA MOJAGAL ABIRETCA NOCAGROBATONBHOM pENATMBMCTCEROH MO-
AGXBN COOTABHOTO OODA3OBAHMA, Y8CTH KOTOPOI0 B IpONECCE HX B38MMOZ6H-
CTBER 36KINNGHH B KOHOUHOH OGASCTM HPOCTPSHCTBA. TBKYD MOAGAL MOXEO
HOB8BOTH BEDHAHTOM MOZSAM uen303/14/. HaBecTHO, WTO NOPBAA DEXATMBHCT-
CKPfl MOZGXH OI'DSHNYEHHHX B NPOCTPSHCTBE COCTSBHHX SNEMEHTEPHHX YSCTHI-
871pOHOB, NO3AHES NOAYUHBURX B NUTEPATYPE HO93BSHEE MOZENH "ZYGHEHCKMX
IQIIOI'# Gux8 mpeaxoxeHO [1.H.BoroanGosum B 1967 roay Ie/ (cM. Tarxze
ogaop/ ! /). 0 RenpHeMmeM De3BHTHN MOZSNM KBODKOBWX MGHKOB M @€ COBp@-
MGHHOM GOCTOANMN CMOTDN odaop/14/. NloAvepKHEM, YTO # B MOZGXM KBSPKO-
BHX MGEKOB COCTEBHOA YOCTHNO-8XPOK ONHCMBAETCA Kp8eBOl sazsvell axas
CHOTOMN ANQpepeHnNansHHX ypasHenll, KOTOPSA CIGAYOT M8 MHHHMH3OLHM
COOTBSTOTBYDROI0 (YHKUHOHERO AelicThBuA.

B mNpoxo mspecTHEX pacorex A.M.bBeEamee (CM., aanpllep,/Ia/) OHx
OpeACKOSeH KymynarTusHk# apdexT B (@amKe CHALHHX B3aMMOZcHcTHBHM,
ROTOpDHR (BN  SHCHODAMOHTAIEHO OCHapyxeH B JyoEe. B pa-
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OoTax/IS'ZO/ GNJI DEH NOCHELOBATENBHHM peaATHBMCTCKuN 8HOIK3I 00p930BE-
HHA CTpYH 87POHOB. B CBOMX BWCTYMAGHMAX M padoTex A.M.BazpuH HeomHO-
KP8THO yKA3WBAJA H8 HEOOXOZHMMOCTH [OCTPOEGHHS CTPOr'0 DEASATHBECTCKOA MO~
AENM NPOTAXEHHHX OOBEKTOB M B3 BMMOAE{CTBMA 4Y8CTHLU ANR NPEBOAOIEHMA DA-
A8 TpYAHOCTEH B perATMBUCTCKOE AmepHof Qualike.liaNoReHHAA BHNE aADPEWIb—
H8f MOZeXIb NPOCTpPSHCTBEHHO-OI PAHMUYEHHNX [POTAKEHHHX 8DBANBHHY 00BEK-
TOB B ,Xy ABAAETCA CTPOro peNATMBACTCKOM. OH8 OMMCHBOABT BISMMOAEHCT-
BM8 PENATHBUCTCKAX MOTE PHANBHHX OECCTDYKTYDHHX YSCTHL M ONHMCHBAET
T8Kke BISHMOAEGUCTBME NPOTAXEHHWX 8pPESIBHHX OOBEKTOB. 3T8 MOAeNb Npef-
CH83HWB8ET CYUECTBOBAHME pEIATHBMCTCKMUX NPOCTDEHCT BEHHO-O0TDAHMYOHHNX
00BEKTOB, H8 COZEDEBUMX BHYTPU ce0fA UBCTHL.

Bcé cxasaHHOe BHIE MOXHO CYAT8TH BCTYNJEHHWEM K NOCTPOGHMO TEODHH
PEBATHBACTCKUX IIPOCTPSHCTBEEHO~OTPOHMYEHHNX 8DPE8NBHHEX OCBEKTOB B Npo-—
M3BONBHOM OLOCTpPBHCTBE-BPeMeHn X, M C OOCJEerucHMEM CK83aTh: "X0Th
No3ZHO, a BCTyNZeHME 6CTHI™ ZI/. CnoBo "penaTHBMCTCKUA" 34eCH KCOOAB-
3yeTCA B WMDOKOM CMHCJI@ CI0B8 M 03HBY8eT, YTC X,L ABIAGTCA AudHepan-
LHAPYOMHM MHOIOOGpS83MEM, H8 KOTOPOM CYmeCTBYeT IJ003lbH8s KOODAMHATE
BpEMeHH t=x* , ~®< ¢ <co M YTO0 B HEM JAONYCTHME BCO LOpeol-

pBa30BOHAA KOOPAMHET
id=;fvrﬂ'”)x¢)’de{g”un] 10

NpR yCNOBHH, UTO 21 BHOBE RBAAGTCA I'N068IABHOR KOODAKHOTOH BpeMEHH
n 4rTo (ﬁ, )a;j > O , Kpoue Toro, 3 X, My yMeeM MSMepATH OO~
maxn/zz/ BCEX HYXHHX HOM mOBepxHOCT8f. B uacTHoCTH, X,, MOEET OHTEH
MHOTOM@DHHM (1) 4) BZIOCKKM NpPOCTpPBHCTBOM-BpEMeHEM MHHKOBCHOIO. Pac—
CMOTPEHHNE DAHEE 8pPEBIBHHE O0BEKTH B X; ABAAKTCA OCHOBOM AAA mO-
CTPOGHMA TEODHH B8PESIBHHX OOBEKTOB B X, M NDHZBOT MM HEKOTODYD Ha-
TRAQHOCTE.

SenumeM o0muil BUA AefcTBMA ZAA /> ~MEPHOrO 8pESXBHOIO 00BLEKTE B

X,(1s«ms n) CASXYNEKM 00DE3OK :

S, = G, [L,a *Gz_/z‘zd”’d”zf'- ‘ C;,,,/A LT
2, P a

rae 4depes GL- ; l é[’:---,’”J 0603H8YEHH HOCTOARHNE . —KPBTHHX
B30MMOZIeHCTBEE B 9DEOABHOM QODBIKTE, G #0 , WATErpeAH J; =

= ufl- dut.., dui H6 3BBHCHT OT nudoga Aonycrumolt papamerpuss~—
unu ‘06RBCTH J; , 8 METDHYECKHE Qynxnnl ; ABAADTCA NAOTEOCEA-
MR Beca -] opR Opeodpa3OBOHAAX NEDPEMEHHHX HHTErPHPOBSHEA

Q7 =@l ut .. ub ) jels i), )
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3568CH MH PACCNATPUBAGM TONBKO Taxoll ciyusi, Koraa
Li. :L,L- (1'J 0;,.¢-,a—[), (&)

rae wepes x = { X7}, ¥€{1,. ,njoGoanauers TouKe ¢ -MepHOH MoBEpX-

BOCTH ' v ,
o I3

I =X (LC ey ! ), (5)

a gepas i, --» a;  ocosnavens COBOKYNHOCTH HOGB8BMCHMEX B KoxZoH
TodKe ¥ nosepxHocTH (5), KecaTeAbHHX K HEH BOKTODOB

~-zfa aw] s /6[1;-"/‘.}' (6)

Yepea Q,,L 0003HoYUeHA KOHeUH8A O0ONACTE onpeAenexHun ZellcTeusa (2).
Byaes mecmBaTh L m- -npu3nollt coCHTMR 8DEEABHOrO 1 —MEDHOrQ

0056KT8. &, COCTOMT M3 OTKDHTOM KoHeuno# oOmacTE «J.  m-uepmoll
BPEMOHMIOAOGHON MOBEDXHOCTH U COKOBo! BpEMEHENONOOHO I'paHMIl, paBHOH

q}1+wl+a)j¢.._+t0,.,__,, 7
MOXZY ZBYMA NPOM3BOABNHMA MTHOBOHMAMK BPEMeHM 7 =7; u £ =7, . lla~
peceueEda _,, ¢ CROGPNOBEPXHOCTAMR * =7, M # =7, OGOSHOTHM
ml; B miz o OHM OTpBHMYKBEDT (J, CBEDXY M CHH3Y. .1, K ./,
NpeACTEBAANT COOO/ NPOCTPSHCTBEHHNE NOJMAAPH C "2 BEDUMHOMH, OGBEMH
KOTOpHX KOHEuHW. llonmBaf rpasuua Juw, 0GKECTH <J,, PEBHE

W, = ml, + wly * COmes -

0Ha, R6K ¥ NONDEEHO IPBHHLG, ODHEHTHDYENS K OTAENAGT DHYTPEHHOD YBCTH
¢, BPEMEBMNOZOCHOR /1 -N@PHOW NOBEPXHOCTH OT 66 BHemHel yacTH.

BenuunHy . ' : .
_olr 2 obi . EAE % %57
[L-..']a T oox*  Qui 24 LA *
el
PR P oy 1(8)
m€ {4 nj
OyAeM HB3HBBTH KOBEKTOpPOM Sfimeps o0necTH (J; W ROBEKTOPOM CHT

JOBIGHUA ZAA €6 PPBEMUH o (J); COOTBETCTBEHHO. B (B) ofsecte i
senuceHe B BuAe (5), 8 68 ((-/) -MepHOA TDAHMIS ~ B BMAE

2% v V) bl v ()

HeTpyABC BHAETH, YT0 BeJWUMHH (8) NpK Npaodpa3oBBHUAX
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id—‘— f?x:..')xm) (10)

AeHCTBNTENEHO ABIANTCA KOBeKTopaMd B X. . Fea A0K8a38TENHCTBE NPHBE~
A6M ~“N6ZyDmMe CBORCTBES KOBAKTOPOR BUAS (8)

o o _ ‘
L.deaz=e, [Fud.ag=o, an
rae Q; = %‘f,—"“ s J€l% i}~ penvopu, KecerensEue K &, .

OCpemes B Hyxp BapHaukn Aedcrsma (2) 8 (2,, N Bcex e2 BpaMaHH-
noAoCHHX GOKOBEX TpaHAX, NONYWAM B KpSTKOH fopM8 CEcTeMy ypoaBHEHMH
ABREGHNA wecTedl 8pedanBHOro OCLOKTE

1)( Gi[L1]¥ = GZ[%’J‘ 2 s ’:) GL' [Z‘L'Jd_fafif[?;fl]w)

) G [Lonidy = CulFda s ™) GolLin]a=0 (12)

JpepuesNe m B (I2) cOBNOAEET C YPOBHGHMAMHM AAR /. ~MODHOM MNHEMANH-
Holl BpeMeHMNoAo0HEO# moBepxEOCTH B X no 8 YPOBHGHNA 2 ,...,(»-) ABAA-
0TCH KPSGBHME YCIOBNAMH K OGI8CTH (Jn, 2370l NoBepxBOCTM. [JOZuepKHEM,
qyro cucreMe (I2) HMEST CMHCI TONLEO HE /17 ~BpN3ME COCWTNI .Q,,,_ s KOTO~-
pes MOXET CAYZRTHE OGpP830M M —MEDHOI'O NPOCTPOHCTBEHHO-OrDOHNUGHHOIr'O
8pe8aALNOro 00BeKTa.

Fcam x ToMy xe ZelicrBme (2) MHBODHOHTHO OTEOCHTENBEO PPYNNM mpe-
OCpO3OBAHNI HOA NODEMEHHMMN 2 N & , TO 0O TEOpeMe HeTep mOAyYaeM
COXPOHADENGOCA BEIMYHHN, KOTODHe H@ 36BMCAT OT BHOOPS NpPOCTPOHCTBEHHO-
ro CeYeHNA ./ N X8PSKTePNAyn? 8peaAbHud 00BexT Kex memoe. Ecax )Y, -
NXOCKO® ONPOCTPOHCTBO-BPOMA, TO TOKNMN COXPSHADNNMNCA BEANINHOMN CGyAyY
ROPeHU-NHPADNSHTNHS /. -BOXTOD sHepram-munyascs =/ P} | cusex-
rop momenrs U/ °F u uacos SDEBABHOr0 003EXTH, DODESA AAMHE /2-DBeK-
rops ~ . Jlan apdore cPOGOAHOrO 8peaABHOT0 00BEXTO B MAOCKOM X, MOE~
HO noCTPONTS COOCTBEHAYD OCH BpEMe 2 COrx8CcHO dopuynsu

2 (P'R) - PI(xR) = "R,

lo)r(opea ABAnETCA MNpPOBOLl TpoexTOpDNGN LEHTPS MOCC 8pEdABEOro 0U0BEXTS
B e

B X n CYNECTBYeT /. BNAOB 8pS6AGHMX 00BEXT0B. Bce OHN ONNCHPe-
prca cucreMol ypesmuenmit (I2) XaR p8SANWHHX /2 . lIpR m=1 HMOEM MOTE-
PESABHYD TOUKY, NDPE 7 =/2 NMEEM ~ -~ MeDBuMil spesxnuuil o0sex®. B arom
caywe [, |, =0 . B X, uHe cyrecrsyer (»+r)- MOPHNX SpPesEEEMX
0026XT03,
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OTMOTNM, YTO NDH BCOX m >{ CHCTOMO ypaBHEeHMH (I2) onucuBaer As-
HEMMKY BCOX uacTelf apeszpioro o6nexkra. Tex, Henpuuep, ciucrems (I2)
ONMCHBOET AUHOMHKY . -MEPHNX ( {< (¢ m-1) TPEHHUEHX OOBEKTOB
uyncaom , 0O BCGMH BaGHMOZS{CTBUAMM MEXZY HuME or (¢ +1) -KPBTHHX
X0 m —KpaTHHX. PDoHUYHNE { -MEPHHS OUDEKTH HE ABIANTCH CBOCOLHHMM.

He HNX ZeCTBYNT CuUAH NSBNeHMA, NPONOPOMOHENEHHE [ 7;-,,]°(, KOTODHE H
00BeAMHADT BX B ((+1) -MepHHM 8DESHBHHA 00BEKT.

YpesHenis 1 B (I2) onucHBONT AMHOMHKY TOYEYHHX M8CC BHYTDH 8p6-
ANBEHOTO 00%6KT8. JluA - H 48CTHIN 61 P8BHABTCA 66 Macce . ,
Ecam noxoxuTs BCe /77;= (¢ , TO NOXy4YaeM ,z-MepHHH 8peSIBENH 00BERT
063 TOYeVHHX M8CC. J[on64, 0Opsm&A B HYEK NOCAGAOBETSLIBHO BCE YIGHH
pAae G.,G,,...,Gm-2» NOLYUEM (m-2) BHZOB PSBRUVHHX 8PEBIBHHX 00BEK—
TOB, HE COZEPESHNX BHYTDH C60f TOUEYHWX Y8CTHI. Bce apeaxbHHE 00BAK-~
Th, HEUMHSA C ABYMODHHX, AMOKNT BHYTDGHHDD CTDYKTYDY.

BepHeMcA onATh K oMcTeMe (I2). YpesHeussa I B Heff 8838DT ABHEEEHE
TOVOUHWX MOCC NOA AeiicTBHEM CHA, BOIHHKANEHX B Ipouecce BagMMozsiicr-
BuA. BCe YPOBHEHMA 2 —(»-) BHANOIrMYHH N0 HOpPME M ONUCHBEDT HAKGTODHE
NOBEPXHOCTN pSBMEDEOCTE OT 2 A0 (m-1) , BIONGHHHE B X, , HOKOHeI,
YP8BHEHHA »; ONMCHBEDT MEHMUMSIBHYD NOBEPXHOCTH /” M3MepeHult, Bro-
meuEyp B Xn . M TOZBKO BOO BMOCTE YPeBHEHMA CKCTeMH (I2) OnBCHBSDT
8peBNEENR 00BEXT KoK Lenoe. BCIK X, - NAOCKOS NpOCTDEHCTBO~BpeMA,
T0 no?poc 0 BRNOXGHNM B Hero nosepxHoctTeff xopowo uayqed (CM, Hsnyu-
uep/ 8 ) H BCTaeT BOmpPOC O XX (HBMYECKOM HCTOIKOBIHMK. B padorax <3,24/
OHIC IOK&3aHO, 4YTO B NPOCTPSHCTBE~BPEMeHM MAHKOBCKOTO X 4 MHHU-
MOXBHNE ABYMODHLE@ NOBEPXHOCTH MOXHO RPOICTSBHTH K&K DPENEHHMd ypPGBHE~
Halk Bopra-Hadennas HeauHe#HOU DSNeKTPOAMHEMMKE, 38BHCANGS 0T ABYX Ne-
peMeHHHX, B HEX BlepBHE TOYHO NPOKBAHTOBOHH HEAMHO{HHE NOAGBHE ypaB-
HONHR N NOCTPOGH® SAreGps NONEBHX oneparopo:aI KOTOp8A TEnephp H3BECT~
HES8 K&K anreGps Yeprukors—-bepO0amoBa-~-Bupecopo . & pascore 5 Oun
HoiROE KI8CC TOUBWX pewemuyt ypemnenm# Bopue-indennae B mmockou X, B
BEAG MMEEMOXBHHX NOBEDXHOCTEfl CHELMSHBHOTO BUA6 PASAHYNMX DABMEPHOC-
refl. H8BE0TRO, YT0 NOZAA TAroTOHHA IRHHTeUHS 8 MOXHO NPEACTEBHTH
K8K NOBGPXHOCTH, BAOEEEHHE B X, . B OONOM CIyY&e S5TH NOBEPXHOCTH HE
OyAy® MMHNMOZBHHME, BosMOXHO, YTO K ApPyrNe (UBHYECKHMe NONA MOXHO
NPeACTSBNTH B BNJZ® BPeMEHANOZOOHHX moBepxaoczaf B X n » C OonbmOK
CT6NGHMD BEDOATHOCTE MOXHO NPEANONOXUTH, YTO B NAOCKOM NPOCTPEHCTBE -
BPOMEEHR » B 8peSNTHON MOXGAE BSAUMOAGHCTBMA )y PEAATMBHCTCKHX
YQOTHN EOCHTeNGM | -EpOTHOrO (Z<i <~ ) B3eMMOMGUCTBHA WBAAGTCA HO-
Ze, KOTOPO® NDAACTEBAMO | -MEPHOH BPOMEHMNOAOGHOW nOBepXHOCTED. Bon-
poc 00 OAHOSRAUHOM OnpezeleHEM PHIMYECKON NpUPOAW STOr0 NCAR ABAAATCSH
CXOXHHM B OAEHM M8 CONHX OCTDHX B 8peanpHofl Mozenm. MOXHO CKE98TH
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cpesy =e, 4r0 BCEe HOAR, BROXGHHHO KAK MCKDMBIAHEHG BDPEMEHHMOZOCHHE
HOBEPXHOCTE B NPOCTPSHCTBO-~BPEMA, UMEDT TOKBXEHYD KeauGPOBOYEYD MHBA-
pESHTROCT .

Iyces Temeps mpocTpsxcTBO-BpeMA X, (n>4%) HMee? CTDYKTyDY, OoO-
R6e CHOXHYD, YeM nREOCKoe. JledicTBHE ARA ADCOTO NOAR, SE8NMCEHKOE B OX-
HOpPOZHOIl ¢opue, NOpOXASET NpoorpehCTBO-BpeMa X M s PA6 M onpe-
AeNA6T0H UMCHOM KOMOOHEHT mosenof (iyBKOME ¢, GOAN ZErpDOHRUSH RONH
38DNCNT TOALKO OT NSPBWX NDOREBOAHHX 9/,, ‘k, . OpocrpaacrBo X, Mo-
Z6T HMETEH E HE NOAHOCTHD METpHUECKYD NPUPOAY. JpopEeuge noas ( ~/ AR
pe3HNX nozeff, BOOONE I'0BOpA, UMEAT PESHOO 3HEYEEME) ONPEAGAHET B CBO-
oM X,,, MUEMMOABHEYD HOBOPXHOCTH. YTOOH HOCTDONTH 6ANHOG ZNA BCEX AO0-
X6il OpoCTPaHCTBO~-BpOMA X/V s HGOOXOZMMO 38IMCSTD BCE N3BECTHHE Celiuec
(pusuyeckxe noas B eauBod gopme. YroOH pECCMOTDETH B TAEOM X/ m =Nep=
HHfl 8DESNBHHE O00BOKT (MS }s HEOGXOZMMO B TOM X6 BUZE 38MNCETH ypaB~—
Hemms oucreMy (I2). B 3TOM CAYU88 m -MeDHuE OpOCTPBECTBOHHO-OT DOHM~
yenHHH 8peexLHMY 00B6KT GyA6T mOAHOCTHD morpyzer B X N N GYAyT OR-
HOBHSUHO ONpSoAGXeHH NOZH, KOTOPHE NEPOHOCAT BCE BOSMORAIHE B38MMOAeMH-
CTBHR B HEM. HByyeHMe METPHEYSCKEX CBoiicTB X A N ONpeZeneHNe B HeM
CBASHOCTN NO3BOANT HSHTH BCE (MaNYeCKNE BEANURHH, KOTODHO MORHO H3Me-—
PRTH B X4/, N nocrpouTh oJMyD TEOpPED KEAHGDOBOUHHX HOZAel,

Taxyo o0uyD 38%89%y B TOODEN 8PEARBENX OCBEKTOE NO3BOXANT DeEWHETH
YHEBGDCSIBHHG HOAMEOHHNE ypaBHeHRs (Qe]10D0BE 7,28 , KOTODHE NMEDT

BEX
(O(H D tlo )ﬂb Lﬁﬁ(x) * /] ABC ¥ l0) et =0, (13)

rae &’ w o °-gsexpermde, 8 /\ -gyoMueckes MaTPHUS C HOCTORHMMMN

xonpfummenraun, v =1,2,3,4, ABC=1..., ¥ , Y - noaeses PyExuma
C xomnoHenTeME [V, M, ,. .. , v} . DT0 JpoBHeHNE CIGAYET NS BapNEIN-
OHHOM 38184X XAA QYHKINOHOXS BDNAS :

S = f POIEET, 4]0 + 5N Pl Y Jo2, gy

N Kk EOMY ODNBOZRTCH BCE H3BECTHME B COBPEMGHHOH (uaMKe XZ0CCNWSCKNE
NoXeBME JPADHGHNS, B TOM UMCA® N ypesHeHNA cucremy (I2). lpocrpsmce-
Bo-speMs X, .y , NODOEASEMOS GyEXnmoRexOM (I4), NMeeT NAEGOXEEYD
OONEOCTS ANA PSNGHNZ MHOTMX 88Z8u Toopermueckol fusmx. llpocrpencrao-
BpaMA X'm/ COXOPENT BCE 8p80ALHHE NPOCTDIECTBOHHO-OPPINEYOHANE 003~
oxrH. Ypaspenne (I3) monouxEae?T mo Jopue HEXNHGHHOO CHANODNOS YpeBNe-
ung TefisenCepro-Hasnexxo X AnpfepeuuNeasn0e ypasaedNe B xpacsol saxe-
w8 B WOASAE AYCNONOENX MOEKOB. Cefiusc ypsBEcEEm Q6X0D03S NETENCADNO
NCCAOAYDTON {MSEESMN N MOTOMOTNXOME. H8X0 ZAyMeTH, 5TO RPEDGAST X youe-
XM K B TE0PEN 8DEOXBEMX 0036KTCB.
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MOIETH JOMERHOTO OCIMLIATOPA B PEIATHBHCTCKOM
KOHOUTYPAIRIOHHOM HPEICTABIEM/H

3.l.Harpamanos, P.M.Mup-Kacumon, Wi.M.Harues
OdbemuueHuult MHCTHTYT HAXEPHHY MCCJAENOBAHMH,
Aydua

PeJATHBRCTCKOE KOHJUI'YDAIMOHHOE X -npenc'rameﬂne/ 1/ BBORUTCAH
¢ HOMOWEW DABNOXEHMT BOMHOBOY DyHKIEM B MMIyILCHOM HpocTpancTse (P
10 MATPHUHHM 37AeMEHTSM HENPHBOJUMHX YHUTADHHX OpefcTaBleunlt rpymnu
neuzensit P —npoc'rpaﬂc'rna?( P LX)

Yoy= A= d0, 100 Yo, (D
roe
_ _ -ixX _ cx X
(px)=(p-P)> = & , -
Po: CL.)(., (3)
P= SLX,_

X=bn(p, +p ) - oucrpora.
B omHOMepHOM C/Iyyae MH HMEEM Helo ¢ THIepioJol

2
PS—p=m®. (2)

B nafpHefimers Md NOALBYeMCA CHCTEMOM eIUHHLL t=cam=41.
B X -OpexcTapieHuy ONEPATOPH SHEPIMM U MMIYABCA ABNADTCA Pas-—
HOCTHHME OmEpaTOpPAMHI

N ‘X ('X‘
Hoexx:: cAz';%e X:- ch X-e x,
A X e (X x (5}
pes shid e shxe

Yno6ro OepefiTH X MONOBEHHHM mznepdomqecm yr.nam/ 4/ . [Ipr arom pemrs-
THBACTCRAR PHEPTRA HOKOA A1 C ~OTHEAA6TCA OT RUHETHYECKOR SHEPIHE.
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kz
. /(2
k=-2sh£2, H,,=f+h =1+

B pesynbraTe PedATHBMCTCKOe (KBASHIOTEHIMANbHOE) ypaBHenme Iipexuurepa
s3anfmercs B BUUE

<h°+\/(x)—e,7)ﬁl/7(x)=(A-e,,)%(,):o, -

Mu TpeSyeM, uTOOH pelATHEMCTCKEN JuHelHHI ocHEAIATOD ofAamal clexyn-
mMMH cpoficTBaMH: 1) TouHAA DPemaeMOCTh; 2) CYHECTBOBAHMe "HEpendTH-
BECTCROM" munampgeckolt cmmeTpun S{J (I,I); 3) cymecTBOBAHEE CHMMET-
pAR Mexny onmcaHueM B X - M (0 -OpeXCTaBIeHUH; 4) OpapuABHHE Hepe~
A1 MCTCKult mpexmen.

Hoctrpoml MeTox (aRTOPH3AIME NJIA pasHOCTHOTO ypapHeHms [ipensHre-
/ =l / C sroft nexsn, npe\nnon(ara.a uTO BOVIHOBas (YyHKIMA OCHOBHOTO
coc'romma meeT Ban VY, = e 7™’ zammem onepaTopu

% e ’,Am l( “pexd -f“)

M =3¢

# pacCMOTPHM Bupaxefme

_a(x) -ac:) + + _
f M M e = M m —
(],

:iu((x){al.-_(")'SL\(fg-f)-CAfS+Js(x)cA()0c-f))-sllfs},

+ Zidex) e [L‘,_d‘_

(9)

rae
ac) = Ak —z‘—j’;fﬂr) - A poe)
o
ﬁ—.—aL z'j;— P Jos::SL_Lp;;f(*)
: - A
o(C:oLz;;r((x) o = shf 7 A,
B HepexsTEBHCTCKOM mpemexe (9) mpusmmaer mux (om./58/);
2
[a*,07]= — 2°F . (10)
?xt

B nacrosmmel padoTe MH He GyXeM H3YyYaTh PASHOCTHHE MeToX (farTopH-
samMd B odmeM BEOE, A COCPENOTOUHMCA HA (Jydde DEeXATHBHCTCKOrO JAHHEM~
HOT'O oCHEAAATOPa., HAMOMHEM, uTO IMA HEDEIATHBACTCKOro MMHeRHOTO oc-
OAAAATOPA BHOIONHADTCH COOTHOMEHEA
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wx?

[a*) Q’J zeonsl = —w f(x): - (11)
rae 4 * - obwunne onepaTops pom:emm ¥ YHHYTOXEHMA
1 -
a = \r-‘ (+ JX + wx)-

B DeNATHBACTCKOM Clydae GyieM Mcxath omeparopu 1 , M, ymomter-
BOPADUKE COOTHOWCHMD

[M+) M—Jf = const, (12)

2
X

Jerxo BENETh, UTO MU B 2TOM CIydae CJAEKYeT IOJORATH _f" = —5—

pu aToM QA(x) =~ Z , A(x)= 1/cos £X

B peayinrare Oynem meTh

— P A
M1=1che (sL 7+ct3 : zj,;)=
: - _ FeVZ < Y) aw
=t w-‘——-—-;fi—x sLﬁ'(ﬂz*“”’)'—;ﬁS/»(ﬁa}—
2z 2
wx® wx®

rae A 2 L-ﬁ-ﬁ{ )
D= = Tox SMT gx
cos 2.

g onepaTopos M " M BHIOOJNHAGTCA COOTHOWEHHE

[M M), =e" MM -e MM =

Ch BMT] ek MM sk e
Tanun, TOHEAH HMeeT BHI »
h=2{mrf =4 e WM MM =
(15)

o (k)2 =M M e,
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rne eo - ‘2 s[L T‘;_J . (16)

¥s mupazemmht (I4) u (I5) caegyer
+ & o mt
[M,ln]uz—ZSLz M

[h, M), =-2sh %M. )

+ -
OTryma cremyer, uTo oumepaTopy [1 # MM nopumanT x DomMEANT SHave-
HEe SHEPTHH

h e =h MY, = e, (18)

OpyyeM COEXTD dHeprmit samaerca dopMyioR

P4 41, w
e-2(e " “—oh?) (19)

BoaHoBHe (yHKIMH OyaeMm MCKATH B BHAE .

wx?

Yoo=e * 4. (20)

BearunHr /’-n (x) (PEAATHBMCTCKEE HOMEHOMH JpMETA) YHOBAETBODADT
PEKyPPEHTHHM COOTHONEHHAN

hew

A N nw
‘Z)A‘_ = Ke - .SA_ y ‘/;_,,_l, (2I)

Mhe = hoer , he= (/777/5 , (22)

wxi A —wal

N=-e Ve =
(23)

.‘-_'
‘z.e‘v o/ o .
= _‘__’a-[muxS/Lz";;-—thhux»ad-é‘—j'{o].

WX
cod —5—
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A susmux 3HARYeHud /2 uMee

g
ha:l , hi.:l/e Sﬂh%— ,
A Le [Ze st - sk w] (20)

h-—sze% W [2mtge(cl e T 1)

Heooaessya cooTHomexue (22) H TOXIECTBO

+00 2
2 - ‘x ¢
wx £
3 Eix

e dt,

/'lo(x)-_?j:
Tw _5o

OoAyYaeM KHTerpamsHoe OpefCTamIeHHe AL /an (x):
O

o b y= - (e‘gj 2 j‘JT (ﬁezute “ 1t (25)
M \/7’.—“-' '\/5—-" " ]

TIe T (f) ~[OJMEOMH, YZORIETBODADIHEE pexyppenraouy COOTHOMEHED
2

-
sl\t T.he = <hVFF (e Tis (*)) 26)
h
B HEpeNATHBUCTCKOM Opemere T.O—= 1 4w OPEXONAM K HHTEIDAAb-
HOMy IpEJCTABAGEMD NAA NOAKHOMOB JDMHTE.

Bregmem onepaTopx "
* 1 Yo Mt
= _ ~ (M M
L (32 sh*3-ch :'f)/z ( M ) ’

pa— M)

(Jz sh'E - ch ";")I/Z

(27)
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Jlerko BMOeTh, YTO DTH OIEPATODPH YAORIETBOPANT COOTHOWEHMAM "gefopMuE~
posanmolt axredpu Ju" S(U(1, 1) !

4 - 3
(UL, = L,
+ - -
[L*)LSJJ‘L , [LJ,LJQ ==/ (28)
HamomHuM, uTO 3HAYOK "« " y KoMMyTaTopa O3HauaeT B3SATHE OUPeENelecH-

HOM KOMOEHALH KOMMyTaTODA M QHTHKoMMyTaTopa {cM. gopmyam (I4), (I7)).
Insa 3THX BeAWYHH BWUECTO OGHYHOTO COOTHOUWEHEA CHMMETDHH H TOXIECTEA

SIkOOH BHROONHANTCA CAETyDIEe DABEHCTHA :
[x;\a]u = - [‘30‘]_,‘, [}
[[x|'a]w;2:lw+ [[?‘ZJH:XJ‘» +[[zlx}“'#]u * (29)

(eean.2] (0ol x]  +[f2nd 4], =0
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TIOKQIIEHAA JIEITOHOB M KBAPKOB U AITEBPA IOCTOKTOIICHOB

A.B. ToBopkoB
0GnenuHeHHH{ MHCTHTYT snepHHX mCcleloBaHMit, IysHa

B mocienHye TOJH B (M3MKe B3JAEMEHTAPHLY YACTHI CTANY HONYJISDHH-
MM TpeICTABIEHMS O MOCJEIOBATEXbHO HOABLIOIMXCA TOXKOJNEHMAX JYHIaMeH-
TaNbHHX Y3CTHMI-JENTOHOB M KBapKOB . B HacTosuee BpeMd W3BECTHO IBA
LIEJMKOM 3aMOJNHEHHHX HOKOJNEHHs: ¥ TOYTH 3allONHeHHOe TpPEeTEe:

de.eu,d; v oLpae sy v T 478,

JamevaTeJbHHM CBOCTBOM [OCJeNoBaTeNbHOCTH 9THX INOKOJEHMi ABIgeTcA
TOUHAA NOBTOPAEMOCTE (10 KpaifHeit Mepe M3BeCTHHX) CBOMCTB BXOMAIUMX

B HYX JIENTOHOB ¥ KBADKOB: KOIMpOBaHMe SJeKTpudecKux 3apanoB (0, -I,
2/3, -1/3) u anexTpocnadHx BzaumomelicTBiit (¢ yYETOM CMemMBAHMA
KBapKOB N3 pa3sHHX MOKOJEHM}), OIMHAKOBOCTEL LIBETOBHX CBOJCTB KBApKOB
¥ YHKBEDPCANILHOCTH M COBepUeHCTBO LBeTOBOK SII(J'% -CHMMeTPUH . EmMH-
CTBEHKOE TIOR8 YTO M3BEeCTHOE pas/juuve 3aKINYaeTCA B yBeXMUYEHMM MAsC
3apAKEHHEX ( 3 BO3MOXHO M HelfTpMHO) YacTHL.

IJia omycaHuA MOKOJeHM# INpelTaraiich pasiyiHHe TeopeTHYEeCKUEe cXe-
MH, OCHOBAaHHHE HA BBEJEHWM KaJuGpoBOUHHX "(QaMHABHHX" T'pymm, Korla col-
CTBOHHHM SHAUYeHMAM ONHOTO M3 I'tHEePATOPOB CONOCTARIAINCE HOMEPa MOKOJE—
HMit. *

B maHHOM cooOCUleHMM ITIpeliaraeTca CONOCTABMTE IMOCeNoBaTeJBEHOMY
[IOARVIEHNK MOXOJIEHMit JENTOHOB U KBapKOB CXeMy MOCTOKTOHHOHOB, ITONYYam—
uprxcs npnme§e7nem npouenyp7 yann - JiuKcoHa.

Twpceit I (cr. TaKke 2 ) TIepPBHM DIPEeIJIORWT OIMMCHBATH JENTOHH U
KBapKi C TIOMOUbl) OKTOHMOHOB. OKTOHWOHH MOXHO HNOHMMATH KAK COBOKYI-
HOCTH KOMIUIEXCHHX CKalfpa ¥ BeKTopa, 3alMCABHHHEX B BMIE CTOJIGLA

a= [%.,] (1)
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" NONUMHANNYXCA CAeXyolleMy HNPaBUIY _VWJOH(BHW!X):
(&) -2 8 T F ] (2)
Qea[a.][s q,f*&8:+&"ut' .

Topceit Npennokun OLNMUCHBATE COBOKYMHOGTE OXHOTO JIENTOH& X ONHOTO
LBETHOTO KBApKA OIHMM ITHPaKOBCHUM OKTOHMOHHHM I1OJIEH (,ILJ[H KpaTKoCTH
OyneM Ha3WBaTh ero "OKTomoxeM"), CONMOCTaBlAA CKalApHoH YacTy — JIENTOH,
a KOMIOHEHTAM BEKTOpa — IBEeTHHE KOMIOHEHTH XBapKOB

_ [E(x)
‘P(I,—‘ Ti‘(l‘) . (3)

Tpymiojt aBTOMOPIKBMOB OKTOHMOHOB ABIAETCH MCKINYATENBHAS pymnna
Ga (I4 napameTpoB, paHT 2). OHA COIEDHMT NPEOGPa3OBAHUA, CMEUMBAK—
e CKaJIAPHYI ¥ BEKTOPHY YacTH OKTOHMOHZ,Y [pU NE€PEeXOfe K KaJIHopo—
BOYHO ~ ¥HBAPUAHTHOM} Gz—cmmewpm, CIEe0BaTeNIbHO, MORpa3yMenaeT
NeITOH-KRADKOBHE llepexorH. B8 momrpymnoil aeagercAa SUC3) , npeodpa-
aymuas Mexly coCoi JHMWB KOMIIOHEHTH BekTopa, T.c. LBETHHE KOMIOHEHTH
xpapxa. Ipymma aBTomopdustmoB G, [mowiHa GHTHL HapylleHa HO cBoeit
upeToBoit moarpynnH SU(3).. Taroe HapylleHMe MOXHO OPT'@HU3OBATE G
oMOLBK MeXaHuaMa XaIrca. JIg DTOIO HaDALY C IMPAKOBCKMM OKTOIOJNEM
NpeanoNaraeTCA CyUeCTBOBAHME CRAJLADHOIO OKTOIONA

[ ? (x) J

< =

P gl (4)

TaMuWibTOHUAH KOTOPOTO MMEeT CIIOMTAaHHO-HapDYWeHHHI BUE. HCNONB3YA CBO-

GOy KalauGpOBKH, MOKXHO MCKRIKNYMTE LBETHHE ROMHOHEHTH $ » @ Ioie @,

IIpeBpaTUTh B YMCTO MHMMOE. B Takoit kaauspoBke BO3ZHKKAeT eNMHCTBeH-

Huit mMaccuBHK CKanApHH XUIrTcoBcKuit Me30H, JIENITOH-KBADKY IPHOGPETalT

Maccy, a IVINOHH OCTakTCA 6e3MaccOBHMM M, CJAeN0BATEABHO, LBETOBasA
svmc- CHMMETDHA - HeHapYWeHHOH.

ECTeCTBEHHO DACUMDUTD 2TY KOHCTDYKIMK z?mqm o6pa’3oM, YTOGH oHa
BHRANYANE COJBLEEe YMCIO JEITOHOB ¥ KBapKOB / . Iia aToro mepeitnem o
OKTOHWOHOB K IMOKTOHMOHAM, u3o0paxaertM B BUIe

a A
(e W -[-.- —:]
aQ

A (5)

x)AHa.uormmoe NMPaBAIO YMHOKEHMA OKTOHMOHOB MCNONB3OBANOCH HeIHBHO
Ie Anppapo, PyOuHy u OypraHoM 3 VIS ONMCAHUA MHCTAHTOHOB B 8-Mep-
HOM IIDOCTDPEHCTBE.
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http://fa.fi

1 TOmYMHANUIMXCA  ITPaBMWIY ‘YI-’IHO}:CEHWIX)

at- [ A][i %]

.8, -T- T AB!- B -E B ALK TT Y
- Q.T+Eﬂ."+a"x “1 &:E*-EB "E.-“E.& .
v AMB-ABI-ANE" +Re-AL-RNTT
Terepp IMOKTONONN LIOXHO CONOCTABUTDH LEJIOE HOKOIEHWE

" [s’c’x) ecx;]
x) = -~ —-
Uuxy dx %)

3amel{§3TeJILHm.4 CBOICTBOM IUOKTOHMOHOB SABIAETCA TO, YTO I'pymIoit mx
aBTOLIOPOU3LI0B BHOBh ABIAETCH Gz , NpmyeM HpeoGpa3oBaHUAM MNMOJ-
BepranTcd JUUEL KOMIOHEeHTH OJHOTO M TOI'O Xe CcToAClAa. CIOHTAHHOE Ha-
pyueHne Gz npexnonaraeTcqd NPOMCXONANMM 32 cueT CKalIAPHOTO IUOKTO-—
- TIoJifl, KOTOopoe 3amiCHBaeTcA Teneph B BUIE MOBTOPEHMA OLHOTO M TOTO

Xe CTOJACLA
¢, ey 9{’,(:)]
¢(I)=[$(x) $(2) .
(8)
TaruM oGpasoM, YHMBePCAlBHOCTE M COBEDUEHCTBO LBETOBQH CHIMET DY
SV(3), o0racHARTCA TeM, YTO CIOHTaHHO-HapyuweHnas rpyma &, -as-
TOMOD{M3MOB OnHA M Ta Xe HId IBYX CTOJCLOB JAMOKTOHHMOHA.
Kamucposounags SVU(2), x UV(4)- cumMeTpus saeKTpoGIacHX B3a—
mvonellcTBuit CBASKBAET (JieBHe) KOMIIOHEHTH OKTOMONA M3 PAa3HHX JeNTOH—
KBAPKOBHX CTOJGLOB. Hak odwdHo, €€ AyGiaeTamy ABIAOTCA (V. ,e.)
 (¥.,d.), acunrerams e , U, , dg . MA TOTO YTOOH
CIIOHTAHHO HADYUMTH 9TY CHMMETPHI, HEOGXOIMMO IpDEINOJOKATH HaJudMe
el OFHOTO CKAJAPHOTO XUIT'COBCKOIO IMOKTOIOIA

E(x) = oo E:(t’
Foo S o

9
Herons3ysa G -~ MHBAPAAHTHOCTH, MOKHO BHOpaTh KanuGpoBKY, B xco'i'oZ
pof BEKTOPHHE HKOMIIOHEHTH g b’ ,_,- OyRYT OTCYTCTBOBaTh. ONHAKO

OHA8 MORET He COBIAIAaTh C KaJIUGDOBKOH#, BHODAHHOM paHee IJIA YyCTpaHEHHUA
nots @ . IIpm mepexoze K mocienHelt y Noda &(=) BHOBb MOTYT BO3HUK—

HYTH LBeTHHE KOMIOHEHTH, [PONOPLMOHSIBHHE lapaMeTpaM Iepexons 'g :

E-sga 80, B -ifCE -0, (10)

x)JIHOK‘l‘OHEOHH HeKOMMYTaTWBHH, HeacCoUMaTWBHH M HealbTE6PHATWBHH, HO
coxpaHawT cBolicTBO THOKOCTH, KARK ¥ Bce NOCJAEAyHHe NOCTOXKTOHHUOHH.
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Ho Teleph MOKHO BOCHOAB30BATBCA S VER2). % U(4) —KaiuspoBOuHOR
WHBAPMAHTHOCTBK M, KAK OCHYHO, YCTDAHMUTH KOMIOHEHTY E',; , @ KoM~
TOHeHTYy &,  <HeJaTh BellecTBeHHo#. ToTla 06a NPUBEJIEHHHX BHpAXEHUA
00paTATCA B HyJAb, a Noie & ¢x) OymeT COIEpHATH JMUb ONHY BelleCTBEeH—
HYyW KOMIOHEHTYy &,_,<x) , T.e. IPEBPATATCA M3 JUOKTOIOJNA B OGHYHOE II0JE.
B pesyanTaTe MH NPUXOIUM K OCHUHOIt Teopwyu Inswoy - BaiiHOepra - Canama.

CoBepuiada caenyluui war, MH NPAXOMUM K ﬂHﬂMOKTOHMOHaMx,C [IOMOMIBI)
KOTOPHX MH MOXMEM ONMCaTh y#e IBa NOKOJNEHMA JIENTOHOB ¥ KBapKOB

[ Ve (®)  e(x) "f‘ (x) pix)
1"(!) =lu o r(:) C(x) 4 (x) ] (II)
CoBeplMB Xe cleXywiumii Wial, Mi OPUIEM cpasy K YeTHpeM TGRoaeHuAM. [loc-
KOJIbKY B HacTosui# MOMEHT eCTh BCE OCHOBAHMUA CUMTAThL CYLIeCTBOBAaHUE
Tpex MOKOJeHU# CeCCIOPHHM (XOTA BONPOC 0F ofHapy#eHmu t -KBapka

Bce ellé He pemeH), MOXHO CRa3aTh,uTo MINOXEHHAA Tpolie/lypa CONOCTaBiIe-
HHMA JIENITOHOB ¥ KBAapKOB C MPOLIECCOM YIBOEHMA IOCTOKTOHUOHOB IIpelrcKa-
3HBAET CYHECTBOBAHME X YeTBEPTOIO NOKONeHMA. CJeNynuMi xe war mpuBed
OH K TOARIEHMK Cpasy YeTHpeX HOBHX IOKOJNEHUi, ¥ IIPOJIOJKEHNE 3TOTO
[Ipolecca MOJNHHO CHIO OH NPUBECTH K KATacTpoQuiecky¥ CHCTPOMY pOCTY
uycna noxoneHuit 2%, rak ®e, kax sTO IPOU3OUIIO C YMCHOM 3epeH Ha lax-
MaTHO# NOCKe B U3BEeCTHOH JereHZe o6 u3oGpeTraTele WAXMAT. ECIH MACCH
YacTHIL NPX STOM 3aMETHO BO3PACTaWT OT IIOKOJNEHUA K MOKOJEHWo, TO MH
ZOBOJIBHO GHCTPO IOOepeMcA IO MEKCHMOHA l{apkoBa.

BaMe4aTeNBHEM CBOMCTBOM BceX NOMYYalUMXCA TaKUM ITyTeM HOCTOKTO-
HHOHOB ARIAETCA TO, YTO IPYyMIOi MX aBTOMOPJM3MOB ABIAETCA OIHA U Ta
#e Tpymma Gz , 8 OyIy4y CIOHTAHHO HapylleHHOi#, OHa IPUBOIHT K O~
Hoii ¥ _Toft #e 1BeTOBO cMMMETDNM BceX KBapioB SVU(3)e !

Cnenyer MONYEDKHYTH, YTO B maHHo# cxeme JyHIAMEHTAIBHHMM IIpel-
HOJNaTanTCcA JIHL TUPRKOBCKOe JIENTOH-KBAPKOBOE Y XWUITCOBCKOE CKAJISAPHOE
[OCTOKTONOJA, 8 KaAJIUGPOBOYHHE BEKTODHHE IIOJIA He MOTYT OHTDH IpelcTamie-
HH B BHJe OIHOTO IIOCTOKTOLNMIA, HO TPeGYyHT IVIA cBOeil (opMyJAMDOBKM BHUE-
JIEHHS OTJIEeJBHHX IpoeKIMH# IIOCTOKTOHNOHOB.

B caadke B3amMoIeicTBMA BXONAT KOMGMHALWM OTHEJNBHO YETHHX
¥ OTHeJIBHO HeYeTHHX CTOJMCLOB JEeNTOH-KBAPKOBOTO NOCTOKTONONA, IOJY-~
YaluMecs MyTeM YHUTAPHOIO Dpeodpasopamas™’ . o sToit MpuuMHe Bce OHM

X)Yfa-aa TOI0, YTO MNPABWIO YMHOKEHHMA NUIMOKTOHWOHOB NOBOIBHO IJIMHHO,
3IeCk OHO He MDUBOAATCA.

xx)Ha CEMOM JieJie,KaK M3BeCTHO, CMEUMBATE Hafo NUCO YETHHS, JACO HEuET-
HHE CTOJOIH, TAK KAK ONHO M3 TAKAX CMELMBAHMUN MOXET CHTEH BKINYEHO
B Jpyroe ¢ NOMOILK BCETna JOIYCTEMOTO YHMTApHOTO Npeo0pasoBAHMA.
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IOJXHH, B CHIy 3aKOHA COXDalleHMA 3apAla, MMeTh ONVHAKOBHE 3apAnmH. On-
Hako TpUpojia TAKOTO CMelmBaliid M, COOTBETCTBEHHO, 3HAYeHMA ero mnapa-
HMEeTPOB OCTanTCA NOK4 4YTO HEBLACHEHHHMN, KAk M IIpHpoONa BOSHUKHOBEHHA
Macc y 0epMUOHOB.

JHTepecHad BO3MOXHOCTb MMEETCA B IaHHON cXewve LA MHTepnpeTalmu
MailopaHOBCKUX HeiTpuHo. Ecad thl GyreM paccMaTpyBaTh JMUE COGCTBEHHO
OKTOHUOHH (IIOCTOKTOHMOHM), TO MX CKaNApHad (nepBasd) KOMIOHEHTa IOJK—
Ha OHTH YMCTO MHHMNMOi. 3TO O3HAYAET, YTO IOJNE Vg (x> IOJNKHO CHTEH
MAODAHOBCKMM, TOTHA KAK OCTAJIBHHM HEeiTPHHO Y tx3, Y, Ox) LONHHR COOT-
BeTCTBOBATh IMpPAKOBCKUE NoJA. llpu HyJleBoi Macce MalopaHOBCKMI CIM-
HOp SKBUBaJEHTEH BefICBCKOMY, Hanpumep, JeBOMYy CIMHOpPY. OYeBHOHO,
TakKoe BelIeBGKOe He{TPHHO MOKCT CMEUMBATHCA C IPYIMMU, TAKRE TOVILKO
BeileBCKUMM (JIeBHMIT) HeliTpyHO,

OTMeT¥M, 4TO COGCTBEHHO OKTOMNONA, KaK ¥ BCE IMOCTOKTONOJIA, YHOB—
JETBODANT TPWIMHEKRHHN [1apaKotly TALMOHHHNM COOYHOWEHMsM I'pHHa M ABLANT—
CA HeacCOIMaTUBHHMY Napanojsii. [IH, OMHaKo, BUIEAU, YTO 1A (POPMyaN—
POBKM KaJIMOPOBOYHHX TEOPMil B paMKaX TakuX Napanojieit HaM HIpUXOIUTCA
BHIEJAATE MX OTHENBHHE KOMIOHEHTH, B 5TOM CMHCAS TaxKue TEOpUU He AB-
JITOTCA NApanoJeBHMM B COUCTBEHHOM CMHGIE. [lociemoBaTeNbHO napanojie—
BOil Teopueil ABIAETCA TEOpWA KBaTePHMOHNHX Nojneil ("kmaTepnoneir"), B
KOTOpOIf KaJNGpOBOUHHE NOJA Takxe (DOPMYJNUPYIOTCA B BUIE KBa'repnonei’(/ 6/ .
OnHaKo [IpyIoit aBTOMOPLH3IOB KBATEPHAOHOP ABAAETCA JMub SO(3)-
-CUMMETDUA, ¥, Kpoile TOTO, IHMpaKoBCKoe (TouHee,lMAiiopaHOBCKOe) COOCTBEH-
HO KBaTepnoje CONEpHHT JMIE ([ICEeBIOKBAPKOBY YacTh ¥ HE COIEDKMT Jel-
TOHOB BooOlle. Bo3roxio, Takas TEOpHUsd OKadeTcd NoOXONAue# IJIA OonycaHuA
COCTaBHHX MOIeJel JIeNTOHOB ¥ KBapKOB THIA TEOPMM IIDEOHOB.
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IV. TEOPUM OBBEMHEHUA, CYNEPCUMMETPUU, CYNEPCTPYHH

TAPMOHMYECKOE CYIIEPIIPOCTPAHCTBO. PESVILTATH ¥ [TEPCIEKTURH

A.C. Tansnmepun, E.A. UpanoB, B.M. Oryemeuwnst, E.C. Cokaues
OdremHeHHNY MHCTUTYT SOSDPHHX HCCNeNOBARMIA,

IyGua

I. B I984 rony Guno BBENEHO TApMOHMYECKOE CYNEPNPOCTPEHCTBO IJIA
peaumsaruy pacumperHof V= 2 cynepcmme}}[u BHe MaccoBO# 000JOYKH
Ha fA3Hke cymepumofeidl, cBOGOIHHX OT ¢BA3ei/ ™ ., Takas peanusauysa HeoGXo-
JMa C CaMHX DasyIMYHHX TOYeK 3PeHMA:M LIA S0JeKTHBHHX IOKa3aTeJbCTB
KOHEWHOCTH CyNePCAMMETDHYHHX MOXeded, M WA aHauM3a CHOHTAHHOTO HAapy-
DeHUA cynmepcyMMeTpHI (IO M3BECTHHM TeODeMEM BaKyyMHHe CPelHMe IDHOG-
PeTanT BCIOMOTATENbHHe TOJA, CYMECTBEHHHE MMEHHO BHE MeCCOBOY 000N0H-
Ki), ¥ Tak nallee, BOOGWE B TAKOM BAZ® TEODHA 3AMICHRAETCA npome ¥
u3AMHEe, €€ MOXHO OXBATUTH ONHEM BRIVIALOM.

He mpenmuzymem copemanuy B Anymre P 1954 Tomy OHIC COOGHEHO O
NlepBHX marax MpUMEHOHMA IapMOHMUSCKOIO cylepIpocTpaHeTBa’</ . HacTom-
Im#t NOKJAN TOCBALIEH NATBHelNMM DPOXBEXGHWAM B DEMKAX 3TOTO NOIXOZE,
AOCTHTHYTHM 3a IpomejumMe Tpy rofe Hamefi rpymnof,cocrosmel m3 A, Tamp-
nepwHa, E.MBaHoma, C.Kesmimna, E.Coxauesa ¥ IOKJBIYMKE, & TAXe IpPYTE-
MH HCCJIeNOBATENAMH, BRINIKBUMMUCA B 3Ty TEMATHRY.

2. HanoMHEM OCHOBHHE MOMOHTH, Anrecpa N —pacmEpeHHO# cymepcuM—
MeTDHH C ONDONEJANIMM COOTHOWLGHAEM ( L, J =1,...N

‘[Qd)QdJ} ,?d\ Pou o

B KAYECTBEe TPYNMH &BTOMODIHaMOM meer Tpynny S U(N) B (I) Q.l ) Q; -
CNEHODHHE TeHOPATOPH CYNEPCHBUTOB, E,’M -TeHepaTop CHBMTE B msyxxod
TIOHEHTHOM CIBHOPHOM (opmamiame ( o, o!=I,2). Kak XOpomo H3BeCTHO, 3Ta
axredpa Jerk0 DEANH3YOTCH B c'ral-mapmou CyNepIpOCTPAHCTES

R™ ={xm658%]. @

9T0 CYMepNpPOCTPEHCTEO H 6I0 AHANATHYSCKO® MOINPOCTPAHCTBO - KADATHLHOS
CYTepIpOCTPAHOTBO
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[xm 6% 5wt}

YIOCHO CHeJaTh 3aMeHy KOODIMHAT h mepefiTy K

ulam R
Q = {X?) ll: J (3

NpeKpacHo pacdoTanT B MpocTelmem ciyuae A/=I. Omuako, maumsas ¢ W =2,
BOSHAKAT TPYIZHOCTM, NOJITOe BDEMA KA3ABMMECs HeNpeomoJvMuMu. Ha cy-
gepnojd OPEXORMTCH HaJslaTh CBA3H,HEOOXOIAMHE LAS TOTO,9ITOCH OHM OMCH-
BAJ HyHHHE (M3M3IeCKMe MYJHTHILIETH. OJTH CBA3H, ONHAKO, OKA3HBAWTCHA
gepecuyp OI'PAHWUMTENHLHEMM, OHM He TOJNBHO BHIEJNAOT MYJLTHILIET, HO 4ac-
TO cConepXaT Takke CBOCOIHHE YpaBHeHHA meuxeHuA. Tax, Calte m Commyc
noxasamm, 4To MaTBpHaJIBHHﬁ N = 2 MyJBTHILTET MaTepuy, cocTosmEE u3

IMPAKOBCKOTO TIOIA & = ;‘,‘, ) M 4eTHDEeX CKAJADHHX Noje#, OmMCHBA~
©TCA CKAJADHHM CYTIepIoJeM q CO CBAS3LKD

nk g 3) - i”) (@

Ine D ¢ , D,;:' —CTMHODHHE KOBEDUMAHTHHE IDOMAIBOJXHHE. OHE aHTHHOMMYTH-
DY®T CO CHHHODHHME TI'@HEepPATODEMH Q , HO TIONUMHADTCA aJredpe, &HaJO-
o (I). JleTKo MpOBepHTE TOTH&, UTO (4) comepsuT B cefe CBOCOIHHE
ypaBHeHRA WA Juamueckux mojeh. NosTomy Hasmume cBAzelt (4) mpEBOmET
K CYWMeCTBEHHHM TPYOHOCTAM ¢ BKNDYeHWEeM BaammomelicTBEA, OCHACHEM Te-
nepes, GOUEMY Opu padoTe B FapMOHWYSCKOM CYHNODHPCCTDAHCTBE 3TH TPYH-
HOCTE CHEManTCAH.

PacemorpaM pessmsauun S (2) rpymm aproMopduamoB A/ = 2 cymep-
CHMMOTDEE HR IByMepHo# cfepe G . B xauecTBe KOODIMHAT cdepH
BOSHMEM KOODIEMHATH TpexMepHo#t ciepd, orpeuammelt § ((2), U A ( (‘:f,z/)

HO OmpeNeJoHHHe ¢ TOWHOCT®R JOo 7f (I) - dasu
{ +{al
Tret Tt (6

OcraeTca POBHO NBe HE3APMCHMHO KOODIMHATH, OTBeRAINMe AByMepHOR cde-

pe §t= Su), 1) . llpe BTOM CJSMyeT DACCMATDHBATL NOJA C ONpeXe-
Houeum L (I) -3apanom. Hanpmsep, mome ¢ ~L{ (1) -sapsmon + I comep-
X4T B CBOOM DAsJOXeHEE 10 4L Toabko MoHoMH #3 WU, ¢ sapamom +I

€+ (X, 9) ’U,) = id(xJ Q) ﬂ£++ 2@’1(%)9 o) (L(c+zg'+zl,:+ e ()
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12,
TapMOKNUECKOe CYNEpIpOCTPAHCTEO 6CThL NPAMOE TPOM3BEISHNS /qugx%
M MMeeT KOODIMHATH
: -+ oA ArH_ Ay, +
£xm 644 gy gH=aUt 417 @

3TO pACIMpEHHOe CYMEepPHPOCTPEHCTBO CONEDRUT SHAMITHYECKOE NOITPOCTDaH-
CTBO, C BIBOE MEHBUMM GWACJOM CIMHODHHX KOODIMHAT, B aHAIMTHIECKOM
6a3nce CEpMOHWYECKOe CYLIEDNPOCTDPAHCTEO KOODIMHATHIUDYETCS COTJIACHO

3= (g xm-2:6 0284t 45, 6776"%) ut 6776 e

AHRUMTHIECKOE NOIIPOCTPAHCTBO MMEeT KOODIMHATH ( 3’) L() ¥ OHO
38MKHYTO OTHOCHTENBHO [IpeodpasoBasuii cymepcuMMeTpHH

= 90 (elomEt gtomES) U,

d\g-h(: Em‘u;) O(\g‘félz go‘(CZ{(j; U/lul':’-:O.

(1D

YrolH YBREOTH ILIONOTBOPHOCTE BBOMNEHUA QHAJMTUYECKOIO MONIPOCTDAHCTBE,

yMHOXYM CRASKE (4) Ha ’Z.{E‘” 'ua.'" . Torna oz mepelmyT »

ot ?/‘f' = D4 Q"’—_—O) (12)

< m+_ wmCyt
w prealt, Di= Bl

" “+ - ¢ + (13)
9= g
YpesseHne (I3) noxpasymMeBaeT, 4TO IMPOM3BOIHAA He cfepe
D=4t Yy or ¢* papua Hym,
ot q/ =0. (14)
Hrax, cBA3H (4) pacmemWmch: TeNeph Ha coOTHomeMma (I2)m ypasHerme (I4).
3aMeUATENBHO, 1TO {' g,j’l 54*‘ j =0 M, CAGNOBATENBHO, YDAB-

Hemua (I2) mHTerpEpyemd! B aHaymTEueckoM dasuce (I0) omm mpmodperamT
B g {1 -4 | .

BRAN e =0, ,159-« ‘%O ¥ CTAHOBATCA IPOCTO YOJIOBHAMM

AHEJHMTHIHOCTH, OBMAME He38BECHMOCTH '_"_ 0T I'DACOMAHOBHX KOODIH-~

HET ¢ oTpunaTexsiEM U (I) sspamoM ©°%,'G"X OHE o3HARAVT,

qr0 q/" EEBET B AHAMMTHGOCKOM MPOCTPAHCTRE. '
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TapMoHMueckad mponspomHad 2/t B aHemmTHueckom Gasgmce comepuT
PO 3BOIHYD II0 IIPOCTPAHCTBEHHHM KOODIMHATAM

(D+:s; 7/((-4 %Q(.— - Q+D‘q§+gﬂsxq , (I%)

n ypapHeHwe (I4), KaK MOXHO IDOBEDUTH, TEleph €CTh IIPOCTO CBOGOIHOE
ypeBHEHAEe IBUXEHUA.,

Tellepb, COXPaHAsd yCJOBMA aHamuTwuHocTH (I2), MOXHO Tak BBECTH
B3amMoJeitcTBie :

D [f:ﬂ”) Mrp, D*gts) (Q,’L)ZT, (16)

9ro0H STH YpABHEHMA MOJyYmanch BAPHAPOBAHMEM U3 IPHHIMIA NeilcTBHA
(cM. pasmen 4).

BaxHoe cpoitcTBO. Cymepmoe %1' COIePKUT OeCKOHeYHOe UHMCJIO
BCTIOMOTATENbHHX I0JIell, BOBHUKAGIAX B C[APMOHIUECKOM DPA3JIOREHHN

@‘f (3) a) - g‘-(;) 'Z(cj— + ggd.k)aj-zg‘aj; 4... (17)

[locjle yCTaHOBNEHNA 3ITOTO (JEKTA B/ 1,2/ nosBmIack odmas " ho -g0 " re-
opema’ “/ , rmacsmad, yTO BooOile HeBO3MOXHA (QOPMYJMPOBKE KOMILIEKCHO-
TO THIIeDMYJBTHILIETa Oe3 CBA3eif BHE MacCOBOi OCOJOYKM C KOHEYHHM YucC-
JIOM BCHOMOTATENBHHX IHOJeii.

3. B I%E4 romy M BRe/M TapMOHNYECKOe MPOCTPAHGTBO M TaPMOHK-
4eCKYW QHBNHMTHIHOCTH, NAaM HECKOJBKO NPOCTHX INDHMEDOB camoneicTBusA
THIIEPMYJNBTHILIETOB, ONpemeawiM mperoTeximad .V = 2 cymepcmvmeTpuu-
HOlt KaJMOPOBOYHO! Teopuy, aHaJuTHueckoe cymepmode ¢ ‘A (I) -sapamom
2, 1/'”, U HAWIM eT0 3aKoH Npeodpa3oBaHud, yKasaumy IelficTBue mns ade-
JoBO¥ KAMMOPOBOYHOU W =2 TeODHMM B AHAJMTHUYSCKOM HDOCTDAHCTBE M HM3-
une WIeHW WA HealeneBOil TeOpuy, BHABMM I'PYIIYy OOUWMX ITpeolOpa3oBaHuit
KOODIMHAT IJIA ONHOI u3 Bepcu#t V= 2 cymeprpaBuTalMy ¥ ee MPEMOTEeH—
Ipams, [Ipowro TpM roja, B TeuYEHHe KOTOPHX OHJIM IOJIHOCTHE HMOCTPOEHH
JOPMYJMDOBKN BCEX pACUMpPEHHHX A= 2 Teopuit, ¥ TEODMM MATeDPHANBHHX
JV = 2 moxe#t m mx camomeiCTBMH, M pacuEpeHHoR = 2 KamGpoBouHOH
TEODHH, ¥ PANMUHMHX Bepcuii N = 2 cyneprpasuraimit. IIpy sTom Owyia oT-
KDHT& HOB&A BEDCHA N = 2 CyUepIpDABMTAIMM, IONycKamuad Haydodee o0-
e B3aMMOIEUCTBUA MaTepHasbHHX noJeft. OHE BrM4YaeT B celsd CYUECTBEH-
HEM 00pas30M THOepMYJbTHILIET, OCCYMIEHHWH Buue, ¥, COOTBeTCTBEHHO, CO-
HopXET COCHOHEYHOE YMCJO BCHOMOTATENBHHX Nojeit, BrepBHe Owm yxa3aHH
TpemoTeHIMaNH LIA TAK Ha3HBAGMHX IMIEDKIJEPOBHX M KBATE@DHHMOHHNX MHO-
roodpasyit.
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BHJIO IpOBefeHO KBAHTOBAHME M TOJydYeHH HpabBusia DeiiHMaHa LA
M= 2 reopmm MaTepualbHHX TIOJNO} ¢ caMoZeACTBUeM U BaaEMoZelicTBmeX C
noJjiem fAxnra-Mwirca. Bwro maHo s@@eKTHBHOOe, OCHOBaHHOE HA coolpakeHH-
fX PasMePHOCTH, IOKA3ATEJBECTBO KOHEYHOCTH /1/= 4 cnmva-momenelt B
IBYMeDHH,

Yro racaeTca ciyuaeB A/>2, Owaa nocrTpoeHa A= 3 Ke/mGpOBOUHES
Teopua. OHa OKa3aJach YIOMBATENBHO MPOCTON, mMewmue#l WMCTO yepH - cail-
MOHOBCKYW fopMy, T.e., B 4aCTHOCTH,NPOCTYR NOJMHOMUSJBHYW JIATrDAHKeBY
IUIOTHOCTE.

Ceifuac MH MepeXOI¥M X WINMOKEHUN STEX Pe3yILTATOB.

4. CaMojmeitcTBNA MaTepHAJbHHX ,/V = 2 nojeit. HamGosee olummit npuH-
1M jJeficTBAs ¥MeeT BUR

T [l 5000 S50 0798+ ZEVGT 71 W)f

3nechs CLQ"' = (971, g ") % BOZMOKHO HANWUME HECKONBKMX TWIEPMyJNBTH-
wieToB, [lepBHii WieH — KMHeTH4ecKuit ¥ umeeT "IUPAKOMOZOGHHA" BuE. BTO-
poit WIeH OIMCHBAET camolellcTBue, XapakTepusyemoe Hexoek Gyrxumel

21 , orpasuuenHO} TONBKO 3HAueHmem eeZ{ (I) —asapsma. Kax uspect-
HO, Jwéoe cyNmepcHMMeTpUUIHOE CaMoTeiicTBHe 0TBe48eT B CO30HHOM CEKTOpe
CHIMa~MOTIENH, mMeule#t TryCoxuft reqMeTpuueckuft CMHCM: JArpaHEeBa MIOT-
HOCTH MMEOT BHI ck(‘P} 9’"'?‘9/4 W/‘, B #= 1 cynepcaMMeTpHR
€CTh METDEKA, NPHHAIJIeXANAA K 38MOYATENBHOMY IOIKIACCY KOMILIEKCHHX
MHOT'000pasmit, Tak HA3SHBAEMHX KaJepOBHX MHOIooOpasmit (cM., Ha:rpmep/ 4/ ).
B arom cJaywee M3BeCTHO, Kak IPeICTaBUTEL ee B oClleM cJaylae, OHA UMeeT

- Ve
gc'f (6= Jpiek (19)

JlarpaHzeBa ILIOTHOCTh B 4 = I cayuae 3a7aeTcs KBJAePOBHM I0TeHIMAIOM
K ((efp') . B eayuae A= 2 cuTyaima eme MHTepecHeit: GOOTBETST-
ByRulee Mnomo%zasne JIOJIKHO OHTH HE NPOCTO KIJNEPOBHM, OHO JOMEHO CHTH
TUNEPKBIOPOBLM / TunepragepoBd MHOIOOOpa3UA MMERNT PAIMEePHOCTE: 4 N ,
MX TPYWNAa TOJOHOMAM CORNepXuTea B S FX¢ n) , W OHE MMENT TDH KOMI-
JeKCHHE CTDYKTYpH (BMeCTO OOHOW Yy K37epoBHX). ¥ HaC HET BOIMORHOCTH
BIABATHCA 3IeCh B MOEPOOHOCTH, UX MOXHO HayTH, HaupuMep, B 4; . llog~-
9epPKHEM, ONHEKO, 4TO,B OTJWUME OT K3JeDOBHX MHOTooOpasuit, WA rumnep-
K3JI6POBHX oluee NpefCTABJISeHHe METDHKH 1ueDe3 MNOTEeHIMAN IO CUX IOp He

OHNIO H3BECTHO. [logxOI rapMOHMYECKOTO HPOCTDEHCTEE BIEDPBHE II03BOJMN
ONpeNleyUTh THIODKAJIGPOB NOTEHI U KAK i&" @, f,u} - JIaTDEHXSBY ILIOT-
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HOCTB fwoxeﬁc'nam MaTepuii B TapMOHMYECKOM CYIepIpocTpaHcTBe. Kaxmo-
OoTBEYAeT TA WM JHad TullepkajiepoBa MeTpHka., YroOd HaliTu ee,
Hano Ha.nnca'rs coorBeTcTRyNIMe 27/ ypapHeHEmA NPMMEHWA M € MX TO-
MOL(BY YCTDAHUTEH BCIIOMOI'ZTEJIbHHE IIO. .u? J Torma B G020HHOM CEeKTOpe MH
oJy4aeM TIUNepKsyIepoBy METpUKY. B MH paccMoTpem npocTelmmit npu~

Z @ A @?2(2_7 : (20)

¥ YOTGHOBMIE, YTO 6MY COOTBETCTBYET METDEKA H3BECTHOTO IMIEDKAICPOBA
MHOTOOOpasua, Tax HasuBaeMoro Tayo-HYT mMHorooOpasusa, Hemm saTem G
HalifleHd NpeNOoTeHIMANH LIS MeTpuk¥ Eryum - XaHCOHa (pa?aepﬂocrb 4),
LIS MeTpuE Kanalm » Mmymstn-Kanadu (pasm. 4m), # T, Eme mng pA-
Ja IOTEeHLMaNoB OWrM HalileHH TMIEDPKaZepoBH MeTpukm’ -/, Bo Becex cayda-
AX BUI IMMEPKWIEpoBa NOTeHIMAIa V'  SHAUNTENEHO IpOme, 96M BHI CO-
oTBeTCTBYRme#t eMy MeTpuxu. [lofgepxHEM, OTHAKO, QTO IpPOLENyDpa Nepexo-
Ja OT HETO K TMIEDKSJISPOEOH MeTDEKe BKIOU8eT, KaK IOBODHJIOCH BHOE,
HCHMOYeHHe BCHOOMOTATEJLHHX noselt ¥ spiaserca Gollee eMroit, gqeM ompelie-
JieHre KSJEPOBCKON MOTDMKM IO KIJMEPOBCKOMY NMOTEHIMANY JIuGpepeHIMpo-
BanyeM, cM, (I8). BHIO OH BeCEMa KeJATEABHO PA3pACOTATH METONH, C IO~
MOWBK KOTOPHX MOXHO OHJIO OH PACGOTATEH IPAMO C TUIMEDKSJISPOEHM MOTEHIM—
asoM , 0e3 Nepexona K MeTDHKe.

OueHb COORA3HUTEIBHHM KAKeTCA TaKKe HAXONIEeHME ,:ZG 4) , OTBEYal—
I{eTO SHOMEHMTOMY mnz%snepony K3 wmHOTOOGpASHI, METpMXaE KOTOPOIO
Hey3BeCTHa, & Takke i ILIA THIEPKIepoBa MHOIooOpasusa AThbM — XuT-
uzHa (pellerne BTOpOHl 3amaum, NO-BUIMMOMY, BMOJHE peaisHO, (ojee TOrO,
©CTh MpaBRoONOROCHAA THIOTE3a O BHIE ,z(; o).

BaamvHO OZHOSHAYHOE COOTBETCTBUE MEALY THIEGPKAIODOBHMM II0TEHIME-
yeMa ¥ OCHHEM JArpaHKNaHoM f( =4, M= 2 cynepcuMveTpUdHOR MOIEJM
OKOHYATOJBHO YCTAHOBJISHO B / , Dlle Tak¥e MONPOGHO OCCYREAETCH IPUH-
IMN TapMOHMYECKOH SHAMMTHYHOCTH. OTMeTEM, 49TO B JMTEDATYpPE HMEeTcs
pan omzcamult N = 2 MaTepuy C HOMOUBE MYJETHOISTOB CO CRASAMA,
HOCKOALKO MeHee CHILHMMM, 4YeM (4), ¥ JONyCKAaniMM oOxpereJeR—
gHe B3amMofieRCTE:IA OrpPAHMYEHHEOro THRa., Bce aTH ONECAHEA
(TeHsopaufi MyIBTHILIOT, OCJACUCHRNE IWIepMyAbTHALIST E XLpyTRe)
HepeBOLATCA, KOHEUHO, Ha A3HK TADMOHEYECKOTO CyRNepHpOCTPaHCTEE C
TapMOHWYOCKAME CYIOPHOJAMM, OTPEHMYEHHHME CBA3AMH (Hemp, ,TeH30pHHH
wymramaer - /1% co ceasew A*Y*? = 0). CoOTBETCTBYNNME MM cp-
MoZefCTBMA IYANBHO SKBYBAJOHTHH OTPEHHYEHHOMY NOIKIACCY oOnm7 c7mo—
Teftereuft (I8). My OTCHJREM IMPATENA OO STOMY NOBOIY K padoTe
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5. Pacumpennas N=2 KaJMOPOBOYHAA TEODMA NOJYIAETCA IYTEM
YIJMHEHUA TapMOHMYEeCHO# IIPOMSBORHONA ~*</ @

@ = D"+ iV ). (21)

SHT—MRILICOB MYJLTHILIOT CONEPEATCA B TAPMOHMYECKOHi CBABHOCTH Vv
npercTaBIAmmell codoll aHeMMTHUeCKoe cymepnose ¢ meoithmM (J (I) -zaps-
Jom, CBA3HOCTH V"+ 1peoCpasyeTca B NMOJHOK BHANOTMM C OCHYHOM AHI-
MRILICOBOR BERTODHO# CBASHOCTBO A , TOJNBKO BEKTODHEA IPOMSBONHAA
QNx™  azamenseTcs HA Tapmommueckyn D'V

: -
V“‘= e A (yr-id™)e ™, (22)

THe )-)«(},u) -aHeJMTEIeCKoe cymepmode 6e3 (J (I) sapsama (m V“ ZA
OpUHUMEDT 3HAYEHUsi B anTelpe KAMMOPOBOYHON TIDYINIH). Kpome yIIMHeHES
TapMOHEUECKHX TPOMBBONHEX(2I) clemyeT XTOCABHT: Taxkke AREKBATHHY KuHe-
TH4ecHul WieH m caMoneiicTEMe LA KRMMCPOBORHOTO NDPENOTEHIESNA R
Temepr MH Hayuwmmeh IECATR ATO HPAMO B YIOCHOM BHIe, ¥ XA od%aro He-
adejeBa ciryuasd KemGpOBOYHO-MHBADHAHTHOE NeHCTBHE WMEOT BRI

(-;) 12 {«,_[ V”(!.uﬂ V"(!.u.)]
T El n S‘J Au J ( %) AT (wut) (23)
3rech EHTOTDMpOBaHMe NN W ONpeXejeHO IIPaBHJIOM
S"”’{ ) gd’“ U Wiy = o, (24)

-1
s (u um) — TpocTejimMe TaPMOHMYECKHE pacxrpene:rex-mx/ 12/

D: U’u" g ("L,“z) (25)
/12/

a rapMoHMueckas neJbTe~{yHKIMA OHpeleJieHAa COIMACHO

gduz 3"""(1«,,%) J[P(uz) = §h }Plui). (26)

fIHr - MRLICOBO JelicTBEe (23) oGNANaeT HEJOKANLHOCTAME IO TapMOHMYeC—
KUM TIepEMEHHHM i . Bece oHE mponapemT, OIHAKO, HPE BHMHUCJIOHHN
KBAHTOBHX 3fPexroB mo mpaBmiam QejtiMaHa Ha MaccoBoff oGoXovke,

{ipasuna PofirmaHa 9u.m C?OIMYJMDOBBHH B Hamelt c'rane/ 12/ }cm.ra:c—-
Xe OapasLloNBEHE pACGOTH 13,14 ). OTcuian sa TOXPOGHOCTAME , nmpE-
BeJieM 37eCh TOJBKO HX OCHOBHHE cRolicTma:
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I) I'apMOHWYECKHE KOODIMHATH He BEIYT K KSKMM-JMGO HOBHM DACXO-
JmvocTAM (B OTJMUME OT HOIOJHUTENHHHX KOODIMHAT B TeOpMax Troa Kary-
na-Kretna) .

2) Bce HOJOKANBHOCTX MO ISPMOHHUYECKAM KOOPIMHATAM IDOMENAKT, KOT-
I8 BHEMHMe JMHMY RJIAIYTCA HA MACCOBYD 0CONOUKY.

3) KsaHTOBHE NOWMDABKY NANTCA HHTETPAJOM, CONOPKAIFEM NOJHYD Ipac-
cMasoBy Mepy 4%Q .

4) HeT HyRIH B IyXaX-IJA-IyXOB.
5) d =4, N = 2 varepnarsaye cBasw (Hampmvep, 9\ (q’q*)z' )
ABJSOTCH HETSPEHODMUDY SMEMY .

6) OnEako B IBYMEDMM KOHEUHOCTH d =2, A/ = 4 TEODHH IOKA3H-
BaeTCA IPAMO HE3 DaSMEDHHX cooOpaeruﬁ/ 12/ , ¥ BTO OWIO NepBOE COCTOS—
TEJbHOe JOKA3ATENHCTBO €€ KOHOUHOCTM. AHAJNOIMYHO NOKASHBASTCH U 70-
HEYHOCTD d= 2, (4,0) KUpaNBHHX CYNEePCHMMETDHYHHX CHIMa-MONeNeit 15/ .

6. W3 paciMpeHHHX cyTmepcimaeTpmit ¢ A> 2 moxa YIeJoch NOCTDOMTEH
Ha fA3HKe cymeploJeit Ge3 CBA3ell B I'apMOHMYECKOM cgnegypoc'rpancfrse
TOJBKO PACIMPEHHY®H N=3 KAMIOPOBOYHYR 'reopnm/ 18,1 . I'pymma aBsTo-
vopiuamMos SU (3) peamrayercs B gartop-mpocrpasntee S/ (3)
/l/(i) x{/(1) . Temeps y Hac mea [J (I) -3apama. &axTop-mpocTpeH-
crBo mMeer S{/(3) xoopauHATH
Q i =41 0,-2 L 8
u= (“a" U W ) U =(uy) G123

i
(27)

Al N .
wruy=8%, Usu'= 83 cdtw-=1.
3TH KOOPIMHATH ompemeneHH ¢ TousocTsw o U[4)x V(L)  mpeodpasomammit.
Becro omioh D' Temeps BosmMkanT TpE rapwomMueckme TpoRsBOmHHE
D, D% 5 DY . kx csasmocrn V¥ ,y"* , Y3y oymyr
CHYXETH AHT-MIUICOBHMYE NDENOTEHIMANAMA, OTH NPENOTEHIMANH FABYT B AHA-
JIETHISCKOM IOATPOCTPAHCTBE C KOOPIMHATAMM

fgud =D, o, 0% 000 9y, ol (28)
IellcTBRe EMeeT NMpocTo#f NOMHOMMANRHHY BMT
T A a Vlﬂﬂ& @)
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3 Hero cJIelyeT PABEOHCTBO HYJN HAUDAXEHHOCTel

) v 2 =
F. %[%"‘,%"’] =0, Pt [2%,9%] =0,
= 4. [%‘.3 1 5] O

Ot™eTiM, 3TO KAnuOpPOBOUHAA h/ = 3 TEODKHA OKA3ANAChH TEPBOil MOMHOCTEK
yepH - caliMogoBckofl Teopmelt!

Heckoapko s3amevaHuit o Jmreparype. B paOOTe/ 18/ paccMaTpHBaJICh
TeHBOpHHe cBoitcrea M = 3 KamOpOBOYHOL Teopuu, B OHITH nayqem

= 3 CyUepKOHJOPMHAA TIDyIia,CyNepKOHPODMHAA HHBAPMAHTHOCTH N =
Xa/mCpoBOuHOlt Teopmu ¥ Ipyma oCumMx Koop?m?'r}mx Tmpeo0pasoBaHuii pac-
IMpeHHOH# N = 3 cymeprpesuranuy. Bcratee TDPAKTORANUCH N = 3 rap-
MOHMYECKMe HHCTAHTOHH, HakoHell, Ha STOil kKoHfepeHumMy b.3ymHME OyIeT
ToBODATE 0 N = 6 TpexMepHoll KAIMGPOBOUHOi TEODHH.

7. Temepr nepeiineM K cyneprpaBaTaimy. B 1984 T. Owia HafineHa
Tpymia ofumMx nmpeofpasoBaHMil KOOPIMHAT B T4PMOHMYECKOM CYTepIpoCTpaH-
cTBe, OTBEYaKlan OIIHO#t M3 Bepcuit l/ = £ CcyueprpaBuTalmy B KOMIIOHEHT-
HHX HOJT.HX/ 21,22 . B HacTosmiee BpeMA MH MOJHOCTBI0 HOCTPOMJH CyTepIoJe—
BRe (QOTMYJMPOBHEM IVl BCEX M3IBECTHHX BEDCHil N = 2 cyneprpeBuTAImE ¥,
GoJlee TOTO, OTKDHIM HOBYW Bepcun A = & CYIepIpaBUTALMN,COBMECTHMYN C
HauGoJee OOCUMMMN B3ayMOTeHCTBUSMMY MATEPHAIBHHX /;gg.nen Mix odmeyoo;/nm
HaTHHe TPYINH X TpeNOTEeHIMATN M NaHN eme B/ © (cM TaKke
\poueypa NONYUEHWS BAPHALMOHHOTO IPRHIANA A = yyeg;'pa.sma—
1Mt noTpeCoBasia yCcwiuit m OWiIa 3aBeplieHa B KOHILe I8b6 rona’

CucreMaTHueckyii MyTh COCTOMT, Kak M3BECTHO, B CJelykueM. BHaga-
Jle HANo TOCTpOXTH KOHPODMHYW CYNeprpasuTalyio, a 3aTeM KOMIIeHCHDOBATE
JMUHEE KAMOpOBOYHHE NpeodpasoBakua (Beilwa, Yy u Ipyrwe) myTem Bpe-
IeHUA OllpeleNeHHHX MATEeDHaNBHHX M MAKCBEJ/UIOBCKAX MyJLTHLIGTOB.KOMOEH-
CaTOPH MOXHO BBOIMTEL pPA3MMYHHE - TOSTOMYy M HOJY4enTCs BEpCHH, pasimuHHe
BHE MacCCOBO} OGOJIOUKM M HEDABHOCHIBHHE C TOUYKM 3peHwA B3ayMmopeiicTeull.
Bce paHee M3BeCTHHE BepCHM INIOJY4BRTCA [TyTeM KOMIEHCHPOBEHHMS MaTepu-
AMBHEMM MYJILTHIUIETEMK CO CBA3AMM, O KOTOPHX wia pewh BHme. B HOBO#
BOPCHM KOMIIEHCATODOM CJYXUT HauOoJee NDPHCYLMII MaTepud KOMIGHCRTOD Q:,
cBoGoRHHR oT cBaAsefi. [losToMy ¥MeHHO HOBas BepCHA IONYCKAeT HamdoJee
oOije B3aMMOLEUCTBMA MaTepui. Bce ocTaibHHE Bepeuy JYaibHo efl oKBmBA-

JIGHTHH TIDH COOTBEeTCTBYIIMX OTDAHWYOHMAX HA B3AMMONe#CTBAA MaTepHH,
OrcTymwieHue. OTMETHM, 49TO B MONENAX C BHOLGMM MPOMSBOIHEME, BO3-
HAKENOMX B TEODMAX CYNSPCTDYHH, DA3JIMYHHE BEDPCHE MOTYT NepeCTaTh OHTE
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SKBUBAJIGHTHHMM 34 CYeT TOI'0, YTO KOMIEHCATOPH ¥ HEKOTOpHe BCIoOMOTa-
TeJbHHEe TIOJA CTAHOBATCA pacrrpoca'paw{yuwuca. Taroe ABIEHME ILJIA Dpas-
JIEYHEX M = 1 Bepcuit OWiI0 HAGJAWIEHO B 26/ .

Mu npe,urlom gmormncg B JOWI8Je OT Karux-ymoo IeTalei, uX
MOXHO HaiiTi B YuomsHeM TONBKO, 9TO BKMUYEHMe I'DABHTALMOHHOIO
B3aVMOTeCTBUA NOCTUIAEeTCA YIJIMHEeHNneM IapMOHM4ecKoi rrponaBo,n;Hoﬁ

Q= B+ T MU+ erf’:) + R gt

Y- *ff‘l‘_@_‘
+H ra r'+H agr

(30)

>

¥ B KAYeCTBe TDABATALMOHHHX NPENOTEHLMANOB BHCTYNANT DENepH H ,
Huh , H**r* , H"frt .

OTMeTHM Tak¥e, 4TO camozeicTnuA I\, = 2 MaTepHaJbHHX NoJjieil Ha
MCKDHBJIEHHOM IDaBATALMOHHOM (OHE OTBe4anT yXe He TKIEepK3JISpOBHM, a
KBATEPHUOHHEM MHOTOOCPASKAM B CUIMa-MOIEJISAX, BOSHUKAKIMX B G0 30HHOM
CEKTOpEe NIOCJIEe MCKINYEHNA BCHOMOTATENBHHX TOJeH . (HamommymM, 4TO
B OTVMYME OT THMIEPKIEPOBHX ¥ KBATEDHMOHHWX MHOTOOGDA3HE I'pyoma IoJo-
HoMuM JesuT B Sp N xSpi ). TaxmM oGpa3oM, TapMOHMYECKOe CYyTep-
MPOCTPAHCTEO f8eT HaM BO3MOXHOCTH PACHOJAraTd NpeNOTeHILMaNaMy ¥ A
6oJiee LPOKOTO Kiacca KBATeDHMOHHHX MHOI'00OCpasui.B HemaBHeldf padoTe ¢
J%.BerrepoM HeM yIanoCh JIOKAMI30BATH TDPYHIN H30METDHH CAMOZEHCTBHA

j‘ Yy cnemars ux KaOpOBOUHNME. MHOTHA 9TO BOIMOXHO CIeJNaTh
TONBKO HA CYMeprpaBuTallMoHHOM (foHe, STO OTHOCUTCH K TEM H3OMETDUAM,
KOTOpHE Ha HaWeM fi3HKe CBA3AHH C Ipeo0pasoBaHuAMy. TapMOHWYECKUX KO-
ODIWHAT, ¥ T6M CaMhM, NP KX JOKamMsallu, ¢ Ipynnoil odumx mpeodpaso-
BaHM}f KOODIMHAT,

&, Tlepelimem Temepd K oCracTu, Ha MepBHil B3IVIAN BechMa IaJeKoif,
K pelleHM® ypaBHeHMl! ceMOIYaJBHOCTH IJA OCHUHHX Teopuit flura- Mwiica u
OtmuTelina Ge3 Beaxoft cynepcummerpmm. OKa3HBAETCA, 4YTO, CIIYCKAACH K
OCHYHHM TEOpMAM H NIPUMEHAA METONH TaPMOHMYECKOTO IPOCTDAHCTBA, MH IIO-
nafaeM B TEODED TBHCTODOB. JeHCTBUTEJBHO , DacCMOTDMM €BKJIAJIOBO
4-MepHOe npocTpaHCcTBO. Ero rpymra Jlopemia ecTh NpAMOe NPOHM3BeIeHWe

SO(4) ~ SV(2) * SU(2), (31)

omuo#t wa SU (2) oTeenasT mmmexc Gea Touxm o , A mpyToOit- EHIEKC C
poukofi o . "TapMoOHHMBHMpYeM" ONHY M3 SU (2), T.e. peamz3yeM ee Ha
onHopoxHoM mpocTpancTBe SU(2)/Y (I),HampaNep, Ty, KoTopad AaeT HH~
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. Ak
IeKCH ¢ TOuroit, [oCaBMM K OCHYHHM KOOpPIMHATaM xd'l =§ m x™
KOODIMHATH u*,l npocrpancrea SU(2) /U). My npuxommm x rapvomwue-
CKOMY MPOCTPAHCTBY

&l E S
i X ¢ u ul} )
wir  (cpapHm mpeoSpasopaiue IleHpoysa)
WAy dRd g xRy l‘ 33)
{x =X U, X X, (
OHO COEEDKHMT B Cefe AHANMTHYECKOE NOIIPOCTDAHCTBO (TBUCTODH?T)
& x
ix*d , U el]] . (34)
YoroBue HesamucuMocTH oT X » YCIOBME SHATMTHYHOCTH eCTh
Y. 9 =
Vo § ' ogad? =0, (35)
O6paTumcA Temeph K Teopmu fHra - Mimrca :
%d‘F:Q’UP +iAd§, (36)
i v o+ 4. >
[Bup Pt )= HEarFae v Eps Fay ). G
+ 1—‘\% .
llyeTs d P =U “p . Torma ycnoBue KOB&DMEHTHON eHaMTHY~
HocTy sammmeTcA (BMecto (35))
At f =0, . (38)
3
MHTEeIDUPYEMOCTh 9TOTO YPABHOHHA TpesyeT, 49TOCH
‘. +_] = ' . a9)
[ p, 251 =0, (39)

+ &
910, Kax BumHO M3 (37) nocse yMHOXeHus Ha U A § . Baeser sza codol
YCJOBRE CAMOIVEIBHOCTH

ch = 0. (40)
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lTax, KOBApMAHTHO AHANKTHYECKME (YHKIMM CYUECTBYW'T TOTHA M TOJBKO
TOTDA, KOTHA AHI' - NRLACOBO IOJe CAMOMYANBHO.

+
YpaBHeHne (39) Jerko paspemdTE. A CBA3HOCTH B IPOM3BOIHOHR Fa) o
MH Cpaay HaxoOuM KaimOpoBOuHoe pemeHue ( U~ HOKOTOpDOE TapMOHHYe-—
cKoe noJje)

+ IV
Ax =€ 2.e . (4D
[lo ompenesenno DM A*a.’" O . Orcora MOXHO BHBECTH, 4TO
’3 ( -1V ++ ni‘ ) O (42)
T.€, o €W DT evu- DAY AR ABJIASTCSA_BHAJMTAUECKIM .,

HaoGopoT , Goe aHAIMTHYECKOe IoNe ¢ (1) -sapAmomM + 2

OTBeuaeT PelleHM YPABHEHHA CAMOLYaNbHOCTH. [lepeaucmTh BCe peleHuA
YPaBHEHMS CAMOIYaNBbHOCTY O3HAuaeT IepeCpATh BCe BOIMOXHHE CYTEPHOJA
V++

Ias mepexoma B OGHYHOE NMPOCTDAHCTBO CJAENYET DEUNTH ypaBHEHME
\'\J" -
Dre iV&e

T
NMpodnemMa Tenepb B TOM, Kak OTOSDATH Te \/ . KOTOpHE COOT-
BOTCTBOBA/M OH pelieHMsM C KOHeUHHM JIeiffcTBMEM, MHCTAHTOHEM. QEEORHC-
TaHTOHHOe pewenne WAS{L(2) Teopum (MHcTaHTOH benaBmua-Tlossxopa-liBap-
1a~ToOKNHA) B TAPMOHUYECKOM OPOCTPAHCTBE ONMCHBAETCH MOHOMOM
++ ) Loyt gt
V - - — E—z X tx

]

Ansan 't Xodra / ~MHCTAHTOHHOTO DelleHUs B [apMOHWYECKOM
mpocTpaHcTBe naH B padore’ </, a V* A odero VI -EHCTAHTOHHOTO
peuweHua ATen -~ Jpundenbna - MammHa - XMTUMHA TOJYYEHO B

9. MoHONMOMM TNEICTARIACT COGOX CTATMMECKME DelleHnd ypaBHeHuA
8ABTONYANEHOCTY ¥ COIEDHATCA B MOIXONAMMX \/H . OzHako, ropasmo
KpacuBee HAaXOMUTH MX,NOJNHOCTERG IapMoMM3ys Ipymmy Jlor 1. ¢ yueToM
CTATUIECKOIO XapakTepa samaun, MH He MOXeM OTKA34Th ce"° B yIOBOJBCT-
BEM MPHBECTYN NOYUUTENEHYD NMPOUEAYDPY, pas3padoTaHHY® o . a= ecra " .-
seckx pewermt A= A (0, A = A, (x) ypeBHEHNe CAMO, [ 8JbHOCTH

Frv= ‘i zrvXS FAg

CBOIATCA K
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2Fo=209%:0, )= 20,4, = £ Fy . (43)

B CTATMYECKOM CJyYae MH ¥MeeM LeJo ¢ Thexmeluem ¥ Tpymmol G(3).
Tapronusyem ee

{utd‘, - 0B Wi, =4

—_— A
)
V(1)
3ailiieM ITPOCTPAHCTBEHHYW KOODIMHATY B CIMHODIUNX OCO3HAYEHMAX
R = kP = P M BBEIEM IapMOHMYecKoe MPOCTPaHCTBO

- o - _— A -~ 1
{XM, utul} = { x*; th;u** : ¥z xP u‘éu_& , X =P u?ud' u;g (44)
¥ COOTBEeTCTBYWLME HPON3BOLHHE

5)

v V,(P(AHK'P v VdFu”u'f’ LV V,,\va"‘u’f‘ ) (4

7

OcHoBHOe ypaBHeHMe (43) Temepb 3KBHBaJICHTHO CUCTEME
+4 [ \-— A ) _ e SRR v AR - +
VAl e, vl=0 [T VLV, (46)

st r—
rne % —-IrapMOHUYeCcKas MpoMaBONHaA. TocTe 3ameHH V= V - A o
OTH _GUCTEMa CTAHOBUTCSH OUSBUJHHM OOpA30M MHTEIDUPYeMoit

v vl-o ,(&'w*1-0, L& vl.0", )
B

VikTP.'kaT‘ o)
B L T D ey

(49)
4+ 04_ &~ ++‘
’3V—O,QV = 0. )

JHHMY CTIOBEMHM, CHOBA BOBHMKAET AHANMTMYLCKOR (pPOCTPAHCTBO, COIEpAANes
TONBKO QOHY KOMIIOHEHTY MLOCTPAHCTBEHHD: HOOpIMHATH Y+t ,

{ x+*) u’tol} ’
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# mocast asamtiucekas: VXY, u®)  naer pewenue crarmuecroro
YPABHCHUA CaMOIY&IbIOCTH. OMiTh MPOGNeMa COCTOMT B BHIEJNEHUM pery-
JIADHHX DelieHi,, MOHOIOMCE . A}zg/ BHACHEHO, UTO OJIHOMOHOTIONLHOMY pe-
lieHwo ;lpacana M UOMMEp&IIs OTBEYAET MPOCTON MOHOM

V78 (R (51)

Wl
B/“b/ paceMaTEBueTCA M KOHCTpykuuA Hama mna ofwero Vi -MOHOMOJL-
HOIO peleHns Ha ssuie \/*7,

IU, lewenne ypaplichiul CaMOLYAJILHOCTH IJIA TPaBUTALMOHHOTO IOJA,
HaxoXleHHe IpaBMTalAOHNIIX WIICTAHTOHOB TaKike eCTEeCTBEHHHM 00pasoM
HpOBO?MTCh C MOMOWBHD BBCNCHUH TaPMOHMYECHKOIO IIpocTpaHcTBa. 0 lleH-
poy sy’ 30/ 9TM LEWeHMA, NuGLBAGMHE MM HEJMHEHHHMM [DaBUTOHEMH O~
HU KIPATh OCHOBHYW |.OJb B KBAHTOBO! TEOpMM TATOTEHMA, TEODUA BO3MYy-—
WeHKii DOJDKHA DasBUBATLCSH BOJIM3U UMEHHO HeJMHeUHHX I'DaBUTOHOB, MOJY-~
IIOCKUX pelleHuii, a He BOJM3M INIOCKOTO NPOCTDaHCTBA. A MCCAeNOBAaHMA
3TUX pelleHui TPYBICKANTCS MATEMATHYECKN MPONBUHYTHE MIEH TBHCTEPHOTO
gopmamama. B/ mu pacem TpMBaeM UX € TIPUBIEYEHHEM TAPMOHMYECKOTO
MPOCTPAHCTBa ¥ OTCLJIaeMm K J 3ayHTepecoBaBlerocs, Caelryer MOMYEPKHYTH,
YTO ¥ IIPA DelleRMM ypaBHEHMY CAMOINYaJbHOCTH B Teopun flHra-Mwmwica B
pasgenax ¢, 9 MH MMeJM neJo, IO CYyUecTBY, C pa3HOBUIOHOCTHI TBMC—
TepHOI0 MoIXona,M wKCIepT, HeGOMHEHHO, YCMOTDMT OJM3KOe CXOICTBO C
K3BECTHHMM IOIXOIamu u3 pacdor’ ©~" /., NpDOMBBONHT BrevaTieHHe eIUHCT-
BO NMPHPOIH: BeJNb MH CIyCkaJmchk C"BHCOTH" CylepcuMMeTpuiti. Kex HaMm Ka-
¥eTcfd, Haw IONXON OTJMYaeTcs TeM, 4To OH 3(JeKTMBEH M He TpedyeT amn-
DHODHHX 3HaHMI BHCOKMX DAa37eJOB MaTEMaTHKM, clkakeM, ajrelpamyeckoit
reoMeTpur. M HaneeMcs, YTO OH MOMOXET TEODETHKEM — CIIEUMAIMCTaM Mo
TEOPNH SJAEMEHTApPHHX YaCTHl M MX CUMMETDHil - oBJaneTh METON&MM TEODKM
TBHCTOPOB. 3a IPMMELOM TakuX TEODETMKOB XOIUTh HENATEeHKO;, IOCTaTOYHO
B3ATH ABTOPOB 3TOTO IOKIANA.

3acayEMBaeT BHUMaHMA Taike NPMHLMIMAJNBHOE pasMuMe NpPUMEHEeHUHA
TapMOHMYECKOTO TIPOCTPAHCTBA B TEOPUK DACLMPEHHHX CYTIEDCEMMETpHH ¥ IUIA
PelleHMA ypaBHeHMil CaMOIyanbHOCTH. B MepBOM Ciayvae TapMOHHYECKOe IIpO-—
CTPABCTBO HCHOJB3yeTCA IJA HOPMYIMPOBKM TEOpMM, BAPMAIMOHHOTO IPUHIM-
na ¥ ypaBHeHEll IBMMeHMs, U3 HOTO LMeIymmMX. Bo BTOpOM cJlyuae OHO MC-
noJb3yeTCA "Ha MaccoBOi 06oJOuUKe" IUIA PElleHHA yXe HAIMCAHHHX YpaB-
HeHMHl IBMXeHAA,

II. B zammoueH#e OCTAHOBMMCA HA OJIMKHMX M JANBHUX IIepPCIIeKTHBaX
Np¥MeHeHU!t TapMOHMYECKOTO NPOCTPeHCTB&. Kax HeM KameTCs, KBaHTOBaHMe
jj = 3 Teopux flHra - Mwwica 6ymeT TpoBeleHO B Oiumaiimee BpemA. He
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HOJKHA HANONTO 3ATePKATHCHA ¥ pacuMperuas N = 3 CymeprpaBuTalMA,

XOTHA 30eCh MOT'YT OKTH M COPNpM3H. O4YeHb XOTesock OH TMOHATE ¥ MPEONO—
JeTh TPYIHOCTH, JIEKAUME HA MYyTH NMOCTPOEHUsi TAacWMpeHHHX A/: 4 teopuii,
9TO0 HECOMHEHHO IIOMOIVIO OW IMiy0Xe pazolpaThCi ¢ MpMMeHEeHMeM KOHLIeMLi
TapMOHMYECKOTO CYTIePIPOCTPAHCTEE B TEOLMY CYNC[CTDYHH, flepBHe NOMHT-
KH TaxoIro IpUMEHEeHUs yke HMenTca’* 230 , OlllaKo, OHH I[IOKa BechMa
IPeEBAPK TEIRHH «

Ham npemcTaBIAWTCS NPUBIEKATENRHLMH BOSMOXHOCTH MCIIOJH30BaHKA
pacuMperHHx A = 2 cymepeMMMeTpMii He fulike TApMOUMYECKOTO CyMeplIpoc-

TPaHCTBa ()eHOMESHOJIOTHYECKNX LeJeii. 306eCh TAKES MPENIIPUHATH Mep-
BHE MOMLT 236 . Takxoe uCHmONB30BaH!e NpeNCranfeTCA UEDCIEKTHBHEM,
Tak KaK IapMOHKYecKoe IPOCTPAHCTBO TO3BOJNEeT B3IVIAHYTE Ha = £ cy-

NepCYMMEeTPHM KaK OH C INITHYBEro JIoJeTa, ¥ BO3MOKHOCTH TpaKTOBLM BHE
MaccoBoil 0G0JoukK GYAYT Ge3YCJOBHO BaxHWM! IV HOJHOIO OOCCYKIEHMH MO-
IeJejl CIOHTAHHOI'O HapYWEHMs N =z CyilCpeCsMeT|4t, TPYAHOCTEH ¢ Bek-

TOROMONOCHOCTR0 ¥ HDPYTKX BOIPOCOB.
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CIOHTAHHOE HAPYWEHME CYTIEPCHMMETPHM

A.A.CnapHoB
MaremaTmuaeckilt mHCTUTYT EM.B.A.Crexuona AH CCCP, MockBa

CynepcHMMeTDHA SBRNACTCA BEXKHHM SJIEMEHTOM COJIBUAHCTEE COBpEMEHHHX
mojieselt BasmMmozelcTBHit aJeMeHTADHHX dacTHil, OHa NO3BOJNAET ©CTECTBEH-
HHM 00pa3oM BKJNYMTE: B CXeMy CONELMOTO OGLEeIMHEHNA TDABHTAIMOHHOE
B3aaMozeficTepe. llpmBiekaTesbHOR 4wepToft cynepcmMMeTpPHIHHX Teopuit AB-
JAETCA KOMIEHCAUMA pacXommmocTelt, NpMBOIALAA B DANE CJay4aeB, RaK Ha~
opaMep B pacumpeHHolt cymepcummerpmuHof Teopuu fura-Mmanca,R yaABTpa-
quoneTopolt xoHeuHocTH Teopmu. ToT me mexaHuam padoTaeT m B Haubosee
IeJIeRO MEYIMX MonenfAx BaauMomedcTemll — MonmenAx cynepcTpyH, B KOTODHX,
N0-BHAHAMOMY, OTCYTCTBYDT YJAbTpajuoieToBHEe PACXOMAMOCTH.

llpodyieMa KOMMNEHCAIME pacxolmmocTell B cynepcuMMeTpHYHHX TeOopHAX
HEMeeT ¥ doJiee nparmatTideckuit aclexTt, NpelacTamiAmuMit Goacmoft mHTepec
C TOYKH SPEHHS TEOpRYl doabmoro oGbefAMHEHHA. fl HMew B BHLY npodaemy
Bepapxufi. Kex maBecTHo, B MOmesAX GOJNBUOr0 OGbelMHEHHSA CYMECTEYDT IBA
€CTEeCTBEHHHX MacuTada Macc: HHU3KosHeprerTwueckal#t M, ~ I00 I'sB, ompe-
Tessoaualt GusMky cuaachX H_9JeKTPOMATHUTHHX BaauMonei#icTemlt, M BHCOKO-
3HepreTHIeCKult MP ~ IOIgl‘BB. onpegessmouEil o6racTh O6BLEIEHEHBA B3A~
mvoneflcTBMit ® BCTYIUIEHMA B MUIDY I'PAPHTAlMOHHOrC B3aaEmolelcTBEsa. Yc-
HeX nepeHOpMUpPYeMHX HH3KO3HepreTHUEeCKHX Monenelt cBHEeTeasCTByeT O
TOM, 9TO 3TH OGJACTH pacCleIIANTCH, H BJIHAHANE BHCOKOSHEpPIreTHYECKHEX
apfexTop MOXOT OHTHL yuTeHo JorapajMEyecKoft mepeHOpDMEPOBKOR HE3KOZHED-
TOTHYOCREX [ApaMEeTpPOE. [IpH HAJMYMM B TEOpPHH PYyHIAMEHTANBHHX XHTTCOB~
CKMX YacTHL MX MAcca NepeHOPMHPYOTCHA KBALDATHYHO, T.6. NOAYYAeM J0-
CaBKy ~ SMP ,» 9TO HapyuaeT pacielieilie oIaCTH HHU3KMX B BHCOKAX
anepraft, C Touku 3peHnAa GopmansHofl TEOpEM NMEepeHODMHPOBOK 9TO He ABIAS—
eTcA cepse3HOi TDYIHOCTHED, T.K. MM BCETIA MOXEM NOJZOGDPATh KOHTPYJIEHH
TaKAM 00pa3oM, JTOCH odeclleYNTh XesaeMuil cnekTp macc, OAHERO Takes
NMOXrOHKA BHTJIAIMT KpafiHe HeecTeCTBeHHO!, ecyy umeTh B BHAY, YTO HA3-
KO3HepreTUdecKde Moness BaaumofeRCTBAN ABIAWTCA,CHOpes BCEro, JHNb
adfexTEBHEMA JarpaHRHaHaMy il YHIEMeHTanbHol#t emmeoft TeopEH, B ROTO-
pux macca ILiaHka Erpaer poss AMIyABca o6peaaHms, B cynepCEMMeTDHUHHX
MOJIeaIAX npodsieMa Mepapxmil pemaeTOR eCTECTBEHHHM O0pASOM, TaKk KaK B
HEX OTCYTCTBYNT KBRIDATHAYHHE DACXONHMOCTH.
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OnHaxo B peajbHOM MUPE OTCYTCTBYeT BHDORISHUE MERLY (epMuOHaMI
¥ GO3OHaMM, #,CJENoBATENEHD, CYTIepCUMMETPUA Hapyuena, JUig TOTO 4TOGH
COXPaHANNCH OTMEYARUMECA BHile NPMBIEKATEJBHHE YEPTH CYIepCUMMeTpHd-—
HHX Teopulf, 9TO HapywleHMe NOJKHO OHTH CIOHTaHHEM. [losTOMy npodiema
CIIOHTAHHOT'O HADYWEeHWA CUMMETDUM ABJIAETCA OJHNM K3 OCHOBHHX BOIPOCOB
IJisT CYTIEPCUMMETPUYHHX Teopuii,

CynepcUMMETDUA HaKJ:UHBAeT RECTRUE OTDaHWIeHUA Ha BUR HdeKTUB-
HOTO IOTEHILMAada, IO3TOMYy UMCJIO BapHaHTOB ClleHapieB CHOHTaBHOTO Hapy-
WeHNA CYTepCMMMETPUM 3HAYUTENLHO MeHblle, YeM B cJiy4yae BHYTDEHHHX CHM-
meTputi. BOJNBUMHCTBO M3 2TUX BApDHAHTOB He BHIEPRMBAET CPABHEHUS C BKC-
NePAMEHTOM.

Haudosee npocTHe CXEMH CNOHTAHHOTQ HapyuleHus cynepcguyeTpnn ne-
noJb3ynRT Mexanuamu Paite-lumroiyioca wny 0 Paitbeprn </, NepBuit
MeXaHu3M padoTaeT B MOIEJNAX, UHBAPMAHTHHX OTHOCHMTEJNBHO adenepolt ka-
JmépoBoutioli rpynmi. OH CBOIUTCA K IOOABIEHMKL JUHeJHOTr'o 10 adeseBy
KaanOpOBOYHOMY CYTIEpNoJio YJcHa, YTO NPMBOIUT K HEHYJIEBOMY BaKyyMHO-
My cpenHeMy ero 0 -KOMNOHEHTH M, CJEINOBATEJbHO, K CIOHTAHHOMY HA-
PYWERMD CYNepCEMMETpHM, B 9ToM CJydYae TPENCKA3HBAETCHA CYHWECTBOBaHME
CKAIAIDHEX JacTll, CoJjee JIETKMX, UeM uX fepMiOHHHE CyneprapTHepH, A3—
GaBNTHCA OT KOTOPHX MOMHO JIMWL IIeHOff YpesMepHOT'0 YCJIOKHEHHS MONEJM.

B mexauuzme O'PaifpepTr HapymeH#e CYNepCUMMETDHM ODOMCXOIUT 3a
CUET OTIMYHAA OT HYJA BaKYyMHOI'O CpeXHero F _xommonenTx RUpaJbLHO-
rc cynepnons. Ilpm 3ToM pacuelieHMe IO MaccaM MPOUCXOIUT TaxMM OGpa-
30M, 4YTO KOMILIEKCHOE CyIleplloje, ABJIFWUEECH, HANpuUMep, CyllepnaprHe-
pDOM BJIERTPOHA, pacuelUIAETCA HA IBe KOMIIOHEHTH, Macca OIHO# w3 KoTo-
pHX CoJblle MACCH 2JeEeKTPOHa, a Macca JIpyrof Ha CTOXBKO Xe MmeHbwe, Ta-
KM 00pasoM, B STOT MeXaHu3M He NO3BOJAET KOHCTPYHDOBATH DealuCTHAYeC-
K#e MOTEeJH,

llpgemnemMyn Mozelb MOXHO HOCTDORTEH, BEOIA MACCOBHE WJIeHH, "MATHRO"
Hapyuaxmpe cynepcumverpuk. Tak#e WieHH MORHO T'eHepEpOBaTh I[yTeM CIOH-
TAHHOT'O HADYMSHHMA CYLNSDCUMMOTDME B CORTOPe® BCIOMOI'ATEJIBEHX noxeﬂ/B/,
OOYTOMY BCO YHOMAHARNKOCA BHIG® CBORCTBA CyNepPCHMMOTPUYIHHX TEO—
pEff ocTawTcA B cHie X B 3Tom ciaydae, llpm 9TOM, OIHAKO, MACCOBHE Napa-—
METDH OCTalTCA COBEDMEHHO IPOM3BOJBHHME H caMa Mpouenypa NpencTaBif-
€@TCA HEeCKOJBbKO MCKYCCTBEHHOH.

Hamdosee npanexaTesbHO BHIVIANAT CXEMA HOpYWEHUS CYIEPCEMMETDHY
B MOJISAIX, BIINIAONEMX IpapWTalEy. BBogA B Teopun HeNOJMHOMUAJLHHE
QyMRIME XEDAXBHEX cynepnoneil, HeTpyLHO ROCUTHLCA TOI'O, 4TO COCTOAHME
C MEHEMRJIbHOR BHepruefi He dyneT CynepCHMMETDEYHHM, BoaHmkamuuit npw
9TOM TOJACTOYHOBCKEY (epMOH oOBeIMHASTCA ¢ dacTuuel cmHa 3/2, B B
pesyimprare cynepcummeTprdHoro eddexra XMrrca BoBHEKAET MACCHBHOE
TpaBETAHO. TakmM ofpasom, NpOGIEME CIOHTAHHOI'O HADYMSHMA CYIeDCHMME-
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TDHE peumaeTcd, HO,K COXAJEHHMD, CYWeCcTBywje MONENIR CyneprpPEBHTaIMK
HellepeHODMEPYEMH M He TO3BOJIAKT BKJOGUTL BCE HEOOXONUMHE BJeMeHTap-
HHe vYacT¥iy. CaelyeT OTMETHTH, YTO YOOMMHARNESCA BHUle MATKOE Hapy-
leHMe CYNEepCHMMMETDHY MACCORHME YJIEHAMA MORHO DacCMATDEBATH KA NONy-
(ernoMenoOrMdECKYD MONENb, YYHTHBEKIYL BIMAHWE I'DaBATAIMOHHOTO BSA-
umorelicrera,

TaxaM o0pasoM, BCE NEPEYUCJCHHHE BHUlE MEXAHHSMH CIIOHTRHHOI'O Ha-
pyueHns CymepcuMMETpUM OGJAEanT CymecTBEHHHME HeIOCTATKAMA, M IpO-
d1emMa CIIOHTSHHOI'0 HADYMEHHA CYNepCAMMMETDHM IO CHX Iop He HMeeT
BIIOJIHE YIOBJIETBOPATENEHOI'O pelleHusi, B CBA3M C 9TUM IOCJeHHEee Bpemd
TIPEMAPHHAMAKXTCA IOMNTRN NCCIELOBATH BOSMOXHOCTH IAHAMAIECKOT'O HApY-
WeHWA CYDepCHUMMETDEM, DA KOTOPOM B JpDEBECHOM NPHCVIENCHMM CHMMETDHA
He HapymeHa, a 5feRT BOBHHRAET JHMWL NpK HOJHOM ydere Bsaumomeficr-
BoA, [lpoBefieHne B *M3HL NOROGHOR MpOrpaMMH CBHZAHO C GOMBIAME TPYI-
HOCTAMM. JeJio B TOM, YTO CYIEepCHAMMETDHS yCTOWUUBA OTHOCUTEJLHC pa-
IRAIMOHHHX MONP2BOK: eCIE OCHOBHOE COCTOAHME CYIepCHMMETPHYHO B
IpeBecHOM npndn?ennu, TO OHO OCTAETCA TAKOBHM B JNGOM NOPAIKE Teo-
pun BO3MymeHml . PemeHne mpodzem: IMHAMUYECKOT'O HApYUeHHR cyiep-
cnMMeTpHE TpelyeT EHXOJe 39 DAMKH TeopHM BO3MyuleHm#, BBENY oTcyTcT-
BiA HAJIEXHHX BHYHMCJETENHHHX METOIOB, HE CBASAHHHX C DASAGKEHWEM IO
KOHCTaHTe CBASHM, GOJNBIAA 49aCTh NONY4EHHHX 3XEeCh DPesyNLTATOB HOCHT
TIONYKaveCTBEHNH XapakTep ¥ omMpaeTcs, KAK MPABAIO, Ha XONONHATEN:HHE
THIOTESH.

3aMeduaTesmHEM 00pA30M OKASHBAETCSH,ONHAKO, YTO EIA UEJOTo RIAcoa
Tecpull yIeeTcA CTPOro IOKASATH HEBO3MOXHOCTDH CHOHTAHHOTO HapYmeHUA
cynepcauMerpm, HKag norasan BaTTeH , CHOHTaHHOE HapyWeHHe cyitep-
CHMMETDHE BO3MOXHO JAL B MOIEJAX C HYJNOBHM MHIekcoM. JUIZ pAme Bex-
HHX TeOpHll MHEEKC BuTTeHa ymaeTcA BHWYMCIUTEH, I BeKTODHONOMOGHHX
mozesief C MACCHBHHMY NIOJISMM MATEPHY, K KOTODHM OTHOCHTCA, B Y&CTHO-
cta, cynepcuerpaynas KXK ¢ MACCHBHHME KBapKamy, HMHAEKC OTJAWIEH OT
Hyasa. Taxkes o6pasoM, CHOHTEHHOE EapylieHHe CYTIepCHMMETPHM BOSMOXAO
JROE B MOHeNAX C CYMecTBEHHO KMDaNbHHM B3a@MOLcliCTBAEM, JM(O B BER-
TOPHONMOMOCHHX MOJIENAX C (eSMacCOBMMY noiAMu martepmd. (SopMaianHO B
nocnefHeM caydae HHEEKC TAKXE OTAMYeH OT HyJd, OmHaxo B AGRCTBETEN:-
HOCTN DbroT caydall ABAAETCA CHHTYJADHHUM, U MOXHO NPONEMOHCTpPHpO-—
BATh ABHO, 4YTO HJA dearﬁggom noselt MaTepEy BO3MOXHO CHOHTEHROE Ha-
pPYmeREe CYTepCHMMETDHE .)

OCHOBHMM METOROM HCCJIEHOBRHEA NPOMIEMH IHHAMEYECKOTO xapym/egna
cynepcHMMeTpEN SBRAgeTcA Gefftac MeTon SffeKTUBHHX JATpaHEMAHOD "12/.
Har mspecTrO, SfexTHBHNE sArpaHEMeH NpeNCTABASET COCOR CYMMY CRALHO
CRA3AHHHX IMArpaMM, H NOSTOMY er'o ToYHOe BHYACJIEHRWE OXBABANCHTHO WOJ-
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HOMY peueHmo 3anaur. [loaToMy oOwuHO BuI 2HQPEKTHBHOTO JarpaHinana Io-
CTYAMPYNT, MCXONA M3 CBOMCTB CHMMETDUM — OH JIOJREH BOCHPOM3BOIMTE BCE
HeOOXOIMMHE TORIECTBa Yopia, BHINYAg aHoManmu. 7o TpebopaHMe He QuK-
CHpYET, OJIHAKO, OJHOCTbD BUA JDeKTUBHOTO JarpaHRuaHa, i NPUXOIMTCH
MPUBJIEKATL HONWIHATENBHNE CUNOTE3H, GAarofaps 4YeMy pasiHdHHe aBTOPH
MPMXONAT K DA3HHM BHBONAM OTHOCHTENLHO BO3MORHOCTM CIOHTaHHOTO Hapy-
WEHNA CYTIEpCHMMETDUM .

HHTepe/ﬂuﬁ H?ﬂxOﬂ X 3Toj npodnemMe OCHOBAH HA MCHNOJNL3IOBAHMM MH~
CTaHTOHOB HNockoapKy afpexTH HapyleHNA CYNEPCHMMETDHUM B Teo-
pay BoamyweHu! OTCYTCTBYDT, MOKHO ORMIATH, YTO ONDELCAAKUYD DPOJb Oy~
XYT BTPATH 2KCINOHEHUMANBHO MaJiHe MO OGPATHOi KOHCTAHTEe CBASM BKIATH,
ofycJoORIeHHHe uscTanToHamu, CooTpeTcTBybuMe PHEKTH BHUNCHAANTCH AB-
HO B OIHOMHCTAHTOHHOM TNPUCMRECHMM, YTO NMO3BOJAET KCCAENOBATH CBOHCT-
Ba sffexTHBHOTO MOoTeHIMAsa, Yiaioch MOKA3ATH, YTO B TEODUAX C KAPALb-
HIMM  [OJIAMM MATEp:il MHCTAHTOHH MOTYT IeHepupoBaTh CHOHTAHHOE Ha-
pyueHne CyNepCHMMETPHI,

C sr¥m HamnpahseHMeM CBA3HBAWT ceffdac omperejeHHHe HANEeRIH, ONHA—
KO Jlo CHX NOD He YIajochk TOCTPOUTH PeaMcTHYEeCKYyD MOMelb, OCHOBAHHYWO
H3 MHCTAHTOHHOM MeXaHU3ME CIOHTAHHOTO HepyUeHHR CYTepCHMMETpRH.

B 9TOM JIOKJARE A GoNee TOEPOGHO OCTAHOBABCE Ha NPYTOM MONXOXE X
npoGseMe NMOCTPoeHMA HU3kKoaHepreTwdeckoro afifekTABHOrO JarpaHxiaHa,
OCHOBaHHOM Ha HCHOJIL30BPAHUM DA3IOMEeHMA 1Mo odpaTHOMY 9YKCJY LBETOB.
JTOT HOIX! /n Gl paHee ¢ ycneXom OpDHMEHEH K OCHIHOM KBamroBOff XPOMO-
IMHAMMKeE . C ero momowsi yIanock, MCXOHA M3 Jarpanmuada K momy-
YUTH B CTApUeM OpALKe Vv -paznoxexnnd spfexTupnult narpaAxual Balin-
depra, BRIMammil aHoMalbHHe 4JeHH Becca-3ymuHo-Burrena.

HexonHHM MyHKTOM ABAACTCA HellcTBRE, ONMCHBANNEE CYNEpPCHMMETDHY-
Hoe B3ammozeilcTBue nonA flura-Miwwica c HoJAME MaTepHy :

§= Sy fd'z [DI(M), QW (™) W] w

TaoonHoe nove Jﬁ~ ARIAETCA KOMMNOHEHTO! RATHGPOBOMHOI® CYNEPIONS
V , npeofpasyumerocs no NPUCOeUHEHHOMY NpelCTaBRieHus uneropoft
TPYLNH Sll(N) MaTepAA oNMCHBEETCH REPATBHHMA CYTIEDIHOJIAMA 6p
cpf , \V \Vl , DeanM3yNIMME HEKOTopHe, Boodme TOoBOpA Dpa3INd-
lme.tnpenc):\ramem rpymu  SU(N) , xapaxTepHsyeMHe TeHepaTopaM:
A' ’ 2 ¢

V«=GZ»\TV"‘ ) V,=2 8 V* (2)
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Ma cunraeM, 9ro o,p< I\/,J AES N, ) N~V~N | B rawecrse TPyINH apo-
MaTOB BuOpaHa rpynma 2{(n) . B ciyuae KBAHTOBoOli XPOMOIMHAMAKE M0

® u YV peamsyor omHo ¥ To xe ({yHIameHTasLROE) MpEACTABNEHHE
rpymme SU(N) , B arom caysae V,=V, .

[lBeToBHE BHUEKCR o , A K HHASKCH apoMaToB ( , j' MH B TeX CJy-
Yagx, KOTZA 9TO He MOXET NPHBECTH K HELNOPasyMeHHAM, CYIeM ONyCKATEH,

OcHOBHAA umes MerToza SPPeRTHBHHX JATPAHMIAHOB COCTOET B TOM, 9TO
HU3KOBHEpreTHIECKas ABHAMMKA MOXeT OHTH OmMcaHda B TEDPMHHAX COCTaB-—
HHX moJeit - “ORpaNeTpPoB NMOpAEKA", UMEDIMX KBAHTOBHE YKCJA HAGImnae-
MiX OeCLBeTHHX 3acTHll.

B caydae KXI mpocreffusid CHHTAETHHM NepaMeTpoM HODARES ARIAETCSH
KApasbHoe Cymeprnone

(PG -y @) = T4 ), @

TEe f:a' ~ PeHepaTopH IpyImH apoMaroB. Jfdekrunmuil /naypaman KXI,
sapHCAIM OT mapameTpoB Ji, OHA HOCTPOEH B padoTe 23 « Omxaro B

cnyyee HEpaiIbHOf MaTepk¥ Takoll MHBADHAHT DOCTPOMTH HEeJBSHA,M NPO—
cTeluMM CHHIJIeTHHM HapaMeTPoM NODANKA ARNAETCHA cynepnoJe oduero BH-

o Wk
: [(f)“(ev')upfaq)’ ~ YA€), tT P W

OpfexTRBEHE AATPAHXNAH KOAREH SABNCETH OT TAROI0 Xe YACJaa IepeMeH-
HHX, UTO MOXHO OCECHEYMTEH, BBONA CHHIJIETHOE CYIEpIONe OGMETC BHOA

1% , Mo nBa KAPANBHMX CYMep Jit, J%. Tepeas mosmox-
HOCTH GHJIE MCNONB30B&HA B padore » MH ECHOJL3yeM BTODOH BapMawT.

ByneT nmoxasaHo, 4To B mpemese A/ <> B mmM3rosHepreTEyecKol oG-
JACTH OPOR3BONANAR GyHrmmoHan (yHrmmt I'pEra cuHrieTHHX noaeflt (4)
MOZeT CHTH SAIKCEH B BANE

20)=[dp(p )emple Spey, J=Jdpts, mdesmpf: Sy )]
(s)

TRe J' sanebres Gopuynof (I) mWmoc WIEEM C CHHTACTHEHME ECTOYHEKAME.
CEurneTHMe DOAA MONNO BRECTH C NOMOMLO NWPANBEHHX BpameHwfi, yM-
HOMMEB JeByD YacTh paseHcTBa (5) Ha “GHMY"

1= [du(e, 2) §@a 40, Q- YRt 40, ¥) @
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rme ), , $), - xupasHHe cymepuosi BaNa

., % ja
Q1‘_1=eocp{t-7rnlzt } . (7
Jenas sameny nepemenmux PQ,>P , W2, *Y |, noxymm

2()=[du (.4 dp (2,23l eacpfi Sy +i Spl(P0, 0, p +

(8)
o, eq, @) +kf“(q6£‘cv’cp - W{“e'v“TJ))JA -,

3mecn A - zerepmanasT Jamneera-llonopa, KOTOpHY#, XKak MOXKHO DORa-
sars/17:21 , HO IaeT BRIALA B CTApHeM NOpANKe OO N, D ~ anomarn-
HHi} fiROCOMAH, KOTOPHIt GWI ABHO BHIECJER B padoTax 8-20/ . OB BRI~
qaer wieH Becca-3ymitHo, a Takxe WieR, oTBedammuit adesesolt anomasmm.
B HisKosHepreTHIecKoft OGNACTH CYMECTBEHEH JMmbL DOCJHerHmit 4ieH, T.K.
BCe NPOYHe CJATAEMHEe COIepRAT CTapmie NPOMIBOZHHE.

B fopmyne (8) cmmBosom Sp 0003HadeHsa OfepalMd B3ATHA caela
BMeCTE CO BCEMU HeoOXONMMHME MHTerDHpOBaHMAME. WIEH ¢ MCTOYHHKOM
ABHO He BHIIACAH, B npe/xe.ne N - co  op mepexOmET B MCTOUHMK LIS
cmuraerHsx monet Ji /17s 2L/,

Hs gopmym (8) cremyer, uTo MHTepecymmee Hac sdfextnsroe gelicT-

mae S (5, ) 3ABHCHT JWmb oT KomOmuamd 2,24 _u .9, .
HamGonee ofmee CynepcimyeTpHuHOe Bupamenme, saBucamee or S, §2, &
Qlﬁz 2 comepxafee MAHMMAJILHOE THCJIO NPOM3POJHHX, NMEeT BUL

Sy=N2_ Splam VU™ +[4,668)+ 4, (ee)] V; +
+(,(60) +¢.(eg)] v, |
T'e BBCIECHH OCO3HAYEHMA
Q0= apfVi ], W= emp(U]. O

Bupazerme (9) comepxnt Goxnmofi MpoMaBOJA, T.K. QAKTHIECKH SABHCHT
oT npomaBosbhoft fymxme or U,, U, . OmHaro m3 mpeficramaemms (8)

(9)

crenyeT, UT0 Oof ROJIXHO OHTH HHBRDHAHTHO OTHOCHTENLHO MACHTAGHHX
npeotpasopanmit
Q4,2 e Q.’,_ ) Q4,1 =€ -(21,2 , (I1)
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rne d - NPOE3BOMLHAS KOHCTaHTa. WHBADUaHTHOOTH HEAHOMANBHOR TecTH
clenyeT K3 BOSMOXHOCTH KOMIEHCHpynmel 3aMeHH IepeMeHHHX

= dz d P R 2d
P-e’P, PP Yo, Yo Y, e, (12)

a B MHBADHEHTHOCTH AHOMAJLHOR YaCTH MORHO YOEIMTHCH HEIoCPeNCTBEHHO.
lpe npeodpasosanuax (II1)

. , K k-1 (13)
U;,a.-’U;.z +2d ) ‘S(U;,z) =K (Va)" - 2d.
HoCKONBKY NpH MPOM3BONBHHX Ji; , Jiz Sp U;,z =0, a
SpU UL #0, (k+ € >1), s npmromme x uBOEY 0 Tom, TTO 0T
JHYHH OT HYJA JuMub KoafpmmenTu &, , Q,, , .2, 6,, 6, ,

4 S. ¢  mMeeT BAX

S‘f:NSP(anwi"' Q,; U;,U;_ +ta,, 2/;1 +
+[8,(6) +8,(eo)]V; + [8.(50)+£. (69)]1;) (14)

ficHO, YTO BOSMOEHOCTH CIOHTAHHOT'O HADYWEHUS CHMMETDHN CBA9AHA C
IpUCYTCTREEM JmHeltHOro 1o U;ﬂ qneda. Ecom xoaffuments g,,.,, =0,
o pelicTBre (I4) HmeeT oveBMIHHE CYNepCHMMeTDUUYHHI SKCTDeMyM Ji, =
=J, =0 + B NpoTEBHOM CJydse BOAMOXHO HECYNEpCHMMETDAYHOE OCHOBHOE
COCTOAHKE,

Yro0H HCCAEHOBATEL BOHMpOC O HANWUMY JHHefHoTo @O Ji tneHa, 3aMe-
TEM, YTO0 3fjerTuBHOe neficTBEE MOXHO NOJYYNTE CJAEHYKUMM 06pasoM. BHa-
YpJie BHIOAHAM MHTEIDApOBagme No HpeTHsm Mo @ , ¥ , V ., B pe-
3yJbTATE MH NOJYYMM BHDARSHWE BUIA

Z=pr[t&/5~(¢, Q,IQ,)} dvdu(2,9,). (15)

Gy HKIMOH AN S npencrapaneT cofoffl cyMMmy niayapHHX ITEArDaMM, COXep-—
XaupxX OAXY NeTo MarTepwm. JUIA nosyueHEA S'q HYRHO BHIIOJHUTE B
gopmyne (I5) murerpEposamme mo ¥ . B mpemee A =02 peo momro
cIenaTh C MOMONBD METONA CTAIMOHapHO# ¢asu. Murerpan (I5) pasen mozmm-
TOrPAXBNOMY  BHpPAXSHHD, BHIHCJEHHOMY B TOYKE DHCTDEMyMa IoKasaTels
SKCNOHEHTH ~

§S - .
§Y qu%“ 0 : (16)
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BocnoabsyemcAa TCIEDh CYTIEPCUMMETPHUHEME Tomec'rnam7 Yopna mna
fyuxmronana (I5). 3Tw TONeCcTBA MOMHO 3aNHCATH B BUIE 22/

E.< cﬁff’ev"(p + C?)faev’wfp* £ ¢> +(E < E_)=0
(I7)
E, YEe P -Yi"e W+, + (E,~E )=0,
3nech al,z - adesena atomamug, < . . ” 0G03HaYaeT YCPERHOHES

no uUBETHHM noxsm, £, , E _ - KupanbHHe npoexTopH. Ma TommecTs
(I7) caemyer, 4TO

LE + Sé;s— ~ ¥ = 1 (18)
8J'1 Sy §Y _7"2:0'
CnemoBaTeNsHO, B TOUKe 3KCTpeMyma me

85 + $ S

——

§ 1, m/‘f:‘%,ﬁ,zzc— . (19)

B ciydae kpanronoii xpovommammu ( Vi = Va ) oerTuBHOE neii-
CTHAS IOJXHO OHTHL CHMMETPUYHO OTHOCMTEJBLHO 3IaMeHH Q, “> Qz . 91O
GJELyeT X3 BOSMORHOCTH KommeHcupyomeft jaMeHH mepemenmux V = - V |

»Y¥ , Y=-¥ b dopmysc (8),
IloaroMy B KXI 85/6-5, = S%m—, u u3 fopmynx (I9) caemyer, dTo

é___ = rTF :O.
S " > 2 T'—:';:O

Jimneiuult Do ‘T’tz wieH OTCYTCTBYyeT, CYINEepCUMMeTDUA He HapyweHa,

B coydae kupanpHOit MarTepMM CHAMMETDHA OTCYTCTBYET ¥ BO3IMOMHH
JMHelHHe 1o JTq’z yjeHH B 3d@dexTuBHOM nelcrsum. B Hacrosmee BpemAa
MH He MOXeM,He Hejad HONOJHUTEJNbHHX IpennoloxeHuft, 1aTe omHosHadnuk
OTBET OTHOCHTEJEHO BeJMUnHH kosbduimentToB 0, m gz B HApBJLHOM
caydae, 3aMETHM, ONHAKO, 9TO ECJHU CpeIHee 3HAYEHHE SHOMaJIMM DPABHO HY-
m, <a,,>=0, T0,KaK cyenyeT ®3 Toxmect® (I7),

~ 0V, . ,0. =~V = =
<Cpt equ>J'_1.1=O:O ! <Wta€ 2LV>"’T:1=° O, o
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¥ JmHellHde YMeHH OTCYTCTBYDT. TakuM 0Gpa30M, HEOGXOIMMHM YCJOBUEM
CNIOHTAHHOI'® HAapYUEHHA CYNEepCEMMETDYM ABIAETCH OTJHMYME OT HYJA Cpel-
HETO 3HAYSHNA AHOMAIMH .

LR, »#0. (22)

MH BMIMM, CAEIOBATENLHO, UTO De3yALTATH, NoJAyUeHHHE B DEMKAX %/
pasnoXeHus, KaueCTBEHHO COIVIGCYWTCA C DEe3yJNbTATami, NOJYYEHHHMH B
pamMKaxX MHCTaHTOHHOTO TOXXoJa: LA IMHAMHIEeCKOTo CIIOHTAHHOTO Hapyuwe-
HUA CYNEpCHMMETDHMA HeoOXOZMMO HaJMUHe CYMeCTBEHHO KEPaAbHOI'O B3aHMO-
FeflcTBra momelt marepEA. B BexTOopHOmONOGHON CYyMEpCUMMETDHYHOE KBAHTO-
BOff XpOMORHMHAmu¥e CHOHTAHHOE HapyueHne CYnepCUMMETDUN He NPOMCXONHT.
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HUSKOSHEPTETUYECKVE TEOPEMH B CYIEPCHMMETPYM

M, 1. Uaprelimsnay

HHCTHETYT QMBEAKE BHCOKEX 3HEprEld TORMMCCROrO
TOCylIapCTBEHHOTO YHHBEDCHETOTS,

Tounrcn

TeOpEi CYNOPCEMMOTDMH HNTEHCHBHO DASBEBROTCA B IOCJCSNHHEE
ronmH. B Heff ecTh BHpaxamie CYMHOCTH SEJIOXEGHHHX NPHHUMICB X
B BTOM CMHCJ@ TBEDNO yCTaHOBJIGHHHe (aKTH — CBASH YACTHI C pas-
HHME ciMHeMu, KapgeBoff yacTHiell B OCbEMHEHMHX TEODHAX, OCHOBAHHHX
HE CYUepCHMMOTDHEH,ABNAETCS I'DABNTAINA, YACTANA CO CIEHOM 3/2,
CynepCEMMeTpRE4HHE IaprHep IpaBATOHA [I—S] » HecMoTpA Ha OpREIO-
XGHEHE OTPOMHEHE YCEJEA H NOJYY6HHHO [OSYABTATH B H3YUOHAW CTDYK-
TYPH TEOPHH, RO CEX mop He HaliieH "OKOHYATEJHHHA" JErpaHEEaH,
onEcupaxmMit ¢ eXEHOL TOUKE 3PEHES MpoNecCH BSAMMONSRCTBEA YACTHX ,
TEM HO MOH6® B 8TO{ He3aBODWSHHOR TEODHE yNe COI'OZHA MONHO IOJy-
9NTH BANHHO oOmEe De3yJbTATH. B mamHoff padoTe pRCCMATPRBANTCH
HESXOPHOPI'eTHYOSKHS TeODSMH LIA DACCOAHEA TPeBETHRO. X ynaercs
XOXa86TH, OCHOBMBAsJCE HA OCHEM (JODMRJHEME DACCMOTDEHEA CHOMHOBHX
ADXpHEE B ONHADHHX HpPOLECCAX.

IIpX HAXORRGHNY ANOKBATHOY NAPEMOTDESAINE MATDHIH DACcCEAHNA
YA0THI CO ONNHOM BAXHO OPI'a4HEYOCKE YUNTHMEATL CRESAHHHe C OOmNME
UPENIAIAMN CHMMSTDRE SaROHH COXPAHOHEA SHOIINE, EMIYJARCA X MOMOH-
T4 ROANYGCTBA NBEKOHES. MOLGJBHO HEBABEORMES oBofcTBa S-larplm!
OBABAEN © 6¢ ANANNTHYOCKEMH CHOROTBAME. MATDMIA DACCOAHES EMST
00OJSMNOOTE IBYX BRIOB -~ CBASANRNS 00 CURNOM YACTRI XEHOMATNVOCKNG
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OCOCGHHOCTE ¥ IWHAMHIECKEE OCOCEHHOCTM, KOTODHE 38IalTCH mEcHep-
CHOHHHMY COOTHOMEHHAMA. (KasaJoChk, TTO €CJIHM IOCJENOBATEJNBHO YYHTH-
BATH 3aKOHH COXPAHEHMA, MONHO IOJYYATH [ApAMeTPU3AlZN MATDHON pac-
COAHEA M CBABAHHHX Hell CIMDANBHHX aMIUIUTYLN ¥ ONPENaIHTH

T@K HASHBAEMHE IUHAMAICCKEE 8MILIATYNH, KOTODHS CBOGONHH OT KHHE-
MATHYECKEX OcOOeHHocTeHd mo OCeEM MHBADHAHTHHM MeDEMEHHHM.

SHaHAEe KUMHEMATHYOCKON CTPYRTYPH COMpDaJbHHX AMIJMTYH OHHADHHX
OpOLeCCOB E NECISGPCHOHHOT'O IDENCTABJCHHA JJA HAX NOSBOJAET MONy-
YHTh HHTEPECHHE CJeNCTBEA. LM JNOKA3AHW HUBKOPHEDPIeTHISCKHS Teope-
MH IJjA POTOH-ANPOHHHX HPOLECCOB HE BHABJEHA WX KUHEMATHIECKAS IPH-
pona [4.5] , HafiieHH MONEJBHO-HE3ABHCYMHE OTDAHKYEHUA THIA ITPABHI
cymM I8 RoMIToH-sijexTa [6,'?] . B cymepcumMMeTpUMM KRHOMATHISCKEN]
AHAJHES ODHMOHAMCS B [ 8.9].

MH eIMHHM 00pa3oM DACCMATPHBASM paccesHde $63MACCOBOYO I'DABHE-
THHO [10] HA MACCHBHHX 9ACTHNAX cO cimHam# O (IHOHS) E
I/2 (uywuioHe). OOpenejdeM HEHAMKIOCKEE SMIUMTYHRM RiA STHX Opo-
OeCCOB, HOJy4A6M NHCISePCHOHHHE COOTHONEHAA IJA (PH3MYeCKHX CIHE-
PBJBHHX OMILIRTYX, ROKASHBAGM HUIKOPHEPTeTHYOCKME TEOPOMH.

Ecim HajoXETH TpeGOBE&HEE P-EHBADAGHTHOCTE, DacCeAHHe IpaBH-
TEHO He MEORS B CHCTeMS LGHTPA MACC s—nasna.ua OHNHCHBABTCH EBYMA
CIMPAJHHHME AMILTUTYKAMA f»&q'&o("{) u fvz 0-%0 (s/t) . Ina pacces-

HUA HA HYRJIONG WMOeM O HOSEBRCEMMX SMIJMTYL:
$

5 5 1 $ 1
iw,ws' ](w-a,-%vz ' -{Aw%’ J’&"&r‘/a"z ! 'Xssv.,\s-v; ! J%,—»;-V; e O

3aK0H © COXpAHeHHEA HPOGKIMM MOMAHTA TpelyeT o0palleHHAi B HOJXL
NpM PACCESAHEM H8 HyXepof YyToJ AMILIATYAH C D3MeHEeHHeM CIEPAJBEOC-
TH — BrOpasd GMIUIATYAS LA DAcCeAHMs HA NEOHE M YeTHpe HNOCJIOLHAX
eMIUmETYIH B (I) IAA DACCeSAHEA Ha HyKJIoHe. IIA DACCeSHNA HASAX
B HOXb ROJEHH OOpamaThCA IpPyTHe SMUJETYAH. 3TH CBORCTBA MOXHO NO-
Jy9HTh, HCHOOJBSYA COOTBETCTBYNMISE DA3JOReHHe CHEPANBHHX EMILIETYX.
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JinA CUMp&JBHHX aMIJMTYI ¥X OCNMe CBOMCTBA CHEMMETDHME NPHEBOLAT K
dusErecKoll BHAEJEHHOCTY DA3JIOMEHHA B DAL N0 COGCTBEHHHM (yHROLAM
oneparopa BpAWSHAA d_- dyHrumae BHErHepa. YURTHBAA CBASE MEXRY
fyHKIMAME BUTHepa B NOJEHOMAME KOG BTODOro pola [II] , TAROS
paszioXeHEe HJAA JWOOI'0 CMHADHOT'O Opolecca MORHO NDEICTABHETEH B

BEIS: hj‘, bu)v |

:I: (s.&)-(ﬁ@) @wa‘z (2341) 3( i h mx(hl, W(m&ﬁ) @)

A~ CUHPAJEHOCTE COOTBOTCTBYNNEX TacTHI, A=A~Ay ¢ M=23-Ay ,
B, - yrox paccesuma B c.u.M. §-KaHAJA. Fe3pasMEDHHE TDETOHO-
MOTDHYOCKEe MHORMTEJM Hepeli SHAROM CYMMH I'eDAHTHPYWT BNHOJHOHES
3AROHOB COXDPAHOHEA,

I paccesHEs Ge3MACCOBOTO TPABATHHO HA IHOHE W HYKJIOHe

TR A = = . o

! 2 s-m?

Tge Nl -Macca MAEEHE. 3aBHCHMOCTL OT INepeMeHHOR t s (2) co-
IepXKUTCH P MAORMTEJAX (2) @ B HOJMHOMAX AROGH. Me: JHefHo
saBECET o7 T , mouuHOMH HKOGH B (2) GyAyT NOJEEOMAME X 0O i
BHpAReHEA St »/S'E*Z-‘"’")" B {3) COIGDEAT KEHEMATEUECKHE
0COGEHHOCTH CHMpATLHHX eMImTYR no € . MiomEresu (3) BBORAT
TaKXe JENHEe KHHeMATHNIecKde OCOUGHHOCTE IO NepeMeHHO# & . MOXHO
ONpeNe HTh AMIUIMTYIH,He COTSDXANMe KEHeMATHIOCKEX ocoOemHOCTel 1o
i ¥ He HMoDmMe JMMHEX OCOOeHHOCTef mo § . TaKde AMIUMATYIH
JA:*M:M (s:¢) (mx momso HadBaTH AMCHGPCHOHHHME SMILTHTYIAMA)
ONPSIeJANTCA CACIHYDIEM 00pa3oM:
$ "‘7" gu(s -m#)2 hy" (
5 (“') ( 53,;,,,2.;; i) (@)
p I %k Ve 3
JMCTIeDCHOHHHE BMILIATYIM, KAX JeTKO MOXHO YBRLOTH, HCHOJLSYA (2)
2 (3), pasmaraprcd IO HOJHHOMAM MO t & mo sroft nepeMeRHO}
(a Taxxe MO TPeTHof, MEHNEILCTAMOBCKOR mepemeHHOR (L ), He HMenT
RAHOMATHIOORNY OCOCeHHOCTeR. MHOXWTOHW neDsR QHCIeDRHOHROE aMILmM-
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Tyno B (3) ofecneudBanT ABTOMATHYSCKOE BHIIOJHEHHe 38KOHA COXpa-—
HOHER IMOGKHHH MOMOHTA M PAcCeSHWA Blepe] ¥ HA3AX, 9TH MHOKATO-
M Ge3pa3MEPHH, OHM COTODEAT BCO KMNEMATHYSCKES OCOGEHHOCTN CHE-
PaJIBHHX AMIETYH 0O t & He BEOIAT ZONOJHNTEJEHHX KEHOMATNYG-
CKEX ocofeHHocTef#f wo S . ][4 pacceAHEd 'DaBATHHO ,)‘_- A,=O K

gmo(') (,,,j (@)“ M:;:..qm(s'*)' )

B 't-mlwm CBA3b MOXNY CIONDPAJBHHME X NHECHODCHOHHHMN AMILIN-
TyZaMB 3anaeTca @opuysol
( ‘_) (\/ S{"'h'")‘)z flf"' J (3, *).
j}hf 00

Dy HKIERA SM 00 ( L {’) He COJepxaT EHHOMATHYOCKAX 0cOCeHEOCTGH

5),‘”'“ (6)

nog.

Ind HaXukneHEA REHEMATHWYECKEX OCOGOHHOCTOH CHNpANLHHX GSMILIN-
TYA § -RAHAJA BOCHOJESYGMCA KPOCCHHI-cooTmomermwna [12] .
L1 pAcCeAHEA TDABATEHO HA NNOHO N9-3a HYJeBoll Macck TPaBNTNHO X
HyABBOTC CHEHA IHOHA KPOCCHHI'-COOTHONOHRA MPOAeJBNO MPOCTH:

5;)'0 (s4)=) -S:ﬂp“ (34). ™

| 7C MORYAD pABGR e[NHNNS N HO 3&BECET OT ¢,t . e mcnepcmon-
HEX SMILINTYE HMeoM:

;s (g'ﬁ) arl(v,—) IA M T 53’-"\“00 (S."') . (8)

? 24,90 HO EMOOT KENOMATNYECKNX ocodenuoc'reﬁ mo 8§ , MEORRTOXH
nepen Hefl He aaBECET OT S , CTANO OHWTH 5'\ 0 M0 0 OyIyam KmHeMa-
TEveckx peryaapmokt mo T , ceodomEa x oT KuHemaTEWeCKEX 0COCBH-
rocrelt 0 § .0Ha BOOGM® HO CONOPMRT KEHEMATHYGCKEX ocodeHHOCcTef.
Taxye (VEKIND M BASMBAOM ANHAMNIOCKOR aMumaTyAof, EAA DAHHOT'O
OpoIecca OHA COBIARAST C ANCHOPCNOHEO# aMIIETYXOR
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2,0 Ao (S,l-) :s (S,f) 9)

H CBfA38aHA CO CIEPAJIbHOR aMIBTYIOf COOTHOMEHEEM:

G ==

20,2,0

PR T

( t-)_ (10)

Ina paccesH®E I'DABATAHO HA HYKIOHE KPOCCHHI'-COOTHOWGHEA GON6E
CTIOXHH, CBASh MEXLy IHCHCPCEOHHHME H I¥HAMMYECKHME AMILMTYIOME
3afaeTcqd d)opwmﬁ

s4) = Q) sit), (1)
M v;\l( ' S—m 23»'17531 (
YunruBas (4), EMeeM OKOHYATEJEHO IADPAMETPHSALMD CIKPAJILHHX
am:m'ryn IOCPEICTBOM NHHEMHISCREX
Nedwa /—3“("'_‘_,,,;)1 Irpd -2-4
@' ( D”' $ ‘E)

3;"0’31

*(1I2)

Ma BResm B fopMyny S, -chEH wmumeHE. Torma Qopwysa (II) cTaHOBET-
cA ofmelf ~ cnpaBefiMBOR ¥ JNIA PACCEAMEA I'DABETHHO Ha OHOHe (TOr-
Ja (I2) mepexommr B (I0)), ® O/ DaCCEAHHR Ha HYRJOHE.

Coormomenne (I2) maeT BOSMOXHOCTH IIOJU"!E"I‘B IMCDePCHOHHHE COCT-
HOWGHHA 1A (M3FYeCKAX CHEPAJHHHX AMILIETYH fm.hnﬂz( 1 (:) . Idcmep-
CHOHHHE COOTHONCHEA HHNYTCA H2 OCHOBe 3HAHEA AHAJMTHEYSCKOY CTPyH-
TYDH aMIUHMTYX. ECAH pacceBBabrTCA 9acTHIH 063 COEHA, TO AHAJMTHYC-
ckrue cBoficTBa oxHO# AMIIMTYZH, OIACHBENMeH NpomecC, OUpeReJANTCA
TOJBKO yCJOBHEM YHHTADHOCTH, ROTOPOé ONpeeser,B 9YACTROCTH, Iu-
JOXOHE® NONDCOB B HAYAJO pa3pesoB B AUCHEPCEOHHOM NpPEJCTABJCHMA.

B peaJHEHX OpoLeccax, XOTTA XOTA OH OflHE aMIUMTyHA 0CJANaeT HeHy—
JOBHM CHEHOM, CHTyallRd ycJOXHAeTcA. Y Raxuoff cmupe mbHOR aMmwmry-
I DOMEMO OCOGeHHOCTeR, CBASAHFHX C YCJOB4EM YEMTAPHOCTRE (IHHAME—
YOCKEX OCOCEHBOCTeH#), BOSHERADT RONOJHETEXLHNE KEHEMATHIECKHE
0COGEHHOCTE. J3TH OCOOGHHOCTE B (I2) ABHO BHEEJEHH.
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PaccMOTPEM IEHAMHYECKES AMIJIMTYIH Op¥ (QEKCHPOBAHHOM BHAYOHEER

$ . AHOMTHYeCKEe CEofcTBa AMHAMNYECKHX AMIMTYN IAA KOMINORCHHX
3HeYeHMY NMepeMeHHHX SANANTCH OCOCEHHOCTAMH, KOTODHEe ONpeleAnTCA
yCJsOBHEM YHETAPHOCTE, NPH STOM ONHOSHAYHHE TPOMEXYTOWHHE COCTOSHEA
B YCJOBHHM YHETSDHOCTE OUPeXeJANT NOoJICa, & MHOrOYACTHNYHHE HpOMe-
XYTOWHHE COCTOMHE] ~ AMIIETYAH HA paspese. Hauano paspesa onpexe-
JIAeTCA NOPOr'CBHM SHAYOHEEM IEYXYACTHYHHX [DOMEXYTOYHHX COCTOARER.
JlacIepCHEOHHHO coomomenm BaA mmvecm aMILTATYE, EMODT BEX

9 (‘ é) ij oit’ ‘9,\& aa‘(‘{ l “'19,1 %L("u')

Ay ' Je. (13)
3necs [ﬂ.ﬁ‘ah("t')] " [ﬂ ,‘\",,A[J,U')] - CKAUKH YRASEHHHX B CKOO-
rex QysxmEh B - @ W -RamaNAX COOTBETCTBEHHO.

JlnA OGHYHOro KOMITOH-8fipeKTa Ha MHOHe U HYKJIOH® HEMEDTCR 06OD-
HOBCKHE WIGHH, CUOTBETCTEYNHES ITPOMEXYTOUHOMYy COCTOSHED C NOXDCOM
B TouRe Smm¥ , T8 M -MACCA YacTHUN MuleHM. B HANOM cJydae
HeYanbEAS YACTHNA H ONHOYACTHYHAA NpOMeXyTOuHas YACTHIE MMEDT
pasHHe CIMHH, ES-3a TOr0, YTO I'DABATEHO ABJAeTcA (lepauoHoM. Ilpex-
TOJIOXHE, YTO HE CYWOCTByeT (epMEOHA C Maccoff, TOYHO paBHOR Macce
IHOHA, H OTCYTCTBYST GO80H C Maccofl HykJoHa, M HCKIMaeM Gop-
HOBCKMO UJioHH. ONHAKO B 006X DACcCMATDUBOOMHY HEME PeakumdX Cy-
XeCTBYeT BRESH {-RaHRALHOrO GODHOBCROrO 4ieHa ¢ OOMEEOM JOTO-
HA, YTO Zaer HOANCHHE yaem B Towxe 1= 0. BwranoM T -KRHANHLHOTO
odueHa I'DABATOHOM, HS-32 MAAOCTH COOTBETCTRYKUEH KOHCTAHTH BSaMMO-
OelicTeas, MH npeHedperaes.

Lz mpomeccoB ¢ yuectHeM gorosna [ 13-15 | 1poMeRyTOWHMME MEOTO-
YaCTHYHHME COCTOAHMSAMM B YCAOBHE yHMUTApHOCTH (ONpONGAANMEME CHAYKH
JIMHAMY96CKEX AMIXMTYN), EKOTCPHE COLEIRAT (OTOHH, NPEHeC(PErAlN
BCASACTBHO MAAOCTE KOHCTAHTH SJGKTPOMATHMTHHX B3amMovefornml.
TloAyYoHHEHO PeSYJLTATH CHAN TOYHH IO CHJLHEHM B3amsoneficTREmd
(mag KOTOPHX 4. HA BOSMYWEHNZ Re padoTaia), a OO SAPKTDOMATHNT-
HMM BBREMOReficTBRAM ORN OMXN CHpABeI/MEN JEmL B OPROXNEKOHER. AHA-
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JOTHYEOE NPOIUOJiOReHEe 00 OTCYTCTEBEH B IPOMSXYTOUHHX COCTOSHEAX
0e3MacCOBHX YACTHI LeJajoch NPE PACCMOTDEHNE DPACCEAHEA TDABMTOHA
[4, Is]. My OyEeM cYHTaThH, 9TO KOHCTAHTA B3amMollelicTBEA Geamacco-
BOT'O IPPABMTHHO C MACCHBHHMY YaCTUNAME M2ka, OyIeM LpeHesperars
BKAAFAME IBYXJacTHYHHX M MHOTOYACTHIHHX YHHETADHHY NRATDAMM, KOTO-
pHe comep®aT 0eSMAcCOBHE JacTHIM. YYATHBAS STH 3aMevaHda B pop-
Mysm (I2), (I3), Oyhem mdeTh i QMSAYECKAX CIMDAJLHEX AMIIETYI
R¥COODCHOHKHE COOTHOMEHHA:

-IT: (""":L (s*)+(v’_ ) £ '(@{;’mj"):)'aw.

ﬂ', 'o\.h._ A AN t
(S-‘»')] +

N (G R
0 m?-Su .h
% (o [ (@) hr([j_r_’_) qm.m(" ]

+5) ww
U,

(14)

8

3necs :Sa Mo J’-f) COpHOBCKHY{ WieH, COOTBETCTBYNIlMH oOMeHy (oToHOM.
3y

DHepTUA HAJANNSro I'DAaBUTMEC [, cbAZaHa ¢ BHBADRAHTHHMEA Nepe-

MeHHHME $ODMYIaMH

l »
=S =28t 2

aw ! (15)

Korza E-=>O OpH PERCHPOBAHHOM yIJie pacCedHHS . $—>m', t=0 . Hac
EHTEpecyeT LOBeleHEEe CIVPAJLHHX BMIUIETYX NpH e m‘, t~0 . 1
yXoGcTRa B3YYEHUA HU3KOPHEPTeTHYECKOTO NOBELeHMA, MHOXATONH HOPOX
durypHuME ckoOramp B (I4) BHpABEM  IOCPOXCTBOM S

g & (r.K. HaC HATEDPSCYST NOBENOHHe CHOUDANBHMX AMILIATYH

PR PEKRCAPOBARHOM €). B nommTerpamHON BHpASHUN LS HaC yhoo-
Hee EMETh IHHAMAYOCKHEe AMIJIMTYHH, CBOCOHHHE OT KEHEeMATHIeCKHX

0COCGEHHOCTOR.
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YuMTHEAA STH JEMOYANE], EMeeM BMecTo (I4):

5m m(s-&) 5 ,w(#) + (3n) *}'? “)'MG- w< )
. {%I%%[ﬂl.h,h.h( ”] du’ [9) A, u(,'u}]}

Jiq Hac CymecTBeRHO, YTO mua.n OT KOBTHHYyMa B fopMysax (I6)
ABiReTcA HeNsBecTHOR, HO peryaapHOR dymxmme#t mpz E-¥ 0 . oma
CBOCONEA KAK OT KEHONATHYSCKEX OCOOeHHOCTe# mO oCemM NOPeMeHELM
(COMOP®HT RAHAMEYOCKNO AMIJBTYNH), Tax H OT INHAMAMOCKMX CMHIY-
afprocrel (AMHAMEYOCKEe IO/DCA BuEeJeHH). lipp E-0 (+-20 , S"rnf
03 $EKCEDOBARO) BRJIAL OT KOETNHYYM2 IONABJASTCA MHOXNTENEN F ~

(18)

-l
~(‘-,,,’E )"’, OCTAOTCA GOpHOBCKAH# 4leH, H MH NOJYUaeM HCEOMHO HESKO-
SHOPIQTHUSCKHE TEODOMH JIJf CHHDAJBHHX SMIJETYL:

-‘Fa.a.,ng( 4= 5“,;.,,\ (s:¢) "'O(E) (17)

Ygedao Yl ompepeJAercd KEHeMaTEROR nmpomecca (RoHKpeTHO HS {I2)).
Wrar, MH NOKASa)®, 4TO A1 O0CeEX HE3ABHCHMMHX CIMDPAJBHHX AMILIETYX
paccesAnd PABRTETO HA NHOHO H nm’ YoTHpeX AMIJHTYR PaCCesHHA
B8 HyKJOHe (KpoMe :f':,,"% " Jv,ﬁ,-v,-sz ) B HESROSHEPTOTHIOCKOM
upefiese COPHOBCKEYl WieH ONDBREJAST IOBEREHHE CNEPAJbHHX SMILINTYXR
¢ TOYHOCTHD X0 O(E‘) , 8 14 OCTJBLHHX IByX aMILUmFyL - C TOYHOCTEN
20 OfF)

ABTOD IpH3HATeJeH A.H.TaBXeJWnse 3a BHHMAHHE X HOONEODXKY,
B.T.KamumeBCKOMY, B.A.MATBOSBY 3a NOJe3HHE OCCYXICGHREA.
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POSSIELE TESTS FOR LIGHTEST SUPERSYMMETRIC PARTICLE
IN POLARIZED e™e¢~ - COLLISIONS

BE.Ch.Christova, N.P,Nedelcheva

Joint Institute for Nuclear Besesarch, Yubna

Annihilation of the longitudinally polarized e*e™ into two
neutralinos 1s considered, One of the produced neutralino 1s assumed
to be the lightest SUSY partiole (LSP), It is shown that measurements
of the cross-section and polarization asymmetry would allow ome to
disiinguish between the two cases! when LSP is of the Higgsino or
gaugino type.

l. In gupersymmetric models n that seem to play an important
role in unified theories, heavy Majorana particles called the neutra-
linos appear inevitably. In the minimal SUSY extemsion of ths stan-
dard model 2 these are the superpartners ¥ and % of the two
neutral gauge bosons and the superpartners 4, and ,47_; of the two
neutral Higge bosens.,

As no hint of existenoe of the proposed superpartnerc of the
conventional particles has been observed so far, one should admit
that at the ensrgies avallable at present 35USY is badly broken.
This implies a physioal (massive) neutralino )CL. to be a mixture
of spin -1/2 neutral BUSI.partnerst

fv

. z )

X& = A,éd_ \jj ) L_l’f - /Zo ; (z
oo

where M + are elements of the neutralino mixing matrix determined
by the medtantea of 8USY.breaking (5SB) (the subindex [, denmotes
1.h. components of the four-ocomponent spinors). Knowledge of A/
and the mass speotrum of ,If‘-' 1s of fundamental theoretical ¢

importancs for understanding the mechanism of SSB ,
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In this paper the production cross-section for two different
neutralines XLI and )%a in longitudinally polarized e”e™ collisions

et =X, + X, @

is calculated in the framework of the SUSY extended minimal standard
model. The general case of arbitrary neutralino mixing is considered,
l.e. A/, are not assoclated with any definite SSB mechantsm.
Process?(2) has been considered earlier for unpolarized initial
beams in refs. /3 and for polarigzed beams in refs. 7,8
We assume that X, is the lightest SUSY-particle (LSP). The

7§}stence of L3P to be stable follows from the R-parity conservation

« The most plausible cardidate in most SUSY.models 1s the lightest
massive state among the S = 1/2 neutralines X, . Its type is uniguely
predioted by the accepted scheme of SSB, It would be interesting to
find specific properties of the oross-section and 1ts polarization
asymmetries that would allow one to distingulsh between the different
types of LSP, g0 obtain properties that reflect only the type
of LSP, )ﬁ,’ and do not depend on laa in process (1) is the aim
of this paper.

We assume process (2) to be identified by observation of a

lepton 1’1' ~ pair (from the decay of the short-lived neutralino

fo—» K, + €%£7) and a large amount of "missing” momentum
(taken away by X, ). No serious background from the standard model
exists,.

We shall here show that measurements of the cross—section and
longitudinal polarization asymmetry allow us to distinguish between
the two characoteristic cases for neutralino mixing:?

i) when LSP is of a gaugino type, i.e. )14 is mainly a mixture
of the spartners of neutral gauge bosons and
~ 11) when LSP is of a Higgsino type, i.e. Zf- is a mixture of
A¢0 and H,, . It 1s shown also that the longitudinal asymmetry

is very sensitive to the mass spectrum of the charged sleptons.

2. The interaction Lagrangian of the minimal SUSY nodel/2’4/

generating process (I) consists of two parts,éz; and ;2:; ’
describing the interaction of e',e+ and Z{g with ,2(0 and the left-
and right-handed charged sleptons é; and é:a respectively. We
assume that CP-~invarliance holds. In this case the Lagrangian may be

written in the form:
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BT PR o e

K-, s
L= (e pita saps)e -t G afe) ke | %

Z o5 8, (3)
= £ L, ‘-
;ZZT 2 éf;;z& ‘?1 _zgf- ;Z

-, e 15%‘{{/X0.}+A.c.;

where
c;,-%’— wy =37
gv“%[’ £.5), 9220201t 5152)
Op=~% Hs s + 5 My Yy
Uy =Wy #45, 8, , Ueg =2 HE, G by, i=42-

2

L

o

The oceuplings of 2',’ to ete™ are given by the standard model
and expressed in terms of the wea.k mixing angle 51074’5“,. The
oouplings of neutralinos to 2 ( v and Z4 ) and to the charged
sleptons ({(; and {{;, ) are determined by the 85B mechanism and
sxpressed v:lu/V,;-. Without loss of generality the neutralino
mixing matrix in%q. (3) 1s ohosen to be orthogonal. In this case .
(of CPAnvariance and A" ‘= A7) the uign faotor ;ac in the
Ngjorana oondition

()= fo X lm), fe 2P %l )
( C 1s the obarge conjugate matrix, idd ;C = ‘Jd) 13 related t.
the CP-parity ’f,:F( ’?r' =X4)ot 19/, L' = e
which ensures the mass spsctrum of )_’,,(_ te bo non—nogativc.

The oross-ssctiom of proooss (2),vhen e* and ¢~ are longitu-
dinally polariszed,hac the general form o/ H
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A0
da )7_ x, °1[(’ 2,2,)X 8)+ D, - 2)X, (9)] (5

Here )L and ;L are longitudinal polarigations of e~ and e’ ,
f 1s the a.ngle between the momenta of e~ and )ﬁ in the c.m.s.
Both X,(8) ana x (8) get ocontributions from the dlagrams with
Z °-exohange, eL and e,e exchange and from ¥ -8, , Z£°- &,

interferencet

X, (6)= ki8] + X[(8) + X[ (8), ©
¢ =1’,? .

From eqs. (4)-(6) we obtain

o, = £ 21 Bl 4

sV3 3in'B,, s 8, 7

1Bl = A (S, m}, mF)/ers

X'x(6)= ?ﬂl“ (dy‘ﬁf'f-) {/4 + 08 - % flfzm'ﬂ”—lj

z
IDZ(S)! .

2 .
x‘ez/a)=gal.a Cvé'nz {/4+ 5‘_’25—;!)31”1’0"1}’
o U
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~ 26 , 2 2
xfre)=§-(‘—”§—“-) {u,’; Uy | 4, B
’ F ‘D.L_(P‘")

(pe (=
DépoD. P), ()

{(zﬂnm )
'Iff e Z]"“(L—’R)};
B

2 2 A
Erpy. L[28 Qw) 2 2 A L = -
Xz [@)— 8 ( 2 {uu— LZZL [:q:zz_ ) Q_Q(Fn)

Pl

B S e L—»e)}
D [f-’OD (Fz)

Lro)- 2528w gof L ). (O, x
K, (8)= =3 (Dz(s)) 2

coec U Uy A B _ S s e momfl L Yo
{( )4 Do) Dn) 7 fife D(ﬁ)D(pa%

RACSIMIIC “3‘2)};
I,0y. c0*bBu )0, «
X, (8) 7 Re (2(5)). 12

te, ), Uy, _zrm,ma_‘_ 4 __
Aot [D 2 DfrJ 2 (PJPJ D‘ff’ﬂy

“lty -6, (LR}
=(lpi)(lofp2), B=(bp)(l p).

Bere 5 1is the o.m. energy sguared,
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D)= =5 e iy /y

2

D p:)- (% pe)
Dy (ped= (b-pe)  t 5

.e_‘) 62) 4, JPg BT® the momenta of e e’ ’ ,K , ,?fz y 7, 887,
are the masses of é and QR, y 7, and /" are respeotively

z
the mass and decay width of Z° .

3. Aocording to 8USY the oouplings of the ordinary partioles
are identical with those of their superpartners. So & ° couples)%o
and /Z,, and does not couple ; and f s while the oharged
sleptons at the considered energles of negligible eleotron mass
oouple only J« and }L" . '.l'hus in the oonsidered prooess of neutrali-
no produotion it 1s only the ;‘/ - components ( A7 B /V‘,y ) ot %,
and x that oontridbute to X3 {a)a.nd only the gaugino components
(/V“) //b_,,_ ) that contribute to X (8) . It is the interference
tem* )( < /8) that gets oontributions both from Higgsino and gaugino
oolpononta.

Let us assume thmt one of the produced noutralinos %, is
either of the gaugino or of #,—typc. In this case X {8) aquals
sero, whetever the mixing in the other produced neutralino )(—z is.
Iz X, 1s of the Higgsino type, process (I) prooceeds via ¥° -
.exohangs, i.e. X:(0) = ]5:: (9); while if XI is of the gaugino
type, it ocours via 6;_ €p - exchange, i.e. X;/8) = X (61)

Iz we propase now that X, 1s LSP, separating the contributions from
Z° and from e,_) QR, —exohange we would be able to distinguish bets
ween the two mechanisms of 38B3 when LSF 1s of ths Higgsino and
gaugino type. If L8P is of the mgino trpe, thz-ee situations
charactericing the mass speotrum of e and en ars disoussed:

a) the chargino masiive states are degencrato, M, = Mg,

b) mE 5y rm;' and o) m2a< ’mp,. Obvlously when L8F is of the
Higguno type, the oross-seotion would not depend on 777, and 774 .
In 218.(I) the unpolarized total oross-seotion 0’(5) is
shown. We see that 1f LSP appears to be of the /7, - type, due to

the Z° -snnintlation diagram & rssonance peak at V3 = 277, 14

expected, while a flat deoreasing behaviour of (°(s)is predicted if
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LSP 13 of the gaugino
type. The oross-seotion
at the Ze -peak reaoches
10771 cw™2 ., The three
considered possibilitiles
for the charglno mass
spectrum do not lead to
any significant diffe-
renoe 1n 0°¢s)y, 1ts value
being mainly determined
by the lighter & -
exchange dlagram. The
oross seotion decreases
for larger selsectron

E;V magses,
’729 mGev‘}(le) Let us now consider
361 the longitudinal
. [ 2 1 asymmetry A, oonventic-
50 100 150 V5(GaV)  1.11y defined as

Fig.l. The total oross section
versus Y5 when ISP is
of higgsino (full line)
and of gaugino (detted
line) type.

74 () = ! o;l":a Ao L Oo s Az ~% % -2
i 2, C G- T A c; ’ ®
2,0 %02, 2 Co,a, 10, -2,

where (Y 2, 0(6'0 ,1) denotes the total cross seotion of proocees (2)
when the eleotron (positron) beam has longitudinal polarigaticn A .
From eqs. (5) and (8) we abtain

szm)m
X 153

The performed oslcoulations show that measurements of )q" 4 5)
can provide mcre refined tests of the expectations of the theory.
The contrast between the predioctions due to different L3P and
ohargino mass speotrum may be formulated as follows:

/4" (s) = - 9)
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I, If AH is lndepemdent of S , two possibilitles exist!
1) 1SP is of the /4, ~type. Then sgs. (7a) and (9) imply that
/4” (s) 1s a constant ;

- 10
A = Lo (10)
" < 2 /
CV ‘I“C»

uniquely fixed by sin @w whosa value 1s known with good acouracy
from other experiments. At sin 9 . 23 /11/’ A“ -&%,

2) LSP is of the gaugino type, am, = o4, In this ocase from
eqs. (7b) and (9) we obtain tmt A” 18 a constant:

2
[ZJ: l(_.;_ - 'Uff ((.21.
2 7

Upg Uy + Ul U,

An =

sensitive to the neutralino matrix elements. The asymmetry does not
depend,on the values of 77, = 7Mg . Precise measurements of 24"
would give information on A/ ‘ and the dageneraoy of shargino
massive astates. d'

I1. Iz A, depends on S , LBP should necessarily be of the
gaugino type, m, # 215 . 1t A, SO then R 5> 5
1t 4, <0 then ™ 2<s< mg. These results follow immediately from
eq. (7v) detemining Ca, a A, 1in this oase, if one takes into account
that the lighter @ - exohange term 1is dominant in Xy (8) .« The

e and QQ ~exchange terms enter X_: (6) with opposite signs
and X 2 (6) with equal signs, so the sign of A, (5)dstersined by
their ratio, eq. (9), is governsd by the comtribution of the lighter
selectron.

Pigure (2) shows the magnitude of A, (5). For L8P of the
gangino type, 177, # Mg, | A | deoreases with V3 . It amounts to
abeut 1008 at low energiea ( ¥S = 20 GaY) however still remaining
quite large in the energy ramge of interest in LBP ( 4 ~306 at
VS x 150 GeV).

Ve would like te thank Dr.8.M, Bilenky for useful disoussions.
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T~ ~_ Fig.2.
s The longitudinal
50 \L\bge asymmetry A, (S)when
i % LSP 1s of higgsino
*@&g, (£ull line) and of
N - gaugino , 77, £ 2775,
(F7) (aotted line) type.
0 50 'Y 10 sGev) Prediotions for A,
-8 when LSP is of gaugino
(Fp.Hyp) types 772, = 2mp
neocessitates knowledge
of A/' Y
50 ! . 1{
AP -(F2)
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NEUTRINOS TODAY IN THE UNIVERSE AND IN THE LABORATORY

S.M.Bilenky, B.M.Ponteoorvo

Joint Institute for Nuclear Research, Dubna

1, Neutrinoe and the Universe

In genersl, because of their properties, wainly low masses
(1f any) and an enormous penetrating power, neutrinoe are of extreue
importance in astrophyeice, cosmology and astronomy. Noteworthy ars:

1) the appearance of a new page in astronomy - the solar neut-
rino astronomy;

2) the participation of neutrinos in hydrogen burning termonuc-

. lear reactions, whereby hydrogen is finally traneformed into helium
(45 —> *He + 267 +2 v, + 26 MeV), resulting for the Sun case in a
flux at the earth surface equal to~ 6« 101°/cnzsec (the neutrino
luminosity of the Sun being only ~ 2% of its photon luminosity, a
proportion typioal for all stars slowly evolving while hydrogen bur-
ning thermonuclear reactions take place in their central regions);

3) the today presence, inferred by Thig-bang cosmology, of a
relict radiation of neutrinos of all types, whose last interactioas
took place only ~ 1 sec after the big-bang, that is much earlier than
the last relict micrcwave radiation interactions, having taken place

~ 106 yoars after the big-bang;

4) the pomssible contribution of neutrinos to the mass of dark
matter (that is the bulk of matter in the Universe which is not

luminous and is revealed only through gravitation), as well as their N
possible importance in the formation of galaxies;
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5) the remarkable fact that cosmological, astrophysical and
astronomical data are giving some information on neutrino properti-
es (number of neutrinos, masses, mixing, magnetic moments...);

6) the fantastically large ( ~ 1078!) number of neutrinos of
all types with average energy + 10 MeV radiated by a gravitationally
collapsing star during A~ 10 seec;

7) the variety in the star evolution of neutrino emission pro-
cesses, which rapidly increase in importance while the nuclear fuel
is being consumed in the star central regions, insure the neutrino
luminosity to dominate over the photon one at temperatures T » 10K,
lead to a considerable shortening in the time scale of the late sta-
ges in the evolution of wassive stars, eventually entirely define the

star collapse dyna.mics: in order of relevance,starting dback from the

collapse phase and high temperatures down to relatively small tempe-
ratures, the processes are: 1) one neutrino proocesses in which the
charge W boson is involved - €p 3, n, en "’;L/D (Urka),
2) neutrino pair processes in which the W and/or the neutral 2° are
involved ¢'e > 3.3 ,2 T (electron poaitron).
plasmon — 3 2 3 £ T (plasma), ¢—->eo , e’y

ed D, ,‘/«thoto). ei—»e;)u Z} e 9 2 ),/‘f"
(bremstrahlung), 3) neutrino pair proceases in whirh only Z° is 1n-
volved = A" - & ADEER AD/‘QI” , AP, "t_ (neutrino radioactivi-
ty from excited nuclel);

8) the importance in nucleosynthesis, especlally in the effici-
ent production of by-passed (neutron poor) isctopes, of neutrinos from
the collapsing steller core, which produce (in the watter of the star
envelope to be thrown out) such isotopes in agreement with observed
galactic abundancies;

9) the rise, to be covered below, of a new era in astronomy, mar-
ked by experimental searches for, and investigation of, neutrineses
associated with gravitationally collapsing starts,

2, Gravitational collapgse of atars. Supernova SN 1987 A

On February 24, 1987 the supernpva now called SN 1987 A, resul-
ting from the collapse and successive explosion of the star Sanduleak
(69-202) was optically discovered by Shelton and Jones in the large
Magellanic Cloud, s« nearby galaxy. The event is providing and will
provide unique aatrophysical information because
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1) the supernove is an enormously bright object, many millions
of times brighter than the Sun,

2) the distance of the Supernova from the earth, only about
170000 light years, is well known,

3) detailed and comprehensive observations of the initial explo-
sion stages are being made for the firast time,

4) the dependence of the supernova SN 1987 A luminosity upon time
is rather unexpected, the fact that the presupernova star was much
heavier than the Sun being almost beyond question,

5) aleo for the first time a sBupernova is obeserved at a moment
when theoretical understanding of supernovaes, and in general of the
star gravitational collapse, is serving as a guide to phyaicists, aat-
rophysicists and astronomers, in particular through the outstanding

prediction that a few tens of second long burst of . 10°8( ¢ )
neutrinos of average energy .~ 10 MeV should accompany the collap-
se, preceding somewhat in time the emission of visible supernova
light,

6) last but not least the wupernova has appeared et a time
when in various sites a number of large electron detectors suitable
for the registration of ~ 10 MeV neutrinos were found to be in
working conditions,

Raturally all the groups working with large electron detectors
sarefully inspected their records before and after the 24 of February.
During the laest few years they created the necessary apparatus sui-
table to observe an event just of the type considered (neutrino
turet from gravitational collapse) and they were more or less ready
(see also the paragraph "Panorams...”™ at the end of the present pa-
per). The detectors with the help of which collapse neutrinos were
observed on February 23, am it wase announced, ere:

i) The ~ 100 ton liquid scintillator (antineutrino) detector
(Italy~USSR) placed in the Mont-Blanc tunnel: during 7 seconds there
were registered 5 pulses ( 2{3—-’ en 1 ) above the 5,7 MeV

epnergy threshold (on February 23, about 1 day before the first
optical sighting)

11) The ~2000 ton H,0 Gerenkov detector Kamioksnde II (Japan):
during 13 seconds there were registered 11 eleciron pulees in the
energy interval 7.5 - 36 MeV (on Pebruary 23, also before the opti~
cal sighting, but 4.5 hours after the Mon-Blanc burst). Two elsctrons
(from neutrino-elactron scattering?) point to the Lage Magellanic Cloud
with angles 18118 and 15=:27 degrees. The other tracks ( ;{P ~ein_ 7)
are distributed random. The discrepancy in time of the Mont-Blang and
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the Kamiokande II pignals is not explained. The Kamiokande II signal
is, maybe, the more convincing experimental evidence for a correla-
tion between the Supernova SN 1987 A and & neutrine burst.

1ii) The 4 5000 ton H,0 Gerenkov detector (Irvine-Michigan~
~Brookhaven): during six seconde there were registered 8 electron
pulses in the energy range 20-40 MeV at a time coinciding with the
Kemiokande time to an accuracy of +1 min. The discrepancy with the
Mont~Blanc event time is not explained. Also not sufficiently well
explained is the absence of a signel st the Mont-Blanc time in the
Kamiokande detector, which makes it difficult to think in terms of two
distinct ngutrino burste.

vi) The ~ 3000 liquid scintillators (of total weight ., 300 ton)
at the Baksan Observary (USSR); indications of a neutrino signal
{3 pulses in 6 sec.) were suggeated at the Kamiokende -~ time.

The question as to whether a neutrino burst connected with the
light emission from the Supernova SN 1987 A has been actually detected
with 100% certainty seems to us, under the circumetances, not essen~
tial.

There are many unclear pointe in evaluating s posteriori probde-
bilities of acoidental coincidences and in comparing the neutrino
observations performed by different groups. And yet all the groups
have open a new ers in astronomy. The study of the light from SN
1987 A and the mearch for, as well as the investigation of neutrinos
connected with star gravitational collapse constitute a sort of dress
rehearsal of an international enterprise (especially associated w;th
the name of G. Zataepin), and as such are of utmcst importance. The
enterprise has been preparated in the course of the last ten years
and will certainly be very active in the future. It is already clear
that there ie a lot of room for improvement, especially the necesaity
of unambiguous universal time measurement and of registering etar
collapse neutrinos independently of supernova light.

The internationsl collahoration program should include the par-
maner:t operation at various sites of mpparatus suitable for the ob-
servation of visible light from the supernove,of X -rays and
nuclear 5 -rays, of radio waves from ite possible remnant neutron

star {(pulsar), «" neutrinosa and gravitational waves. At the moment
there sxist sensitive cryogenic antennas for gravitational radistion,
but unfortunately on February 23, 1987 only a room tsmperature reso-
nance antenna (Rome) was in operation. The relatively low sensitivity
of the antenna gave little hope of detecting gravitational waves;

it was not oclaimed by the authors that gravitational radiation has
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been detected, although there was an indication of a positive signal
coinciding in time witbh the Mont-Blanc neutrino burst. However the
record of the data from such antenna was published mainly with the
aim of ahowing "the kind of analyasis involved on occasion of events
of this and similar typea"™.

The star gravitational collapse is a quite complex phenomenon,
However some of its features, of great importance from the point of
view of the poesibility of observing the neutrino burst and also of
getting information on neutrino properties (mass,lifetime,...) are al-~
most model independent, The energy of neutrinos 0»3-1053 erg) emitted
in the gravitational collapse of a star (the collapsing mass of which
is, for example ~ 2 HSun) can be estimated simply: neutrino emiesion
is the only effective way of cooling the star and therefore the gravi-
tational mass defect of the remaining star is emitted almost entire-
ly in form of neutrinos. The neutrino energy is estimated to be
10-15 Me¥, which correspond to 108 neutrinos of all types ( 21.32

D, P ,Q.,: YL )‘). The time in which neutrinos are emitted
is expanded to ~ TO agec due to the opacity of the collapsing

star to neutrinos. These considerations directly suggested the expe-
rimental requirements to a detector suitable for revealing a gravi-
tational collapse taking place, let us say, in our galaxy: one must
be able to register with efficiency 100% the passage through the
detector of ~ 10'2D/cn?® during ~ 70 sec. An underground detec-

tor of weight ~ 100 tons (either CH, scintillator or H,0 Gerenkov

counter) is sufficient to fix (well above the background) 2 10
interacting neutrinos {(neutrino burst), especially if several detec~

tors are working at various pites.Of course larger weights of H,0
detectors are being considered having in mind investigations of
solar nentrinos‘of the proton at.bility,and not only of collapse
neutrinos.

‘)'.l'ho emission of VY ) D_C -5_5 peirs is due to neutral ourrent

processes ( ete - ,Sf*f; , Qt-ft) involving the Z°-boson.Bescause the
photon mean free path is incomparably smsller than the neutrino mean
fres path, electromagnetic processes are no more competing with pro-

cesses involving the virtusl z°. Thus collapsing stars are practically

the only sxarple (we are able to give) of & neutrino source in which
neutrinos arise in the decays of virtual 2°_bosons {wheress ususal
neutrine sources are due to virtual W-boson decay).
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Information on neutrino masses can in principle be obtained in
the following ways:

1) if gravitational radiation is detected, the delay of the anti-
neutrino signal ( ;i —ér ),together with the mefgurement
of the positron energy yields direct information on the ¥, -mags.

2) if neutrino have finite messes, neutrinos of higher energy
arrive to the detector earlier than neutrinos of lower energy; thus
the study of the time of arrival of neutrinos together with measure-
ments of their energy gives information on neutrino maeses. If &

neutrino burst has really been detected in the Kamiokende II expe-
riment, one could get an upper value of the electron neutrinp waes
nlﬂlis 10 eV from an analysis of the time distribution of pul-
ges in the burst,
Ap far as the stability of neutrinos is concerned, it is clear
that the very observation of neutrino bursts would permit to get

information on neutrino life-times. For example the Kamiokande II
observation of the neutrino burst implies that the life-times of v,
and ;i_ are learger than 105 yeears.

Thus all over the world there are now & number of permanently
working stations, well communicating between themselves, led by
phyesicints, astronomers and astrophysicists, who are expecting the
great event, the collapse, How long will they have to wait?

The gravitational collapse, a fantastically rapid (free fall)
implosion of the star or of the central star region in which the
nuclear fuel has been congumed’ , may be accompanied by a supernova
exploaion, when the atar envelope is trown cut and there mppears a
fantastic show whereby a single star has the luminosity of a galaxy.
Of course supernova have been observed for a long time. They ere quite
rare in our galaxy. Their number in hundred years may be as small as
one and as high as 6: supernovas may not be visible, as their light is
absorbed by intersteller dust.

Grevitational collapse may take place without the star envelope
being thrown out. The number of guch events is estimated to be compa=~
rable with, but larger than, the number of supernovas. Thus the num-
ber of neutrino burets might be an order of magnitude larger than the
number of observable supernovas,

e ————————

')One would expect that the result of the collapss is either a neut-

ron star (pulsar) or a black hole,
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3. Panormua of todmy experimantal neutrino physics

Feutrino

Typical neutrino Neutrino source. FNeutrino detector type Main significance
type energies and Facilities and size

intensities
1 2 3 4 5
;e, 0 -7 MeV. Powerful (> 106k') Liquid scintillator Particle physics:

The total flux
at several meters
from reactor cen-

ter 1a 1017-10™4
om ~2g~"

fission reactors
(Grenoble, Gosgen,
Bugey, Savannah,
River, Rovno)

(200-400 liters) re-

gietering the reac-

tion D f—’e,+n.. .
Z,

search for neutrino
oscillations. Reac-
tor physics: bur-
ning rate of 235“.
production rate of
9Pu, neutrino ex-
ternal control of
reactors, ... .«

30 MevV ( ¥ )

< 53 MeV {‘3 1P )
The total flux for
every indicated ne-
utrine type is ~
107cm2s~" at a dis-
tance A~ 10 m from
beam dump place,

Meson factory
where 800 MeV pro-

tone produce st

which are brought

at rest, the neu-

trinos originating

in the deoays/'c"i
> e:’-)) 5

water éerenkov coun-
ter of weight ~ 6
tons, sciniillator
system of weight

~ 15 toms.

) ,
/-L

e
Los Alamo[: in futu-
re Moacow meson factory)

Particle phyeics:
search for oscilla-
tions, 3,-€
scattering,
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2

3

4

5

10-200 GeV (CERN),
2~30 GeV{Protvino),
1~15 GeV (Brook-
haven),

20-400 GeV (Batavia)
The fluxes of

at the detector in
the wide band beam at
CERN, for example, are

10'9Gev ~Ty=2 per accele-

rator pulee at 20 GeV
and 10° Gev=Tm™2 per
pulse at 180 GeV.

In sccelerators of
protons to energies
400, 70, 30, 1000

GeV (CERN, Protvino,
Brookheven, Batavia,
correspondingly) there
are genexated

pions and kaons,

the decay of

which in turn gene-
rates or :SL .
The deoagfis takgng
place in the faci~
lity containing a
decay region (300 m,
140 m, 60 m, 400 m)
and 8 ghield for muons
and hadrons (400 w Pe,
62 m Pe, 30 m Fe,

1000 m earth + Pe),

Electronic de-
tector - calori-
meter with magne-
tic spectrometer
for muons: CERN-
~CDHS ~ 1000 tons, »
CHARM ~ 100 tons,
IHEP~JINR ~ 200
tons, Batavia
4000 tons. Large
bubble chambers:
CERN Gargamelle,
5w’ CF,Br, BEBC
20m3H2,D2+Ne;
Protvino SKAT,
4.5 w CPybr;
Batavie 15°'FNAL,
20 wiH,+Ne;
Brookhaven 12°?
ANL, 16 W’ Hy,
D, T'BNL,

2
Sm%%,DT

Particle physics:
discovery %LFtD#,
discovery of neut-
ral currente (re-
actions v e-oD g,
K9 vy Y
J:ark structure of
nucleons by invee-
tigating the reac-
tions J‘J“N—- VmK,
elastic DH- o]
scattering, mea-
surements of elect-~
roweak angle, pro-
duction of char-
wed particles by
neutrinos (

Dﬂ-—; f,
séarch fo J;utrl-

no oscillations.
Practical applica-~
tions of neutrino
beams from future
accelerators:pro-
specting for oil,
etc.,neutrino tomo-
graphy of theEarth.




3

4

5

%, %
(not from
pion and

kaon de-

cays ).

Bigh Energy accele- Electronic detectors - ca- Particle physics:

lerators generate
charmed particles
tha decay of which
originates "direct"”
prompt neutrinos -
CERN, Protvino,
Batavia.

lorimeters and bubdle
chamber BEBC.

study of the produc~
tion of charmed
particles in colli-
sion of protons

w!th nuclei by in-
versigating the
decay of charmed
particles with
emission of neut-
rinos.

Atmospheric neut-
rinos from decay
mesons generated
by cosmic ray
protons in the
atmosphers.

Underground acintilla-
tion telescope, wass’
300 tons (Baksan), wa-
ter Jerenkov detectors
of weight a few thous-
and tons) Kamioka

mine and Morton-Thiokol
mine)

Search for neutri-
no oscillations
and for neutrino
decay.

2
1-100 GeV
Averags energios
of vV, and v,

for example, l;e
12 GeV and 23 GeV,
correspondingly.

Proton acellera-
tor (70 GeV) ge-
nerating K* bveams
of energies ~ 30
GeV, the registrat~
ion of murus,

Liguid argon celorime-
ter (~600 tons) and
muon &pectrometer

Particle physica:
tests of -e
universality, search
for neutrino os-
cillations, 2,~2
scattering.
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3

type (Ded.—:[ e, J.ese,
;1000 tons:

%d 2ep
D0, S»d Observiutory

suitadle for measuring
8 Y, -flux, direc-

tion and emergy (future).
Liquid argon time projec-
tion chamber Icarus, Gran-
-Sgaso 5500 tons Ar, suitabdle
for detecting »,  through

2 %> €K' (threshola

5.9 MeV), all neutrinos

through P e~ 2. e

and of measuring their

energies and directions

{(Tuture).

2, )3& X Dl‘"sf"' Tlre::';g; energiea
5> D eV, total
T' T oumber of neutri-
no emitted .\/105B
within a faw tena

of seconds.

Supernovas, stellar

gravitational
collapae,

Water E;renknv detectors
of weight several thousand
tons (Ksmioke wine and
Morton Thiokol mine)., Li-
quid scintillation detec-
tors: ~ 100 tons (Mont
Blanc, Artemovsk, Home-
atake mine ). Underground

scintillation telescope,

A, 300 tons (Bakean).

Neutriro
properties:
magses, life-
=times, mi-
xings, magre-
tic moments.
Aetrophysice:
wechanism of
supernova
explosions.
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2

3

4 5
Total tagged electrons and photons
neutrino inten~ from Kt’ %) /Ct'f€/+%,
sity ~ 10° per Ko /_[5 , K- JCDZ.S&
accelerator tagging the neutri-
pulse. nos (Protvino,
future).

Ve , Expected maximum Sun Underground radiocggmical Particle
may be energies and flux- detectors: -~ e AT phyeics
D, Yy es arse correspond- threshold 0.81 MeV, 4 10° (are lepton
et al., ingly 0.42 MeV, liters 02014, South Drcota wixed?) and
if os- 6-1010 en=25~1 and 2 10° 1 0,1, Bakesan astrophysics.
cilla- from ro!ftion (future ); 2L71Ge-:4f71ce,
tdons lf/’ -aey, threshold 0.23 MeV 50 tons
play & <44 MeV (mono- metallic Ga (Baksan, future)
role, chromatic)

1.5 108251
from a_‘(;:v*céﬂe;
0.86'MeV,

5 1090m'23'1

from 7]!9 --7Lie+>> ,
14 ¥eV, 5:10%cm 2§’
from B -5Bec’y), .

and 30 5ons Ga in form
CaCl, (Gran Sasso, future).
Underground Serenkov detec~
tor,Ne e, = =e, f, T
3000 tons Hzo. Kamioka mine,
capable of detecting BB
solar ¥ ’s of energy

> 9 MeV and of wmeasuring
their energies and direc-
tions. Underground Seren-
kov detector of charged
and neutral current
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4

102 - 107 Gev

Supernovas (?) Nuclel
of active Galactics,
Brigth stage of
Universe.

Deep underwater éerenkov

detector (~3-1o7m3

H,0); Baikal (future).

Pacific ocean (7).

Particle physics:
search for new
particles, in-
vestigation of
neutrino inter-
actions at very
high energles,
search for neut-
rino oscillati-
ona,
Astrophysics:
investigation of
active processes
in the Universe.

(“U'

Tritium

Spectra of electrons
from >He = He & %
are measured near the
end point with the
help of F =spectro-
meters,

Attempts to me-
asure directly
> mass.

[
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