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KparKuecoo6114eHW1 OHJIH N°3(23)-87 
YAK530.11 

JINR Rapid Communications No.3(23}-87 

0 JIOKAJIH3AllH11 KAHOHWIECKHX llPEOEP A30BAH 113 
B TEOP1111 PEJIHT11B11CTCK11X liACTHQ 

A.T.cl>HJumnos 

TeopH.R CBOOO):UlbiX pen.RrHBHCTCKHx 'lllCl'HU <PopM}'JIHpyerc.R 
nocpep;cmOM nOKaJIH3aJJ.HH .JIHHeHHbiX KaHOHH'IeCKHX CHMMeTpHH 
npocrellwero 6Hn.HHei1Horo narpaH:lKHaHa. Coomercmymma.~~ Hea6e
nesa KanH6poBO'IH3.11 rpynna cop;ep:lKHT penapaMerpH3aJJ.HH H npeo6pa
JOB3HH.II Beiln.11. 3ror nop;xop; MO)Ker 6biTb npHMeHeH raK)Ke IJ;n.R no
crpoeHH.R KaJIH6poBO'IHOH reopHH 'laCTHU CO CllHHOM H reopHH CTPYHbl. 

Pa6ora BbinonHeHa B Jia6oparopHH reopeTH'IeCKOH <I>HJHKH OHJUf. 

Gauging of Canonical Transformation 
in the Relativistic Particle Theory 

A.T.Filippov 

A relativistic theory of particles is formulated by gauging the li
near canonical symmetries of the simplest bilinear lagrangian. The 
resulting non-abelian group includes reparametrizations and Weyl trans
formations. The approach can be used for constructing a gauge theory 
of spinning particles as well as for string theories. 

The investigation has been performed at the Laboratory of Theore
tical Physics, JINR. 

Pa3pa6oTKa Teop.HH cynepcTpyH npHBena K Heo6xo,u;.HMOCTH 
nepeCMOTpa HeKOTOpbiX .H3 OCHOBHbiX llOHHTHH o6bi'IHOH JIOKaJibHOH 
Teop.HH non.fl. Oco6oe BHHMaH.He npHBneKaeT npo6neMa CB.fl3H Me)K,l].y 
KBaHTOBOH TeOp.HeH OAHOH peJI.IIT.HBHCTCKOH 'laCT,HUbl .H COOTBeTCTByro
I.QeH KBaHTOBOH TeOp.HeH llOJI.fl . .lJ:eJIO B TOM, 'ITO nepeXOA OT KBaH
TOBOH TeopHH o,u;Hoii peJI.flTHBHCTCKOH cTpyHhi ("neps.H'llio " KBaHTo
BaHHaR Teop.H.II) K TeOp.H.H KBaHTOBaHHOrO llOJI.fl B3aHMO,lJ;e.HCTByroi.Q.HX 
CTpyH ("BTOp.H'IHO" KBaHTOBaHHa.fl TeOp.H.II) OKa3aJIC.fl BeCbMa He 
TPHBHaJibHbiM. HanpHMep, a pa6oTax / l- 31 3TOT nepexo,D; ocHOBbiBa
eTc.fl Ha HOBOH, 6onee np.Hcnoco6neHHOH K Hy)K,l].aM Teop.H.H CTPYH 
cpopMyJIHpOBKe pe~erna nepexo.D,a OT OAHO'IaCT.H'IHOH peJIHTHB.HCTCKOH 
TeopHH K KBaHTosoii Teop.HH noJI.fl. HaH6onee cymecTseHHO B 3TOH 
.cpopMyJIHpOBKe Bbi.IIBJieH.He KaJI.H6poBO'IHOH npHpO,ll;bl TeOp.H.H peJI.II
T.HB.HCTCKOH 'laCT,HUbi, llpeAJIO)KeHHOe B pa6oTe 14 1 ( CM. TaK)Ke 6onee 
'leTKOe o6cy)K,l].eH.He KaJI.H6poBO'IHOH rpynnbi AJI.fl 'laCT,HUbl CO Cn.HHOM 
a 151) . Kan.H6poBO'llibiH xapaKTep TeopHH npoRBJI.fleTC.fl a HaJIH'IHH 
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CB.fl3eH, KOTOp bie nopo~T KaJIH6poB011HO·llO.li;06Hhie CHMMeTpHH 

(penapaMeTpH3ai:(HH). AHanorH'IHo MO:>KHo c<PopMyJIHpoaaTh H Teopmo 

crpyHhi /8/. 

XoTR K anH6poaotman npHpo.o;a pennTHBHCTCKOH TeopHH qacT~ 
B npHHQHne BbiRCHeHa, :>KeJiaTeJibHO 6biJIO 6bi npe,n;CTaBHTb COOTBeT· 

CTBYlOI.QYlO K anH6poBO'IHYIO rpynny B MaKCHMaJibHO npoCTOH H .fiBHOH, 

CTaH.o;apTHOH <PopMe. KpoMe Toro, nonroHo nollhiTancn HaUTH no.o;

xo.o; K llOCTp OeHHlO TeOpHH 'laCT~ H TeOpHH CTpyHbi, 6oJiee llOJIHO 

HCllOJlb3YlOI.QHH KaJIH6poBO'IHbiH npHHQHll. liHbiMH CJIOBaMH - llOJIY· 

'IHTb KaJIH6poB011HO·HHBapHaHTHyiD Teopmo nocpe.o;CTBOM CTaH.o;apT

HOH npoQe.n;yp bi JIOKaJIH3ai:(HH HeKOTOpOH rno6anhHOH rpynllhi CHMMeT· 

pHH HCXO,ll;HOH TeopHH. 3TH 3a,ll;a'IH H peWalOTC.fl B npe.n;JiaraeMOM 

coo6I.QeHHH. 

PaccMoTp HM CKaJIRpHyro 'laCTHQY a d -MepHoM npocTpaucrae c 

ncea.o;oeBKJIH.o;OBOH MeTpHKOH. llpoCTeHWHH JiarpaH:>KHaH HMeeT BH.o; 

1 . 2 
L = -q 

0 2 
• 2 • IJ. • • i 2 • 0 2 (1) 
q = q q IJ. = ( q ) - ( q ) ' IJ. = 0,1 ' ••. 'd ' 

r.o;e q 1-t.Koop.o;HHanr qacT~bi, a TO'IKa o6o3Ha'laeT .o;H<P<PepeHQHpoaaHHe 

ITO napaMeTp y t . HecMOTpR Ha <t>opMaJib~ HHBapHaHTHOCTb OTHOCH· 

TeJihHO npeo 6pa3oaauun JlopeHQa qll -+ LJ v q v, :na TeopHR He nanneT
cn npaBHJibHOH TeopHen peJIRTHBHCTCKOH 'laCT~bi. Xopowo H3aecTHo, 

'ITO .o;JI.fl OllHcaHHR peJIRTHBHCTCKOH 'laCTHQbl C MaCCOH ffi Heo6XO,ll;HMO 

B3RTb narp aH:>KHaH L 0 = m v- -4 2. CoomeTCTayroi.Qee .o;encraHe HH· 

BapHaHTHO OTHOCHTeJibHO npOH3BOJlbHbiX penapaMeTpH3ai:(HH. ll03TOMY 

B pa6oTaX / 4 • 6 I 6hiJIO npe.o;JIO:>KeHO llOJIO:>KHTb B OCHOBY Tpe6oBaHHe 

penapaMeTpH3ai:(HOHHOH HHBapHaHTHOCTH. Tor.o;a narpaH:>KHaH .o;JIR 

MaCCHBHOH qaCT~bl MO:>KHO B3.f1Tb B BH.o;e 

1 . 2 2 
L = -q /e - em 

0 2 ' 

r.o;e e- Hoa an nepeMeHHan, no.o;o6Han KanH6poaotmoMy noJllO. 

C npHHQHllHaJibHOH TO'IKH 3peHHR, TaKOH llO,ll;XO,ll; HeJib3.fl npH· 

3HaTb y.o;oa neTaopHTeJibHbiM. Bo-nepBbiX, HCXO.o;HaR peJIRTHBHCTCKaR 

,ll;HHaMHKa npe.o;nonaraeTC.fl Y:>Ke H3BecTHOH, OHa JIHWb 3allHCbiBaeTC.fl 

a ,npyrou <PopMe. Bo-aTopbiX, npu.o;aeTc.R CJIHWKOM Ba:>KHoe 3Ha'leHHe 

rpynne p enapaMeTpH3aQHH, npe.o;CTaBJI.fllOI.QeH CJIO:>KHbiH MaTeMaTH· 

'leCKHH o 6 neKT H He HMelOI.QeH Henocpe,ll;CTBeHHOrO OTHOWeHHR K 

<PH3HKe. H aKoHeQ, .o;a:>Ke ecnH npH3HaTh 3a nony'leHHOH Mo.o;enbro 

CTaTyC Kan H6pOB011HOH TeopHH, ee <t>opMyJIHpOBKa CJIHWKOM CHJlb· 

HO OTJIH'IaeTC.fl OT CTaH.o;apTHbiX, 'ITO oco6eHHO HenpHRTHO npH nepeXO· 

.o;e K KBaHTOBOH TOOpHH C B3aHMO,ll;eHCTBHeM. B CB.fi3H C 3THM Mbl 

npe.o;naraeM .o;pyron no.o;xo.o; K nocrpoeHmo TeopHH cao6o.o;HhiX penn
THBHCTCKHX 'laCT~, OCHOBaHHbiH Ha JIOKaJIH3ai:(HH O'leBH.o;HbiX KaHOHH· 

'leCKHX CHMMeTpHH JiarpaH:>KHaHa ( 1) . 
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Onpe,D;eJIHM KaHOHH'IecKHe HMDYJibCbl p,.,. = a L 0 I a q J1. H 3anmueM 

narpaH)KHaH (1) B BH,ZJ;e 

• 1 2 Lo= pq - -p 
2 

t . 1 2 1 . 
2(pq - pq) - 2p + 2(pq) • (2) 

C TO'IHOCTblO ,ZJ;O rpaHH'IHhiX YCJIOBHH1 KOTOpbie scer,ZJ;a n erKO BOCCTa

HOBHTb1 DOJIHyJO npOH3BO,ZJ;HyJO B npaBOH 'laCTH (2) MO)I(HO OT6pOCHTb. 

PaCCMOTpHM npeo6pa30BaHWI1 OTHOCHTeJibHO KOTOpbiX ,ZJ;eHCTBHe 

HHBapHaHTHo. KaK H3Becrno, HX MO)KHO npe,D;CTaBHTh B $op Me 

8p a a 
aq 

8q a a 
ap 

G G(p, q; a). (3) 

3,ZJ;ecb ai - HeKoTopbie napaMeTphi, KOTopbie cHa'lana npe,D;nonaraJOT

c.R He 3aBHC.fii.UHMH OT t . 11x 3aBHCHMOCTb OT t npHBe,ZJ;eT K Hapyme

HHJO HHBapHaHTHOCTH OTHOCHTeJibHO ( 3) , npH'IeM 

1 • aa 
cSL = -a 1(pa + qaq >--. 

o 2 P a ai 
(4) 

B 'laCTHOM CJIY'Iae O,D;HOpo,D;HbiX KaHOHH'IecKHX npeo6 pa30BaHHH, 

1 . . . 
OTHOCHTeJibHO KOTOpbiX HHBapHaHTHa H $opMa 2 (pq- pq), pa3Mep-

HOCTb G pasHa 2, TaK 'ITO 

pap G + qa q G = 2G, (5) 

Cocpe,D;OTO'IHMC.R Tenepb Ha JIHHeHHbiX npeo6pa30BaHH.RX. 0HH 

nopo)K,ZJ;alOTC.R KBa.n;paTH'IHOH no P H q <PYHKJ.UfeH G, ee o6~ii BH,ZJ; 

G 
1 1 
-a p2 + a2(pq) +-a q2 
2 1 2 3 (6) 

CooTBeTCTByJO~ee HH$HHHTe3HMaJihHoe KaHOHH'IecKoe n peo6pa3o

BaHHe ecTb 

8q (7) 
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EcnH nonO:>KHTb IJI T = (p, q), TO npeo6pa30BaiiHe (7) MO:lKHO 3anHcaTb 
B MaTpH'UiOM B~e 

-a2 -a a 
) . 8'1' = F'P, F 

al a2 
(8) 

3Aec& F - n poH3BOn&HaH aei.UecTaeHHaH 6eccne.n.oaa11 MaTpHua. TaKHe 
reHepaTophi nopo:>K.Z:UUOT rpynny SL(2, R) - SU(1, 1) . JlerKo a~eT&, 
'ITO narpaH:>KifaH L 0 HHBapHaHTeH nHlllb OTHOCHTeJibHO ee a6e.lleBOH 
no)];rpynllhi, onpe)];en.ReMOH ycnoaHeM 8p = 0, T.e. 

8p = 0, 8q = alp. (9) 

EcnH npe)];nono:>KHT&, 'ITO a 1 3aBHCHT oT t , To cornacHo ( 4) nonytrnM 

1. 2 
8Lo= "Fa 1P • ,llJI.R KOMneHCa.QHH :3TOH )];06aBKH BBe)];eM KOMneHCHpYJO-
I.Uee KaJIH6poaoqHoe none e 1• HOBhiH narpaH:>KHaH 

1 • • 1 2 
L 1 = - (pq - pq) - - e 1 P • 

2 2 (10) 

HHBapHaHTeH OTHOCHTeJibHO npeo6pa30BaHHH C npOH3BOnbHOH ~YHK
QHeH a l ( t ) , ecnH npH 3TOM 

ael = al. (11) 

Ilpo~eAype nepexo)];a oT narpaH:>KHaHa (1) K KanH6poao~o-HHBa
pHaHTHOMY narpaH:>KHaHy (10) nocpe)];CTBOM nOKaJIH3a.QHH npeo6pa-
30BaHH.II (9 ) MO:>KHO np~aTb COBepllleHHO CTaH)];apTHYJO ~OpMy, 

nepenHcaa KHHeT~ecKyro %CT& narpaH:>KHaHa L
0 

B a~e 

Lo _!_( 'I' Tia ~ 
4 2 dt 

T 
d'P . 'P) + .... __ 1a

2 dt 
(12) 

rAe a 2 - CTaHAapTHa.R MaTp~a IlaynH. TaK KaK reHepaTop npeo6pa-

30BaHH.R (9 ) eCTb MaTpHua F l = ala_ , r)];e a_ = ~ (a l - ia2 ) , TO BBO)];.II 

KaJIH6poaoqHoe none A = e 1a_ H "y)];JIHHRR" npOH3BOAHYIO B (12), 
nonyqHM KaJIH6poaoqHO-HHBapHaHTHhiH narpaH:>KHaH 

L = ~!'P Tia (-d-- A) 'I'- [(-d-- A)'P] T ia
2

'P I, 
1 4 2 dt dt 

(13) 
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cosna.n;ruomu:H c (10). Ka.n:H6poBOtiHhie npeo6pa30BaHHH Tenepb 

HMCJOT TaK:IKC CT~aprHbiH BH,D;, ,lVI.R JUfiiCHHLIX KaHOHHllecKHX npe

o6pa30BaHHH 'I''= U'l' HMeeM uTiu2 u = iu2. 0TCJO,IJ;a CJie,IJ;yeT, 'liTO 

JiarpaH:IKHaH (13) HHBapHaHTeH OTHOCHTeJibHO 3THX npeo 6pa30BaHHH, 

CCJIH 

A' = uAu-1 + uu-1. (14) 

B HaweM npocToM cnytme I<oHe'IHoe npeo6pa30BaHHe c osna.n;aeT c 

(9), H ero MaTpmzy U = U 1 nerKo HanHCaTb: 

-1 
U 1 = 1 - a1 "- • 

HeTpy,D;HO y6e,IJ;HTbC.R, 'liTO narpaH:~KHaH (11) ,IJ;aeT TeopHJO p en.aTHBHCT

CKo:H CKaJI.RpHOH tmCTJmbl C HyJICBOH MaCCOH. RerKO TaK:IKe nOH.RTb, 

'liTO npou;ecc JIOKaJIH3ai.J;HH rJio6aJibHbiX CHMMCTpHH B 3TOM CJiytiae 

MO:IKHO npO,ll;OJI)KHTb. }J;eP:CTBHTCJibHO, JiarpaH:IKHaH (10) HHBapHaH

TeH OTHOCHTCJibHO ei.I.J;e O,ll;HOH no,D;rpynnhi SL( 2, R) , CCJIH ,IJ;OnyCTHTb 

JUfHCHHOC npeo6pa30BaHHC KaJIH6pOBO'IHOrO "nOTCHI.J;HaJia" f 1 : 

(15) 

B 3TOM npeo6pa3osaHHH nerKo y3HaTb pacT.R:IKeHH.R, OTHOCHTeJibHO 

KOTOpbiX p, q H f1 HMeJOT COOTBeTCTBeHHO pa3MCpHOCTH -1, +1, +2. 
ROKaJIH3ai.J;H.fl 3TOrO npeo6pa30BaHH.fl npHBO,lJ;HT B HTore K TCOpHH 

C KaJIH6pOBO'IHbiM nOJICM 

KOTopoe npeo6pa3yeTc.a cornacHo npasHJiy (14) c MaTpHI.J;e:H 

RerKO HaHTH, 'liTO JiarpaH:IKHaH (13) CBO,ll;HTC.fl K 

1 . . 
-(pq - pq) 
2 

(16) 

(17) 

(18) 

KaK BH,D;HO H3 (17), 3Ta TeopH.R - Hea6enesa, npocTo npeo 6pa3yeTc.a 

JIHlllb KaJIH6pOBOliHbll nOTeHI.J;HaJI f 2 : 0 f 2 = a 2 , 
Hea6eneay KaJIH6poBO'IHyJO TCOpH!O (18) MO:IKHO K BaHTOBaTb 

CTaH,D;apTHbiMH MCTO,IJ;aMH. HaHOOJICe y,IJ;o6HO BOCnOJib30BaTbC.fl KBaH

TOBaHHCM a paclllHpeHHoM ¢a3oBoM npocTpaHCTBe 17 • 1 . BaH,D;y 

B03MO:IKHOCTH nO.RBJICHH.fl aHOMaJIHH, TaKaR TCOpH.R 3aCJIY:IKHBaeT 

OT,IJ;CJibHOro paCCMOTpCHH.fl. IJpe,D;JIO:IKCHHbiH nO,IJ;XO,lJ; MO:IKHO nOnhiTaTb-
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CR HCnOJib30BaTb ,D;JIR OnHCaHHR MaCCHBHblX KaJIH6poBOllilbiX qacnm; 
a TaK:>Ke ,n;JIR KaJIH6poBOtniOH <t>opMyJIHpoBKH peJIRTHBHCTCKOH 3a,D;atm 

,n;syx TeJI (HanpHMep, eCJIH ,n;o6aBHTb K (2) qJieH }kx~ MO:>KHO npHHTH 

K KaJIH6poBOtniOH TeOpHH peJIRTHBHCTCKOrO OCQHJIJIRTOpa, eCTecTBeH
HO o6o6IQaeMOH Ha cnyqaii ,n;syx qacTHQ) • TaK KaK HaiUa OCHOBHaR 
QeJib - CTpyHa, Mhl OCTaBJIReM 3TH B03MO:>KHOCTH B CTOpOHe. 

C<PopMynnpoBaHHbiH BhiWe no,n;xo,n; nerKo npuMeHHTh K TeopHH 
qacTHQ CO CnHHOM. llpocTeHwHH Jiarpa.IDKHaH HMeeT BH,D; 14• 6/ 

Lo 
1 . 
2(pq 

. 
pq) !_ t/i:P 

2 

1 
-p2 2 • (19) 

IJ. 
r,n;e t/f - rpaCCMaHOBbl nepeMeHHbie ( O,D;HOKOMnOHeHTHbie HJIH ,n;syx-
KOMnOHeHTHbie) • rpylll'fi,I JIHHeHHblX KaHOHHqecKHX npeo6pa30BaHHH 
B 3TOM CJiyqae eCTb 0Sp (1,1/2) *. noKaJIH3aQHR npeo6pa30BaHHH Bbl
noJIHReTCR TOtniO TaK :>Ke, KaK H B CJiyqae CKaJIRpHOH qaCTHQbi. Bse,n;eM 
11' T = (p,q, t/f ) HJIH 1p T, (p, q,t/f 1, t/f 2 ) H 3aMeHHM B (12) MaTpHey 
ia2 Ha MaTpHQY 

ia2 
r = < o 

0 

-il ) . 

llocTpoHB cy nepMaTpHQy npeo6pa30BaHHH CHMMeTpHH Jiarpa.IDKHaHa 
(19) H :Bse.n;n cooTB'eTCTBYJOIQee Kann6posotmoe none A, Mo:>KHo 
noJiytniTI> cynepKann6posotmo-HHsapHaHTHbiH narpaH:>KHaH ( 13) . 
B npocTeiiweM cnyqae, Kor.n;a t/1 - o.n;HoKoMnOHeHTHaR rpaccMaaosa 
nepeMeHHan, HaxO,D;HM JiarpaH:>KHaH, nOCTYJIHpoBaHHbiH B 14• 6.1 : 

L1 
1 • . 
-(pq - pq) 
2 

i . 1 2 i ·'·) - t/!t/1 - - e P - - x (P 't' , 
2 2 2 

(20) 

r,n;e X - r paccMaaosa qacn KaJIH6posotmoro nonn. A.Hanorutmo 
CTpoHTCR H 6onee o6IQaR cynepKann6posotman TeopHR ,n;nn .nsyx
KOMnoHeHTHbiX rpaCCMaHOBbiX BeJIHqUH t/ff:LBoJiee no,npo6Hoe o6cy:>K-

* AAze6pa 3TOU zpynnbl uzpaer 'lpe3ewmuno BrDICHYIO pollb e HOBbiX KOH-
crpyKijUHX nepexooa or reopuu 'laCTUI4 K reopuu no.rm, pa:JeueaeMbiX e pa6o
rax 19 • 10 ~ OonaKo npoucxoxoenue u c.MbiC/1 Jrou Mze6pb1, no-euaUMoMy, 
U.Me/OT UHY/0 npupoay, He C6Jl3QHHYIO HenocpeOCT6eHHO C KaHOHU'IeCKUM npeo6pa-
306QHUeM. 
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,n;eHHe B03HHKaJOI.UHX 3,D;ecb HOBbiX B03MO)I(HOCTeH H <PopMyJIHpoBKa 
KBaHTOBOH TeOpHH 6y,n;yT ony6JIHKOBaHbi OT,D;eJibHO. 3,n;ech OTMeTHM, 
'ITO npe,n;JIO)l(eHHhiH no,n;xo,n; MO)l(HO npHMeHHTb K TOOpHH 6o30HHOH 
H <PepMHOHHOH CTpyHhr. B nepaoM cnyt~ae narpaH)l(HaH o6bitiHOH 
cTpyHbr ,Z::{' A.naM6epa nocne noKanH3auHH JIHHeHHbiX KaHOHHtiecKHx 
npeo6pa30BaHHH ,n;aeT CTaH,D;apTHYJO KaJIH6poBOtiHYlO TeopHIO penRTH
BHCTCKOH cTpyHbr 16 • 111 . BepoRTHo, 6onee no.n;po6Hbm aHaJIH3 no3ao
JIHT rny6)l(e llOH.fiTb npoHCXO)l(,D;eHHe ae:HJieBOH CHMMeTpHH 3TOH Teo
pHH (B HallleH <t>opMyJIHpOBKe TeOpHH peJIRTHBHCTCKOH tiaCTlfi~I 

ae:Hneaa CHMMeTpHR (15) TaK)l(e 6bma nonyt~eHa n o KaJIH3auueii 
KaHOHHtieCKHX npeo6pa30BaHHH). HaKoHeu, RBHaR Kanu6poaotiHo
HHBapHaHTHaR TOOpHR peJIRTHBHCTCKOH tiaCTHIU>I MO)l(eT OKa3aTbC.fi 
llOJie3HOH ,D;JI.fl o6Hap~eHH.fi HOBbiX CB.fi3eH Me)l(,D;y "nepBH'IHO" H 
"aToputiHo" KBaHTOBaHHhiMH TeopHRMH tiaCTHIU>I H crpyHhJ. 

3a noJie3Hhre o6c~,n;eHHR H 3aMetiaHHR aaTop 6naro.n;apeH 
A.n.Hcaeay H n.TayHCeH.n;y. 
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INFRARED SINGULARITIES OF FERMION PROPAGATOR 
AND THEIR CONNECTION WITH THE WILSON LOOP 

A.N.Sissakian, N.B.Skachkov, I.L.Solovtsov 1 , 

0. Yu.Shevchenko 2 

The factorization of infrared singularities of gauge-invariant spinor 
propagator is proved in the framework of QED. It turns out that this 
infrared factor coincides with the Wilson loop and accumulates all 
the dependence on the form of the path of the initial Green function. 

The investigation has been performed at the Laboratory of 
Theoretical Physics, JINR. 

11H<PpaKpacHbre oco6eHHOCTM <t>epMMOHHoro nponaraTopa 
M MX CBH3b C neTneif· BMJibCOHa 

A.H.CHcaKJIH, H.E.CKa'IKOB, M.n.ConoBUOB, O.IO.IIIeB'IeHKo 

IloKaJaHa <PaKropH3aUWI HH<l>paKpacHbiX oco6eHHocreil KanH6po
BO'IHO·HHBapHaHmoro crrHHopHoro rrporrararopa B K3ll. YcraHOBne
HO, 'ITO rrpH 3TOM HH<l>paKpaCHbiH MHOlKHTeJib COBIT3Aaer C rrerneif 
BHJibCOHa H aKKYMYJIHpyer BCIO 3aBHCHMOCTb OT KOHrypa HCXO):UIOH 
<i>yHI<UHH fpHHa. • 

Pa6ora BbiiTOJIHeHa B na6oparopHH reoperH'IeCKOH <l>H3HKH OMHM. 

The present work is devotad to the study of infrared asymptotics 
of a gauge-invariant (GI) spinor Green function. The interest in this 
problem comes from the hope that the problem of quark confinement 
in the framework of QCD can be solved in this way (see, for instan
ce 11·4 1, and the references, therein). Usually the standard fermion 
propagator < 0 I T l/t(x) tf(y) I 0> is studied that, as it is well-known 151 , 

is a gauge-dependent quantity. Thus, as it is shown, for example, in 161, 

the infrared asymptotics of such a propagator is defined by the vacuum 
average of the path-exponential along the unclosed path. 
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At the same time it is known that the infrared behaviour of the 
complete fermion propagator essentially depends on the gauge choice. 
Thus, for example, in the Abelian case in the class of covariant a-gauges 
the fermion propagator has a branch point at p2oo;m2, which only at aos3 
(Soloviev-Y ennie gauge) leads to a pole singularity of the propagator. 
That is why one can conclude that a consistent study of the gauge
theories should be done on the basis of the gauge-independent quantities. 
In particular, instead of the standard spin or propagator one can consider 
a gauge-invariant Green function* 

y -
G01 (x,y JC) =-<O ITt/J(x)Pexp{-ie JdzllAIL(z)lt/J(y) IO>. (1) 

X 

In contradistinction with the standard propagator the Green func
tion (1) contains the exponential with the path integral taken over the 
gauge field along an arbitrary path C that connects the points x andy. 
Our aim consists in studing the infrared behaviour of the path-dependent 
gauge-invariant propagator (1). 

Let us use the representation (1) in a form of the functional integral 
over the spinor and vector fields 

G(x,y!C)= 

- y -
= - I D [ t/1 , t/1) · DA · t/J(x) P exp {- ie I dz I-LA ll ( z) l t/1 (y) . 

X 

(2) 

Here the integration measure over the gauge field DA includes some 
gauge condition 

DA = DA · 8[ f(A)) (3) 

the explicit form of which due to the gauge independence of (1) is not 
essential. Performing in (2) the integration over the fermionic fields 
we get (with f(A) = allA/l(x)) 

det[!'D/l-m) 
G(x,yJC) =fDA·B(allA/l). x 

det[ y lliJ/l -m) 

y /l 
x exp[-S (A)) ·G(x,y JA)·exp[-ie I dz A/l{z)), 

0 X 

*We consider QED in Euclidean space-time . · 

(4) 
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where S0 [ A] is the Euclidean action of the free electromagnetic field 

S0 [A] = {- J d 4x F llll (x) F llll (x) ; D IL c: all + ie All , i.e., is a covariant 

derivative, and G(x , YIA) is the Green function of the electron in an 
external field All , which satisfies the equation 

[D1 -m]G(x,y i A) =8(x-y). 

In what follows we shall represent the field All in accordance 
with 111 as a sum of slowly and rapidly varying comf,onents A<,J> and 
A(~) • Then in ( 5) we shall make use of the formula 1 1 

G(x, y I A (O) + A (1)) :: G(x,y lA (1
)) • exp[ ie f dzll A~) (z)], (5) 

:1. 

that is valid in the infrared limit. The integration in (5) is performed 
along the piece of the straight line ll that connects the points x andy: 

fl: Z ll = X ll + S (y - X) ll , 0 5- S S 1 , (6) 

" 
With account of formula ( 5) and the approximate ralation det [ D - m] x 

X det - 1 
( a -m] .:: 1, that holds for the infrared limit, it is ~Ot difficult 

to show that the propagator ( 4) can be represented as a product of two 
factors 

G 01 (x, Y IC ) = J uv. J IR • 
(7) 

Here the first factor J u v (UV -ultraviolet) is the quantum Green function 
obtained only with account of the rapidly varying field A~) • The se
cond factor J IR (IR - infrared) is obtained with account of slowly va
rying component A(~) only. It reflects the interaction with the soft 
photons and thus contains the infrared singularities. This factor has 
the form 

IR · (0) . 11 (0) 
J = ( DA · exp[ -1e t dz A

11 
(z)], (8) 

where ~ dz ll A(~\z) is the integral over the ~ (in the contradis
L 

tinction with 161
) path L = C + n of the form 

+ [ = fi 
y y 

L = C + ll = 

X 

} 
y 
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It is not difficult to see that the expression (11) is nothing but the 
Wilson loop J IR = W(L), where 

W(L) = <01 T exp{-ie 9 ru/'.A(~)(z) II 0>. 
L 

(9) 

Thus, we have arrived to an interesting conclusion that all the properties 
of the infrared behaviour of the gauge-invariant propagator (1) are 
accumulated in the Wilson loop (9). 

Let us consider, as an example, a particular choice of the path C as 
the piece of the straight line from the point x up to the point y * . 
With such a choice of the path the propagator (1) takes the form 

a 01
(x,yiC=ll) =-<O ITt/J(x) X 

1 v -
x exp[ie fda(y-x) Av(X+a(y-x))]· t/J(y) IO > , (10) 

0 

where the integration in the exponential is performed along t e piece of 
the straight line C = nxy of form (6). It is clear that ~n this case 

y X 

~ dz JJ. AJJ. (z) = J dz!J. A JJ. (z) + f dz!J. • AIJ. (z) = 0 
L X y 

so J IR= 1. Thus, additional infrared singularities (like a branch point) 
that appear due to the interaction with the "soft" photons do not 
appear here, and the Fourier transform of the propagator G01(x, y IC ='n) 

in the infrared limit has a simple pole 0 01 (pIC = ll) ~ J.-. This result 
p+m 

exactly agrees with that of the calculation of the infrared asymptotics of 
the propagator (1) done in / 8/. 
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THE LORENTS CONDITION AS A SECONDARY GAUGE 
CONDITION AND ITS APPLICATION 
FOR THE FIELD QUANTIZATION 

N.B.Skachkov, O.Yu.Shevchenko* 

The quantization of a free electromagnetic field is perfom1ed by 
using a secondary gauge condition. It is proved that in contrast with 
the standard approach the generating functional of the Green f nction 
must contain two 8 -functions with the gauge conditions un er the 
sign of the functional integration in configurational space. 

The investigation has been performed at the Laboratory of Theo
retical Physics, JINR. 

YcJIOBHe nopenua KaK BTOpHllHOe KaJIH6pOBOllHOe ycJIOBHe 
H ero HCDOJlb30BaHHe npH KBaHTOBaHHH DOJleH 

H.B.CKa'IKoB, O.IO.IIIeB'IeHKo"' 

OcymecTBJieHo KBaHTOBaHHe cuo6o~n~oro JneKTpoMarHHTHor nonH 
C y'leTOM BTOpH'IHOfO KanH6poBO'IHOfO ycnOBHH. lloKaJaHO, 'ITO , BOT· 
nH'IHe oT cTaHAapTHoro nonx.ona, npoHJBonHmHii <ilYHKUHOHan <ilYHK· 
uHH fpHHa ,JJ,On)l(eH CO,JJ,ep)I(3Th llO,!J, 3HaKOM <l!YHJ<UHOHanbHOfO HHTer
pana B KOH<l!HfYpaUHOHHOM npOCTpaHCTBe ,JJ,Be 8 ·<l!YHKUHH C KanH6po
BO'IHbiMH ycnOBHHMH. 3TO llpHBO,IJ,HT K cymeCTBeHHOif MOAH<l!HKllUHH 
CTaHAapTHOH ,JJ,HarpaMMHOH TeXHHKH. 

Pa6oTa BbinOnHeHa B naoopaTOpHH TeopeTH'IeCKOH <l!H3HKH 0 11.HI1. 

In our previous work 111 a general theorem was proved t at claims 
that Yang-Mills field All, after imposing on it an arbitrary gauge condi
tion <I> (A)= 0, does satisfy one more complementary condit ion. This 
condition in QED has the form ** 

all All (x) = 0. (1) 

* Saratov State University. 
** Condition ( 1) holds for a free electromagnetic field that is just quanti-

zed in the framework of the perturbation theory. At the presence of the interac
tion the spinor current enters into the right-hand side of the secondary gauge condi

tion fD (see 1 ). In a non-Abelian case ( 1) is substituted by the condition if All = 0, 
were a

11 
is the Mandelstam derivative. 
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Due to the fact that the relation (1) has been derived allowing for 
the primary gauge condition Ill (A) = 0 together with the equation 
of motion it has the sense of the secondary constraint and therefore 
is named by us as the secondary gauge condition. (Let us remind that 
the secondary constraints by definition 121 are obtained from the pri
mary ones taking account of the equations of motion). 

The proof of this general theorem, in 111 is based on the existen
ce of the conditions of field decreasing at infinity that have the from 

1 
Ail (x) - ~+€ 

I X 1--00 

x = V x2 - i2 
0 

0 < ( ~ 1, (2) 

and that are necessary for combining the requirement of the finite 
of action with the possibility of using the integration by parts, that 
is in turn necessary for constructing the perturbation theory. 

In 111 we have performed a modification of the known methods 
of the vector field quantization: the Dirac - Bergmann method and 
the method of the operator quantization by including the secondary 
gauge condition (1) into the system of constraints. But the most rigo
rous quantization method is that of the quantization by a functional 
integral starting directly from the phase space. In the present paper 
we shall perform such a quantization taking account of the secondary 
gauge co!ldition (1). ~bile doing this the difference between our appro
ach and Faddeev - Popov method would become clear. It consists, 
as it will be shown below, in consistency of our quantization proce
dure by functional method with the physicas condition on the gauge 
field asympt otics. 

Let us perform the quantization procedure for the free electro
magnetic field with the Lagrangian density 

/ 

f (X) = - _!_ FfW ( x) F (X) 
4 fW 

( F11v = a 
11 

A v - a v A 
11 

) • 

The corresponding density of the canonical Hamiltonian has the form 

H(x) = _!_Fii(x)F .. (x) _ _!_"i(x)" (x) -A (x)ai"
1
. (x), 

4 lJ 2 1 0 (3) 

where "ll (x) = af (x) /a A11 (x) is the canonical momentum. In accor
dance with the general quantization procedure for the constrained sys-

18 



tems 13-5 / we have the following espression for the matrix element 
of the S-matrix in the extended phase space r * : 

x 5 ( x 
1 

(A, IT ) ) 5 ( x
2 

(A, IT)) • det II q, . , x . II . . _ 
1 2 

x 
1 J 1,J - • 

(4) 

where ¢> 1 = IT 0 is the primary constraint, ¢> 2 = a i IT i is the secondary 
constraint and X h x2 are additional gauge conditions that satisfy the 
relations lx 1 , x2 1 =0, det II l/>i, x J II -# 0. 

Let us consider for example the case when the field All obeys 
the temporal gauge condition x 1 = Aa (as the primary gauge condi
tion). Then, due to the general theorem 111 the field Ap. as to obey, 
on the equations of motion, at the same time the secondary gauge 
condition (1) that in this particular case, due to the conservation of 
the condition X 1 = A0 in time, takes the form of the Coulomb condi
tion X 2= all All= a i A i . Thus, the system of the second class constra
ints has the form ** 

q, = IT "' o - primary constraint; x = A .. 0- primary gauge ( 5) 
1 0 1 0 

condition; 

¢>2= ai ITi"' o-secondary 
constraint; 

X = aiA. "' a-secondary 
2 1 dit' gauge con Ion, 

(6) 

that formally does not differ from an analogous system of constraints 
used in the framework of the standard approach~ 4, 5 / for the case 
of the so-called "radiational gauge"(A 0 = 0, divA = 0). But there 
exists an essential difference between our and the standard approa
ches. Firstly, in the standard spproach one has to use the re idual gauge 
arbitrariness to complete the primary condition A

0
= 0 by the condi

tion divA= 0. As it has been shown by us in 111 
, the residual gauge arbi

trarin~ in the gauge A
0 

= 0 is not compatible with the physical boun-

* As usually the sing "- " means the definition up to the normalization fac
tor that in the general case may appear to be an infinite constant. 

** The sing ", " means the equivalence to zero in a weak sense, i.e. after 
opening the Poisson brackets 1 2~ 
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dary conditions (2). There it has been also shown that the condition 
a 1 A 'f = 0 is the sequence of the imposing of uniqually achieved gauge 
condition' 11 A o= 0, on the field A,.,_ and the Maxwell equations only 

T . T T f -+) • (Ap.=Ap.+ap. A (A,x)),where A (A,X)=_ da.A0 (X0 +a,x lS the 
projector on the gauge A~= 0. The residual' gauge arbitrariness is com
pletely absent in this case. 

The next important fact follows from this circumstance: the condi
tion x2 = ai Ai"' 0 is the on~y possible condition that completes the 
system ¢ 1= "o"' 0, ¢ 2 =a 117i=0, x1=A 0 ,.0uptothesystemofthe 
second class constraints. 

Taking into account (6) and combining the constant det II ¢i (t, x), 
¢ j ( t. Y ) II i . = 1 2 = det II 8 .. V 2 8 (i - y ) II with the normalization 
factor, we s'&all'obtain insillad of (4) the relation 

<out I s I in > - f D AIJ. D 17 IJ • 8 ( 17 ) • 8 (a i 17 . ) 8 (A ) X 
r 0 1 0 

x 8(aiAi ) .expi[77iAi- H
0
(A,77)], 

(7) 

Formula (7) itself does not lead to physical consequences. In order to 
develop the diagram technique, one has to pass to the configurational 
space performing the integration over the canonical momenta 17 • Just at 
this principal step there appears the main difference between our app
roach and the standard method 131

• 

Let us remind that in the standard approach the integrals over 170 and 
A

0 
are e~ily taken ~th the help of 8( 17 0 ) and 8(A 0 ) functions and then 

the measure UDAi is reconstructed up to the complete integration measure 
II D .1\,with thk help of the integral representation of 8(a i 17.): 8( a 1". ) = 
1J. r 1 1 

= fDVexp[ifd4 xV(x)ai17i]. Thus as a result of the Gauss integration 
over 17 , one obtains in the standard approach the following formula: 

' 4 1 IJ.V < out\S\in > -fllDA ·8(a 1 A.)exp[ifd x(--F (x)F (x})], 
. IJ. IJ. 1 4 IJ.V 

(8) 

where A0 is chosen to be A 
0 
= V. 

We consider this prescription to be logically inconsistent because it 
is based on the substitution of the truly dynamical variable A 0 (that is 
canonically conjugated to the momentum 17 0 and satisfies the physical 
boundary condition (1)) by the completely arbitrary function V . It leads 
to the necessity of the correct account of the Gauss law while integration 
over the canonical momenta. For this purpose we shall use the well-known 
integral representation for the functional 8-function 
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8(f[A]) = ll 8(f[A(x)]) = lim ll 1 exp(-~{f[A(x)]1 2 ) _(9) 
x a-+o x \'/_~ifra 2a 

-lim e:xp(-_!_fd 4x{f[A(x)]l 2). 
a-+o 2a . 

Mter performing in (7) the integration over "o and using the repre
sentation (9) for 8(a i"i ) let us perform the Gauss integration over 
~ . We obtain as a result 

< out I Sl in > - Jll DA/l8(A 0 ) 8(ai A 1) x 
ll 

(10) 

1 IJjl i 4 4 ° . • . 
X e:xp[-i r d 4x-F,v (x)F ' (x)]e:xp[--fd xd yA1 (x)K .. (x - y)AJ (y)]~ 

. 4 ,.. 2 . lJ 

where the Fourier transform K ij (p) of the kernel K iJ ( x - y) of the 
quadratic form is · · 

- -+ pipj 
K .. (P) = 8 .. ---. 

lJ lJ p 2 
(11) 

Due to the condition a i A i = 0 and the boundary conditions (2), the 
second term in the right-hand side of (11) gives the zero contribution 
to (10). Taking account of this circumstance and the fact that due 
to the co~dition A0 = 0 (that must hold at any world point) the next 
relation a 1 A 

0 
= 0 takes place, we obtain the next final expression 

In (12) in contrast with the standard relation (8) two 8 -functi
ons 8(A0 ) and B(ai Ai) are put together under the integration sign, 
which leads to the principle difference of the diagram technical appear
ing in our approach from the standard one. Really, due to (12) the 
generation functional of the photon Green functions (that are free 
in the limit of the sources Jll-+ 0) would have the form 
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x e~p 1i f d 4x [ _.!.. FID' (x) F (x) + J~-' (x) A (x)], 
4 Ill' p. 

(13) 

where we have introduced the vector n = (1,0,0,0) to give a covariant 
form for the formula. With the help of representation (9) for the func
tional 8 -fanctions B(nP. AP.) and S(aP. AP.) we get in a usual way* 161 

G[ J] = 8JP [ -..!.. fd4 xd 4yJ~-'(x)Atr (x-y)J" (y)], (14) 
- 2 ID' 

tr 
where the Fourier transform of the propagator AID' (x) has the form 

-tr 1 n2 pp.pv,...(np)(np.Pv+DvPp.)+p2 np.nv 
AID' (p) =- - {gill' + I, 

p 2 (np)2 _ p2n2 

that coincides with the propagator obtained by us earlier in IV by 
the method of the operator quantization. But the method of the quanti
zation, given in this article, is the most rigorous because it starts di
rectly from the physical phase spaee. So, here a rigorous justification 
of the new approach 11 1 to the quantization qf gauge fields is given. 

Our next publications would be devoW<t to the application of 
the propagators obtained in this approach and to the generalization 
of the method to the non-Abelian case. 
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YTOqHEHME YPOBHE:A 3HEPnm: 
CJIABOCBH3AHHbiX BP AIUATEJihHO-KOJIEBATEJihHbiX 
COCTOHHH:A ME30MOJIEKYJI ddiL M d~ 

C.M.BHHHUKHU, B.M.Kopo6os, M.B.Tiy3hiHHH 

BbiiiOmieHbi yro'IHeHHble aapHaiJ,HOHHbie pac'leTbi ypoaHeii: :meprHH 
E 11 CJia60CB.II3aHHbiX BpamaTeJibHO-KOJie6aTeJibHbiX COCTO.IIHHH (J = 1, 
v = 1) MeJoMOJieKyn ddiL H d~. HcnoJib30BaHbi 6onbwee 1JHCJIO (Ao 
2000) 6aJHCHbiX <llfHKII,Hii:, nyqwee pacnpe~J;eneHHe CTeneHeii: HeJaaH
CHMbiX nepeMeHHbiX, yro'IHeHHble JHa'leHH.II HeJIHHeii:Hbix napaMeTpoB, 
a Tin<)l(e OOJiee TO'IHOe 3Ha'leHHe MaCChi MIOOHa. IJOJI}"'eHbl CJie)];yiO
IUHe JKCTpanoJIHpoBaHHbie pe3yJibTaTbi: - t 11(ddiL) = {1,9750 ± 
±0,0002) JB H -( 11 (d~) = {0,6604 ± 0,0002) 3B. 

Pa6oTa BbmonHeHa B Jia6opaTopHH Bbi1JHCJIHTeJibHoii: TeXHHKH H 
aaToMaTHJaiJ,HH OHHH. 

More A ccurate Calculation of the Energy Levels 
of Weakly Bound Rotation-Vibrational States 
of Mesic Molecules ddiL and dtiL 

S.I. Vinitsky, V.I.Korobov, I.V.Puzynin 

More accurate variational calculations are performed for energy 
levels· E 11 of weakly 'bound rotation'vibrational states ( J = 1 and v = 1) 
of mesic molecules ddll and d~. To this end, use has been made of 
a great number (up to 2000) of basis functions, a better distribution 
of powers of independent variables, more accurate values of nonlinear 
parameters, and of a more accurate value of the muon mass. The results 
of extrapolation are as follows: -E11 (ddll) = {1,9750±0,0002) eV, 
-E 11 (dilL)= (0,6604 ±0,0002) eV. 

The investigation has been performed at the Laboratory of Compu
ting Techniques and Automation, JINR. 

B Haw eli npeJJ.bl,lzyiUeii pa6oTe I 1/ 6Lma paaBHTa sapHauHoHHaR 
CXeMa paC'IeTa 3HeprHH CB.fi3H CHCTeMbl TpeX K}'nOHOBCKHX 'laCTHU 
C 6a3HCHbiMH cpyHKUH.fiMH MoneKyn.RpHoro THna B ccpepoH)J.anbHOH 
CHCTeMe KOOp)J.HHaT. C ee nOMOIUbiO 6biDH npOBe)J,eHbl sapHauHOHHbie 
pac'leTLI H nony'leHLI cne)J.yiOIUHe oueHKH )J.n.fl yposHeii 3HeprHH Me3o
MoneKyn ddiL H d~: -f l1 (ddiL) = ( 1,9749 ± 0,0002) 3B H 
-( 11 (d~) = (0,663 ± 0,002) 3B. OTMeTHM, 'ITO, HecMoTp.R Ha To, 
'ITO s pac'leTe An.fl Me3oMoneKynhi dtiL HcnonL3osanocL AO 1500 
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onopHbiX ¢lyHKQHH, Ka'llecTBO pac'lleTa H TO'IIHOCTb 3KCTpallOJIHpO

BaHHOro pe3yJibTaTa yCTynaiOT Bhi'IIHCJieHHRM, BhinoJIHeHHhiM AJI.II 

Me30MOJieKyJihi dd~-t. 3TO c6J..RCH.IIeTC.II npe)K.IJ;e BCero (g, U) aCHMMeT

pHeH Me30MOJieKyJihi d~ H CJIO:>KHOCTbiO ee yt~eTa. ,lVI.11 nOBhiWeHH.II 

Ka'lleCTBa paC'IIeTa Tpe6yeTC.II HaUTH OllTHMaJibHhie pac npe.n;eJieHHR 

CTeneHeu He3asHCHMbiX nepeMeHHbiX e' ., ' R B Ka)K.IJ;OM Ha 6ope onop

HhiX ¢JYHKQHH. KpoMe Toro, 3HeprHR CB.II3H dt~-t B TpH p a3a MeHbWe, 

'lleM dd~-t, T.e. 3Ha'IIHTeJibHO 6JIIDKe K rpaHHue KOHTHHyyMa , a 3TO Tpe-

6yeT TaK:lKe 6onee TIUaTeJibHoro no.n;6opa HemmeH8biX napaMeTpoB 

B BapHaQHOHHOH BOJIHOBOH ¢lYHKUHH. ,lVI.R npoBe.n;eHHR o6pa6oTKH 

nOCJie.D;HHX 3KCnepHMeHTOB no MIOOHHOMY KaTaJIH3Y / 2 / Heo6XO.D;HMO 

ynyt~wHTb TO'IIHOCTb pact~eTOB .n;n.11 Me3oMoneeyJihi d~ • 
B COOTBeTCTBHH C BhiWeH3JIO:lKeHHbiM HaMH BhlllOJIHeHa CJie.D;yiD

IUa.ll MOAH¢JHKaQH.II BapHauHOHHOH CXeMhi I 11 AJI.II Me30 MOJieeyJihi 

dtt.t: 
1. HaH.n;eHhi ny'IIWHe pacnpe.n;eneHH.R cTeneHen He3aBHCHMhiX 

nepeMeHHhiX e • ., • R H ~leJIHHeHHhiX napaMeTpOB B Bap HaQHOHHbiX 

¢lYHKUH.IIX (eM. Ta6n. 1). 3To no3BOJIHJIO YJIY'IIIIIHTh Kat~ecmo BapHa

QHOHHhiX pact~eTOB B CMbiCJie .D;OCTH:lKeHH.II 6onee rny6oK OrO MHHH

MyMa BapHauHOHHOrO ¢lyHKQHOHaJia Ha MeHbWeM 'IIHCJie 6a3HCHbiX 

¢lYHKQHH. 

2. 11poBe.n;eHa MOAH¢lHKauHR nporpaMMbi, n03BOJIHBW a.ll yBeJIH

'IIHTb 'IIHCJIO onopHbiX ¢lyHKQHH B npe.n;eJibHOM paC'IIeTe AO 2000. 
AHanH3 npe:lKHHx pact~eToB / 1/ .n;n.11 Me3oMoneKyJihi d~ c 3KCTpa-

noJI.RUHOHHOH ¢lopMyJIOH . 

(1) 

npHH.IITOH B BapHaQHOHHbiX paC'IIeTax, nOKa3aJI, 'liTO CXO.D;HMOCTb no 

'IIHCJIY onopHhiX ¢lYHKQHH 6JIH3Ka K KBa.D;paTH'IIHOH, T.e. a"' 2. 3To 

CBH.n;eTeJibCTByeT o xopoweM Ka'lleCTBe .n;rumoro pact~eTa H nonyt~eHHon 

Ta6nuija 1 
3HalleHWl HenuHeUHblX napaMeTpo6 eapuaijUOHHOU rjjyH'K ijUU dt,.t 
(ucnonb306an_acb cneo~10Ula.R CUC!eMa eOUHUij: e = h = mfl,l = 1 

m fl.! = M t m ll I (M t + m ~-' ) ) * 

p {32 Yo .. 
d~ g 2,3339 0,6976 0,0005 0,5200 2,0295 0,7103 0,0051 0,6088 

u 1,2177 0,4313 0,0005 0,4313 1,8365 0,6596 0,0507 0,5074 
.; 

* 3Ha'lleHH.R MaCChi MIOOHa ffi IL = 206,7686 m ~ 3Ha'lleHHe MaCChi 

TpHToHa Mt=5496,918m8 l S I_ 
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Ta6nuija 2 
CxoOUMOCTb 3Hepzuu ceR3U -lll 

OnR Me3oMone"Kynbl dd,.L (e aB) 

( ) / 1/ -£·11 (n) 
i nt 

-tu nt 

mtL = 206,769 me miL = 206,7686m e 

1 304 1,96933 1,96941 
2 449 1,97274 1,97~84 
3 607 1,97368 1,97379 
4 819 1,97431 1,97442 
5 1286 1,97465 1,97475 * 

"" 1,9749 ± 0,0002 1,9750 ± 0,0002 

*3Haq eHHe 6Lmo nonyqeHo c noMomJ>IO npe,D;bi)J.ymero pacqera 

C yqeTOM DODpaBKH Ha HOBYIO Macey MIOOHa m . 3HaqeHHe MaCChi 

,D;eihpoHa M d= 3670,481 me, R Y =13,605804 3B I S/ . 

3KCTpanOJI111UfOHHOH oQeHKH. OAHaKo a 3THX pacqeTax HCDOJih3oaa

JIOCb OKpyr JieHHoe 3HaqeHHe MaCChi MIOOHa miL= 206,769 me' TO~OCTh 
3aAaHHR K OToporo CODOCTaBHMa C OQeHKOH TO~OCTH 3KCTpanOJIHpo

BaHHOrO 3Ha qeHHR lll (ddtt) • 
IlpeACTaBJIReT HHTepec Y3HaTL, HaCKOJILKo H3MeHHTCR 3Haqe

HHe 3HeprHH CBR3H ddtt npH HCDOJib30BaHHH MaCChi MIOOHa C 60JiblllHM 

qJiCJIOM 3Ha KoB ffitt = 206,7686m e /a /. Pe3yJihTaTbi TaKoro HCCJie,D;oaa

HHR npliBe,D;eHbi B Ta6JI. 2. 113 Ta6JIHQbi BHAHO, qTO 3HaqeHHR ypOBHeH 

3HeprHH, B b iqHcneHHhie npH pa3HbiX Maccax m /.1. H iii/.1. AJIR n = 304, 
449, 607, 819, OTJIHqaiQTCR Ha BeJIHqJiHY -10 - 4 3B, H 3TO OTJIHqJie 

npaKTHqecK H He 3aBHCHT oT n • l1o3TOMY Mbi He npoaoAHJIH TPYAOeM

KHH pacqeT C n =1286, a BBeJIH Heo6XO,ll;HMyiO DODpaBKY B 3HaqeHHe 

3HepmH t 11 ( 1286) , BbiqJiCJieHHoe npH npe)IQ{eM mil. TaKHM o6pa3oM, 

DOrpelllHOCTb B BbiqJiCJieHHOM 3HaqeHHH -£ 1l 3HeprHH CBR3H ddj.L Cpaa

HHMa C H3BecTHOH Ha cero,D;HRlllHHH ,D;eHb TO~OCTbiO Mace qaCTHQ. 

B Ta6n . 3 npHBe,D;eHhi pe3yJILTaThi yTo~eHHbiX pacqeToB 3HeprHH 

CBR3H -£ l1 Me30MOJieKyJibi dt/l. B HeH :>Ke AJIR CpaBHeHHR ,D;aHbi 

3HaqeHHR 3HeprHH, nonyqeHHbie paHee / 1 ( CpaaHeHHe noKa3hmaeT, 

~0 HOBbie pe3yJihTaTbi RBJIRIOTCR JiyqlllHMH, B CMbiCJie ,ll;OCTH:>KeHHR 

6onee rny6 oKoro MHHHMyMa aapHaQHOHHOro ¢>YHKQHOHana. 3KCTpa

DOJIHpOBaHHOe 3HaqeHHe £11 ,ll;JIR HOBOH MaCChi MIOOHa ffi/l 6biJIO Hali,D;e

HO H3 yCJIOB HR MHHHMyMa ¢>YHKQHOHana 

m 
<l>(t11'C,a) = !. [£11(nt) -£11 -cn:-a]2 / (f3n-12), 

1 = 1 1 

(2) 
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Ta6nut~a 3 
3HalleHUR 3Hep2UU C6Jl3U -£11(38) 

0/lJl Me30MO/leKy/lbl dtl.£ 

n -E'u (n) / 1/ -c 11 (n) -E' 11 (n, a ,C ,£11 (oo)) tJ. 

542 0,65114 0,65085 0,00029 
568 0,64772 
596 0,65223 0,65245 -0,00022 
844 0,65228 
927 0 ,65691 0,65702 -0,00011 
982 0,65371 

1483 0,65889 0,65903 -0,00014 
1495 0,65889 
1513 0,65923 0,65908 0,00015 
2084 0,65968 0,65969 -0,00001 

00 0,663 ± 0,002 0 ,6604 ± 0,0002 

r.n.e ffi - llHCJIO cepHH, {3 - HOpMHpOBOllHhiH MHO)KHTeJib. 3 TOT <f>yHK

UHOHaJI COOTBeTCTByeT 3KCTpanOJIHQHOHHOH <f>op~yJie (1) , njm 3TOM 

3HatieHHe noKa3aTeJIH a "' 2. 

- £,,1.~1 
0,6600 

95 
90 
85 
80 

0,6575 

70 
6 

' J 
I 

'- I 

I 

0,6500 I 

95 

90 
85 I 

80f' 
0 6475 

500 

I 
I 

I 
I 

i 

1000 

dt}J ( J=1, U=1) 

1500 2000 n 

,[LITH HarJI.fi,IJ,HOCTH 3TH pe-

3YJibTaTbl npe.n.cTaaneHbi Ha 

rpa<f>HKe (eM. p Hc.). Teo-

peTHtieCKaH KpHB aH (1) 
ilpoae.n.eHa TaK)Ke npH 

3HatieHH.fiX napaMeTpOB E' 1l , 

C H a , Ha:H:.n.eHHhiX H3 ycno

BHH MHHHMyMa <f>yHKUHOHa

Jia (2) . BbitiHCJieHH hie TOtiKH 

XOpOlllO JIO)KaTC.fi Ha 3TY KpH

BylO . TeM caMbi Mbi .n.o

CTHrJIH TaKoro )I( KatieCTBa 

aapHaQHOHHoro pac tieTa, K a K 

B M e30MOJieKyJie d11 . 3KCT-

Pe3}'11bTaTbl sapual{UOHHhlX pac

•teroB 3Hep?.UU CRJ/3U - fll (n) 
dt~L: o - paclier iJaHJlOU pa6orbt , 

• - TOI./KU KpliBOU ( f) npu 3Ha

lieHUJIX napaMerpos -f11(oo)= 
= 0,6604 JB, c = -1869,2 ::JB,a = 

= 1,9355; ~ - paC'Ie7 pa6orbr ' 1
1
. 
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panOJIHpOBa.HHOe 3Ha'leHHe 3HeprHH paBHO -Ell (dtll) = (0,6604 ± 
± 0,0002) 3B, 'ITO COOTBeTCTByeT TO'IHOCTH pac'leTOB )J.JIH ddll -Me-
30MOJieKyJibl. 

lloJiy'leHHbie B )J.aHHOH pa6oTe 3KCTpanOJIHpOBaHHbie 3Ha'leHHH 
ypoBHeH 3HeprHH E 11 CJia6oCBH3aHHbiX COCTOHHHH Me30MOJieKyJI 
ddll H dt11 HBJIHJOTCH OCHOBOH )J.JIH o6pa60TKH 3KCnepHMeHTOB no 
H3MepeHHJO CKOpOCTH pe30HaHCHOro o6pa30BaHHH 3THX MOJieKyJI I 4 / . 

B 3aKJIJO'leHHe aaTopbr 6naro.II.apHT H.H.roaopyHa 3a no.II..II.ep)I(
KY pa6oTbi H JI.H.lloHoMapeaa 3a none3Hbie o6cy)I()J.eHHH. 
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KpllTKUe CoOOJJ4eHWI OHRH N"3(23)-87 
YAK 539.142 

JINR Rapid Communications No.3(23)-87 

EVOLUTION OF COLD DENSE NUCLEAR MATTER 

E.F.Hefter':V.G.Kartavenko 

A simple analytical model is presented to describe the time evolution 
of cold compressed nuclear systems. The inverse meanfield method has 
been used. A one-dimensional three-level system is analysed in detail. 
Inverse methods are shown to give us the opportunity to predict the 
(nonlinear) evolution of cold dense nuclear systems. 

The investigation has been performed at the Laboratory · of 
Theoretical Physics, JINR. 

3aoJIIOUH.R xonoAHoro c:lKaToro Hnepuoro aemecraa 

3.<l>.XeqlTep, B.r .KapTaaeuKo 

IlpencnmneHa npoCTWI aHanHTH'leCKWI MOAen& )J;nJI OnHCaHHJI 
3BOniOu;HH C)l(aTbiX XOllO)J;HbiX JI)J;epHbiX CHCTeM. W:cnonh30BaH MeTO)J; 
o6pamoif Ja)];a'IH AM cpe)J;Hero noM JI)J;pa. lleTanhHO npoaHanH3Hpo· 
BaHa O)J;HOMepHWI TpeXypOBHeBlUI CHCTeMa. IlOKa3aHO, 'ITO MeTO)J;HKa 
o6pamoif 3a)];a'IH fi03BOMeT npe)J;CKa3aTh HenHHeHHyro 3BOlliOUHIO 
XOllO)J;HbiX C)l(aTbiX JI)J;epHbiX CHCTeM. 

Pa6on B&monHeHa B Jia6opaTopHH TeopeTH'IeCKHH cpH3HKH OHJUf. 

1. INTRODUCTION 

In recent studies 111 the time evolution of initially compressed 
nuclear matter has been studied within the time-dependent Hartree-Fock 
approach. Obviously this problem is of a more general interest 12-6 1 , so 
that we would like to reconsider it from a different point of view. We 
should also like to draw attention to the way in which hydrodynamics 
does predict the production of composites (or clusters), in contrast 
to the statement of 111, this is possible via a mechanism known for about 
150 years. • 

Starting from hydrodynamical considerations, several groups deriv
ed, in differential ways and independently, the soliton-supporting non-

*Springer-Verlag, Heidelberg, FRG 
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linear Schrodinger and Korteweg- de Vries (KdV) equations at approRri
ate evolution equations for density distributions in nuclear matter 17- 01. 

A more comprehensive and general interpretation of the KdV 
equation emerged in connection with the application of inverse methods 
to the nuclear bound state problem, see / 11/ and references therein. 
This so-called inverse mean-field method (lmefim) has been demonstra
ted to yield useful information of nuclear radii / 12/ , the o;Jtical poten
tial 1131 , and on nuclear dynamics / 14/ . It has been proposed to des
cribe also the ~quilibration of finite nuclear systems / 15/, 

In this communication, based on the mean field picture, we present 
a simple analytical model for the time evolution of c·ompressed nuclear 
matter. 

2. BASIC EQUATIONS OF THE INVERSE 
MEAN FIELD METHOD 

By now it is well known that the appropriate procedure for discus
sing the characteristics of nonrelativistic quantum mechanical systems 
is to solve the respective time-dependent many-body Schrodinger equa
tion. However, we are not able to handle this problem adequately but 
for computer experiments. A prominent way of circumventing most of 
the associated difficulties is not resort to the physically motivated 
mean-field picture. It assumes that all particles of the system generate 
a common mean field U(x,t) in which they move rather independently. 
Thus, the. many-body 'schrodinger equation is reduced to a set of single
particle Schrodinger equations: 

a'Pn h2 a2
'Pn 

ih- =-- -- + U'P , at 2m ax2 n 
(1) 

where all symbols have their usual meanings. For the sake of simplicity, 
below we consider only one-dimensional systems (which, are under the 
appropriate conditions equivalent to . three-dimensional spherically 
symmetrical ones). Application of inverse methods and of techniques 
from nonlinear physics leads within Imefim to the notion to use for 
(conservative) time-dependent problems instead of (1) the following 
system of coupled equations / 11 / : 

h2 a 2 'I' 
2m -~~- + U'P ax 2 n 

= E 'I' n n 
(2) 
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--. (3) 

The fn are constants which are determined by the init ial condi
tions and N(n = 1,2, ... ,N) is the number of the bound states. 

Details of the Imefim and the derivations of the resulting formulas 
(2,3) may be taken from / 11-15/ and references. 

Applying inverse methods, we have to evaluate the function K(x,y) 
by solving the (Gelfand - Levitan - Marchenko) integral equa
tion /16-19/ : 

ao 

K(x, y) + B(x + y) + ( B(y + z) K(x, z)dz = 0. 
ll 

The kernal B is determined by the reflection coefficients R(k) (E 
= h2k2/2m) and by theN bound-state eigenvalues (En 7 -h2 K~ /2m): 

B(z) 

1 00 h2 k~ 
+ - J R(k) exp(i~ - ikz) dk. 

2~r -ao m2c 

(4) 

(5) 

The coefficients Cn are uniquely specified by the boundary condi
. tions: 

K n X 
C 

0 
(K 

0
) = lim e 1}1 

0 
(x, 0) (6) 

X ... ao 

and the wanted potential U(x,t) is given by: 

h2 a 
U(x, t) =-- -K(x, x). (7) 

m ax 

By knowing all bound-state energy eigenvalues and reflection c efficients 
(phase-shifts), the integral equation (4) can be solved only numerically. 
However, in the case of reflectionless (R(k) = 0) potentials th problem 
is well known to have the analytical solution (for symmterical (U(x,O) = 

= U(-x,O)) potentials): 
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h2 a2 2h2 N 2 
U (x, t) = - - - ln [ det II M II ] = - - I 1< 'II {x, t) , 

m ()x 2 m II= 1 11 n 

'I' (x,t) n 
N -1 
I (M )nk Ak(x,t) 

k= 1 

Mnk(x,t ) =B + Ak·An 
nk 

(8) 

Kk+ J<n 

A (x, t) = C (1< ) exp(-1<
11 

x + 
n n n 

h2J<3 t 
n ) ' 

m2c 

en (J< n> 
N I< 

.J 2 ~<n n 1 n + I( k 

k;ln K -K n k 

A glance at (8) shows that wave functions, potential and densities are 
uniquely determined by N energy eigenvalues. 

3. THREE-LEVEL SYSTEM 

• Al.though there difinitely is some progress in the application of 
inverse methods to nuclear physics 111•15 • 211 , they are not yet too 
popular. As an illustration for the work of these methods, we consider, 
in this section, a one-dimensional three-level system in detail. Simplest 
one-level and two-level systems 120 1 have been analysed earlier. 
A three-level system may be useful for modelling the evolution of light 
nuclei, for instance, of oxygen / 1/ . 

Let us present the main formulas to calculate wave functions of 
the three-level system (K 

3 
> K 

2 
> K 1 ) : 

/(2 + /(1 /( 3 + /(1 112 1 
\II 

1 
(X, t) = (21< 

1 
( ) ( )) 0- (X, t) X 

/(2 - /(1 /( 3- I( 1 

1<3+1<2 
X (Ch <e 

2 
+ e 3 ) - ( ) Ch (e 3 - e 2 )) , 

I( -I( 

3 2 

32 

(9) 



K +K 
x ( ch ( ~ 2 + ~ 1 ) + ( 2 1 ) ch ( ~ 2 - ~ 1 ) ) ' 

K2- K 1 

/: t: ) (~-=-~) ( K_a + Kl.)ch(t: + /:2- /:1) + D(x, t) = ch (~ 1 + "' 2 + c, 3 . + s s s 
K 2 - K 1 K 3 - K1 3 

h2 K 3 t n 
~ (X, t) : K b X - -~-

n m2c 
n = 1, 2, 3. (9) 

The asymptotic behaviour of the wave functions and the potential has 
the following form ( ~n is fixed): 

,;-;-; sech(~n - ~o), k = n 
lim 'I' k (x, t) = I 0 n k # n 
t .... 00 

lim U(x, t) 
t->oo 

n-1 e = .!..m< n 
n 2 k = 1 

N 
n 

m=ln 
, 2!!~ \ ). 

K -K 
n m 

(10) 
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So, for large x and t the time-dependent one-body potential and 
density distribution are represented by a set of solitary waves. The 
energy spectrum of an initially compressed system completely deter
mines widths, velocities and phase shifts (~~ ) of the solitons. 

In (8-10) the constants f n entering into (3) should be calcula
ted from the ground state spectrum for a given nuclear system. It leads 
to a renormalization of the velocities of the solitons. The qualitative 
picture of the evolution remains unchanged. 

The initially compressed system expands so that for large times 
one observes ~eparate density solitons. This picture is in accordance 
with the time-dependent Hartree-Fock simulation of the time evolution 
of a compressed 16 0 nucleus 111 . The disassembly shows collective 
flow and clusterization. 

4. SUMMARY 

Attention has been drawn to the fact that inverse methods lead 
to a simple analytical model for the qualitative time evolution of cold 
compressed nuclear metter. The exact numerical solution could even 
be applied for a quantitative treatment. 
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BblqHCJIEHHE 3HEPrETHqECKH-B3BEIIIEHHbiX 
MOMEHTOB ,D;JIH IIPHEJIH)I(EHHH CJIYqAAHbiX <l>A3 

B.A.Ky3bMHH 

Ha OCHOBe CIIeKTpaJibHOfO pa3JIO)I(elUUI Bei.UeCTBeHHOH CHM

MeTpH'IHOH MaTpHUJ>I IIpeATIO:lKeH MeTOA Bbi'IHCneHHH :meprem

'leCKH-BlBeiiieHHbiX MOMeHTOB pacrrpep;eneHWI CHnbl rrepeXO)J;OB IIO 

3HeprHJIM B036y)I(AeHHif, orrpeneneHHoro B rrpH6nH)I(eHHH cn}"'aifHbix 

cpa3 (IIC<Il). I1oKa3aHo, 'ITO orrpeneneHHbie nHHeHHbie KoM6HHau,HH 

MOMeHTOB MO)I(HO Bblpa3HTh '1epe3 Ilp0H3BeAeHHJI Marp~, BXO~X B 

ypaBHeHHe IIC<Il. Ilon}"'eHHbie pe3ynbTaTbi HCrronb3YfOTCH AnH BbiAe

neHHH AByxKBa3H'IaCTH'IHbiX COCTOJIHHH, HaH6onee Ba:lKHbiX ATIH AaH

HOro THIIa rrepeXO)J;OB H ATIH )J;aHHbiX OCTaTO'IHbiX B3aHMO)J;eHCTBHH. 

Pa6ora BbiiiOnHeHa B Jia6oparopHH reopeTH'IecKoif cpH3HKH OHJHf. 

Evaluation of the Energy-Weighted Moments 
in the Random Phase Approximation 

V.A.Kuzmin 

Based on spectral decomposition of the real symmetrical matrix we 
present method for evaluating the energy-weighted moments of the 
transition strength distribution over the excitation energies defined in the 
random phase approximation (RPA). It is shown that certain linear 
com.binations of tht!se moments can be expressed through the product of 
the RPA matrices. The obtained results are used to select two-quasi
particle states that are most important for given transitions ana residual 
interactions. 

The investigation has been performed at the Laboratory of Theo
retical Physics, JINR. 

HinerpanbHbie xapaKTepHCTHKH pacnpeneneHmi CHJibi nepexo
AOB no· 3HeprHRM B036y)I(,D;eHHH Bblpa)l(aiOTCH qepe3 HX 3HepreTH'IeCKH
B3BeliieHHbie MOMeHTbl I 1 I : 

k 2 
sk = I. w i l <iiBIO >I, 

i 
(1) 

rne w i = E i - E 0 
- pa3HOCTb 3Hepruu ao36y)l(p;eHHoro I i > u ocHoa

Horo I 0 > cocTOHHHH paccMaTpuaaeMOH cncTeMhi; 8 - onepaTop 
nepexop;a. KpoMe TOro, no BKJiap;y OT,D;eJibHbiX 6a3HCHbiX COCTOHHHH 
npocTpaHcr aa, Ha KOTopoM onpe.neneHbi aonHOBbie ¢YHKUHH I 0 > u 
I i > , B 3HepreTHtJecKH-B3BemeHHbie MOMeHTbi MO)I(HO BhinenHTb 
HaH6onee cy~eCTBeHHbie ,D;JIH ,D;aHHOH 3a)J;atJH 6a3HCHbie COCTOHHHH. 
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3TO 3HatJHTeJlhHO yMeHhlliaeT pa3MepHOCTH MaTpHU, nOHBJIRlOIUHXCR 

npH nOCTpOeHHH C06CTBeHHhiX <f>yHKI.\HH raMHJihTOHHaHa CliCTeMhl. 

B nacToRrueM coo6ruenHH npeAJiaraerc.R MeTOA BbitJHCJieHHR 

3HepreTH'leCKH·B3BerneHHbiX MOMeHTOB AJI.SI npHMH)f(eHHR CJiy'laHHbiX 

<f>a3 (llC<l>), OCHOBaHHbiH Ha cneKTpaJibHOM pa3JIO)f(eHHH CHMMeTpH'l

HbiX eeruecTBeHHbiX MaTpHQ. B llC<l> aMnJIHTYAbl nepeXOAOB H3 OCHOB

Horo Ha B036y)f(AeHHbie OAHO<f>OHOHHbie COCTORHHR nOA AeHCTBHeM 

OAHO'laCTHtJHoro onepaTopa nepexoAa B- ( H 3pMHTOBo -conpR)f(eH

noro K neMy onepaTopa s+) MO)f(HO 3anHcaTb B BRAe 

b (±) 1 (d+ i d- i 
i = 2 q gq + q w q ) • (2) 

r,ll;e d~ ± ) - MaTpH'lHbiH 3JieMeHT nepeXOAa H3 COCTORHHR KBa3H'laC

TH'lHOrO BaKyyMa B ABYXKBa3H'laCTHtJHOe COCTORHHe, CHMMeTpH30· 

BaHHbiH ( +) H aHTHCHMMeTpH30BaHHbiH (-) no HHAeKCa M OAHOKBa-

3HtJaCTH'lHbiX ,COCTOHHHH; g~ H W ~ - CYMMa H pa3HOCTh <f>OHOHHbiX 

aMDJIHTYA lfJ ~ H cp~ ; q - HHAeKC ABYXKBa3H'laCTH'lHOrO COCTORHH.SI. 

B <t>opMyJie (2) onyruen 3HaK cyMMHpoeanHR no q : 3A ech H HH)f(e 

nOApa3yMeeaeTCR CyMMHpOBaHHe no K~OH nape COBnaAaJOIUHX 

HHAeKcoe. HanpHMep, MR raMoB- TennepoBCKHx nepexoAOB 12 1 

A 3 ± l (t-) (+) . 
< i \ I. I. CT/l (j)tj \0 > = - < jni\CTt l\jp > [u

1
. gj

1 
. ± 

j = 1 /.L = 1 2 n JP n J p 

(-) i ( ± ) 
± U . . WI . ), U · · U · V · + U · V · 

Jn Jp -n JP Jn J p Jn Jp - J p J n 

3Aecb HHAeKCbl j n ( j p ) 0603Ha'laJOT OAUO'laCTH'lHbie ypOBHH HeHTpOH

HOH (npOTOHHOH) CHCTeMbi, a U j H Vi - K03<f><f>HQHeHThl cnel.\HaJIH-

3HpOBaHHOrO npeo6pa30BaHHR Boronroooea. 

3neprHH B036y~eHHR OAHO<f>OHOHHbiX COCTORHHH W i H <f>oHOH· 

Hble aMnJIHTYAbi g J H W ~ onpeAeJIRlOTCR H3 OAUOpOAHOH CHCTeMbl 

JIHneHHbiX ypaanenHH: 

il R(+ ) 

II 
II o 
i\ 

0 II II ;. ii 

o ~ n .:• ~ (3) 

3arJiaBHbie JiaTHHCKHe 6yKBbl 0603Ha'laJOT MaTpHUbi, . p a3MepHOCTh 

KOTOpbiX paana tJHcny ytJHTbiBaeMbiX ABYXKBa3HtJaCTH'lHbiX cocToRHHH. 

I H 0 - eAHHH'lHaR H nyneeaR MaTpHQbi. B pa6oTe 1 3 1 noKa3ano, 

'ITO K BRAY (3) MO)f(HO npHBecTH JI106y10 CHCTeMy ypaaHeHHH MeTOAa 

llC<l> c eeruecrnennbiMH MaTpH'lHbiMH 3JieMeHTaMH. Cornacno TeopHH 

nytJKOB KBaApaTH'lHhiX <f>opM I 4 I , eCJIH MaTpHQa, CTORI.UaR B JieBOH 

'laCTH (3) nOJIO)f(HTeJibHO OnpeAeJieHa, TO <iJ i- Bei.UeCTBeHHbie 'lHCJia, 

H cyruecTeyroT nenyneebte g i H w i , YAOBJieTeopRIOIUHe ( 3) . B AaJih-q q 
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ue:HrneM Mbi 6y,neM npe,nnonaraTh nonmKHTeJII>uyro onpe,neneuuocTI> 
MaTpH~ R(+) H R (-). 

Cne,ny.RI31, yMHO)f(HM nepsoe H3 ypasueuu:H (3) ua R(-) H, 
yqnTI>ma.R BTopoe H3 ypasueuu:H (3), nonyquM 

(-) (+) .... i 2 .... 
R R g - w i g = 0. (4) 

TaK KaK R (+) nonmKHTeni>no-onpe,neneuua.R MaTp~a. To cymecTBYeT 
e.nuucTBeHHa.R CHMMeTpuqua.~~ nonO)f(HTeJII>Ho-onpe,neneuua.R MaTpH~a 
F, TaKa.R, qTo 15 1 

FF = R(+). 

llpuse,neM nuue:Huoe, ueBbipo)K_neuuoe npeo6pa3oBauHe BeKTOpoB 
g i: 
.... ....i 

F g • y 

Tor,na ( 4) MO)KHO nepenucaTI> B su,ne 

F R(-) F y i - w; y i = 0, 

r,ne F R(-) F - semecTBeHHa.R CHMMeTpuqua.R MaTp~a, co6cTBeHHbie 
BeKTOpbi KOTOpOH o6pa3yiOT nonuyro OpTOHOpMHpOBaHHYIO CHCTe
My 14l. Jf3 BeKTOpOB y i MO)KHO nOCTpOHTb MaTpHIU>I cneKTpMI>HbiX 
npoeKTopoB 151 

E i , _ i i 
q,q -.Yq Y. ' q 

CO CBOHCTBaMH 

E i E j = Bi,j Ej 

I Ei = I • (5) 

I w ~k E i = ( FR (-) F) k. 
I . 

.... i .... i 
Cl>OHOHHbie aMnnHTy,ni>I g H W , HOpMHpOBaHHbie ycnOBHeM 

1 i i' i' i 
-(g w + g w ) = 8. ·' 2 q q q q I, I 

CB.R3aHbl C BeKTOpaMH Y i COOTHOUleHH.RMH 

gi = /~~-;· F-lyi, -;,.i = 1 Fyi, 
v (.t)i (6) 

r,ne F ·1 - MaTpH~a, o6paTHa.R K F. 
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3HepreTHqeCKH·B3BellieHHbie MOMeHTbi MO:>KHO Bbipa3HTb qepe3 

CTeneHH MaTpHQbi FR(-) F: 

s\:) = (t)~ b~±) 2 = 

+ d(-)T Fw~- 1 EiFd(-) l 

k- 1 

+ J<-) F ( FR (-) F )-2- F d (-) l . 

.... (±) T 
3.u.ecb d o6o3uaqaroT TpaucnoHHpOBaHHble seKTOpbi ABYXKBa3H-

qacTHqHbiX aMruiHTYA d(±) • TaK KaK BbJqHcnenHe nonyQenbiX cTe

neueH: MaTpHQ Tpe6yeT He MeHbllie apH<pMeTHqecKHX )J,eHCTBHH, qeM 

HX )J,HarOHaJIH3aQHH, TO y.u.o6uee BbJqHCJI.R:Tb JIHHeHHbie K OM6HHaQHH 

3HepreTHqecKH·B3BellieHHbiX MOMeHTOB THna 

S S - - (-l)k s +k k = k (7) 

B KOTOpbie BXO)J..R:T TOJibKO QeJibie CTeneHH MaTpHQbi FR(-) .MaTpHQbi 

F, F ·1 noHBJIHIOTCH B ( 7) TOJibKO KaK npOH3Be.u.eHHH F . F H F . F ·1, 
paBHbie R(+) H I coOTBeTCTBeHHO. llo3TOMy )J.JIH BbiqHcneHHH (7) 
He Ha.u.o npe.u.sapHTeJibHO onpe.u.en.R:Tb F. HanpHMep, 

+ .... (+)T -+(-) 
s~ - so = - ct ct , 

1 -+ (+ ) T (-) -+(+) 
= -(d R d + 

2 
-+ (-) T (+ ) -+ (-) 
d R d ) . 

,lln.R: BbJqHCJieHH.R: MOMeHTOB Sk )J,OCTaToqHo onepaQH H yMHO)I(e

HH.R: BeKTOpa Ha MaTpHQy H CKaJI.R:pHOrO npOH3Be)J,eHH.R: BeKTOpOB, 

a B CJiyqae cenapa6eJibHb.IX OCTaToqHbiX B3aHMO)J,eHCTBHH - TOJibKO 

CKaJI.R:pHoro npOH3Be)J,eHH.R: BeKTOpOB. Ho BKJia)J,y ABYXKB a3HqacTHq

HbiX COCTO.R:HHH B HH)I(aHlliHe MOMeHTbi Sk MO)I(HO Bbi)J,eJIHTb HaH60-

nee cymecTBeHHbie )J.JIH .u.auuoro THna nepexo.u.os H 3a)J,aHA:b iX ocTaToq

HbiX CHJI KBa3HqacTHqHbie COCTO.R:HH.R: H TeM caMbiM 3 H aqHTeJibHO 

yMeHblliHTb pa3MepHOCTH MaTpHQ, BXO)J,.R:IQHX B ypasHeH H.R: ( 3) H 

( 4) , qTO npHBe)J,eT K 3aMeTHOH 3KOHOMHH BbiqHCJIHTeJibHbiX yCHJIHH 

llpH perneHHH ( 4). B Ta6JIHQe npHBO)J,.R:TC.R: OTHOCHTeJibHbie H 3MeHeHH.R: 

B 3HepreTHqeCKH-B3BerneHHbiX MOMeHTax Sk ( k = 0,1,2,3,4) pacnpe.u.e

JieHH.R: CHJibi raMOB· ·TeJIJiepOBCKHX nepeXO)J,OB Ha 90zr 121 , Bbi3BaH-
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....:-

Ta611.u4a 
BII.UR.H UR. op2aHU!leHUR. oeyxJ<:ea3U'laCTU!lH020 npOCTpaHCTea 

Ha 3Hep2eTu!lecJ<:u-e3eew.eHHble MoMeHTbl pacnpeoe11.eHUR. 
2aMoe-Te11.11.epoec1<:ux nepexoooe Ha 90 Zr 

a: d>,.: 
.. s "'u 0THOCHTenhHbie H3MeHeHHR B MOMeHTax :z: :z: o~8 Q)"' 
CD~ 5 1- X s-- s+ 8.~ s ~ :; s1 + s~ s- s+ s; + s+3 s- s+ 
>- 0 ::r > ~ 0 0 2- 2 4- 4 

o* 84 ~8,72 594,3 9863,0 242,4 ·103 5,12 · Hf 
2·104 64 3·10-6 -3. 10-6 -1·10-4 -2·10-5 -1 ·Io-4 
l·lo-3 56 -3. 10-3 8 ·Io-4 -3. 10-3 6· 10-4 -2 · 10-3 

2,5 ·10- 4 44 -9. l0-3 -2,5 ·10-3 -7 . 10-3 5 · 10-3 -2. l0-3 
5·10-3 27 -5 ·10-3 1,3 ·10- 2 -3,5 ·10-3 3 ·l0-2 1,5 ·10-2 
1 · 10-2 21 -8·10- 3 4·10- 2 -7 . 10-3 6·10- 2 5·Io- 2 

5 · 10-2 8 3·10-2 0,15 0,06 0,21 0,17 

* 8 rrepBOH CTpOKe yKaJaHhi BenHIJHHbl MOMeHTOB ~ . 

mu 
s-
ct..; 
a: s 
~ c; .,., 
c."' IDe 

79 
53 
25 

6 
3 

0,2 

Hbie yMeHbllleHHeM qHcna yqHTbiBaeMbiX .D:BYXKBa3HqaCTHqHbiX COCTO
HHHH. KroK.IJ:biH pa3 OT6paChiBanHCb Te COCTOHHHH, qeif y.IJ:enbHbiH 
BKna.D: a Sk 6hm MeHbrne aenHqHHhi, noMemeHHOH a nepayro rpa¢y 
Ta6nHQhi. B nocne.IJ:Heii rpa¢e noKa3aHo apeMH, 3aTpaqeHHoe Ha qHcneH
HYID .IJ:HaroHanH3aQHIO MaTpHQbi R(-) R (+) Ha 3BM CDC-6500 c no
MOI.UhlO npor paMMbl .D:HaroHanH3aQHH npOH3BOnbHbiX MaTpHQ MeTO.D:OM 
apameHHH / 6 l . B npoQecce .D:HaroHanH3aQHH cyMMa KBa.D:paTOB He
.D:HaroHanhHhiX MaTpHtffihiX 3neMeHTOB yMeHblllaeTCH 06biqHo B 10 12-
1014 pa3 . 

AaTop Bbipro~<aeT npH3HaTenhHOCTh npo¢eccopy B.r .Conoabeay 
3a no.D:.D:ep)I(KY pa6oTbi H HJO.IllHpHKOBOH, npe.IJ:OCTaBHBrneii nporpaM
MY .IJ:HaroHarm 3aQHH npoH3BOnhHhiX aemecTBeHHhiX MaTpHQ. 
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Nucl. Phys., 1984, 10, p.1507. 
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6. Eberlein P.J.- J. Soc. lndust. Appl. Math., 1962, 10, p.74. 

PyKonHcb nocTynHna 20 MapTa 1987 ro.IJ:a. 
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TEOPHHPA~HAUHOHHOr03ATYXAHHH 

8JIEKTPOMArHHTHbiX BOJIH B PEJIHTHBHCTCKO:A 
MArHHTOAKTHBHO:A IIJIA3ME 
B IIPHBJIU>KEHHH 'TOPHqE:A" rH~PO~HHAMHKH 

H.H.Boromo6oa (MJI.), II.A.IloJIJIKOB, M.A.Tacea 

IlocTpoeHa AByJOKH,IU<ocmlUl rHApoAHHaMH'IeCKlUl TeopHH pen.II
THBHCTCKOH IUia3Mbl C yqeTOM TOpMO)I(eHHH 3ap.IIAOB H3JIYlJeHHeM 
Ha OCHOBaHHH npeAIIOJIO)I(eHHH 0 CnpaseAJIHBOCTH B JIOKaJibHbiX 
o6JiacT.IIx peJI.IITHBHCTCKoro pacnpegeneHHH MaKCBeJIJia qacmu. no 
CKopoCT.IIM (pacnpegeneHH.II IOTTHepa-CHHra). HaifAeHbi geKpeMeHTbi 
paAHau.HOHHoro JacyxaHHH aJibBeHOBCKHX, IJ.HKJIOTpoHHbiX H JJJeKTpo
MarHHTHbiX BOJIH. 

Pa6oTa BhmonHeHa B Jla6opaTOpHH TeopeTH'IecKoif cpH3HKH OIUIH. 

The Theory of Radiative Attenuation 
of Electromagnetic Waves in Relativistic Magnetoactive Pl astna 
in Hot Hydrodynamics Approximation 

N.N .Bogolubov, Jr. , P.A.Polyakov , M.A.Tassev 

Two-fluid theory of hydrodynamics for relativistic plasma is develo
ped taking into account radiative damping of charged particles , where 
relativistic Maxwell velocity distribution · (Juttner-Synge distribution) 
is assumed. The radiative attenuation decrements for the Alfven cyclotro· 
nic and electromagnetic waves are found . 

The investigation has been performed at the Laboratory of Theore· 
tical Physics, JINR. 

fiJia3MeHHbie CHCTeMbl npH peJIHTHBHCTCKUX TeMnepaTypax 
o6na,n;aroT PHAOM oco6eHHocTe:H no cpaaHeHmo c HepenHTHBHCTCKHM 
cnyt~aeM. B 'laCTHOCTH, KaK 61>mo noKa3aHO B pa6oTe / 1/ , npH pac
CMOTpeHHH 3JieKTpOMarHHTHbiX BOJIH B peJIHTHBHCTCKOH CB060.ZJ;HOH 
nJia3Me OCHOBHOH npH'IHHOH HX 3aTyXaHHH HBJIHeTCH pa,n;HaUHOHHOe 
TopMo)l(eHHe 3ap.HAoB. Uenblo .ZJ;aHHo:H pa6oTbi HBJIHeTCH H'Ccne.n;oBaHHe 
pa.n;HauHOHHOrO 3aTyXaHHH 3JieKTpOMarHHTHbiX BOJIH, pacnpoCTpaHH10-
IUHXCH B peJIHTHBHCTCKOH nna3MeHHOH CHCTeMe no HanpaaneHHIO BeKTO· 
pa HH.ZJ;YKUHH BHeUIHero MarHHTHOrO nOJIH a, B npH6JIH:>KeHHH "ropH'IeH" 
:>KH.ZJ;KOCTHOH rH.D;pO,D;HHaMHKH Ha OCHOBaHHH KHHeTH'IeCKOrO ypaBHe
HHH Bnacoaa12•31 , KOTopoe a peJIJITHBHCTCKOM cnyt~ae , c yt~eToM 
pa.n;HauHOHHOrO TOpMO:>KeHHH 3ap.HAOB, HMeeT BH.ZJ; 14•5/ : 
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.... 

a a1a. l a ea. f3a {3 
u -- + - ......--

13
- [ (-F U a + ga ) 1 a] = 0 . 

axa mac au c 
(1) 

3.n;ech 1 a - BOCbMHMepHaH <l>YHK~HH pacnpe.n;erreHHH qacTH~, KOTOpaH 

CBH3aHa C c eMHMepHOH <l>YHK~HeH fa COOTHOUieHHeM 

a k 11 
S:a.=Ca(x ,u )20(u

0
)8(u

11
u -1), (2) 

g~- CHJia f>a,Il;H~HOHHOrO TOpMO)f(~HH qacTH~, Bbi3BaHHaH B03,IJ;eH

CTBHeM 3JieKTpoMarHHTHoro nonH FPCl; 

f3a 4 
g..E._ua u y- _g_ _ _: LF f3aF 
axY 3 m2c5 ya 

- a 

gf3 = ,2_ e
3
a 

a 3 ---
m~ cS 

uy + 

(3) 

2 e~ u 'IHJ f3 +- -- (F u )(F'-u )u 
3 m2c 5 )U a • 

a 

rpeqecKHe HHAeKChi npo6eraroT 3HaqeHHH 0,1,2,3; naTHHCKHe- 1,2,3. 
11H.n;eKC a HyMepyeT COpT qacTH~. 

IJpom-ITerpHpyeM KHHeTHqecKoe yprumeHHe (1) no 4-CKOpOCTHM 

cHaqana c aecoM 1, 3aTeM c u 1 , Tor.n;a nonyqHM .n;aa ypaaHeHHH 

AJIH MOMeHTOB <l>YHK~HH fa : 

a ua 
-(<--> n ) axa u a a. = 0 0 ' 

i 
a u1 u a 1 ea. ia u a g a. 
--(<---> n ) - --[ --F <--> n + <-->n ] = 0 a a. a. a a. a. ' ax u 0 rna c c uo u 0 

r.n;e 

g~ 
<- > 

u a. 
0 

2 
3 

3 . y 
ea. aF1a ua u 
--- ---<--> 
m cS ax Y u a o 

4 y i 
2 eq ia u ya 1Puau 
-- --- [F F <-> - F F <------ >], 
3 m 2c 5 ya u }U u 

a. 0 0 

< ... > = ( ... t a. d 3u In a. • 

n =(f d 3 u. a a. 

(4) 

(5) 

(6) 

(7) 

(8) 

CHcTeM y ypaaHeHHH ( 4) H ( 5) Heo6xo.n;HMO .n;ononHHTh ypaaHe

HHHMH MaKCBeJIJia, KOTOpbie B 3anHCH qepe3 4-BeKTOp llOTeHUHaJI 

A a B nopeHu eBOH KanH6pOBKe HMeiOT BHA 
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r.ne 

Ja = c}:, ea <ua / uo >ana. 
a 

411 a 
-J 

c 
(9) 

(10) 

CHcTeMa ypaauenHfl ( 4) , ( 5) H (9) , ( 10) He3aMKHyTa. ,Zl;nH ee 3aMhi

r<annH ueo6xo.IJ;HMhi .nononumenhHhie ycnoBHH, ynpoi.QaiOI.QHe Hcxo.n

HYIO MHI<pOCI<OllHt!eci<ylO CTaTHCTHt!eCI<YlO CHCTeMy. 06hi'!HO .IJ;JIH 3TOrO 

llOCTYJIHpyiOT 3aBHCHMOCTb MOMeHTOB 2 -ro nopH.D;I<a <f>yHKUHH pacnpe

.IJ;eJieHHH c MoMeHTaMH 1-ro nopH.IJ;Ka H no.n6HpaiOT no.nxoro:ri.QHe ypaa

HeHHH COCTOHHHH (CM., HanpHMepf 6 / ) . 0.IJ;HaKO HaJIH'!He CHJibl pa,nHa

UHOHHOrO TOpMO)I(eHHH (6) 3HatJHTeJibHO yCJIO)I(HHeT CHTyaUHIO, TaK 

I<ai< B ypaBHeHHH ( 5) llOHBJIHIOTCH MOMeHTbl <f>YHKUHH fa 3-ro n o pH.IJ;Ka. 

,Zl;JIH HaXO)I(.IJ;eHHH 3aMKHYTbiX rH.D;pO.D;HHaMHtJeCKHX ypaaHeHHH 

aocnoJih3yeMcH H.IJ;eHMH MeTo.na 3ucr<oro - qenMena 131 . E y.neM no

naraTb, '!TO <f>yHKUHH pacnpe.neneHHH no CKOpOCTHM tJaCTHU B JIOKaJib

HOH o6nacTH HMeeT BH.IJ; penHTHBHCTCI<oro 3aKona Mar<caenna ( pacnpe
.neneuHe IOTTnepa-CHHra 17. 8 

1 
) : 

(11) 

a 
r.ne T(a) - 4-BeKTOp rH.D;pO.D;HHaMH'!eCKOH CKOpOCTH tJaCTHU COpTa 

(a) , aa =rna c2 / k 6 Ta(k - nocTOHHHaH EoJibUMaHa, T a- TeMnepaTy
pa), K 2 (lla,) - <PYHI<UHH MaK.IJ;OHaJib.IJ;a ' 8 ' 

AuanorHtJHo TOMY, r<aK 3To .nenaeTCH B uepenHTHBHCTCKOM 

cnyqae 13 1, 6y.neM nonaraTb, '!TO <PYHKUHH iia, r (~) H Ta HBJIHIOTCH 
.IJ;OCTaTOtJHO Me.IJ;JieHHO MeHHIOI.QHMHCH <f>YHKUHHMH KOOp.IJ;HHaT H Bpe
MeHH. Tor.na, npoao.na BhitJHCJieHHH, no.no6ubre pactJeTaM a / 8 / , .IJ;JIH 

MOMeHTOB <f>YHI<UHH ( 11) HaXO.IJ;HM 

a a 
<~ > T --, 

uo ,o (12) 

ui ua -~-(ri ra 
K3 (a) gia 

<----- > --- - ---), 
Uo 'o K2(a) a 

(13) 

uauaui (gia,a+gaqri+giara) Ks(a) 
<---> =- ------·----------. ---- + 

u 0 r 0 aK2 (a) (14) 

+ ----
'o 
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"""'· 

n::.;e HHAeKc (a) AJIH npocToT~I 3anHcH onyi.QeH, g ia - MeTpHt~eCKHH 
TeH30p ( g 

00 = l; g 11 = -l; gaP= 0, ecnH a .J /3), K11 (a) - <PYHKUHH 

MaKAOHaJib)J;a. 

ilO)J;CTa.BJIHH (12) · (14) B ypa.BHeHHH ( 4), (5), fiOJIY'lHM CJie)J;yiO

I.QyiD CHCTeMy rH)J;po)J;HHaMHlleCKHX ypaBHeHHH )J;JIH KIDK,IJ;OH KOMnO

HeHTbl nJia3Mbl (MH HOHOB H :meKTpOHOB) : 

a n , a 

a
----a (--~-) = 0 

X To , 

a Tari iaP ,o -[(E + P) -- -g -] 
axa To TO 

ia 2 e3 aF 1a y 
=neF Ta +- -- __.-(rYra (E +P) -Pg11 ) + 

3 m2c4 ax y 

2 e4 ya i a 6 2 +- --[F F T T r (-(E+P) -nmc) -
3 m3c6 Y1 a a 

ia y 2 yaia ai ia E+P] 
- F F ya r nmc - F Y1 F ( <Ia r + g a r + g r a ) -a-- , 
rAe 

E +P = n . m.c2 K 3(a) / K 2(a), 

P = n. ~ = n. mc2 /a: 

(15) 

(16) 

(17) 

(18) 

CHcTeMa ypaaHeHHii ( 16)- ( 18) , coaMecmo c ypaaHeHHHMH MaKe

senna (9 ) , o6pa3yeT 3aMKHyTyiO CHCTeMY ypaBHeHHH, C DOMOI.QbiO 

KOTOpOH B paCCMaTpHBaeMOM npH6JIIDKeHHH MOryT 6biTb HCCJie)J;OBaHbl 

pa3JIH'lHbie nna3MeHHbie npoueccbi. TaK, HanpHMep, paccMoTpHM 

pacnpOCTp aHeHHe 3JieKTpoMarHHTHbiX BOJIH B npoCTpaHCTBeHHO 

O)J;HOpOAHOH 6eCKOHetiHOH nJia3Me npH HaJIH'lHH BHeiiiHero MarHHTHOro 

noJIH c HHAYKUHeH B . HanpaBHM Koop)J;HHamyro ocb Z B)J;OJih seKTopa 

B H paccM oTpHM pacnpocTpaHeHHe 3JieKTpoMarHHTHOH BOJIHhi c npo

CTpaHCTBeHHhiM BOJIHOBhiM seKTopoM k \ i B . ,lJ.nH 3Toro nHHeapH3yeM 

CHCTeMy y paaHeHHH (9), (16) · (18) OTHOCHTeJibHO MaJibiX OTKJlOHe

HHH BCeX B eJIH'lHH OT paBHOBecHH H, pelliaH JIHHeapH30BaHHYffi CHCTeMy 

CTaHAapTHhiM cnoco6oM, nonaraH, t!TO ace B03Myi.QeHHbie BeJIHqHHhi 

H3MeHHIOTCH no rapMOHHqeCKOMY 3aKOHY exp ( -ik a X a) , aHaJIO

rH'lHO / 6 / , HaxO)J;HM CJie)J;yiOI.Qee )J;HCnepcHOHHOe ypasHeHHe )J;JIH 

3JieKTpOMarHHTHbiX BOJIH COOTBeTCTBeHHO C npa.BOH H JieBOH KpyroBOH 

nonHpH3au Heii: 
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2 2 2 n0 mo2 
• 2 r0 cu2 (t 0 +P0 ) -P 0 (cu2 - k2 c2

))] / 
cu2- k o = ~ cu [cu -1- -(--.;.._~:----'-

P t 0 + P 0 3 o n. mc2 ( 19) 

[ 
nmc2 2 r o 2 ( nmc2 1 

cu!F cuB -i- -aJ +-)), 
to+Po 3 0 B to+Po ao 

... 2 
r.ne cu = k0 c - KOMWieKCHaR tmCTOTa, k = \ k \ , ·cup = 4ne n 0 / m -
ruJa3MeHHaR qacToTa, cuB= e B/ mc - UHKJIOTpoHHaH qacToTa, r 0 = e 2 /me~ 
ct 0 = mc2/k6 T0 ; n0 , T0 , t 0 ,P 0 - cooTBeTCTBeHHO WIOTHOCTh, TeMnepa

Typa, ruJOTHOCTh 3HeprHH H ,naBJieHHe B paBHOBecHOM COCTOHHHH. 

11H.neKc cyMMHpOBaHHH no COPTaM tmCTHU (HoHaM H :meKTpoHaM) 

,nJIH llpoCTOThi 3anHCH OnyiUeH. 

Bhipro~<eHHe .nJIH WIOTHOCTH 3HeprHH t 0 npH HepenHTHBHCTCKHX 

TeMnepaTypax, Kor.na a » 1, cornacHo (17), (18) HMeeT B~ · 

(20) 

a npH ynLTpapenHTHBHCTCKHX TeMneparypax, Kor.na a << 1, 

t = n mc2 • 3/a. (21) 
0 0 

.D;anee 6y.neM nonaraTL, ~o Macchi HOHOB m1 Mlloro 6onLw e Macchi 

m
6 

3JieKTpoHOB H, KpoMe 3TOrO , ~0 TeMneparypa HOHOB HepenHTH

BHCTCKaR (ai >> l) , a 3JieKTpoHOB - YJILTpapenHTHBHCTCKaH (a e « l) . 
Tor.na H3 .nHcnepcHoHHoro ypasHeHHH (19) .nJIH .nenCTBHTenhHOH qa

CTOThi cu '= Recu H ,neKpeMeHTa panHaUHOHHOrO 3aTYXaHHH Y =- lmaJ Ha

XO,nHM: 

1. AJILBeHOBCKHe BOJIHhl. 

EcnH cu « cuBi H cu «~·a/4 , To npH kc « \cu\ 

2 4 2 cup 1 cup -1 / 2 
cu ' =kc(- +-) 

cu2 acu2 
Bi B 

~
2 A •• 2 -1 / 2 

1 r o 2 i 'tWp ) Y=+--cu ( +-- , 
3 c P cu2 IUU2 

Bi B 

HMeeM 

(22) 

(23) 

r.ne HH,neKCOM i llOMeqeHhi BeJIHqHHhi, OTHOC.fiiUHecH K HOHHOH KOMnO

HeHTe ruJa3Mhi, a BeJIJiqHHhi 6e3 HH,neKCOB OTHOCHTCH K 3lJeKTpoHHOH 

KOMllOHeHTe. 

2.110HHO-UHKJIOTpoHHhie BOJIHhi. 

EcnH cu-ocuBi H ko » \cu\ , TO 

(24) 

(25) 
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3. 3JieKTpOHHO-QHKJIOTpOHHbie BOJIHbl. 
Ecnu w--> wB · a/ 4, kc>>w, TO 

w' = wB ·a/ 4, 
2 2 r o wB 

y=-- -. 
3 c a 

4. BhlcoKoqacTOTHhie 3JieKTpoMarHHTHhie BOJIHbi. 
Ecnu lwl»wB·a/ 4 H c.L; kc »w ·a/ 4 H w .~o 

Bi B Bi 

w , 2 = k2 c 2 + w 2 + w2 a I 4 
pi p ' 

y 
1 ro 2 
--w 
3 c p 

(26) 

(27) 

(28) 

' (29) 

B 3aKJI10qeuue yKIDKeM, ~o ,n;ucnepcuoHHhie BbipiDKeHHH (22), 
(24), (26) H (28) COBDa,D;aJOT C aHaJioruqHbiMH BblpiDKemUIMH / 6/ , 

HO B OTJIHqHe OT pe3yJihTaTOB 3TOH pa60Tbl paCCMOTpeHHbie THDbl 
BOJIH 3aTyXaJOT. 

Pa,IJ;HaQHOHHoe 3aTyxauue 3JieKTpoHHO-QHKJIOTpOHHbiX H BbiCoKo
qacToTHbiX :meKTpOMarHHTHbiX BOJIH B HepemiTHBHCTCKOH DJia3Me 
paccMaTpHBaJIOCb TaK)I(e B pa6oTe / 9 / , J1HTepeCHO OTMeTHTb, qTo DO 
cpaaueumo c uepemiTHBHCTCKHM cnyqaeM, pa,n;uaQuouuoe 3aTyxauue 
QHKJioTpoHHbiX BOJIH B ynhTpapeJIHTHBHCTCKoii DJia3Me (27) yBenH
qunocb B 1/a pa3, a pa,n;HaQHOHHoe 3aTyxauue BbiCOKoqacTOTHbiX 
3JieKTpoMarHHTHbiX BOJIH (29) OCTaJIOCb HeH3MeHHbiM. . . 
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