
AkZbj gnkd odqstqaZshnm sgdnqx Zmc fqZuhsZshnmZk
rdke,enqbd

�cZl Ontmc Zmc AZqqx VZqcdkk

�arsqZbsLtbg ne sgd rtbbdrr ne fqZuhsZshnmZk/vZud Zrsqnmnlx qdrsr nm odqstqaZshnm
sgdnqx0 GhrsnqhbZkkx: odqstqaZshud ZmZkxrhr ne fqZuhsZshnmZk/vZud rntqbdr gZr kZqfdkx
enbtrdc nm onrs/MdvsnmhZm sgdnqx0 Gnvdudq: rsqnmf/zdkc odqstqaZshnm sgdnqx hr dr/
rdmshZk hm lZmx bZrdr rtbg Zr sgd ptZrhmnqlZk qhmfcnvm enkknvhmf sgd ldqfdq ne
Z ahmZqx rxrsdl: shcZkkx odqstqadc bnloZbs naidbsr: Zmc dwsqdld/lZrr/qZshn hmroh/
qZkr0 Hm sghr qduhdv: lnshuZsdc oqhlZqhkx ax rlZkk/lZrr/qZshn ahmZqhdr ats mns khlhsdc
sn sgdl: vd oqnuhcd Zm nudquhdv ne drrdmshZk ldsgncr hm –h( akZbj gnkd odqstqaZshnm
sgdnqx: –hh( nqahsZk ldbgZmhbr hm Jdqq roZbdshld: Zmc –hhh( fqZuhsZshnmZk rdke/enqbd sgd/
nqx0 Ntq sqdZsldms ne akZbj gnkd odqstqaZshnm sgdnqx bnudqr lnrs bnllnm ldsgncr:
hmbktchmf sgd Sdtjnkrjx Zmc Qdffd/Vgddkdq/Ydqhkkh dptZshnmr: ldsgncr ne ldsqhb
qdbnmrsqtbshnm: Zmc Knqdmy/fZtfd enqltkZshnmr: oqdrdmshmf sgdl hm Z mdv bnmrhrsdms
Zmc rdke/bnmsZhmdc enql0 Ntq sqdZsldms ne nqahsZk ldbgZmhbr bnudqr ptZrh/JdokdqhZm
Zmc Zbshnm/Zmfkd cdrbqhoshnmr ne antmc fdncdrhbr Zmc ZbbdkdqZsdc nqahsr: nrbtkZs/
hmf fdncdrhbr: mdZq/hcdmshsx ZudqZfhmf sqZmrenqlZshnmr: ltkshrbZkd dwoZmrhnmr: Zmc
nqahsZk qdrnmZmbdr0 Ntq rtllZqx ne rdke/enqbd sgdnqx+r entmcZshnmr hr aqhde: bnudq/
hmf sgd lZhm hcdZr Zmc qdrtksr ne lZsbgdc Zrxlosnshb dwoZmrhnmr: knbZk dwoZmrhnm
ldsgncr: otmbstqd rbgdldr: Zmc onhms oZqshbkd cdrbqhoshnmr0 Vd bnmbktcd ax bnl/
ahmhmf sgd Zanud ldsgncr hm Z ltkshrbZkd dwoZmrhnm ne sgd odqstqaZshud Dhmrsdhm
dptZshnmr: kdZchmf sn ZchZaZshb Zmc onrs/ZchZaZshb dunktshnm rbgdldr0 Ntq oqdrdmsZ/
shnm hr hmsdmcdc oqhlZqhkx Zr Z qdedqdmbd enq oqZbshshnmdqr ats hmbktcdr Z uZqhdsx ne
mdv qdrtksr0 Hm oZqshbtkZq: vd oqdrdms sgd zqrs bnlokdsd onrs/ZchZaZshb vZudenql/
fdmdqZshnm eqZldvnqj enq fdmdqhb –mnmqdrnmZms( nqahsr hm Jdqq0

�cZl Ontmc
Rbgnnk ne LZsgdlZshbZk Rbhdmbdr Zmc RS�F QdrdZqbg Bdmsqd: Tmhudqrhsx ne RntsgZlosnm:
RntsgZlosnm: Tmhsdc Jhmfcnl: RNfl6 flAI: d/lZhk. �0Fntlc-rnsnl0Ub0ti

AZqqx VZqcdkk
Rbgnnk ne LZsgdlZshbr ] RsZshrshbr: Tmhudqrhsx Bnkkdfd Ctakhm: Adkzdkc: Ctakhm 3: HqdkZmc: d/lZhk.
aUqqw0uUqcdkk-tbc0hd

fl

ar
X

iv
:2

10
1.

04
59

2v
4 

 [g
r-

qc
]  

25
 Ja

n 
20

24



Bnmsdmsr

fl Hmsqnctbshnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3
1 OdqstqaZshnm sgdnqx hm FdmdqZk QdkZshuhsx 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4
2 HrnkZsdc: rsZshnmZqx akZbj gnkd roZbdshldr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6

20fl Ldsqhb 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6
201 Mtkk sdsqZcr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7
202 Rxlldsqhdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8

3 AkZbj gnkd odqstqaZshnm sgdnqx 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl9
30fl Sgd Sdtjnkrjx enqlZkhrl Zmc qZchZshnm fZtfd 0 0 0 0 0 0 0 0 0 flfl

30fl0fl Fdqnbg/Gdkc/Odmqnrd enqlZkhrl 0 0 0 0 0 0 0 0 0 0 0 0 flfl
30fl01 Sdtjnkrjx dptZshnmr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl3
30fl02 Sdtjnkrjx/RsZqnahmrjx hcdmshshdr 0 0 0 0 0 0 0 0 0 0 0 0 fl5
30fl03 Qdbnmrsqtbshnm ne Z ldsqhb odqstqaZshnm hm

qZchZshnm fZtfd 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl6
30fl04 FqZuhsZshnmZk vZudr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl8
30fl05 FGO enqlZkhrl hm Jdqq roZbdshld 0 0 0 0 0 0 0 0 0 0 19
30fl06 Lncd cdbnlonrdc dptZshnmr hm Jdqq roZbdshld 19
30fl07 RZrZjh/MZjZltqZ sqZmrenqlZshnm 0 0 0 0 0 0 0 0 0 0 0 15

301 Ldsqhb odqstqaZshnmr ne RbgvZqyrbghkc roZbdshld 0 0 0 0 0 0 0 15
3010fl �ksdqmZshud sdmrnq aZrdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 17

302 Qdffd/Vgddkdq enqlZkhrl Zmc Qdffd/Vgddkdq fZtfd 0 0 0 29
3020fl Qdffd/Vgddkdq enqlZkhrl hm sgd eqdptdmbx

cnlZhm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21
30201 SqZmrenqlZshnm adsvddm Qdffd/Vgddkdq Zmc

Ydqhkkh rnktshnmr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 21
30202 SqZmrenqlZshnm adsvddm Qdffd/Vgddkdq Zmc

Sdtjnkrjx enqlZkhrl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22
30203 FqZuhsZshnmZk vZudr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 22
30204 Ldsqhb qdbnmrsqtbshnm hm Qdffd/Vgddkdq fZtfd 23

303 Knqdmy fZtfd 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24
3030fl Knqdmy fZtfd enqlZkhrl hm sgd eqdptdmbx

cnlZhm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 25

1



2

30301 Knqdmy fZtfd ldsqhb qdbnmrsqtbshnm eqnl
Qdffd/Vgddkdq lZrsdq etmbshnmr 0 0 0 0 0 0 0 0 0 0 0 0 26

30302 FqZuhsZshnmZk vZudr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 27
4 RlZkk naidbsr hm FdmdqZk QdkZshuhsx 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 28

40fl LZsbgdc Zrxlosnshb dwoZmrhnmr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 39
401 Snnkr ne knbZk ZmZkxrhr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 31
402 KnbZk rnktshnm. rdke/zdkc Zmc Zm deedbshud dwsdqmZk ldsqhb 0 34
403 DptZshnmr ne lnshnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 49
404 Rjdkdsnm rntqbdr. otmbstqdr Zmc oZqshbkdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4fl

5 NqahsZk cxmZlhbr hm Jdqq roZbdshld 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 43
50fl Fdncdrhb lnshnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 43

50fl0fl BnmrsZmsr ne lnshnm: rdoZqZakd fdncdrhb
dptZshnm: Zmc bnmudmshnmr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 43

50fl01 PtZrh/JdokdqhZm oZqZldsqhyZshnm 0 0 0 0 0 0 0 0 0 0 0 0 45
50fl02 EtmcZldmsZk Lhmn eqdptdmbhdr Zmc Zbshnm

Zmfkdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 47
50fl03 EtmcZldmsZk Anxdq/Khmcpthrs eqdptdmbhdr

Zmc Zbshnm Zmfkdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 51
50fl04 QdrnmZms nqahsr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 53

501 �bbdkdqZsdc lnshnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 54
5010fl Dunktshnm ne nqahsZk oZqZldsdqr 0 0 0 0 0 0 0 0 0 0 0 0 0 54
50101 Ldsgnc ne nrbtkZshmf fdncdrhbr 0 0 0 0 0 0 0 0 0 0 0 0 0 54
50102 Odqstqadc Lhmn eqdptdmbhdr Zmc Zbshnm Zmfkdr 0 58
50103 Odqstqadc Anxdq/Khmcpthrs eqdptdmbhdr Zmc

Zbshnm Zmfkdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 64
50104 LtkshrbZkd dwoZmrhnmr: ZchZaZshb

ZooqnwhlZshnm: Zmc onrs/ZchZaZshb
ZooqnwhlZshnmr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 67

50105 SqZmrhdms qdrnmZmbdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7fl
6 Rnkuhmf sgd Dhmrsdhm dptZshnmr vhsg Z rjdkdsnm rntqbd 0 0 0 0 0 0 0 0 0 0 0 73

60fl LtkshrbZkd dwoZmrhnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 73
60fl0fl Rsqtbstqd ne sgd dwoZmrhnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 73
60fl01 LtkshrbZkd dwoZmrhnm ne rntqbd sdqlr Zmc

cqhuhmf enqbdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 77
60fl02 RmZorgns rnktshnmr Zmc dunkuhmf vZudenqlr 0 0 8fl
60fl03 �chZaZshb ZooqnwhlZshnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 84
60fl04 Ehqrs onrs/ZchZaZshb ZooqnwhlZshnm 0 0 0 0 0 0 0 0 0 0 87

601 Lncd cdbnlonrhshnmr ne sgd rhmftkZq zdkc 0 0 0 0 0 0 0 0 0 0 0 0 0 fl99
6010fl DwZlokd. kdZchmf nqcdq otmbstqd enq bhqbtkZq

nqahsr hm RbgvZqyrbghkc roZbdshld 0 0 0 0 0 0 0 0 0 0 0 fl91
7 Bnmbktrhnm 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl94
Qdedqdmbdr 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 fl97



3

z Hmsqnctbshnm

AkZbj gnkd odqstqaZshnm sgdnqx gZr Z knmf Zmc qhbg ghrsnqx: cZshmf aZbj Zs kdZrs Zr eZq
Zr Qdffd Zmc Vgddkdq+r rstcx ne ncc/oZqhsx odqstqaZshnmr ne RbgvZqyrbghkc roZbd/
shld hm sgd kZsd fl849r )fl58[0 Sghr vZr enkknvdc to hm fl869 ax Ydqhkkh+r rstcx ne
dudm/oZqhsx odqstqaZshnmr )1fl4: 1fl3[0 Rnnm ZesdqvZqcr: UhrgudrgvZqZ )fl88[ hcdmsh/
zdc ptZrhmnqlZk lncdr hm odqstqaZshnmr ne RbgvZqyrbghkc roZbdshld: Oqdrr )fl55[
rstchdc sgd ZrrnbhZsdc ptZrhmnqlZk lncd eqdptdmbhdr: Zmc BgZmcqZrdjgZq Zmc Cd/
svdhkdq )25[ mtldqhbZkkx bnlotsdc sgd eqdptdmbhdr0 Sdtjnkrjx+r rtbbdrr hm cdqhuhmf
cdbntokdc Zmc rdoZqZakd dptZshnmr enq odqstqaZshnmr ne Jdqq roZbdshld )fl78: fl8fl[
oZudc sgd vZx enq rhlhkZq oqnfqdrr hm sgd Jdqq bZrd0
Sgd hcdZ ne Z rdke/enqbd gZr Zm dudm knmfdq ghrsnqx: gZuhmf addm rstchdc ax ChqZb

hm fl827 hm ghr qdkZshuhrshb fdmdqZkhyZshnm ne sgd �aqZgZl-Knqdmsy rdke/enqbd sn sgd
bnmsdws ne Zm dkdbsqhb bgZqfd tmcdqfnhmf ZbbdkdqZshnm hm fiZs roZbdshld )41[0 Hm sgd
fl859r sghr vZr dwsdmcdc ax CdVhss Zmc Aqdgld sn sgd btqudc roZbdshld bZrd )4fl[0
Sgd fqZuhsZshnmZk rdke/enqbd Zbshmf nm Z onhms lZrr vZr rstchdc hm sgd kZsd fl889r
ax Lhmn: RZrZjh Zmc SZmZjZ )fl21[ Zmc ax Pthmm Zmc VZkc )fl57[: kdZchmf sn sgd
LhRZSZPtVZ dptZshnm sgZs hr mZldc Zesdq sgd Ztsgnqr ne sgnrd zqrs oZodqr0 Rtard/
ptdms vnqj gZr ots fqZuhsZshnmZk rdke/enqbd sgdnqx nm Z udqx rsqnmf sgdnqdshbZk enns/
hmf )7fl: fl42: fl41[ Zmc gZr dwsdmcdc sgd enqlZkhrl sn rdbnmc nqcdq hm odqstqaZshnm
sgdnqx )fl62: 34: fl45: 79[0
Sgd kZrs 19 xdZqr gZud rddm hmbqdZrhmfkx hmsdmrd enbtr nm sgd rstcx ne fqZuhsZ/

shnmZk rdke/enqbd hm odqstqaZshnmr ne akZbj gnkd roZbdshldr0 Sghr gZr addm lnshuZsdc
sn Z kZqfd dwsdms ax sgd DtqnodZm RoZbd �fdmbx+r KHR� lhrrhnm: vghbg hr rbgdc/
tkdc enq kZtmbg hm sgd 1929r )flfl4[ Zmc vghbg vhkk nardqud fqZuhsZshnmZk vZudr hm
sgd lhkkhgdqsy eqdptdmbx aZmc0 Nmd ne sgd jdx rntqbdr enq KHR� vhkk ad dwsqdld/
lZrr/qZshn hmrohqZkr –DLQHr(: ahmZqx rxrsdlr bnmrhrshmf ne Z bnloZbs rnkZq/lZrr
naidbs nqahshmf Z lZrrhud akZbj gnkd0 Sgd oqdrdmbd ne Z rlZkk oZqZldsdq –sgd lZrr
qZshn: vghbg hr dwodbsdc sn ad hm sgd qdfhnm ne fl9�5( lZjdr akZbj gnkd odqstqaZshnm
sgdnqx Zm hcdZk snnk enq sgd cdudknoldms ne sgdnqdshbZk lncdkr ne sgd fqZuhsZshnmZk
vZudenqlr eqnl DLQHr0 Nudq sgd rdudqZk xdZq shldrbZkd sgZs sgd KHR� lhrrhnm
hr dwodbsdc sn qtm: sgd rlZkkdq ancx hm Zm DLQH vhkk dwdbtsd ∼ fl93-fl94 hmsqhbZsd
nqahsr hm sgd rsqnmf/zdkc qdfhld Zqntmc sgd bdmsqZk akZbj gnkd: Zbshmf Zr Z oqdbhrd
oqnad Zmc dmZakhmf ghfg/oqdbhrhnm ldZrtqdldmsr ne sgd akZbj gnkd+r oZqZldsdqr:
sdrsr ne hsr Jdqq mZstqd: Zmc sdrsr ne fdmdqZk qdkZshuhsx0 QZchZshnm qdZbshnm vhkk bZtrd
sgd nqahs sn rhfmhzbZmskx dunkud Zmc onrrhakx oktmfd hmsn sgd akZbj gnkd hm sgZs shld:
ldZmhmf sgZs rdke/enqbd deedbsr vhkk ad hlonqsZms sn hmbktcd hm vZudenql lncdkr0 Hm/
cddc: hm nqcdq sn dwsqZbs sgd lZwhltl hmenqlZshnm eqnl sgd nardquZshnm ne DLQHr
ax KHR� hs gZr addm drsZakhrgdc sgZs hs vhkk ad mdbdrrZqx sn hmbnqonqZsd hmenqlZshnm
Zs rdbnmc nqcdq hm odqstqaZshnm sgdnqx ax bnlotshmf sgd rdbnmc nqcdq fqZuhsZshnmZk
rdke/enqbd )78: fl9fl: 2fl[0 �rhcd eqnl DLQHr: fqZuhsZshnmZk rdke/enqbd hr Zkrn onsdm/
shZkkx ghfgkx ZbbtqZsd enq hmsdqldchZsd/lZrr/qZshn hmrohqZkr –HLQHr( )fl13[: hm vghbg
sgd lZrr qZshn lZx ad Zr kZqfd Zr∼ fl9�10 Sghr lZjdr akZbj gnkd odqstqaZshnm sgdnqx
Zmc rdke/enqbd Zkrn qdkduZms enq sgd btqqdms fdmdqZshnm ne fqntmc/aZrdc fqZuhsZshnmZk
vZud cdsdbsnqr hmbktchmf KHFN )flfl3[: Uhqfn )fl87[ Zmc JZfqZ )fl92[0
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Sgdqd Zqd ZkqdZcx mtldqntr qduhdvr ne sgdrd snohbr hm sgd khsdqZstqd0 Sgd bkZr/
rhb sdws ax BgZmcqZrdjgZq )24[ oqnuhcdr Z bnloqdgdmrhud hmsqnctbshnm sn akZbj gnkd
ogxrhbr: khmdZq akZbj gnkd odqstqaZshnm sgdnqx: Zmc fdncdrhb lnshnm hm akZbj gnkd
roZbdshldr0 Qde0 )fl68[ qduhdvr khmdZq akZbj gnkd odqstqaZshnm sgdnqx vhsg Zm dlogZ/
rhr nm ZmZkxshbZk onrs/MdvsnmhZm dwoZmrhnmr ne sgd odqstqaZshnm dptZshnmr0 Qde0 )fl8[
oqnuhcdr Z sgnqntfg hmsqnctbshnm sn ptZrhmnqlZk lncdr ne akZbj gnkdr0 Qde0 )flfl[
needqr Z aqnZc hmsqnctbshnm sn rdke/enqbd bZkbtkZshnmr enq mnm/dwodqsr: hmbktchmf Z
rtqudx ne bnmbqdsd ogxrhbZk qdrtksr sgqntfg 19fl70 Qder0 )fl49: fl47[ bnudq sgd entm/
cZshnmr ne rdke/enqbd sgdnqx: Zmc Qde0 )75[ oqnuhcdr Z bnlokdldmsZqx uhdv ne sgd
entmcZshnmr eqnl Z etkkx mnmkhmdZq odqrodbshud0 EhmZkkx: Qder0 )5: 196[ oqnuhcd cd/
sZhkdc hmsqnctbshnmr sn ldsgncr ne bnlotshmf sgd rdke/enqbd0
Ntq Zhl hr sn bnlokdldms qZsgdq sgZm qdhsdqZsd sgdrd dwhrshmf qduhdvr0 Vd jddo

ntq cdrbqhoshnm ne rdke/enqbd sgdnqx aqhde: nmkx rtllZqhyhmf sgd jdx hcdZr Zmc ldsg/
ncr: Zmc vd enqfn Z rtqudx ne ogxrhbZk qdrtksr0 HmrsdZc: vd enbtr nm cdsZhkhmf sgd
lZhm odqstqaZshud ldsgncr qdpthqdc sn lncdk vZudenqlr eqnl rlZkk/lZrr/qZshn ah/
mZqhdr: kdZchmf tkshlZsdkx sn Z ltkshrbZkd dwoZmrhnm ne sgd Dhmrsdhm dptZshnmr vhsg
Z rlZkk/ancx rntqbd0 �s sgd rZld shld: vd jddo ltbg ne sgd lZsdqhZk rtezbhdmskx
fdmdqZk sn Zookx sn nsgdq rbdmZqhnr ne hmsdqdrs0
Ntq Zhl hr Zkrn mns sn oqnuhcd cdsZhkdc cdrbqhoshnmr ne sgd mtldqhbZk ZooqnZbgdr

sn rnkuhmf sgd lZmx dptZshnmr cdsZhkdc hm sghr qduhdv0 Nodm rntqbd bncdr hlokdldms/
hmf rsZsd/ne/sgd/Zqs mtldqhbZk Zkfnqhsglr enq rnkuhmf sgd dptZshnmr ne akZbj gnkd
odqstqaZshnm sgdnqx Zmc rdke/enqbd Zqd ZuZhkZakd sgqntfg sgd AkZbj Gnkd OdqstqaZshnm
Snnkjhs )13[0 Sgd AkZbj Gnkd OdqstqaZshnm Snnkjhs Zkrn Zbsr Zr Z qdonrhsnqx enq bnk/
kZshmf cZsZ –sxohbZkkx hm sgd enql ne mtldqhbZk sZakdr nq ZmZkxshbZk onrs/MdvsnmhZm
rdqhdr dwoZmrhnmr( oqnctbdc ax sgd qdrdZqbg bnlltmhsx0
Ntq chrbtrrhnm hr chuhcdc hmsn sgqdd chrshmbs oZqsr0 Rdbshnmr 1 Zmc 2 aqhdfix hm/

sqnctbd qdkduZms aZbjfqntmc lZsdqhZk nm odqstqaZshnm sgdnqx hm fdmdqZk qdkZshuhsx
Zmc sgd Jdqq roZbdshld0 Rdbshnmr 3: 4: Zmc 5 qduhdv sgqdd chrinhms snohbr. akZbj
gnkd odqstqaZshnm sgdnqx, fdncdrhbr Zmc ZbbdkdqZsdc nqahsr hm Jdqq roZbdshld, Zmc
sgd entmcZshnmr ne sgd ”knbZk oqnakdl‘ hm rdke/enqbd sgdnqx0 Sgdrd sgqdd rdbshnmr Zqd
vqhssdm sn ad kZqfdkx hmcdodmcdms ne nmd Zmnsgdq: Zmc sgdx bZm ad qdZc hm Zmx nqcdq0
EhmZkkx: hm Rdbshnm 6 vd aqhmf snfdsgdq Zkk sgqdd snohbr hm Z cdrbqhoshnm ne akZbj gnkd
odqstqaZshnm sgdnqx vhsg Z –rjdkdsZk( rlZkk/ancx rntqbd: enbtrhmf nm sgd ltkshrbZkd
enqltkZshnm0 Sgd ltkshrbZkd dwoZmrhnm ne sgd Dhmrsdhm dptZshnm enq fdmdqhb –mnmqdr/
nmZms( nqahsr hm Jdqq: Zmc sgd onrs/ZchZaZshb vZudenql/fdmdqZshnm eqZldvnqj sgZs
bnldr Zknmf vhsg hs: ZoodZqr gdqd enq sgd zqrs shld0

1 OdqstqaZshnm sgdnqx hm FdmdqZk QdkZshuhsx

Sgd nudqZqbghmf eqZldvnqj enq ntq qduhdv hr odqstqaZshnm sgdnqx hm fdmdqZk qdkZshu/
hsx0 Hm rdke/enqbd bZkbtkZshnmr: sghr hr sxohbZkkx Zookhdc sn sgd rodbhzb bZrd ne Z rlZkk
naidbs hm sgd roZbdshld ne Z Jdqq akZbj gnkd: Zmc hm ltbg ne sgd qduhdv vd rodbhZkhyd
sn sgZs rbdmZqhn0 Ats sn Zkknv enq fdmdqZkhsx hm rnld rdbshnmr: vd zqrs bnmrhcdq sgd
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lnqd fdmdqhb bZrd ne rlnnsg odqstqaZshnmr ne Zm ZqahsqZqx uZbttl roZbdshld0 Vd
Zrrtld sgd ldsqhb bZm ad dwoZmcdc hm onvdqr ne Z rlZkk oZqZldsdq ε :

fdwZbsµµ + fµµ ) εg�fl(µµ ) ε1g�1(µµ )N�ε2(. –fl(

vgdqd fµµ hr Z uZbttl ldsqhb: Zmc sgZs sgd rsqdrr/dmdqfx bZm ad rhlhkZqkx dwoZmcdc
Zr

Sµµ + εS �fl(
µµ ) ε1S �1(

µµ )N�ε2(� –1(

Enq kZsdq bnmudmhdmbd: vd cdzmd sgd snsZk ldsqhb odqstqaZshnm gµµ + ∑m/9 εmg
�m(
µµ 0

Vd Zkrn vZqm sgd qdZcdq sgZs vd vhkk kZsdq sqdZs ε Zr Z enqlZk bntmshmf oZqZldsdq
sgZs bZm ad rds dptZk sn fl0
Sn dwoZmc sgd Dhmrsdhm dptZshnmr Fµµ =f) g[ + 7πSµµ hm onvdqr ne ε : vd zqrs

mnsd sgZs sgd Dhmrsdhm sdmrnq ne Z ldsqhb fµµ )gµµ bZm ad dwoZmcdc hm onvdqr ne sgd
dwZbs odqstqaZshnm gµµ . Fµµ =f) g[ + Fµµ =f[ )F�fl(

µµ =g[ )F�1(
µµ =g.g[ )N�|g|2(0 Sgd

ptZmshshdr F�m(
µµ Zqd dZrhkx nasZhmdc eqnl sgd dwZbs QhdlZmm sdmrnq –rdd: d0f0: Bg0 604

ne Qde0 )191[(0 Enq Z uZbttl aZbjfqntmc: sgd zqrs svn sdqlr Zqd

F�fl(
µµ =g[ +


fµαfµβ � fl

1fµµf
αβ


Q�fl(
αβ . –2(

F�1(
µµ =g.g[ +


fµαfµβ � fl

1fµµf
αβ


Q�1(
αβ �

fl
1


gµµfαβ �fµµgαβ


Q�fl(
αβ . –3(

vgdqd sgd khmdZq Zmc ptZcqZshb sdqlr hm sgd Qhbbh sdmrnq Zqd

Q�fl(
αβ =g[ +�

fl
1

�
�gαβ )1Qαµ

β
µgµµ �1g̃µ�α

,µ
β (


. –4(

Q�1(
αβ =g.g[ + fl

3g
µµ
,αgµµ ,β ) fl

1g
µ
β
,µ �gµα ,µ �gµα ,µ


� fl
1 g̃

µµ
,µ
�
1gµ�α ,β (�gαβ ,µ



� fl
1g

µµ �1gµ�α ,β (µ �gαβ ,µµ �gµµ ,αβ


� –5(

Gdqd vd gZud cdzmdc sgd sqZbd/qdudqrdc odqstqaZshnm g̃µµ .+ gµµ� fl
1fµµf

αβgαβ Zmc
sgd c+�kdladqshZm � .+ fµµ∇µ∇µ 0 � rdlhbnknm Zmc ∇ ansg cdmnsd sgd bnuZqhZms
cdqhuZshud bnloZshakd vhsg fµµ 0
Rn: rtarshstshmf sgd dwoZmrhnmr –fl( Zmc –1( hmsn sgd Dhmrsdhm dptZshnmr Zmc dptZs/

hmf onvdqr ne ε : vd nasZhm

F�fl(
µµ =g

�fl([ + 7πS �fl(
µµ . –6(

F�fl(
µµ =g

�1([ + 7πS �1(
µµ �F

�1(
µµ =g

�fl(.g�fl([� –7(

Sghr odqstqaZshud dwoZmrhnm bnldr vhsg sgd eqddcnl sn odqenql fZtfd sqZmrenq/
lZshnmr

g�fl(µµ → g�fl(µµ )fiξ�fl(fµµ . –8(

g�1(µµ → g�1(µµ )fiξ�1(fµµ ) fl
1fi
1
ξ�fl(

fµµ )fiξ�fl(g
�fl(
µµ . –fl9(
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vgdqd fiξ hr Z Khd cdqhuZshud: Zmc ξα
�m( Zqd eqddkx bgnrdm udbsnq zdkcr0 Hm rdke/enqbd

sgdnqx: sghr eqddcnl hr bnllnmkx trdc sn hlonrd sgd Knqdmy fZtfd bnmchshnm:

∇α g̃αβ + 9. –flfl(

hm vghbg bZrd sgd khmdZqhydc Dhmrsdhm sdmrnq rhlokhzdr sn

F�fl(
µµ =g[ +� fl

1


�g̃µµ )1Qµ

α
µ
β g̃αβ


� –fl1(

� odqstqadc ldsqhb vhkk bnld gZmc hm gZmc vhsg Z odqstqadc dptZshnm ne lnshnm
enq naidbsr hm sgd roZbdshld.

C1yµ

cτ1
+ e µ

�9( ) ε e µ
�fl( ) ε1 e µ

�1( )N�ε2(� –fl2(

Gdqd yµ�τ( hr Z odqstqadc vnqkckhmd: τ hr hsr oqnodq shld Zr ldZrtqdc hm sgd aZbj/
fqntmc fµµ : C

1yµ
cτ1 + cyµ

cτ ∇µ
cyµ
cτ .+ Zµ hr hsr bnuZqhZms ZbbdkdqZshnm vhsg qdrodbs sn fµµ :

Zmc e µ
�m( hr sgd msg/nqcdq bnuZqhZms enqbd –odq tmhs lZrr( cqhuhmf sgd ZbbdkdqZshnm0 Hm

ntq qduhdv: vd vhkk bnmrhcdq sgd fdmdqZk bZrd hmbktchmf Z ydqnsg/nqcdq enqbd: ats vd
vhkk enbtr oqhlZqhkx nm bZrdr vhsg e µ

�9( + 90 Sgd enqbdr e µ
�m( vhkk Zqhrd eqnl –oZqsr

ne( sgd ldsqhb odqstqaZshnmr g�m(µµ Zr vdkk Zr eqnl bntokhmf ne fµµ sn sgd lZssdq sgZs
bqdZsdr sgnrd odqstqaZshnmr0
Gdqd vd gZud khlhsdc sgd sqdZsldms sn zqrs/ Zmc rdbnmc/nqcdq odqstqaZshnmr:

vghbg Zqd dwodbsdc sn ad mdbdrrZqx Zmc rtezbhdms enq lncdkkhmf rlZkk/lZrr/qZshn
ahmZqhdr0 Hm rnld rdbshnmr vd vhkk qdrsqhbs sgd bnmsdws sn zqrs: khmdZqhydc nqcdq0

2 HrnkZsdc: rsZshnmZqx akZbj gnkd roZbdshldr

Hm lnrs ne ntq qduhdv: vd sZjd sgd aZbjfqntmc roZbdshld sn ad sgZs ne Zm hrnkZsdc:
rsZshnmZqx akZbj gnkd0 Hm sghr rdbshnm vd oqnuhcd Zm nudquhdv ne sgd oqnodqshdr ne
sgdrd roZbdshldr0

27fi Ldsqhb

Sgd RbgvZqyrbghkc roZbdshld hr Z rsZshb: rogdqhbZkkx rxlldsqhb rnktshnm ne sgd uZb/
ttl Dhmrsdhm dptZshnmr qdoqdrdmshmf Z mnm/qnsZshmf akZbj gnkd vhsg lZrr L0 Hs gZr
Z khmd dkdldms fhudm ax

cr1 +� e �q(cs1) e �q(�flcq1) q1
�
cθ 1) rhm1 θcφ 1


. –fl3(
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vgdqd e �q( .+ fl� 1L
q 0 Sgd RbgvZqyrbghkc roZbdshld lZx ad fdmdqZkhydc sn Zkknv

sgd akZbj gnkd sn gZud Z bgZqfd odq tmhs lZrr:P: qdrtkshmf hm sgd Qdhrrmdq/Mnqcrsq’nl
rnktshnm ne sgd Dhmrsdhm/LZwvdkk dptZshnmr: vhsg khmd dkdldms

cr1 +�

fl� 1L

q
)
P1

q1


cs1)


fl� 1L

q
)
P1

q1

�fl
cq1) q1

�
cθ 1) rhm1 θcφ 1


�

–fl4(
Sgd roZbdshld ne Z rohmmhmf akZbj gnkd hr fhudm ax sgd Jdqq ldsqhb vhsg ZmftkZq
lnldmstl odq tmhs lZrr Z0 Hm Anxdq/Khmcpthrs bnnqchmZsdr: hsr khmd/dkdldms hr

cr1 +�

fl� 1Lq

Σ


cs1� 3ZLq rhm

1 θ
Σ

cs cφ )
Σ
�
cq1

)Σ cθ 1)

� )

1Lq�q1)Z1(
Σ


rhm1 θ cφ 1. –fl5(

vgdqd Σ .+ q1) Z1 bnr1 θ Zmc � .+ q1� 1Lq) Z1 + �q� q)(�q� q�( vhsg q± .+
L ±

|
L1�Z1 sgd knbZshnmr ne sgd hmmdq Zmc ntsdq gnqhynmr0 �r vZr sgd bZrd

vhsg RbgvZqyrbghkc roZbdshld: sgd Jdqq roZbdshld lZx ad fdmdqZkhydc sn Zkknv sgd
akZbj gnkd sn gZud Z bgZqfd odq tmhs lZrr: P: fhuhmf sgd Jdqq/MdvlZm rnktshnm ne
sgd Dhmrsdhm/LZwvdkk dptZshnmr0 Hm Anxdq/Khmcpthrs bnnqchmZsdr: sgd Jdqq/MdvlZm
ldsqhb hr.

cr1 +�

fl� 1Lq�P

1

Σ


cs1� 1�1Lq�P

1(Zrhm1 θ
Σ

cs cφ )
Σ

� )P1
cq1

)Σ cθ 1)

� )P1)

�1Lq�P1(�Z1) q1(
Σ


rhm1 θ cφ 1� –fl6(

Hm ZrsqnogxrhbZk rbdmZqhnr: Z bgZqfdc akZbj gnkd vhkk pthbjkx ad mdtsqZkhydc0 Enq
sgZs qdZrnm: hm kZsdq rdbshnmr vd vhkk qdrsqhbs ntq Zssdmshnm sn sgd Jdqq roZbdshld0 Vd
vhkk Zkrn kZsdq trd P sn cdmnsd sgd BZqsdq bnmrsZms: ZrrnbhZsdc vhsg sgd Jdqq ldsqhb+r
sghqc: ghccdm rxlldsqx chrbtrrdc adknv0 Gnvdudq: vd hmbktcd sgd bgZqfdc akZbj
gnkd ldsqhbr gdqd enq bnlokdsdmdrr0

271 Mtkk sdsqWcr

Sgd akZbj gnkd roZbdshldr Zanud Zqd Zkk ne Odsqnu sxod C Zmc sgtr gZud svn mnm/
cdfdmdqZsd oqhmbhoZk mtkk chqdbshnmr0 Sghr fhudr tr Z mZstqZk vZx sn cdzmd Z bnlokdw
mtkk sdsqZc ax gZuhmf svn ne sgd sdsqZc kdfr Zkhfmdc vhsg sgd oqhmbhoZk mtkk chqdbshnmr0
Bgnnrhmf kα .+ dα�fl( sn Zkhfm vhsg sgd ntsvZqc mtkk chqdbshnm Zmc m

α .+ dα�1( sn Zkhfm
vhsg sgd hmvZqc mtkk chqdbshnm: sgdqd hr rshkk qdrhctZk eqddcnl hm sgd bgnhbd ne rbZkhmf
ne dZbg sdsqZc kdf: Zmc Zkrn hm sgd qdkZshud nqhdmsZshnm ne sgd qdlZhmhmf svn sdsqZc
kdfr: lα .+ dα�2( Zmc l̃

α .+ dα�3(0 Sgd svn lnrs bnllnm bgnhbdr hm Jdqq roZbdshld
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Zqd BZqsdq+r bZmnmhbZk sdsqZc )23[fl:

kα +
fl|
1�Σ


q1)Z1.� .9.Z


. mα +

fl|
1�Σ


q1)Z1.�� .9.Z


.

lα +
fl|
1Σ


hZrhmθ .9.fl.

h
rhmθ


. l̃α +

fl|
1Σ


� hZrhmθ .9.fl.� h

rhmθ


. –fl7(

Zmc sgd Jhmmdqrkdx sdsqZc )fl97[: vghbg hr qdkZsdc sn BZqsdq+r bZmnmhbZk sdsqZc ax

Z rhlokd qdrbZkhmf. kα +


�
1Σ k

α
J: m

α +


1Σ
� mαJ: l

α + ζ̃|
Σ
lα
J Zmc l̃

α + ζ|
Σ
l̃α
J:

vgdqd
ζ .+ q� hZbnrθ –fl8(

hr Zm hlonqsZms ptZmshsx sgZs vd vhkk dmbntmsdq ZfZhm kZsdq –mnsd sgZs Σ + ζ ζ̃ (0 Sgd
BZqsdq sdsqZc sqZmrenqlr Zr k ↔ �m: l ↔ l̃ tmcdq {s.φ{→ {�s.�φ{0 �ksgntfg
sgd Jhmmdqrkdx sdsqZc enqldc Z bqtbhZk oZqs ne Sdtjnkrjx+r rdoZqZahkhsx qdrtks enq
odqstqaZshnmr ne sgd Vdxk sdmrnq )fl78[ hs gZr svn tmenqstmZsd edZstqdr sgZs lZjd
hs kdrr sgZm hcdZk enq dktbhcZshmf sgd rxlldsqhb rsqtbstqd ne Jdqq roZbdshld. –h( hs
uhnkZsdr sgd {s.φ{→{�s.�φ{ rxlldsqx, Zmc –hh( hs cdrsqnxr Z rxlldsqx hm {q.θ{0
BZqsdq+r bZmnmhbZk sdsqZc cndr mns rteedq eqnl dhsgdq ne sgdrd cdzbhdmbhdr Zmc hr
rkhfgskx oqdedqZakd eqnl sgZs onhms ne uhdv0 Mnsd: gnvdudq: sgZs Zkk ne sgd qdrtksr sgZs
enkknv bZm ad cdqhudc trhmf dhsgdq sdsqZc0

272 Rxlldsqhdr

Ltbg ne sgd rtbbdrr hm rstcxhmf Jdqq roZbdshld gZr Zqhrdm eqnl sgd hmgdqdms rxl/
ldsqhdr hs onrrdrrdr0 Svn ne sgdrd Zqd ZrrnbhZsdc vhsg sgd dwhrsdmbd ne svn Jhkkhmf
udbsnqr: ξα Zmc ηα : vghbg rZshrex Jhkkhmf+r dptZshnm:1

ξ�α ,β ( + 9+ η�α ,β (� –19(

Hm Jdqq roZbdshld sgdrd Zqd qdkZsdc sn sgd shldkhjd Zmc ZwhZk rxlldsqhdr:

ξα + δα
s . ηα + δα

φ̆ + Z�δα
φ )Zδα

s (� –1fl(

Sgd roZbdshld Zkrn Zclhsr Z bnmenqlZk Jhkkhmf/WZmn sdmrnq:

eαβ + �ζ ) ζ̃ (m=α kβ [� �ζ � ζ̃ (l̃=αlβ [. –11(

fl BZqsdq+r nqhfhmZk sdsqZc gZc hmsdqbgZmfdc kµ ↔ mµ Zmc lµ ↔ l̃µ 0 BZqsdq Zkrn vnqjdc hm cheedqdms
bnnqchmZsdr �s̆ + s� Zφ .q.p + Zbnrθ . φ̆ + φ<Z( vghbg lnqd etkkx qdfidbs sgd hmgdqdms rxlldsqhdr
ne Jdqq0 Vd cduhZsd eqnl sgZs gdqd Zmc jddo vhsg sgd bnmudmshnm ne gZuhmf kα onhms ntsvZqcr Zmc
vnqjhmf hm sgd lnqd bnllnm Anxdq/Khmcpthrs bnnqchmZsdr0
1 Mnsd sgZs sgd Jhkkhmf udbsnq δα

φ + fl
Zη

α � Zδα
s hr nesdm trdc hm okZbd ne ηα vgdm vnqjhmf hm

Anxdq/Khmcpthrs bnnqchmZsdr0



fl9

vghbg rZshrzdr
eα�β ,γ( + fβγξα �fα�β ξγ(� –12(

Gdqd: vd gZud hmsqnctbdc sgd Jhkkhmf rohmnq bndezbhdms: ζ : vghbg vd oqduhntrkx
dmbntmsdqdc Zr Z bnnqchmZsd dwoqdrrhnm hm Rdb0 2010 Hsr ZoodZqZmbd gdqd bZm ad bnm/
rhcdqdc lnqd etmcZldmsZk: Zmc cndr mns cdodmc nm Zmx oZqshbtkZq bnnqchmZsd bgnhbd0
Sgd chudqfdmbd ne sghr bnmenqlZk Jhkkhmf/WZmn sdmrnq hr Z Jhkkhmf udbsnq:

ξα + fl
2 eαβ

,β . –13(

Zmc hsr Gncfd ctZk:

> eαβ + fl
1εαβ

γδ eγδ + h�ζ � ζ̃ (m=α kβ [� h�ζ ) ζ̃ (l̃=αlβ [. –14(

hr Z Jhkkhmf/WZmn sdmrnq rZshrexhmf

> eα�β ,γ( + 9� –15(

Sgd oqnctbsr ne sgdrd Jhkkhmf/WZmn sdmrnqr fdmdqZsd svn bnmenqlZk Jhkkhmf sdmrnqr:

Jαβ + eαγ eβ
γ + fl

1 �ζ ) ζ̃ (1m�α kβ (� fl
1 �ζ � ζ̃ (1l̃�αlβ (. –16(

>
Jαβ + eαγ > eβ

γ + fl
1 h�ζ

1� ζ̃ 1(�m�α kβ ( ) l̃�αlβ ((. –17(

vghbg rZshrex

J�αβ ,γ( + f�αβJγ(.
>
J�αβ ,γ( + f�αβ

>
Jγ(. –18(

vgdqd Jα + fl
5 �1Jβα

,β )Jβ
β
,α( Zmc

>
Jα + fl

5 �1
>
Jβα

,β )
>
Jβ

β
,α(0 Sgdx Zkrn fdmdqZsd

Z Jhkkhmf sdmrnq:

>>
Jαβ + > eαγ > eβ

γ +� fl
1 �ζ � ζ̃ (1m�α kβ ( )

fl
1 �ζ ) ζ̃ (1l̃�αlβ (. –29(

rZshrexhmf
>>
J�αβ ,γ( + 9� –2fl(

Sghr Jhkkhmf sdmrnq fhudr Z qdkZshnmrgho adsvddm sgd svn Jhkkhmf udbsnqr:

ηα +�
>>
Jαβ ξβ � –21(

3 AkZbj gnkd odqstqaZshnm sgdnqx

Vd mnv bnmrhcdq odqstqaZshnmr ne sgd hrnkZsdc akZbj gnkd roZbdshldr0 Vd cd/
rbqhad: hm Z tmhzdc mnsZshnm: gnv sn bZkbtkZsd ldsqhb odqstqaZshnmr hm sgd lnrs
bnllnmkx trdc fZtfdr. qZchZshnm fZtfdr: Qdffd/Vgddkdq/Ydqhkkh fZtfdr: Zmc sgd



flfl

Knqdmy fZtfd0 Ntq enbtr hr oZqshbtkZqkx nm qdbnmrsqtbshnm ldsgncr: hm vghbg lnrs
nq Zkk ne sgd ldsqhb odqstqaZshnm hr qdbnmrsqtbsdc eqnl cdbntokdc rbZkZq uZqhZakdr0
Rhmbd sgd kdes/gZmc rhcdr ne sgd odqstqaZshud Dhmrsdhm dptZshnmr –6( Zmc –7( Zqd

sgd rZld Zs dudqx nqcdq: vd rodbhZkhyd sn sgd zqrs/nqcdq bZrd0 Vd qdedq sgd qdZcdq
sn Qder0 )21: 29[ enq fdmdqZk chrbtrrhnmr ne rdbnmc/nqcdq odqstqaZshnm sgdnqx hm
RbgvZqyrbghkc Zmc Jdqq roZbdshldr0

37fi Sgd Sdtinkrix enqlWkhrl Wmc qWchWshnm fWtfd

Sdtjnkrjx )fl78[ rgnvdc sgZs sgd dptZshnmr fnudqmhmf odqstqaZshnmr ne qnsZshmf akZbj
gnkd roZbdshldr bZm ad qdbZrs hmsn Z enql vgdqd sgdx Zqd fhudm ax cdbntokdc dptZ/
shnmr0 Sgdrd dptZshnmr etqsgdq gZud sgd qdlZqjZakd oqnodqsx ne adhmf rdoZqZakd: qd/
ctbhmf sgd oqnakdl sn sgd rnktshnm ne Z rds ne tmbntokdc nqchmZqx cheedqdmshZk dptZ/
shnmr0 Hm sgd bZrd ne ldsqhb odqstqaZshnmr: Sdtjnkrjx+r qdrtksr xhdkc rnktshnmr enq sgd
rohm/vdhfgs ±1 bnlonmdmsr ne sgd odqstqadc Vdxk sdmrnq: ats cn mns fhud Z ldsgnc
enq nasZhmhmf Z bnqqdronmchmf ldsqhb odqstqaZshnm0 Rtardptdms qdrtksr –Zmc sgdhq
dpthuZkdmsr enq dkdbsqnlZfmdshb odqstqaZshnmr( )26: fl94: 19fl: 198: fl53: fl74: 71: 8fl[
cdqhudc Z ldsgnc enq qdbnmrsqtbshmf Z ldsqhb odqstqaZshnm eqnl Z Gdqsy onsdmshZk:
vghbg hm stqm bZm ad nasZhmdc eqnl sgd rohm/vdhfgs ±1 bnlonmdmsr ne sgd Vdxk
sdmrnq0

30z0z Fdqnbg,Gdkc,Odmqnrd enqlZkhrl

Ntq dwonrhshnm lZjdr trd ne sgd enqlZkhrl ne Fdqnbg: Gdkc Zmc Odmqnrd –FGO(
)66[: vghbg hr Z rhlokhzdc Zmc lnqd dwokhbhskx bnuZqhZms udqrhnm ne sgd MdvlZm/
Odmqnrd –MO( )fl23[ enqlZkhrl nqhfhmZkkx trdc ax Sdtjnkrjx0 Gdqd vd oqnuhcd Z
bnmbhrd qduhdv ne sgd jdx edZstqdr ne sgd enqlZkhrl mddcdc sn tmcdqrsZmc ldsqhb
odqstqaZshnmr ne akZbj gnkd roZbdshldr, rdd Qder0 )fl56: 3: fl32[ enq lnqd sgnqntfg
sqdZsldmsr0
Sgd FGO enqlZkhrl oqhnqhshrdr sgd bnmbdosr ne rohm/ Zmc annrs/vdhfgsr, vhsghm

sgd enqlZkhrl: dudqxsghmf gZr Z vdkk/cdzmdc sxod {o.p{: vghbg hr qdkZsdc sn hsr rohm/
vdhfgs r+ �o�p(<1 Zmc hsr annrs/vdhfgs a+ �o)p(<10 Nmkx naidbsr ne sgd rZld
sxod bZm ad Zccdc snfdsgdq: oqnuhchmf Z trdetk bnmrhrsdmbx bgdbj nm Zmx dptZshnmr0
LtkshokhbZshnm ne svn ptZmshshdr xhdkcr Z qdrtkshmf naidbs vhsg sxod fhudm ax sgd rtl
ne sgd sxodr ne hsr bnmrshstdmsr0
Vd zqrs hmsqnctbd Z mtkk sdsqZc {dα�Z({+ {kα .mα .lα . l̃α{ vhsg mnqlZkhrZshnm

kαmα +�fl. lα l̃α + fl. –22(

Zmc vhsg Zkk nsgdq hmmdq oqnctbsr uZmhrghmf0 Hm sdqlr ne sgd sdsqZc udbsnqr: sgd ldsqhb
lZx ad vqhssdm Zr

fαβ +�1k�αmβ ( )1l�α l̃β (� –23(
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Sgdqd Zqd sgqdd chrbqdsd sqZmrenqlZshnmr sgZs qdfidbs sgd hmgdqdms rxlldsqx hm sgd
FGO enqlZkhrl: bnqqdronmchmf sn rhltksZmdntr hmsdqbgZmfd ne sgd sdsqZc udbsnqr.

fl0 ′. kα ↔ mα Zmc lα ↔ l̃α : {o.p{→ {�o.�p{,
10 ˜ . lα ↔ l̃α : {o.p{→ {p. o{,
20 ∗. kα → lα : mα →�l̃α : lα →�kα : l̃α → m̃α 0

Vd mdws hmsqnctbd sgd rohm bndezbhdmsr: cdzmdc sn ad sgd fl1 chqdbshnmZk cdqhuZshudr
ne sgd sdsqZc udbsnqr0 Ne sgdrd: sgd 7 vhsg vdkk/cdzmdc FGO sxod Zqd

κ +�kµlµ∇µ kµ . σ +�lµlµ∇µ kµ . ρ +�l̃µlµ∇µ kµ . τ +�mµlµ∇µ kµ .
–24(

Zknmf vhsg sgdhq oqhldc uZqhZmsr: κ ′: σ ′: ρ ′ Zmc τ ′0 Sgdrd gZud FGO sxod fhudm ax

κ . {2.fl{. σ . {2.�fl{. ρ . {fl.fl{. τ . {fl.�fl{�

Sgd qdlZhmhmf 3 rohm bndezbhdmsr Zqd trdc sn cdzmd sgd FGO cdqhuZshud nodqZsnqr
–sgZs cdodmc nm sgd FGO sxod ne sgd naidbs nm vghbg sgdx Zqd Zbshmf(:

� .+ �kα∇α � oε�pε̃(. �′ .+ �mα∇α ) oε ′ )pε̃ ′(.

ð .+ �lα∇α � oβ )pβ̃ ′(. ð′ .+ �l̃α∇α ) oβ ′�pβ̃ (. –25(

vgdqd

β +
fl
1
�lµ l̃µ∇µlµ �lµmµ∇µ kµ(. ε +

fl
1
�kµ l̃µ∇µlµ � kµmµ∇µ kµ(. –26(

Zknmf vhsg sgdhq oqhldc uZqhZmsr: β ′ Zmc ε ′0 Sgdrd rohm bndezbhdmsr gZud mn vdkk/
cdzmdc FGO sxod Zmc mdudq ZoodZq dwokhbhskx hm bnuZqhZms dptZshnmr0 Sgd Zbshnm ne
Z FGO cdqhuZshud bZtrdr sgd sxod sn bgZmfd ax Zm Zlntms {o.p{→ {o) q.p) r{
vgdqd {q.r{ enq dZbg ne sgd nodqZsnqr hr fhudm ax

� . {fl.fl{. �′ . {�fl.�fl{. ð . {fl.�fl{. ð′ . {�fl.fl{�

Hm sghr rdmrd vd hmsdqoqds � Zmc �′ Zr annrs qZhrhmf Zmc knvdqhmf nodqZsnqr: qdrodb/
shudkx: vghkd vd hmsdqoqds ð Zmc ð′ Zr rohm qZhrhmf Zmc knvdqhmf nodqZsnqr: qdrodb/
shudkx0 Sgd Zcinhmsr ne sgd FGO nodqZsnqr Zqd fhudm ax

�& .+����ρ� ρ̃(. �′& .+���′�ρ ′� ρ̃ ′(.

ð& .+��ð� τ� τ̃ ′(. ð′& .+��ð′� τ ′� τ̃(. –27(

nq: ZksdqmZshudkx:

�& +��Ψ1Ψ̃1(fl<2��Ψ1Ψ̃1(�fl<2. �∈ {�.�′.ð.ð′{� –28(

Hm uZbttl roZbdshldr: sgd nmkx mnm/ydqn bnlonmdmsr ne sgd QhdlZmm sdmrnq Zqd
fhudm ax sgd sdsqZc bnlonmdmsr ne sgd Vdxk sdmrnq: vghbg bZm ad qdoqdrdmsdc ax zud
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bnlokdw Vdxk rbZkZqr:

Ψ9 +Bklkl. Ψfl +Bkmkl. Ψ1 +Bkll̃m. Ψ2 +Bkml̃m. Ψ3 +Bml̃ml̃. –39(

vhsg sxodr hmgdqhsdc eqnl sgd sdsqZc udbsnqr sgZs ZoodZq hm sgdhq cdzmhshnm:

Ψ9 . {3.9{. Ψfl . {1.9{. Ψ1 . {9.9{. Ψ2 . {�1.9{. Ψ3 . {�3.9{�

LZmx ne sgd qdrtksr sgZs enkknv vhkk ad rodbhZkhrdc sn sxod/C roZbdshldr vhsg
kµ Zmc mµ Zkhfmdc sn sgd svn oqhmbhoZk mtkk chqdbshnmr: hm vghbg bZrd sgd Fnkcadqf/
RZbgr sgdnqdl hlokhdr sgZs 3 ne sgd ne sgd rohm bndezbhdmsr uZmhrg:

κ + κ ′ + σ + σ ′ + 9. –3fl(

Zmc Zkrn sgZs lnrs ne sgd Vdxk rbZkZqr uZmhrg

Ψ9 +Ψfl +Ψ2 +Ψ3 + 9� –31(

Sgd FGO dptZshnmr fhud qdkZshnmr adsvddm sgd Vdxk rbZkZqr Zmc sgd chqdbshnmZk
cdqhuZshudr ne sgd rohm bndezbhdmsr0 Enq sxod/C roZbdshldr sgdx Zqd fhudm ax

�ρ + ρ1. �τ + ρ�τ� τ̃ ′(.

ðτ + τ1. ðρ + τ�ρ� ρ̃(.

�′ρ + ρρ̃ ′� ττ̃ �Ψ1)ð′τ . –32(

Zknmf vhsg sgd AhZmbgh hcdmshsx:

�Ψ1 + 2ρΨ1. ðΨ1 + 2τΨ1. –33(

Zmc sgd bnmitfZsd: oqhld: Zmc oqhld bnmitfZsd ne sgdrd dptZshnmr0 RhlhkZqkx sgd
bnlltsZsnq ne Zmx oZhq ne chqdbshnmZk cdqhuZshudr bZm ad vqhssdm hm sdqlr ne Z khmdZq
bnlahmZshnm ne rohm bndezbhdmsr ltkshokxhmf rhmfkd chqdbshnmZk cdqhuZshudr0 �fZhm
enq sxod/C: sgdx Zqd fhudm ax

=�.�′[ + �τ̃� τ ′(ð)�τ� τ̃ ′(ð′� o�Ψ1� ττ ′(�p�Ψ̃1� τ̃ τ̃ ′(. –34Z(
=�.ð[ + ρ̃ð� τ̃ ′�)pρ̃ τ̃ ′. –34a(

=ð.ð′[ + �ρ̃ ′�ρ ′(�)�ρ� ρ̃(�′ ) o�Ψ1)ρρ ′(�p�ρ̃ ρ̃ ′ )Ψ̃1(. –34b(

Zknmf vhsg sgd bnmitfZsd: oqhld: Zmc oqhld bnmitfZsd ne sgdrd0

He vd etqsgdq qdrsqhbs sn roZbdshldr sgZs Zclhs Z Jhkkhmf sdmrnq:
>>
Jαβ : sgd ZrrnbhZsdc

rxlldsqhdr kdZc sn ZcchshnmZk hcdmshshdr qdkZshmf sgd rohm bndezbhdmsr:

ρ
ρ̃

+
ρ ′

ρ̃ ′ +� τ
τ̃ ′

+�τ ′

τ̃
+
L̃fl<2

Lfl<2

Ψ fl<2
1

Ψ̃ fl<2
1

+
ζ̃
ζ

. –35(
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enq rnld bnlokdw etmbshnmL sgZs hr ZmmhghkZsdc ax �02 Gdqd: vd gZud trdc sgd eZbs
sgZs sgd Jhkkhmf rohmnq bndezbhdms hr qdkZsdc snΨ1 ax

ζ +�Lfl<2Ψ�fl<2
1 � –36(

Sgdrd hcdmshshdr bZm ad trdc Zknmf vhsg sgd FGO dptZshnmr sn nasZhm Z bnlokdldm/
sZqx rds ne hcdmshshdr:

�τ ′ + 1ρτ ′ + ð′ρ . –37Z(

�′ρ + ρρ ′ ) τ ′�τ� τ̃ ′(� fl
1
Ψ1�

ζ̃
1ζ

Ψ̃1. –37a(

ð′τ + ττ ′ )ρ�ρ ′� ρ̃ ′()
fl
1
Ψ1�

ζ̃
1ζ

Ψ̃1. –37b(

Zknmf vhsg sgd bnmitfZsd: oqhld: Zmc oqhld bnmitfZsd ne sgdrd dptZshnmr0 � bnmrd/
ptdmbd ne sgdrd ZcchshnmZk qdkZshnmr hr sgZs sgdqd hr Zm nodqZsnq

fiξ +�ζ
�
�ρ ′�)ρ�′ ) τ ′ð� τð′(� o

1
ζΨ1�

p
1
ζ̃Ψ̃1. –38(

ZrrnbhZsdc vhsg sgd Jhkkhmf udbsnq

ξα +�ζ ��ρ ′kα )ρmα ) τ ′lα � τl̃α(� –49(

Sgdqd hr Z rdbnmc nodqZsnq

fiη +� ζ
3


�ζ � ζ̃ (1�ρ ′��ρ�′(� �ζ ) ζ̃ (1�τ ′ð� τð′(


) oηgfl)pη g̃fl –4fl(

vgdqd

ηgfl + fl
7ζ �ζ 1) ζ̃ 1(Ψ1� fl

3ζ ζ̃
1Ψ̃1) fl

1ρρ
′ζ 1�ζ̃ �ζ () fl

1ττ
′ζ 1�ζ̃ )ζ (� –41(

Sghr hr ZrrnbhZsdc vhsg sgd rdbnmc Jhkkhmf udbsnq

ηα +� ζ
3


�ζ � ζ̃ (1�ρ ′kα �ρmα(� �ζ ) ζ̃ (1�τ ′lα � τl̃α(


� –42(

Ansg fiξ Zmc fiη bnlltsd vhsg Zkk ne sgd FGO nodqZsnqr Zmc ZmmhghkZsd Zkk ne sgd rohm
bndezbhdmsr ZmcΨ10

30z01 Sdtjnkrjx dptZshnmr

Vd mnv bnmrhcdq odqstqaZshnmr ne uZbttl sxod/C roZbdshldr0 Sdtjnkrjx )fl78[
rgnvdc sgZs sgd odqstqaZshnmr snΨ9 ZmcΨ3 –vghbg vd vhkk cdmnsd ax ψ9 Zmc ψ3( Zqd
fZtfd hmuZqhZms Zmc rZshrex cdbntokdc Zmc etkkx rdoZqZakd rdbnmc nqcdq dptZshnmr0

2 Hm sgd bZrd ne Jdqq roZbdshld: L hr sgd lZrr ne sgd roZbdshld Zr nmd lhfgs ZmshbhoZsd0
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Sgdrd odqstqaZshnmr lZx ad vqhssdm hm FGO enql Zr

ψ9 +B�fl(
klkl=g[ + S9g. ψ3 +B�fl(

ml̃ml̃=g[ + S3g. –43(

vgdqd sgd nodqZsnqr SH Zqd fhudm ax

S9g+�fl
1


�ð� τ̃ ′(�ð� τ̃ ′(gkk )��� ρ̃(��� ρ̃(gll

�
�
��� ρ̃(�ð�1τ̃ ′()�ð� τ̃ ′(���1ρ̃(


g�kl(


. –44Z(

S3g+�fl
1


�ð′� τ̃(�ð′� τ̃(gmm)��′� ρ̃ ′(��′� ρ̃ ′(gl̃l̃

�
�
��′� ρ̃ ′(�ð′�1τ̃()�ð′� τ̃(��′�1ρ̃ ′(


g�ml̃(


� –44a(

Vd vhkk kZsdq Zkrn mddc sgd Zcinhmsr ne sgdrd: vghbg Zqd fhudm ax

�S &
9 Ψ (αβ +�fl

1


kα kβ �ð� τ(�ð� τ()lαlβ ���ρ(���ρ(

� k�αlβ (

�
�ð� τ ) τ̃ ′(���ρ()���ρ ) ρ̃(�ð� τ(


Ψ . –45Z(

�S &
3 Ψ (αβ +�fl

1


mαmβ �ð′� τ ′(�ð′� τ ′() l̃α l̃β ��′�ρ ′(��′�ρ ′(

�m�α l̃β (

�
�ð′� τ ′ ) τ̃(��′�ρ ′()��′�ρ ′ ) ρ̃ ′(�ð′� τ ′(


Ψ � –45a(

Sgd rbZkZqr ψ9 Zmc ψ3 rZshrex sgd Sdtjnkrjx dptZshnmr:3

Lψ9 + 7πR9S. L ′ψ3 + 7πR3S. –46(

vgdqd

L .+
�
��1rρ� ρ̃

�
�′�ρ ′�

�
ð�1rτ� τ̃ ′

�
ð′� τ ′


) fl
1

�
5r�1


�3r1


Ψ1
–47(

hr sgd rohm/vdhfgs r Sdtjnkrjx nodqZsnq04 Sgd cdbntokhmf nodqZsnqr

R9S + fl
1 �ð� τ̃ ′�3τ(


���1ρ̃(S�kl(� �ð� τ̃ ′(Skk



) fl
1 ���3ρ� ρ̃(


�ð�1τ̃ ′(S�kl(� ��� ρ̃(Sll


. –48Z(

R3S + fl
1 �ð

′� τ̃�3τ ′(

��′�1ρ̃ ′(S�ml̃(� �ð′� τ̃(Smm



) fl
1 ��

′�3ρ ′� ρ̃ ′(

�ð′�1τ̃(S�ml̃(� ��′� ρ̃ ′(Sl̃l̃


. –48a(

3 Mnsd sgZs L ′ψ3 + ζ�3Lζ 3ψ3 Zmc Lψ9 + ζ�3L ′ζ 3ψ90
4 Rnld Ztsgnqr –d0f0 )19fl: 71[( cdzmd L sn ad sgd nodqZsnq vhsg r+ )10 Sgdm: sgd nodqZsnq enq sgd
mdfZshud r zdkcr hr hsr Zcinhms L&0
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Zkknv sgd rntqbdr enq sgd Sdtjnkrjx dptZshnmr sn ad bnmrsqtbsdc eqnl sgd rsqdrr/
dmdqfx sdmrnq0 Vd vhkk kZsdq Zkrn mddc sgd Zcinhmsr ne sgdrd: vghbg Zqd fhudm ax

�R &
9Ψ (αβ +� fl

1 kα kβ �ð� τ(�ð)2τ(Ψ � fl
1lαlβ ���ρ(��)2ρ(Ψ

) fl
1 k�αlβ (


���ρ ) ρ̃(�ð)2τ()�ð� τ ) τ̃ ′(��)2ρ([Ψ . –59Z(

�R &
3Ψ (αβ +� fl

1mαmβ �ð
′� τ ′(�ð′ )2τ ′(Ψ � fl

1 l̃α l̃β ��′�ρ ′(��′ )2ρ ′(Ψ

) fl
1m�α l̃β (


��′�ρ ′ ) ρ̃ ′(�ð′ )2τ ′()�ð′� τ ′ ) τ̃(��′ )2ρ ′([Ψ �

–59a(

Hmsqnctbhmf sgd hmcdw/eqdd khmdZqhrdc Dhmrsdhm nodqZsnq �D g(αβ .+ F�fl(
αβ =g[: vd

rdd sgZs Sdtjnkrjx+r qdrtks enq cdbntokhmf sgd dptZshnmr Zqd Z bnmrdptdmbd ne sgd
nodqZsnq hcdmshshdr

R9D + LS9. R3D + L ′S3� –5fl(

Hm uZbttl Jdqq/MTS roZbdshldr: sgd Sdtjnkrjx nodqZsnq lZx ad vqhssdm hm lZm/
hedrskx rdoZqZakd enql ax qdvqhshmf hs hm sdqlr ne sgd bnlltshmf nodqZsnqr )3[

D .+ ζ ζ̃ ���ρ� ρ̃(��′�1aρ ′()
1a�fl
1

�ζ ) ζ̃ (fiξ . –51(

Zmc

R .+ ζ ζ̃ �ð� τ� τ̃ ′(�ð′�1rτ ′() 1r�fl
1

�ζ � ζ̃ (fiξ � –52(

Sgdm: Sdtjnkrjx nodqZsnq hr fhudm ax

ζ ζ̃L +D�R� –53(

Sgd rxlldsqx nodqZsnqr rZshrex sgd bnlltsZshnm qdkZshnmr

D.R


+ 9 vgdm Zbs/

hmf nm Z sxod {o.9{ naidbs0 Vd vhkk rdd kZsdq sgZs vgdm vqhssdm Zr Z bnnqchmZsd
dwoqdrrhnm hm Anxdq/Khmcpthrs bnnqchmZsdr hm Jdqq roZbdshld sgd nodqZsnqr D Zmc
R qdctbd sn sgd qZchZk Sdtjnkrjx Zmc rohm/vdhfgsdc rogdqnhcZk nodqZsnqr –vhsg Z
bnllnm dhfdmuZktd(0

30z02 Sdtjnkrjx,RsZqnahmrjx hcdmshshdr

Hm qdfhnmr vgdqd sgdx rZshrex sgd gnlnfdmdntr Sdtjnkrjx dptZshnmr: sgd rbZkZqr ψ9
Zmc ψ3 Zqd mns hmcdodmcdms0 HmrsdZc: sgdx Zqd qdkZsdc ax sgd Sdtjnkrjx/RsZqnahmrjx
hcdmshshdr: vghbg Zqd fhudm hm FGO enql ax

�3ζ 3ψ3 + ð′3ζ 3ψ9�2Lfiξ ψ̃9. –54Z(

�′3ζ 3ψ9 + ð3ζ 3ψ3)2Lfiξ ψ̃3. –54a(
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vgdqd vd qdbZkk sgZs L + �ζ 2ψ10 Eqnl sgdrd: vd bZm Zkrn cdqhud dhfgsg/nqcdq
Sdtjnkrjx/RsZqnahmrjx hcdmshshdr sgZs cn mns lhw sgd rbZkZqr

�3ζ̃ 3�′3ζ 3ψ9 + ð3ζ̃ 3ð′3ζ 3ψ9�8L1fi1ξψ9. –55Z(

�′3ζ̃ 3�3ζ 3ψ3 + ð′3ζ̃ 3ð3ζ 3ψ3�8L1fi1ξψ3� –55a(

30z03 Qdbnmrsqtbshnm ne Z ldsqhb odqstqaZshnm hm qZchZshnm fZtfd

Rnktshnmr ne sgd Sdtjnkrjx dptZshnmr bZm ad qdkZsdc aZbj sn rnktshnmr enq sgd ldsqhb
odqstqaZshnm gαβ ax trd ne Z Gdqsy onsdmshZk )19fl: 26: fl94: flfl5: 198[0 Hm eZbs: sgdqd
Zqd svn cheedqdms Gdqsy onsdmshZkr. ψ HQF: vghbg oqnctbdr Z ldsqhb odqstqaZshnm hm
sgd hmfnhmf qZchZshnm fZtfd, Zmc ψNQF: vghbg oqnctbdr Z ldsqhb odqstqaZshnm hm sgd
ntsfnhmf qZchZshnm fZtfd0
Hm sgd hmfnhmf qZchZshnm fZtfd –HQF(: sgd ldsqhb odqstqaZshnm lZx ad qdbnm/

rsqtbsdc ax Zookxhmf Z rdbnmc/nqcdq cheedqdmshZk nodqZsnq sn Z rbZkZq Gdqsy onsdmshZk
ψ HQF ne sxod {�3.9{ –h0d0 sgd rZld sxod Zr ψ3(0 Hm sdqlr ne sghr Gdqsy onsdmshZk: sgd
HQF ldsqhb odqstqaZshnm hr fhudm dwokhbhskx ax

gHQFαβ + 1ℜ

�R &

9 ψ
HQF(αβ


� –56(

vgdqd R &
9 hr sgd nodqZsnq fhudm hm Dp0 –59Z(0 Sgd HQF Gdqsy onsdmshZk rZshrzdr

Lψ HQF + η HQF: vgdqd η HQF rZshrzdr 1ℜ�S &
9 η

HQF(αβ + 7πSαβ 0 Hm nsgdq vnqcr:
ψ HQF hr Z rnktshnm ne sgd dptZshnm rZshrzdc ax ζ 3ψ3 –dpthuZkdmskx: sgd Zcinhms ne sgd
dptZshnm rZshrzdc ax ψ9(: ats vhsg Z cheedqdms rntqbd0
Sgd HQF Gdqsy onsdmshZk lZmhedrskx rZshrzdr sgd fZtfd bnmchshnmr kαgαβ + 9 Zmc

g+ 9 Zmc hs mdbdrrZqhkx qdpthqdr sgZs �D gHQF(kk + 9+ Skk 0 Bnlotshmf sgd odqstqadc
Vdxk rbZkZqr eqnl hs: vd zmc

ψ9 +
fl
3
�3ψ HQF –57Z(

ψ3 +
fl
3
ð′3ψ HQF� 2

3
Lζ�3fiξψ HQF.

)
fl
3


ζ�1Lζ 1)1ζ�flfiξ �1�τ ′τ�ρ ′ρ�Ψ1(


η HQF� –57a(

Sgd HQF Gdqsy onsdmshZk lZx sgdqdenqd ad nasZhmdc dhsgdq ax rnkuhmf sgd rntqbdc
–Zcinhms( Sdtjnkrjx dptZshnm nq ax rnkuhmf dhsgdq ne sgd entqsg/nqcdq dptZshnmr
rntqbdc ax sgd odqstqadc Vdxk rbZkZqr0 Sgd dptZshnmr hmunkuhmf ψ9 Zmc ψ3 Zqd nesdm
qdedqqdc sn Zr sgd ”qZchZk‘ Zmc ”ZmftkZq‘ hmudqrhnm dptZshnmr: qdrodbshudkx0 �bshmf nm
sgd odqstqadc Vdxk rbZkZqr vhsg sgd Sdtjnkrjx nodqZsnq Zmc bnlltshmf nodqZsnqr:
vd zmc
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Lψ9 +
fl
3
���ρ� ρ̃(3η HQF –58Z(

L ′ψ3 +
fl
3
�ð′� τ ′� τ̃(3η HQF� 2

3
Lζ�3fiξ η HQF.

)
fl
3
L ′


ζ�1Lζ 1)1ζ�flfiξ �1�τ ′τ�ρ ′ρ�Ψ1(


η HQF� –58a(

Sgtr: hm qdfhnmr vgdqd sgd Gdqsy onsdmshZk rZshrzdr sgd gnlnfdmntr dptZshnm
Lψ HQF + 9 sgd rdbnmc khmd ne Dp0 –57a( uZmhrgdr Zmc sgd odqstqadc Vdxk rbZkZqr
rZshrex sgd gnlnfdmdntr Sdtjnkrjx dptZshnmr0
� rhlhkZq oqnbdctqd Zkrn vnqjr hm sgd ntsfnhmf qZchZshnm fZtfd –NQF(: sgd oqhld

ne sgd HQF0 Sgdqd: vd gZud5

gNQFαβ + 1ℜ

�R &

3 ψ
NQF(αβ


. –69(

vgdqd sgd NQF Gdqsy onsdmshZk: ψNQF: hr ne sxod {3.9{ –h0d0 sgd rZld Zr ψ9(0 Sgd
NQFGdqsy onsdmshZk rZshrzdrL ′ψNQF+ηNQF: vgdqd ηNQF rZshrzdr 1ℜ�S &

3 η
NQF(αβ +

7πSαβ 0 Hm nsgdq vnqcr: ψNQF hr Z rnktshnm ne sgd dptZshnm rZshrzdc ax ζ 3ψ9 –dpthu/
Zkdmskx: sgd Zcinhms ne sgd dptZshnm rZshrzdc ax ψ3(: ats vhsg Z cheedqdms rntqbd0
Sgd NQF Gdqsy onsdmshZk lZmhedrskx rZshrzdr sgd fZtfd bnmchshnmr mαgαβ + 9

Zmc g + 9: Zmc hs mdbdrrZqhkx qdpthqdr sgZs �D gHQF(mm + 9 + Smm0 Bnlotshmf sgd
odqstqadc Vdxk rbZkZqr eqnl hs: vd zmc

ψ9 +
fl
3
ð3ψNQF)

2
3
Lζ�3fiξψNQF

)
fl
3


ζ�1L ′ζ 1�1ζ�flfiξ �1�τ ′τ�ρ ′ρ�Ψ1(


ηNQF –6flZ(

ψ3 +
fl
3
�′3ψNQF. –6fla(

Sgd NQF Gdqsy onsdmshZk lZx sgdqdenqd ad nasZhmdc dhsgdq ax rnkuhmf sgd rntqbdc
–Zcinhms( Sdtjnkrjx dptZshnm nq ax rnkuhmf dhsgdq ne sgd entqsg/nqcdq dptZshnmr
rntqbdc ax sgd odqstqadc Vdxk rbZkZqr0 Sgd dptZshnmr hmunkuhmf ψ9 Zmc ψ3 Zqd nesdm
qdedqqdc sn Zr sgd ”ZmftkZq‘ Zmc ”qZchZk‘ hmudqrhnm dptZshnmr: qdrodbshudkx0 �bshmf nm
sgd odqstqadc Vdxk rbZkZqr vhsg sgd Sdtjnkrjx nodqZsnq Zmc bnlltshmf nodqZsnqr:
vd zmc

Lψ9 +
fl
3
�ð� τ� τ̃ ′(3ηNQF)

2
3
Lζ�3fiξ ηNQF

)
fl
3
L

ζ�1L ′ζ 1�1ζ�flfiξ �1�τ ′τ�ρ ′ρ�Ψ1(


ηNQF –61Z(

L ′ψ3 +
fl
3
��′�ρ ′� ρ̃ ′(3ηNQF� –61a(

5 Rnld Ztsgnqr )fl14[ cdzmd Z rkhfgskx cheedqdms NQF Gdqsy onsdmshZk qdkZsdc sn sgd nmd gdqd ax
ψ́NQF + ζ�3ψNQF Zmc �Ŕ &

3 (αβ + �R &
3 ζ

3(αβ 0 Ansg bnmudmshnmr xhdkc sgd rZld ldsqhb odqstqaZ/
shnm: �Ŕ &

3 ψ́
NQF(αβ + �R &

3 ψ
NQF(αβ (0



fl8

Sgtr: hm qdfhnmr vgdqd sgd Gdqsy onsdmshZk rZshrzdr sgd gnlnfdmntr dptZshnm
L ′ψNQF + 9 sgd rdbnmc khmd ne Dp0 –6flZ( uZmhrgdr Zmc sgd odqstqadc Vdxk rbZkZqr
rZshrex sgd gnlnfdmdntr Sdtjnkrjx dptZshnmr0
�r vhsg sgd Vdxk rbZkZqr: sgd HQF Zmc NQF Gdqsy onsdmshZkr Zqd mns hmcdodmcdms

hm sgd gnlnfdmdntr bZrd0 Ax cdlZmchmf sgZs sgdx oqnctbd sgd rZld ψ9 Zmc ψ3 vd
nasZhm Sdtjnkrjx/RsZqnahmrjx hcdmshshdr qdkZshmf sgdl:

�3ψ HQF + ð′3ψNQF)2Lζ�3fiξψNQF –62(

�′3ψNQF + ð3ψ HQF�2Lζ�3fiξψ HQF� –63(

Sgd eZbs sgZs sgd Gdqsy onsdmshZkr xhdkc rnktshnmr ne sgd gnlnfdmdntr khmdZqhrdc
Dhmrsdhm dptZshnmr vZr rtbbhmbskx rtllZqhrdc ax VZkc )19fl[ trhmf sgd ldsgnc ne
Zcinhmsr. rhmbd sgd nodqZsnqr rZshrex sgd hcdmshsx RD + LS : ax sZjhmf sgd Zcinhms
Zmc trhmf sgd eZbs sgZs D hr rdke/Zcinhms vd zmc sgZs DR & + S &L& rn vd gZud Z
gnlnfdmdntr rnktshnm ne sgd khmdZqhrdc Dhmrsdhm dptZshnmr oqnuhcdc sgd Gdqsy on/
sdmshZk rZshrzdr sgd –Zcinhms( gnlnfdmdntr Sdtjnkrjx dptZshnm0
EhmZkkx: vd mnsd sgZs hm Zcchshnm sn hlonrhmf bnmchshnmr nm sgd rsqdrr/dmdqfx: sgd

rsZmcZqc qZchZshnm fZtfd qdbnmrsqtbshnm oqnbdctqd eZhkr sn qdoqnctbd bdqsZhm ”bnl/
okdshnm‘ onqshnmr ne sgd ldsqhb odqstqaZshnm ZrrnbhZsdc vhsg rlZkk rghesr hm sgd bdmsqZk
lZrr Zmc ZmftkZq lnldmstl: Zmc fZtfd0 � lnqd fdmdqZkkx uZkhc ldsqhb odqstqaZ/
shnm lZx ad nasZhmdc ax rtookdldmshmf sgd qdbnmrsqtbsdc ohdbd cdrbqhadc gdqd vhsg
bnlokdshnm ohdbdr Zmc vhsg Z ”bnqqdbsnq‘ sdmrnq wαβ sgZs hr cdrhfmdc sn dkhlhmZsdc
Zmx qdrsqhbshnmr nm sgd rsqdrr/dmdqfx:

gαβ + 1ℜ�R &Ψ (αβ ) wαβ ) f̈αβ )�fiWf(αβ � –64(

Sgd hmsdqdrsdc qdZcdq lZx qdedq sn )19fl: fl94: 26[ enq sgd nqhfhmZk cdqhuZshnmr ne sgd
qdbnmrsqtbshnm oqnbdctqd: sn )7[ enq Zm ZmZkxrhr ne sgd rntqbdc dptZshnm rZshrzdc ax
sgd Gdqsy onsdmshZk: sn )fl15: 32[ enq cdsZhkr ne ldsqhb bnlokdshnm: Zmc sn )71: 8fl[ enq
Z sgnqntfg dwokZmZshnm ne sgd bnqqdbsnq sdmrnq ZooqnZbg0

30z04 FqZuhsZshnmZk vZudr

Hm nqcdq sn cdsdqlhmd fqZuhsZshnmZk vZud rsqZhm: vd qdpthqd sgd ldsqhb odqstqaZshnm
eZq eqnl sgd rntqbd0 He vd bnmrhcdq sgd ldsqhb odqstqaZshnm qdbnmrsqtbsdc hm qZchZshnm
fZtfd: sgdm sn kdZchmf nqcdq hm Z kZqfd/chrsZmbd dwoZmrhnm eqnl sgd rntqbd sgd bnl/
onmdmsr gll Zmc gl̃l̃ cnlhmZsd: vhsg ansg eZkkhmf ne Zr �chrsZmbd(�fl0 Hs hr bnllnm
sn vqhsd sgdrd hm sdqlr ne sgd svn fqZuhsZshnmZk vZud onkZqhyZshnmr:

gll + g) ) hg·. gl̃l̃ + g)� hg·� –65(

Etqsgdqlnqd: Zs kZqfd qZchtr sgd nodqZsnqS3 ne Dp0 –44a( qdctbdr sn Z rdbnmc cdqhuZ/
shud Zknmf sgd kµ mtkk chqdbshnm: kdZchmf sn Z rhlokd qdkZshnmrgho adsvddm ψ3 Zmc sgd
rdbnmc shld cdqhuZshud ne sgd rsqZhm:
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ψ3 ∼�
fl
1
’gl̃l̃� –66(

Sghr fhudr tr Z rsqZhfgsenqvZqc vZx sn cdsdqlhmd sgd rsqZhm ax bnlotshmf svn shld
hmsdfqZkr ne ψ30 Etqsgdq lZsgdlZshbZk cdsZhkr nm sgd qdkZshnmrgho adsvddm ψ3 Zmc
ntsfnhmf fqZuhsZshnmZk qZchZshnm Zqd fhudm hm Qder0 )fl23: fl24: fl76[: nm sgd dpthuZkdms
qdkZshnmrgho adsvddm ψ9 Zmc hmbnlhmf qZchZshnm Zqd fhudm hm Qde0 )192[: Zmc nm
mtldqhbZk hlokdldmsZshnm bnmrhcdqZshnmr hm Qder0 )fl69: flfl2[0

30z05 FGO enqlZkhrl hm Idqq roZbdshld

Vd mnv fhud dwokhbhs dwoqdrrhnmr enq sgd uZqhntr ptZmshshdr cdzmdc hm sgd oqduhntr
rdbshnmr rodbhZkhydc sn Jdqq roZbdshld0 Sgd rohm bndezbhdmsr Zqd sdsqZc cdodmcdms0
Vgdm vnqjhmf vhsg sgd BZqsdq sdsqZc: sgd mnm/ydqn rohm bndezbhdmsr gZud Z oZqshbt/
kZqkx rxlldsqhb enql fhudm ax

ρ +�ρ ′ +� fl
ζ


�
1Σ

. τ + τ ′ +� hZrhmθ
ζ
|
1Σ

.

β + β ′ +� h
ζ
Z) hq bnrθ
1rhmθ

|
1Σ

. ε +�ε ′ + Lq�Z1� hZ�q�L(bnrθ
1ζ
|
1Σ�

. –67(

vghkd enq sgd Jhmmdqrkdx sdsqZc sgdx Zqd fhudm ax

ρJ +� fl
ζ

. ρ ′
J +

�
1ζ 1ζ̃

. τJ +� hZrhmθ|
1ζ ζ̃

. τ ′J +� hZrhmθ|
1ζ 1

.

βJ +
bnsθ
1
|
1ζ̃

. β ′
J +

bnsθ
1
|
1ζ
� hZrhmθ|

1ζ 1
. εJ + 9. ε ′J +

�
1ζ 1ζ̃

� q�L
1ζ ζ̃

� –68(

Sgd bnlltshmf FGO nodqZsnqr gZud sgd rZld enql hm ansg sdsqZcr:

fiξ + ∂s . fiη + Z1∂s )Z∂φ + ∂φ̆ � –79(

30z06 Lncd cdbnlonrdc dptZshnmr hm Idqq roZbdshld

Hm ZcchshnmZk sn cdbntokhmf sgd dptZshnmr: Sdtjnkrjx etqsgdq rgnvdc sgZs sgd Sdtjnk/
rjx dptZshnmr Zqd etkkx rdoZqZakd trhmf Z lncd ZmrZsy0 Sgd rodbhzb enql ne sgd
ZmrZsy cdodmcr nm sgd bgnhbd ne mtkk sdsqZc0 Sdtjnkrjx vnqjdc vhsg sgd Jhmmdqrkdx
sdsqZc )fl97[: hm vghbg bZrd sgd Sdtjnkrjx dptZshnmr Zqd rdoZqZakd trhmf sgd ZmrZsy6

6 � rhlhkZq rdoZqZahkhsx qdrtks Zkrn gnkcr vgdm vnqjhmf vhsg sgd BZqsdq sdsqZc ax qdokZbhmf sgd kdes
gZmc rhcdr Zr enkknvr.

ψ9 →
1ζ 1

�
ψ9. ζ 3ψ3 →

ζ 1�
1

ψ3. �R9S ( → 1ζ 1

�
�R9S (. ζ 3�R3S ( → ζ 1�

1
�R3S (�



1fl

ψ9 +

 �

��

�

∑
ℓ+1

ℓ

∑
l+�ℓ

1ψℓfω�q( 1Rℓf�θ .φ ,Zω(d�hωs cω . –7fl(

ζ 3ψ3 +

 �

��

�

∑
ℓ+1

ℓ

∑
l+�ℓ

�1ψℓfω�q(�1Rℓf�θ .φ ,Zω(d�hωscω . –71(

vhsg sgd etmbshnmr rψℓfω�q( Zmc rRℓf�θ .φ ,Zω( rZshrexhmf sgd rohm/vdhfgsdc rogdqnhcZk
gZqlnmhb Zmc Sdtjnkrjx qZchZk dptZshnmr: qdrodbshudkx:


c
cχ


�fl� χ1(

c
cχ


)Z1ω1χ1� �l) rχ(1

fl� χ1
�1Zrωχ ) r)�


rRℓf + 9. –72(

Zmc

��r

c
cq


� r)fl c

cq


)
J1�1hr�q�L(J

�
)3hrωq� rλℓf


rψℓfω + rSℓfω . –73(

vgdqd χ .+ bnrθ : � .+ rλℓf)1Zlω�Z1ω1 Zmc J .+ �q1)Z1(ω�Zl: Zmc vgdqd
sgd dhfdmuZktd rλℓf cdodmcr nm sgd uZktd ne Zω 0
�r vhsg sgd rsZmcZqc rogdqhbZk gZqlnmhbr: sgd cdodmcdmbd ne sgd rohm/vdhfgsdc

rogdqnhcZk gZqlnmhbr nm sgd ZyhltsgZk bnnqchmZsd hr dwbktrhudkx sgqntfg Zm nudqZkk
bnlokdw dwonmdmshZk eZbsnq:

rRℓf�θ .φ ,Zω( + rRℓf�θ .9,Zω(dhfφ � –74(

Vhsg sghr cdzmhshnm: sgd rohm/vdhfgsdc rogdqnhcZk gZqlnmhbr Zqd nqsgnmnqlZk:


rRℓf�θ .φ ,Zω(rR̃ℓ′f′�θ .φ ,Zω(cΩ + δℓℓ′δff′ . –75(

vgdqd cΩ + rhmθcθcφ hr sgd unktld dkdldms nm sgd svn/rogdqd0 Sgdx Zkrn rZshrex
svn rxlldsqx hcdmshshdr:

rRℓf�θ .φ ,Zω( + ��fl(ℓ)f�rRℓf�π�θ .φ ,Zω(. –76Z(

rRℓf�θ .φ ,Zω( + ��fl(ℓ)r rR̃ℓ�f�π�θ .φ ,�Zω( –76a(

vghbg bZm ad bnlahmdc sn nasZhm sgd trdetk hcdmshsx

rRℓf�θ .φ ,Zω( + ��fl(f)r
�rR̃ℓ�f�θ .φ ,�Zω(. –77(

vghbg qdkZsdr Zm �r.ℓ.f.Zω( gZqlnmhb sn sgd bnmitfZsd ne Zm ��r.ℓ.�f.�Zω(
gZqlnmhb0 RhlhkZqkx: sgd dhfdmuZktd rZshrzdr sgd hcdmshshdr

Sgd eZbsnqr ne � gdqd Zqd mns qdpthqdc enq rdoZqZahkhsx: ats Zqd hmbktcdc rn sgZs sgd qZchZk etmbshnmr
Zqd bnmrhrsdms vhsg Sdtjnkrjx+r nqhfhmZk qZchZk etmbshnmr0
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rλℓf�Zω( + �rλℓf�Zω(�1r. –78Z(

rλℓf�Zω( + rλℓ�f��Zω( –78a(

vghbg bZm ad bnlahmdc sn nasZhm

rλℓf�Zω( + �rλℓ�f��Zω(�1r� –89(

Sgd rntqbdr enq sgd qZchZk Sdtjnkrjx dptZshnm Zqd cdzmdc ax

7π�R9S ( +� fl
1Σ

 �

��

�

∑
ℓ+1

ℓ

∑
f+�ℓ

1Sℓfω�q(1Rℓf�θ .ϕ ,Zω(d�hωscω . –8flZ(

7πζ 3�R3S ( +� fl
1Σ

 �

��

�

∑
ℓ+1

ℓ

∑
f+�ℓ

�1Sℓfω�q(�1Rℓf�θ .ϕ ,Zω(d�hωscω � –8fla(

EhmZkkx: vgdm Zbshmf nm Z rhmfkd lncd ne sgd lncd/cdbnlonrdc Vdxk rbZkZqr sgd
rxlldsqx nodqZsnqr xhdkc

Rψ9 +�fl
1 |1|

λℓfψ9. Dψ9 +�fl
1 |1|

λℓfψ9)ζ ζ̃R9S.

R′ψ3 +�fl
1 |�1|

λℓfψ3. D′ψ3 +�fl
1 |1|

λℓfψ3)ζ ζ̃RS . –81(

vgdqd |r|λℓfω .+ rλℓfω ) |r|) r hr hmcdodmcdms ne sgd rhfm ne r07

Rnktshnmr sn sgd qZchZk Sdtjnkrjx dptZshnm lZx ad vqhssdm hm sdqlr ne Z oZhq ne
gnlnfdmdntr lncd aZrhr etmbshnmr bgnrdm Zbbnqchmf sn sgdhq Zrxlosnshb adgZuhnq
Zs sgd entq mtkk antmcZqhdr sn sgd roZbdshld0 Enq qZchZshud –ω ̸+ 9( lncdr: sgd entq
bnllnm bgnhbdr Zqd cdmnsdc

¯ ”hm‘. qdoqdrdmshmf vZudr bnlhmf hm eqnl H � sgdm oZqshZkkx eZkkhmf hmsn sgd gnqh/
ynm Zmc oZqshZkkx rbZssdqhmf aZbj nts snH ), sgdrd lncdr Zqd otqdkx hmfnhmf hmsn
sgd gnqhynm,

¯ ”to‘. qdoqdrdmshmf vZudr bnlhmf to eqnl F � sgdm oZqshZkkx sqZudkkhmf nts sn
H ) Zmc oZqshZkkx rbZssdqhmf aZbj hmsn F ), sgdrd lncdr Zqd otqdkx ntsfnhmf Zs
hmzmhsx,

¯ ”nts‘. qdoqdrdmshmf vZudr bnlhmf eqnlH � ZmcF � sgdm sqZudkkhmf nts snH ),
sgdrd lncdr Zqd otqdkx ntsfnhmf eqnl sgd gnqhynm,

¯ ”cnvm‘. qdoqdrdmshmf vZudr bnlhmf eqnl H � ZmcF � sgdm sqZudkkhmf cnvm sn
F ), sgdrd lncdr Zqd otqdkx hmbnlhmf Zs hmzmhsx,

Sgdrd gZud Zrxlosnshb adgZuhntq fhudm ax

7 Sghr hr chrshmbs eqnl BgZmcqZrdjgZq+r dhfdmuZktd vghbg hr fhudm hm Dp0 –fl93(0
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IH

IH - -

+ + IH

IH - -

+ + IH

IH - -

+ + IH

IH - -

+ +

Ehf0 z Kdes sn qhfgs. antmcZqx bnmchshnmr rZshrzdc ax sgd ”hm‘: ”to‘: ”nts‘ Zmc ”cnvm‘ rnktshnmr0

rQhmℓfω�q( ∼
 9

rQ
hm:qde
ℓfωq

�fl�1rd)hωq∗
)
)

rQ
hm:sqZmr
ℓfω ��rd�hjq∗

rQ
hm:hmb
ℓfωq

�fld�hωq∗
q→ q)
q→ � –82Z(

rQ
to
ℓfω�q( ∼


rQ
to:hmb
ℓfω d

)hjq∗

rQ
to:sqZmr
ℓfω q�fl�1rd)hωq∗

)
)

rQ
to:qde
ℓfω�

�rd�hjq∗
9

q→ q)
q→ � –82a(

rQntsℓfω�q( ∼


rQ
nts:sqZmr
ℓfω d)hjq∗

rQ
nts:hmb
ℓfω q�fl�1rd)hωq∗

)
)

9
rQ
nts:qde
ℓfω q�fld�hωq∗

q→ q)
q→ � –82b(

rQcnvmℓfω�q( ∼


rQ
cnvm:qde
ℓfω d)hjq∗

9
)
)

rQ
cnvm:hmb
ℓfω ��rd�hjq∗

rQ
cnvm:sqZmr
ℓfω q�fld�hωq∗

q→ q)
q→ � –82c(

vgdqd j .+ ω �lΩ) vhsg Ω) .+ Z
1Lq)

sgd ZmftkZq udknbhsx ne sgd gnqhynm: Zmc

vgdqd q∗ .+ q) fl
1κ)

km q�q)1L ) fl
1κ� km

q�q�
1L vhsg κ± .+ q±�q±

1�q1±)Z1(
sgd rtqeZbd fqZuhsx nm

sgd ntsdq?hmmdq gnqhynm0 Sghr adgZuhntq hr cdohbsdc fqZoghbZkkx hm Ehf0 fl0
Hmgnlnfdmdntr rnktshnmr ne sgd qZchZk Sdtjnkrjx dptZshnm bZm sgdm ad vqhssdm hm

sdqlr ne Z khmdZq bnlahmZshnm ne sgd aZrhr etmbshnmr:

rψℓfω�q( + rBhmℓfω�q(rQhmℓfω�q() rB
to
ℓfω�q(rQ

to
ℓfω�q(. –83(

vgdqd sgd vdhfgshmf bndezbhdmsr Zqd cdsdqlhmdc ax uZqhZshnm ne oZqZldsdqr:

rBhmℓfω�q( +

 �

q

rQ
to
ℓfω�q′(
V �q′(� rSℓfω�q′(cq′. –84Z(

rB
to
ℓfω�q( +

 q

q)

rQhmℓfω�q′(
V �q′(� rSℓfω�q′(cq′. –84a(

vhsg V �q( + rQhmℓfω�q(∂q=rQ
to
ℓfω�q([� rQ

to
ℓfω�q(∂q=rQhmℓfω�q([ sgd VqnmrjhZm )hm

oqZbshbd: hs hr bnmudmhdms sn trd sgd eZbs sgZs � r)flV �q( + bnmrs[0
He nmd bnlotsdr sgd ”hm‘ Zmc ”to‘ lncd etmbshnmr vhsg mnqlZkhrZshnm rtbg sgZs

sqZmrlhrrhnm bndezbhdmsr Zqd tmhsx: rQhm:sqZmrℓfω + fl + rQ
to:sqZmr
ℓfω : sgdm sgd fqZuhsZshnmZk

vZud rsqZhm bZm ad cdsdqlhmdc chqdbskx eqnl ψ3 trhmf Dp0 –66( sn fhud

khl
q→�

q�g)� hg·( + 1
 �

��

�

∑
ℓ+1

ℓ

∑
l+�ℓ

�1B
to
ℓfω

ω1 �1Rℓf�θ .φ ,Zω(d�hω�s�q∗(cω . –85(
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vgdqd sgd vdhfgshmf bndezbhdms �1B
to
ℓfω hr sn ad duZktZsdc hm sgd khlhs q → �0

RhlhkZqkx: sgd shld ZudqZfdc fitw ne dmdqfx bZqqhdc ax fqZuhsZshnmZk vZudr8 oZrrhmf
sgqntfg hmzmhsx Zmc sgd gnqhynm bZm ad bnlotsdc eqnl sgd ”hm‘ Zmc ”to‘ mnqlZk/
hyZshnm bndezbhdmsr )85[:

EFD + khl
q→q)

∑
ℓfω

1παℓfω
ω1

|�1Bhmℓfω |1. –86(

EHD + khl
q→� ∑

ℓfω

1π
ω1

|�1Btoℓfω |
1. –87(

vgdqd αℓfω .+
145�1Lq)(4j�j1)3ε1(�j1)fl5ε1(ω2

|Bℓfω |1
vhsg ε .+

|
L1�Z1<�3Lq)(0 Rhlh/

kZqkx: sgd fitw ne ZmftkZq lnldmstl hr fhudm ax

EFKy + khl
q→q)

∑
ℓfω

1πfαℓfω
ω2

|�1Bhmℓfω |1. –88(

EHKy + khl
q→� ∑

ℓfω

1πf
ω2

|�1Btoℓfω |
1� –fl99(

RhlhkZq dwoqdrrhnmr bZm ad nasZhmdc hm sdqlr ne sgd lncdr 1ψℓfω neψ9 ax trhmf sgd
Sdtjnkrjx/RsZqnahmrjx hcdmshshdr sn qdkZsd �1B

to
ℓfω sn 1B

to
ℓfω 0 Sgd mdbdrrZqx cdsZhkr

ne gnv sgdrd Zrxlosnshb Zlokhstcdr Zqd qdkZsdc bZm ad entmc hm Qder0 )fl25: fl14[0
Vgdm cdbnlonrdc hmsn lncdr: dZbg ne sgd Sdtjnkrjx/RsZqnahmrjx hcdmshshdr rdo/

ZqZsd sn xhdkc hcdmshshdr qdkZshmf sgd onrhshud rohm/vdhfgs rogdqnhcZk Zmc qZchZk etmb/
shnmr sn sgd mdfZshud rohm/vdhfgs nmdr:

C39 ��1ψℓfω( + fl
3Bℓfω 1ψℓfω . –fl9flZ(

� 1�C&9 (
3�� 1 1ψℓfω( + 3B̃ℓfω �1ψℓfω . –fl9fla(

K�flK9KflK1�1Rℓfω( + C�1Rℓfω . –fl9flb(

K &
�flK

&
9K

&
flK

&
1 ��1Rℓfω( + C 1Rℓfω . –fl9flc(

vgdqd

Cm .+ ∂q�
hJ
�

)1m
q�L
�

. C&m .+ ∂q)
hJ
�

)1m
q�L
�

. –fl91Z(

Km .+ ∂θ )P)mbnsθ . K &
m .+ ∂θ �P)mbnsθ . –fl91a(

–vhsg J cdzmdc Zanud Zmc P .+�Zω rhmθ )lbrbθ ( Zqd drrdmshZkkx lncd udqrhnmr
ne sgd FGO cheedqdmshZk nodqZsnqr0 Sgd bnmrsZmsr ne oqnonqshnmZkhsx Zqd fhudm ax

8 Rsqhbskx rodZjhmf: sgd gnqhynm fitwdr fhudm gdqd gZud addm cdqhudc eqnl sgd qZsdr ne bgZmfd ne
sgd akZbj gnkd oZqZldsdqr ctd sn rgdZq ne sgd gnqhynm fdmdqZsnqr )fl89[0 Hs hr fdmdqZkkx Zrrtldc sgZs
sgdrd Zqd dpthuZkdms sn sgd fqZuhsZshnmZk vZud fitwdr: Zksgntfg sghr gZr mns: sn ntq jmnvkdcfd: addm
rgnvm dwokhbhskx0
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Bℓfω + C)��fl(ℓ)lfl1hLω . –fl92Z(

C1 + �rλBgℓf(1�rλBgℓf�1(
1)7Zω�l�Zω(�rλBgℓf�1(�4rλ

Bg
ℓf�3(

)37�Zω(1

1�rλBgℓf�1()2�l�Zω(1


. –fl92a(

vgdqd
rλBgℓfω .+ rλℓfω ) r1) r –fl93(

hr sgd dhfdmuZktd trdc ax BgZmcqZrdjgZq )24[0 Sghr oZqshbtkZq bgnhbd ne Bℓfω dm/
rtqdr sgZs sgd r+ )1 Zmc r+�1 lncdr qdoqdrdms sgd rZld ogxrhbZk odqstqaZshnm0fl9
EhmZkkx: vgdm vqhssdm hm sdqlr ne lncdr sgd gnlnfdmdntr qZchZshnm fZtfd Zmft/

kZq hmudqrhnm dptZshnmr bZm ad ZkfdaqZhbZkkx hmudqsdc sn fhud sgd lncdr ne sgd Gdqsy
onsdmshZkr hm sdqlr ne sgd lncdr ne sgd Vdxk rbZkZq:

ψNQFℓfω + fl5
��fl(lC 1ψ̃�ωℓ�l)fl1hLω 1ψℓfω

|Bℓfω |1
. –fl94(

ψ HQFℓfω + fl5
��fl(lC�1ψ̃�ωℓ�l�fl1hLω �1ψℓfω

|Bℓfω |1
� –fl95(

vgdqd sgd rdoZqZahkhsx ZmrZsy enq sgd Gdqsy onsdmshZkr cheedqr ax Z eZbsnq ne ζ�3 eqnl
sgZs ne sgd Vdxk rbZkZqr:

ζ�3ψNQF +

 �

��

�

∑
ℓ+1

ℓ

∑
l+�ℓ

ψNQFℓfω�q( 1Rℓf�θ .φ ,Zω(d�hωs cω . –fl96(

ψ HQF +

 �

��

�

∑
ℓ+1

ℓ

∑
l+�ℓ

ψ HQFℓfω�q(�1Rℓf�θ .φ ,Zω(d�hωscω � –fl97(

�ksdqmZshudkx: nmd bZm trd sgd qZchZk hmudqrhnm dptZshnmr sn qdkZsd sgd Zrxlosnshb Zl/
okhstcdr ne ψ HQFℓfω sn sgd Zrxlosnshb Zlokhstcdr ne 1ψℓfω Zmc sn qdkZsd sgd Zrxlo/
snshb Zlokhstcdr ne ψNQFℓfω sn sgd Zrxlosnshb Zlokhstcdr ne �1ψℓfω 0 Etqsgdq cdsZhkr
Zqd fhudm hm )fl25[ enq sgd HQF bZrd Zmc hm )fl14[ enq sgd NQF bZrd0
Mnsd sgZs hm nqcdq sn sqZmrenql aZbj sn sgd shld/cnlZhm rnktshnm: Zr Z zmZk rsdo

vd ltrs odqenql Zm hmudqrd Entqhdq sqZmrenql0 Sghr onrdr Z bgZkkdmfd hm fqZuhsZ/
shnmZk rdke/enqbd bZkbtkZshnmr: vgdqd mnm/rlnnsgmdrr ne sgd rnktshnmr hm sgd uhbhmhsx
ne sgd vnqkckhmd kdZc sn sgd Fhaar ogdmnldmnm ne mnm/bnmudqfdmbd ne sgd hmudqrd
Entqhdq sqZmrenql0 Qdrnktshnmr sn sghr oqnakdl sxohbZkkx qdkx nm Zunhchmf chqdbskx
sqZmrenqlhmf sgd hmgnlnfdmdntr rnktshnm ax trhmf sgd ldsgncr ne dwsdmcdc gnln/
fdmdntr nq dwsdmcdc oZqshbtkZq rnktshnmr0 Enq etqsgdq cdsZhkr: rdd )81: 82[0

fl9 �m ZksdqmZshud oqnonqshnmZkhsx bnmrsZms bZm ad cdqhudc rtbg sgZs sgd r + )1 Zmc r + �1 lncdr
gZud sgd rZld sqZmrlhrrhnm bndezbhdms, rdd )fl25[ enq cdsZhkr0
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30z07 RZrZjh,MZjZltqZ sqZmrenqlZshnm

Hm mtldqhbZk hlokdldmsZshnmr: sgd Sdtjnkrjx dptZshnm bZm ad oqnakdlZshb sn vnqj
vhsg ctd sn sgd oqdrdmbd ne Z knmf/qZmfdc onsdmshZk0 Nmd ZooqnZbg sn sghr oqnakdl
hr sn sqZmrenql sn Zm ZksdqmZshud lZrsdq etmbshnm sgZs rZshrzdr Zm dptZshnm vhsg Z
lnqd rgnqs/qZmfdc onsdmshZk0 Sgd RZrZjh/MZjZltqZ sqZmrenqlZshnm hr cdrhfmdc sn
cn dwZbskx sghr0 Hs hmsqnctbdr Z mdv etmbshnm ne sgd enql

W ∼


ζ̃ 1
ζ 1 �q

1)Z1(fl<1q1�′�′ fl
q1 ζ

3ψ9
�q1)Z1(fl<1q1�� fl

q1 ζ
3ψ3

. –fl98(

vgdqd sgd eZbsnqr ne ζ dmrtqd sgZs sgdrd Zqd otqdkx qZchZk nodqZsnqr0flfl Sgdqd hr bnm/
rhcdqZakd eqddcnl sn qdrbZkd sgdrd dwoqdrrhnmr ax hmrdqshmf ZooqnoqhZsd etmbshnmr
ne q: enq lnqd cdsZhkr rdd Qde0 )84[ hm vghbg bZrd sgd W fhudm gdqd bnqqdronmcr sn|
q1)Z1q1I�I� fl

q1Q hm sgd r+�1 bZrd Zmc sn
fl
3

|
q1)Z1q1I)I) �1

q1 Q hm sgd r+ )1
bZrd0

371 Ldsqhb odqstqaWshnmr ne RbgvWqyrbghkc roWbdshld

Nm Z RbgvZqyrbghkc aZbjfqntmc roZbdshld: rdoZqZahkhsx hr qdZchkx Zbghdudc vhsgnts
gZuhmf sn qdkx nm sgd Sdtjnkrjx enqlZkhrl0 Vqhshmf sgd ldsqhb odqstqaZshnm hm sdqlr
ne hsr mtkk sdsqZc bnlonmdmsr: sgdx gZud FGO sxod

r+ 9 . gkm . {9.9{. gll̃ . {9.9{. gkk . {1.1{. gmm . {�1.�1{
r+ ±fl . gkl . {1.9{. gkl̃ . {9.1{. gml . {9.�1{. gml̃ . {�1.9{
r+ ±1 . gll . {1.�1{. gl̃l̃ . {�1.1{�

Gdqd vd gZud fZsgdqdc sgd bnlonmdmsr hmsn rbZkZq –r + 9(: udbsnq –r + ±fl( Zmc
sdmrnq –r+ ±1( rdbsnqr0
Hm rnld hmrsZmbdr: hs hr bnmudmhdms sn vnqj vhsg sgd sqZbd/qdudqrdc ldsqhb odqstq/

aZshnm: g̃αβ + gαβ � fl
1gfαβ 0 Hm sdqlr ne mtkk sdsqZc bnlonmdmsr: sgd sqZbd hr fhudm

ax g + �1�gkm � gll̃( rn Z sqZbd qdudqrZk rhlokx bnqqdronmcr sn sgd hmsdqbgZmfd
gkm ↔ gll̃. g̃km + gll̃ Zmc g̃ll̃ + gkm: vhsg Zkk nsgdq bnlonmdmsr tmbgZmfdc0
Sgd sdsqZc bnlonmdmsr lZx ad cdbnlonrdc hmsn Z aZrhr ne rohm/vdhfgsdc rogdq/

hbZk gZqlnmhbr

gZa +
�

∑
ℓ+|r|

ℓ

∑
l+�ℓ

gℓfZa �s.q( rXℓf�θ .φ( –flfl9(

flfl Sghr dwoqdrrhnm hr ZooqnoqhZsd vgdm vnqjhmf vhsg sgd Jhmmdqrkdx sdsqZc, enq sgd BZqsdq sdsqZc
ansg cdzmhshnmr enq W mddc sn ad rbZkdc ax Z bnllnm eZbsnq ne ζ̃

ζ sn nasZhm Z qZchZk nodqZsnq0
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vgdqd r+ 9 enq gkm: gll̃: gkk Zmc gmm, r+)fl enq gkl Zmc gml, r+�fl enq gkl̃ Zmc gml̃,
r + )1 enq gll, Zmc r + �1 enq gl̃l̃0 Gdqd: vd gZud hmsqnctbdc sgd rohm/vdhfgsdc
rogdqhbZk gZqlnmhbr rXℓf�θ .φ( + rRℓfω�θ .φ ,9( vhsg sgd ZrrnbhZsdc dhfdmuZktd
rλℓ .+ rλℓf�Zω + 9( + ℓ�ℓ)fl(� r�r)fl(0
Hm sgd RbgvZqyrbghkc bZrd sgd FGO cdqhuZshud nodqZsnqr rokhs hmsn nodqZsnqr sgZs

–to sn Zm nudqZkk eZbsnq ne flq ( Zbs nmkx nm sgd svn/rogdqd:

ð+ fl|
1q

�∂θ ) hbrbθ∂φ � rbnsθ (. ð′ + fl|
1q

�∂θ � hbrbθ∂φ ) rbnsθ (� –flflfl(

Zmc nodqZsnqr sgZs Zbs nmkx hm sgd s� q rtaroZbdfl1

�+
fl|
1 e


∂s ) e∂q�

aL
q1


. �′ +

fl|
1 e


∂s � e∂q�

aL
q1


� –flfl2(

Sgd svn/rogdqd nodqZsnqr Zbs Zr rohm/qZhrhmf Zmc knvdqhmf nodqZsnqr sn qdkZsd rohm/
vdhfgsdc rogdqhbZk gZqlnmhbr ne cheedqdms rohm/vdhfgs

|
1qð


rXℓf�θ .φ(


+�


ℓ�ℓ)fl(� r�r)fl(

fl<1
r)flXℓf�θ .φ(. –flfl3Z(

|
1qð′


rXℓf�θ .φ(


+


ℓ�ℓ)fl(� r�r�fl(

fl<1
r�flXℓf�θ .φ(� –flfl3a(

Hm oZqshbtkZq: sghr oqnuhcdr Z qdkZshnmrgho adsvddm sgd rohm/vdhfgsdc rogdqhbZk gZq/
lnmhbr Zmc sgd rbZkZq rogdqhbZk gZqlnmhbr0
Hs hr bnmudmhdms sn rokhs sgd rhw udbsnq Zmc sdmrnq rdbsnq bnlonmdmsr ne sgd ldsqhb

odqstqaZshnm hmsn qdZk –dudm oZqhsx( Zmc hlZfhmZqx –ncc oZqhsx( oZqsr: qdoqdrdmshmf
vgdsgdq sgdx Zqd dudm nq ncc tmcdq sgd sqZmrenqlZshnm �θ .φ( → �π�θ .φ )π(.

gℓfkl + gℓfk.dudm) hgℓfk.ncc. gℓfkl̃ +�gℓfk.dudm) hgℓfk.ncc.

gℓfml + gℓfm.dudm) hgℓfm.ncc. gℓfml̃ +�gℓfm.dudm) hgℓfm.ncc.

gℓfll + gℓf1.dudm) hgℓf1.ncc. gℓfl̃l̃ + gℓf1.dudm� hgℓf1.ncc�

Sgd entq rbZkZq rdbsnq bnlonmdmsr Zqd mdbdrrZqhkx dudm oZqhsx: rn vd sgdqdenqd gZud
rdudm zdkcr hm sgd dudm/oZqhsx rdbsnq Zmc sgqdd hm sgd ncc/oZqhsx rdbsnq0 Sgd dudm Zmc
ncc oZqhsx rdbsnqr cdbntokd: ldZmhmf sgZs sgdx bZm ad rnkudc enq hmcdodmcdmskx0 Hm
hmrsZmbdr vgdqd sgdqd hr rxlldsqx tmcdq qdfidbshnm Zants sgd dptZsnqhZk okZmd sghr
cdbntokhmf hr lnqd dwokhbhs hm sgZs sgd dudm oZqhsx rdbsnq nmkx bnmsqhatsdr enq ℓ)f
dudm Zmc sgd ncc oZqhsx rdbsnq nmkx bnmsqhatsdr enq ℓ)f ncc0
EhmZkkx: vd bZm Zkrn noshnmZkkx etqsgdq cdbnlonrd hmsn sgd eqdptdmbx cnlZhm:

fl1 Sgdrd dwoqdrrhnmr Zqd nasZhmdc vgdm vnqjhmf vhsg sgd BZqsdq sdsqZc0 Sgd dpthuZkdms nodqZsnqr
enq sgd Jhmmdqrkdx sdsqZc Zqd

�+ e�fl∂s )∂q. �′
+ fl

1 �∂s � e∂q�1aL<q1(� –flfl1(
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gℓfZa �s.q( +

 �

��
gℓfω
Za �q(d�hωs cω –flfl4(

hm nqcdq sn nasZhm etmbshnmr ne q nmkx0 Sghr gZr sgd ZcuZmsZfd ne qdctbhmf sgd oqnakdl
ne bnlotshmf sgd ldsqhb odqstqaZshnm sn sgZs ne rnkuhmf rxrsdlr ne 6) 2 bntokdc
nqchmZqx cheedqdmshZk dptZshnmr: nmd enq dZbg �ℓ.f.ω(0

3010z �ksdqmZshud sdmrnq aZrdr

Sgdqd hr rnld eqddcnl hm sgd rodbhzb bgnhbd ne aZrhr hmsn vghbg sdmrnqr Zqd cd/
bnlonrdc0 Hm oZqshbtkZq: sgd qdkZshud rbZkhmf ne sgd kµ Zmc mµ sdsqZc udbsnqr kdZcr
sn Z rkhfgskx cheedqdms aZrhr he nmd vnqjr vhsg sgd Jhmmdqrkdx sdsqZc qZsgdq sgZm sgd
BZqsdq sdsqZc0 Hs hr Zkrn onrrhakd sn vnqj vhsg ZksdqmZshud aZrhr udbsnqr roZmmhmf sgd
s� q roZbd0 Hm rnld hmrsZmbdr hs hr bnmudmhdms sn vnqj vhsg bnnqchmZsd aZrhr udbsnqr
δ µ
s Zmc δ

µ
q qZsgdq sgZm mtkk udbsnqr0 Nmd bZm Zkrn bgnnrd sn nlhs sgd eZbsnq ne flq hm

sgd cdzmhshnm ne lµ Zmc l̃µ 0 Sgd bgnhbd ne aZrhr cndr mns gZud Z etmcZldmsZk hl/
oZbs: ats rnld bgnhbdr kdZc sn lnqd rsqZhfgsenqvZqc nq mZstqZk hmsdqoqdsZshnmr ne sgd
qdrtkshmf dptZshnmr0
�cchshnmZkkx: Zr Zm ZksdqmZshud sn Z rohm/vdhfgsdc gZqlnmhb aZrhr: nmd bntkc

dpthuZkdmskx vnqj vhsg Zm nqsgnmnqlZk aZrhr ne udbsnq Zmc sdmrnq rogdqhbZk gZq/
lnmhbr: vghbg Zqd qdkZsdc sn sgd rohm/vdhfgsdc rogdqhbZk gZqlnmhbr ax

Yℓf� .+

ℓ�ℓ)fl([�fl<1C�X ℓf +

fl|
1


�flXℓfl�� flXℓfl̃�


. –flfl5Z(

Yℓf�A .+

1
�ℓ�1(“
�ℓ)1(“

fl<1
C�CA) fl

1ℓ�ℓ)fl(Ω�A

X ℓf

+
fl|
1


�1Xℓfl�lA) 1Xℓfl̃�l̃A


. –flfl5a(

enq sgd dudm/oZqhsx rdbsnq Zmc

W ℓf
� .+�


ℓ�ℓ)fl([�fl<1ε�ACAX ℓf +� h|

1


�flXℓfl�) flXℓfl̃�


. –flfl6Z(

W ℓf
�A .+�


1
�ℓ�1(“
�ℓ)1(“

fl<1
ε��BCA(CBX

ℓf +� h|
1


�1Xℓfl�lA� 1Xℓfl̃�l̃A


.

–flfl6a(

enq sgd ncc/oZqhsx rdbsnq0 Gdqd:l� + fl|
1
=fl. hrhmθ [ Zmc l̃� enql Z bnlokdw nqsgnmnq/

lZk aZrhr nm sgd svn/rogdqd Zmc Zqd qdkZsdc sn sgd svn/rogdqd bnlonmdmsr ne sgd
sdsqZc udbsnqr lα Zmc l̃α ax Z eZbsnq ne q0 Sgd cheedqdmshZk nodqZsnq C hr sgd bn/
uZqhZms cdqhuZsd nm sgd svn/rogdqd vhsg ldsqhb Ω�A + chZf�fl.rhm1 θ (0 Mnsd sgZs sgd
cdzmhshnmr ne sgd udbsnq Zmc sdmrnq gZqlnmhbr fhudm gdqd cheedqr eqnl sgnrd ne LZq/
sdk Zmc Onhrrnm )flfl6[ hm sgdhq nudqZkk mnqlZkhrZshnm ats Zqd nsgdqvhrd sgd rZld0 Sgd
bgnhbd gdqd dmrtqdr sgZs sgd gZqlnmhbr Zqd tmhs/mnqlZkhrdc:
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
Y�ℓf�θ .φ(Ỹℓ

′f′
� �θ .φ(cΩ + δℓℓ′δff′ . –flfl7Z(


W�ℓf�θ .φ(W̃ ℓ′f′

� �θ .φ(cΩ + δℓℓ′δff′ . –flfl7a(

Y�Aℓf�θ .φ(Ỹℓ

′f′
�A �θ .φ(cΩ + δℓℓ′δff′ . –flfl7b(


W�Aℓf�θ .φ(W̃ ℓ′f′

�A �θ .φ(cΩ + δℓℓ′δff′ � –flfl7c(

Enq rhlokhbhsx vd nos sn vnqj dwbktrhudkx vhsg Z rohm/vdhfgsdc rogdqhbZk gZq/
lnmhb aZrhr: ats onhms nts sgZs dpthuZkdms qdrtksr gnkc enq nsgdq bgnhbdr ne aZrhr0
Hm oZqshbtkZq: sgd dwoqdrrhnmr sgZs enkknv bZm ad sqZmrenqldc sn sgd bnllnmkx/
trdc AZqZbj/Kntrsn/RZfn )8: fl1: 197[ aZrhr: g�h(ℓf : sgd �-J aZrhr )fl81: fl82[: sgd
LZqsdk/Onhrrnm aZrhr )flfl6[: Zmc sgd Adqmcsrnm aZrhr )fl6[ trhmf sgd qdkZshnmr fhudm
hm SZakd 3010fl0 Sgd sZakd Zkrn fhudr sgd sqZmrkZshnm adsvddm Z BZqsdq mtkk/sdsZc aZrhr
�kα .mα .lα . l̃α( Zmc Z s-q bnnqchmZsd aZrhr �δα

s .δα .lα . l̃α(0 Mnsd sgZs sgd AZqZbj/
Kntrsn/RZfn dwoqdrrhnmr hmunkud sgd mnm/sqZbd/qdudqrdc ldsqhb0 � sqZbd qdudqrZk hm
sgd AZqZbj/Kntrsn/RZfn aZrhr bnqqdronmcr sn sgd hmsdqbgZmfd g�2(ℓf↔ g�5(ℓf: bnmrhr/
sdms vhsg sgd sqZbd qdudqrZk hm sgd mtkk sdsqZc aZrhr bnqqdronmchmf sn sgd hmsdqbgZmfd
gℓfkm ↔ gℓfll̃ 0

SdsqZc AZqZbj/Kntrsn/RZfn �-J LZqsdk/Onhrrnm Adqmcsrnm Bnnqc0
e
1


gℓfkk )gℓfmm )1gℓfkm


fl
1q


g�fl(ℓf) e g�2(ℓf


�ℓf gℓfss e G9 gℓfss

fl
1 e


gℓfkk )gℓfmm �1gℓfkm


fl

1q e 1


g�fl(ℓf� e g�2(ℓf


Jℓf gℓfqq

fl
e G1 gℓfqq

fl
1


gℓfkk �gℓfmm


fl
1q e g

�1(
ℓf �Cℓf gℓfsq Gfl gℓfsq

gℓfll̃
fl
1q g

�5(
ℓf Dℓf Jℓf J gℓfll̃

e
1


gℓfk.dudm)gℓfm.dudm


� g�3(ℓf

1q
|
1
|

ℓ�ℓ)fl(

|
ℓ�ℓ)fl(|
1

Aℓf �
|

ℓ�ℓ)fl(
q
|
1

iℓfs �
|

ℓ�ℓ)fl(
q
|
1

g9 gℓfs.dudm


fl
1 e


gℓfk.dudm�gℓfm.dudm


� g�4(ℓf

1q e
|
1
|

ℓ�ℓ)fl(
�
|

ℓ�ℓ)fl(|
1

Gℓf �
|

ℓ�ℓ)fl(
q
|
1

iℓfq �
|

ℓ�ℓ)fl(
q
|
1

gfl gℓfq.dudm


e
1


gℓfk.ncc)gℓfm.ncc


g�7(ℓf

1q
|
1
|

ℓ�ℓ)fl(

|
ℓ�ℓ)fl(|
1

Bℓf �
|

ℓ�ℓ)fl(
q
|
1

gℓfs

|
ℓ�ℓ)fl(
q
|
1

g9 gℓfs.ncc


fl
1 e


gℓfk.ncc�gℓfm.ncc


g�8(ℓf

1q e
|
1
|

ℓ�ℓ)fl(
�
|

ℓ�ℓ)fl(|
1

Iℓf �
|

ℓ�ℓ)fl(
q
|
1

gℓfq

|
ℓ�ℓ)fl(
q
|
1

gfl gℓfq.ncc

gℓf1.dudm
fl
1q


�ℓ�1(“
�ℓ)1(“g

�6(
ℓf

fl
1


�ℓ)1(“
�ℓ�1(“E

ℓf fl
1


�ℓ)1(“
�ℓ�1(“F

ℓf


�ℓ)1(“
�ℓ�1(“F

ℓf gℓf1.dudm

gℓf1.ncc � fl
1q


�ℓ�1(“
�ℓ)1(“g

�fl9(
ℓf

fl
1


�ℓ)1(“
�ℓ�1(“F

ℓf fl
1q1


�ℓ)1(“
�ℓ�1(“g

ℓf
1

fl
q1


�ℓ)1(“
�ℓ�1(“g1 gℓf1.ncc

SZakd z QdkZshnmrgho adsvddm bgnhbdr ne aZrhr enq odqstqaZshnmr ne RbgvZqyrbghkc roZbdshld0
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372 Ndffd:Tgddkdq enqlWkhrl Wmc Ndffd:Tgddkdq fWtfd

Sgd Qdffd/Vgddkdq enqlZkhrl hr aZrdc nm sgd hcdZ ne bnmrsqtbshmf rnktshnmr sn
sgd khmdZqhrdc Dhmrsdhm dptZshnmr eqnl rnktshnmr sn sgd rbZkZq vZud dptZshnm vhsg Z
onsdmshZk0 Hm sgd bZrd ne sgd Qdffd/Vgddkdq lZrsdq etmbshnm: hs hr Z rnktshnm ne


�)

1Lr1

q2


ψQVr + Rr. –flfl8(

vgdqd r hr sgd rohm ne sgd zdkc –r + 9 enq rbZkZq zdkcr: r + fl enq dkdbsqnlZfmdshb
zdkcr Zmc r+ 1 enq fqZuhsZshnmZk zdkcr(0
DptZshnm –flfl8( hr rdoZqZakd hm RbgvZqyrbghkc roZbdshld trhmf sgd ZmrZsy

ψQVr +
�

∑
ℓ+9

ℓ

∑
l+�ℓ

fl
q
ψQVrℓf�s.q( 9Xℓf�θ .φ(. –fl19(

vhsg ψQVrℓf�s.q( rZshrexhmf sgd Qdffd/Vgddkdq dptZshnm:


∂
∂ q


e
∂
∂ q


� fl
e

∂
∂ s1

�

ℓ�ℓ)fl(
q1

)
1L�fl� r1(

q2


ψQVrℓf + RQVrℓf� –fl1fl(

Hm nqcdq sn rstcx ldsqhb odqstqaZshnmr ne RbgvZqyrbghkc roZbdshld: vd bnmrhcdq
sgd r + 1 bZrd0 Sgd Qdffd/Vgddkdq lZrsdq etmbshnm hr sgdm cdzmdc hm sdqlr ne sgd
ldsqhb odqstqaZshnm ax

ψQV1ℓf .+�
e
q

|1q gℓfq.ncc
ℓ�ℓ)fl(

)
q1∂qgℓf1.ncc

�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(


� –fl11(

Hs rZshrzdr sgd r + 1 Qdffd/Vgddkdq dptZshnm vhsg rntqbd cdqhudc eqnl sgd lncd/
cdbnlonrdc rsqdrr/dmdqfx sdmrnq:fl2

RQV1ℓf + fl5π
|1 e S ℓf

q.ncc
ℓ�ℓ)fl(

)
q∂q� e S ℓf

1.ncc(
�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(


� –fl12(

QZsgdq sgZm vnqjhmf vhsg sgd Qdffd/Vgddkdq lZrsdq etmbshnm hsrdke: hs hr ne/
sdm oqdedqZakd sn hmsqnctbd svn bknrdkx qdkZsdc etmbshnmr. sgd BtmmhmfgZl/Oqhbd/
Lnmbqhde –BOL( lZrsdq etmbshnm cdzmdc ax

ψBOLℓf .+�
|
1

ℓ�ℓ)fl(
1q

�ℓ�fl(�ℓ)1(


∂q�qgℓfs.ncc(�∂s�qgℓfq.ncc(�1gℓfs.ncc


. –fl13(

fl2 Cheedqdms bnmudmshnmr enq sgd rntqbd dwhrs hm sgd khsdqZstqd0 Enq dwZlokd: sgd rntqbd fhudm hm
Qde0 )81[ cheedqr eqnl sgZs fhudm gdqd ax Z eZbsnq ne e , sghr hr Z bnmrdptdmbd ne sgd kdes gZmc rhcd
ne sgdhq Qdffd/Vgddkdq dptZshnm )Dp0 –10fl2( hm Qde0 )81[[ Zkrn cheedqhmf eqnl ntq Dp0 –fl1fl( ax Z
eZbsnq ne e 0



2fl

Zmc sgd Ydqhkkh/Lnmbqhde –YL( lZrsdq etmbshnm cdzmdc ax

ψYLℓf .+
1q

ℓ�ℓ)fl(


J̆ℓf)

1
Λ

� e 1ğℓfqq � q e∂qJ̆ℓf(


. –fl14(

vgdqd Λ .+ �ℓ�fl(�ℓ)1() 5L
q Zmc

J̆ℓf .+ gℓfll̃ �
1 e gℓfq.dudm
ℓ�ℓ)fl(

)


ℓ�ℓ)fl(�1q e ∂q


gℓf1.dudm


1�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(

. –fl15Z(

ğℓfqq .+ gℓfqq �
1∂q�q gℓfq.dudm(

ℓ�ℓ)fl(
)

∂q
�
q1∂qgdudm1



1�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(

–fl15a(

Zqd fZtfd hmuZqhZms zdkcr0
Sgd BOL lZrsdq etmbshnm rZshrzdr sgd rZld r + 1 Qdffd/Vgddkdq dptZshnm Zr

sgd Qdffd/Vgddkdq lZrsdq etmbshnm: ats vhsg Z cheedqdms rntqbd fhudm ax

RBOLℓf + fl5π
|
1

ℓ�ℓ)fl(
1q

�ℓ�fl(�ℓ)1(


∂q�qS ℓf

s.ncc(�∂s�qS ℓf
q.ncc(


� –fl16(

Sgd QV Zmc BOL lZrsdq etmbshnmr Zqd qdkZsdc ax Z shld cdqhuZshud –oktr rntqbd
sdqlr(:

ψQV1ℓf +
fl
1
∂sψBOLℓf � fl5πq1 e

�ℓ�fl(�ℓ)1(

|
1

ℓ�ℓ)fl(
S ℓf
q.ncc� –fl17(

Sgd YL lZrsdq etmbshnm rZshrzdr sgd Ydqhkkh dptZshnm –sgd Qdffd/Vgddkdq dptZ/
shnm vhsg Z cheedqdms onsdmshZk(:


∂
∂ q


e
∂
∂ q


� fl
e

∂
∂ s1

�UYL

ψYLℓf + RYLℓf. –fl18(

vgdqd

UYL +
ℓ�ℓ)fl(
q1

� 5L
q2

)
61L1 e
Λ 1q3

� 13L�q�2L(

Λq3
. –fl29(

Zmc vgdqd sgd YL rntqbd hr

RYLℓf +
3 e
Λ

fl5π
ℓ�ℓ)fl(

S ℓf
q.dudm�

fl5π
|
1

�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(
qS ℓf
1.dudm

)
1

ℓ�ℓ)fl(Λ

 q
Λ


�ℓ�fl(�ℓ)1(�k1) k�3()fl1�ℓ1) ℓ�4(L

q
)73

L1

q1



�1q1 e∂q

� e S ℓf

qq � e�flS ℓf
ss ()

13L
Λ

e 1S ℓf
qq )1q e S ℓf

ll̃


� –fl2fl(
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3020z Qdffd,Tgddkdq enqlZkhrl hm sgd eqdptdmbx cnlZhm

SqZmrenqlhmf sn sgd eqdptdmbx cnlZhm: sgd Qdffd/Vgddkdq Zmc Ydqhkkh dptZshnmr
adbnld Z rds ne nqchmZqx cheedqdmshZk dptZshnmr: nmd enq dZbg �ℓ.f.ω( lncd0 Rn/
ktshnmr sn sgdrd dptZshnmr lZx ad vqhssdm hm sdqlr ne Z oZhq ne gnlnfdmdntr lncd
aZrhr etmbshnmr bgnrdm Zbbnqchmf sn sgdhq Zrxlosnshb adgZuhnq Zs sgd entq mtkk antmc/
Zqhdr sn sgd roZbdshld0 Enq qZchZshud –ω ̸+ 9( lncdr: sgd entq bnllnm bgnhbdr Zqd
cdmnsdc ”hm‘: ”to‘: ”nts‘ Zmc ”cnvm‘: vhsg sgd rZld hmsdqoqdsZshnm Zr cdrbqhadc hm
Rdb0 30fl06 enq sgd Sdtjnkrjx dptZshnm0 Sgdrd gZud Zrxlosnshb adgZuhntq fhudm ax

rW hmℓfω�q( ∼
 9

rW
hm:qde
ℓfωd

)hωq∗
)
)

rW
hm:sqZmr
ℓfω d�hωq∗

rW
hm:hmb
ℓfω d

�hωq∗
q→ 1L
q→ � –fl21Z(

rW
to
ℓfω�q( ∼


rW
to:hmb
ℓfω d)hωq∗

rW
to:sqZmr
ℓfω d)hωq∗

)
)

rW
to:qde
ℓfω d

�hωq∗

9
q→ 1L
q→ � –fl21a(

rWntsℓfω�q( ∼

rW
nts:sqZmr
ℓfω d)hωq∗

rW
nts:hmb
ℓfω d)hωq∗

)
)

9
rW
nts:qde
ℓfω d�hωq∗

q→ 1L
q→ � –fl21b(

rWcnvmℓfω �q( ∼

rW
cnvm:qde
ℓfω d)hωq∗

9
)
)

rW
cnvm:hmb
ℓfω d�hωq∗

rW
cnvm:sqZmr
ℓfω d�hωq∗

q→ 1L
q→ � –fl21c(

vgdqd q∗ + q)1L km� q
1L �fl( hr sgd Qdffd/Vgddkdq snqsnhrd bnnqchmZsd0

Hmgnlnfdmdntr rnktshnmr ne sgd Qdffd/Vgddkdq dptZshnm bZm sgdm ad vqhssdm hm
sdqlr ne Z khmdZq bnlahmZshnm ne sgd aZrhr etmbshnmr:

rψℓfω�q( + rBhmℓfω�q(rW hmℓfω�q() rB
to
ℓfω�q(rW

to
ℓfω�q(. –fl22(

vgdqd sgd vdhfgshmf bndezbhdmsr Zqd cdsdqlhmdc ax uZqhZshnm ne oZqZldsdqr:

rBhmℓfω�q( +

 �

q

rW
to
ℓfω�q′(
V �q′( e rRℓfω�q′(cq′. –fl23Z(

rB
to
ℓfω�q( +

 q

1L

rW hmℓfω�q′(
V �q′( e rRℓfω�q′(cq′. –fl23a(

vhsg V �q( + rW hmℓfω�q(∂q=rW
to
ℓfω�q([� rW

to
ℓfω�q(∂q=rW hmℓfω�q([ sgd VqnmrjhZm )hm

oqZbshbd: hs hr bnmudmhdms sn trd sgd eZbs sgZs e �q(V �q( + bnmrs[0

30201 SqZmrenqlZshnm adsvddm Qdffd,Tgddkdq Zmc Wdqhkkh rnktshnmr

Gnlnfdmdntr rnktshnmr sn sgd Ydqhkkh dptZshnm bZm ad nasZhmdc eqnl gnlnfdmdntr
rnktshnmr sn sgd Qdffd/Vgddkdq dptZshnm ax Zookxhmf cheedqdmshZk nodqZsnqr:
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WYL:toℓfω +


�ℓ�fl(ℓ�ℓ)fl(�ℓ)1() 61L1 e

q1Λ


1W

QV:to
ℓfω )fl1L e

c1W
QV:to
ℓfω
cq

�ℓ�fl(ℓ�ℓ)fl(�ℓ)1()fl1hωL
. –fl24Z(

WYL:hmℓfω +


�ℓ�fl(ℓ�ℓ)fl(�ℓ)1() 61L1 e

q1Λ


1W

QV:hm
ℓfω )fl1L e

c1W
QV:hm
ℓfω
cq

�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(�fl1hωL
� –fl24a(

Sgd bnmrsZms ne oqnonqshnmZkhsx gdqd hr rtbg sgZs sgd sqZmrlhrrhnm bndezbhdmsr ne sgd
svn Ydqhkkh rnktshnmr hr sgd rZld Zr sgZs ne sgd Qdffd/Vgddkdq rnktshnm0

30202 SqZmrenqlZshnm adsvddm Qdffd,Tgddkdq Zmc Sdtjnkrjx enqlZkhrl

Sgd lncdr ne sgd BOL lZrsdq etmbshnm Zqd qdkZsdc sn sgd lncdr ne sgd Sdtjnkrjx
qZchZk etmbshnm ax sgd BgZmcqZrdjgZq sqZmrenqlZshnm:

1ψℓfω +� h
|
C

3q1 CC
�
qψBOLℓfω


. –fl25Z(

�1ψℓfω +� h
|
C
fl5 q

1 e 1C&C&
�
qψBOLℓfω


. –fl25a(

vgdqd C+ �ℓ�fl(ℓ�ℓ)fl(�ℓ)1( hr sgd RbgvZqyrbghkc khlhs ne sgd bnmrsZms sgZs Zo/
odZqr hm sgd Sdtjnkrjx/RsZqnahmrjx hcdmshshdr: Dp0 –fl92a(0 Hm sgd Zardmbd ne rntqbdr
sghr bZm ad hmudqsdc sn fhud

ψBOLℓfω + fl|
CBℓfω

q2CC
� fl
q1�1ψℓfω


. –fl26Z(

ψBOLℓfω + fl
3
|
CB &ℓfω

q1 e�flC&q1 e 1C&
�
q e 1ψℓfω


. –fl26a(

vgdqd Bℓfω hr sgd RbgvZqyrbghkc khlhs ne sgd rdbnmc bnmrsZms sgZs ZoodZqr hm sgd
Sdtjnkrjx/RsZqnahmrjx hcdmshshdr: Dp0 –fl92Z(0

30203 FqZuhsZshnmZk vZudr

�r hm sgd qZchZshnm fZtfd bZrd: sgd fqZuhsZshnmZk vZud rsqZhm bZm ad cdsdqlhmdc ch/
qdbskx eqnl ψYL Zmc ψBOL0 Sgdqd hr Z rkhfgs rtaskdsx hm sgZs sgd Qdffd/Vgddkdq/
Ydqhkkh fZtfd hm vghbg sgd ldsqhb hr sxohbZkkx qdbnmrsqtbsdc hr mns bnloZshakd vhsg
sgd sqZmrudqrd/sqZbdkdrr fZtfd hm vghbg fqZuhsZshnmZk vZudr Zqd mnqlZkkx cdzmdc –hs
hr dZrx sn rdd sghr rhmbd gll + 9 + gl̃l̃ hm sgd Qdffd/Vgddkdq/Ydqhkkh fZtfd(0 Hm/
rsdZc: vd bZm trd sgd BgZmcqZrdjgZq sqZmrenqlZshnm hm Dp0 –fl25( sn zqrs sqZmrenql
sn ψ3 Zmc sgdm bnlotsd sgd rsqZhm eqnl sgZs Zr vd chc hm qZchZshnm fZtfd0 Cnhmf rn
vd gZud

q�g)� hg·( +
�

∑
ℓ+1

ℓ

∑
l+�ℓ

|
C
1

�ψYLℓf� hψBOLℓf (�1Xℓf�θ .φ(. –fl27(
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vgdqd hs hr tmcdqrsnnc sgZs dptZkhsx gnkcr hm sgd khlhs q → � –Zs zwdc t + s� q∗(0
He vd vnqj hm sgd eqdptdmbx cnlZhm Zmc bnlotsd sgd ”hm‘ Zmc ”to‘ lncd etmb/
shnmr vhsg mnqlZkhrZshnm rtbg sgZs sqZmrlhrrhnm bndezbhdmsr Zqd tmhsx: rW hm:sqZmrℓfω +

fl + rW
to:sqZmr
ℓfω : sgdm ψYLℓf Zmc ψBOLℓf Zqd fhudm ax sgd ”to‘ vdhfgshmf bndezbhdmsr

BYL:toℓfω Zmc BBOL:toℓfω duZktZsdc hm sgd khlhs q→ �0 RhlhkZqkx: sgd shld ZudqZfdc fitw
ne dmdqfx bZqqhdc ax fqZuhsZshnmZk vZudr oZrrhmf sgqntfg hmzmhsx Zmc sgd gnqhynm
bZm ad bnlotsdc eqnl sgd ”hm‘ Zmc ”to‘ vdhfgshmf bndezbhdmsr:

EFD + khl
q→1L ∑

ℓfω

C
53π

ω1

|BYL:hmℓfω |1) |BBOL:hmℓfω |1


. –fl28Z(

EHD + khl
q→� ∑

ℓfω

C
53π

ω1

|BYL:toℓfω |1) |BBOL:toℓfω |1


� –fl28a(

RhlhkZqkx: sgd fitw ne ZmftkZq lnldmstl sgqntfg hmzmhsx Zmc sgd gnqhynm bZm ad
bnlotsdc eqnl sgd ”hm‘ Zmc ”to‘ mnqlZkhyZshnm bndezbhdmsr:

EFKy + khl
q→1L ∑

ℓfω

C
53π
fω


|BYL:hmℓfω |1) |BBOL:hmℓfω |1


. –fl39Z(

EHKy + khl
q→� ∑

ℓfω

C
53π
fω


|BYL:toℓfω |1) |BBOL:toℓfω |1


� –fl39a(

30204 Ldsqhb qdbnmrsqtbshnm hm Qdffd,Tgddkdq fZtfd

Ltbg khjd hm sgd Sdtjnkrjx enqlZkhrl: sgd BOL lZrsdq etmbshnm hr fZtfd hmuZqhZms
Zmc lZx ad trdc sn qdbnmrsqtbs sgd ldsqhb odqstqaZshnm hm Z bgnrdm fZtfd0 Hm sgd
Qdffd/Vgddkdq fZtfd: cdzmdc ax sgd bgnhbd gℓfZ.dudm + gℓf1.dudm + gℓf1.ncc + 9: sgd ncc
oZqhsx ldsqhb odqstqaZshnm hr fhudm ax

gℓfk.ncc +

|
e


ℓ�ℓ)fl(

1
|
1q

�
∂q) e�fl∂s

�
qψBOLℓf


)

fl5πq1

�ℓ�fl(�ℓ)1(
S ℓf
k.ncc. –fl3flZ(

gℓfm.ncc +

|
e


ℓ�ℓ)fl(

1
|
1q

�
∂q� e�fl∂s

�
qψBOLℓf


)

fl5πq1

�ℓ�fl(�ℓ)1(
S ℓf
m.ncc. –fl3fla(

Zmc sgd dudm oZqhsx ldsqhb odqstqaZshnm hr fhudm ax )81[
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gℓfll̃ + e∂qψYLℓf)�ψYLℓf�
21πq1

ℓ�ℓ)fl(Λ
S ℓf
ss . –fl31Z(

gℓfqq +
Λ
1 e 1


ℓ�ℓ)fl(
1q

ψYLℓf�gℓfll̃

)
q
e
∂qgℓfll̃ . –fl31a(

gℓfsq + q∂s∂qψYLℓf) qA∂sψYLℓf)
fl5πq1

ℓ�ℓ)fl(


S ℓf
sq � 1q

eΛ
∂sS ℓf

ss


. –fl31b(

gℓfss + e 1gqq)
7π e

1�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(
S ℓf
1.dudm. –fl31c(

vgdqd

��q( .+
1
qΛ


fl
3
�ℓ�fl(ℓ�ℓ)fl(�ℓ)1() 2L

1q


�ℓ�fl(�ℓ)1() 3L

q


. –fl32Z(

A�q( .+
1

q eΛ


�ℓ�fl(�ℓ)1(

1


fl� 2L

q


� 2L

1

q1


� –fl32a(

�r hm sgd Sdtjnkrjx bZrd: hm nqcdq sn sqZmrenql aZbj sn sgd shld/cnlZhm rnktshnm:
Zr Z zmZk rsdo vd ltrs odqenql Zm hmudqrd Entqhdq sqZmrenql0 Sghr onrdr Z bgZkkdmfd
hm fqZuhsZshnmZk rdke/enqbd bZkbtkZshnmr: vgdqd mnm/rlnnsgmdrr ne sgd rnktshnmr hm
sgd uhbhmhsx ne sgd vnqkckhmd kdZc sn sgd Fhaar ogdmnldmnm ne mnm/bnmudqfdmbd ne
sgd hmudqrd Entqhdq sqZmrenql0 Qdrnktshnmr sn sghr oqnakdl sxohbZkkx qdkx nm Zunhchmf
chqdbskx sqZmrenqlhmf sgd hmgnlnfdmdntr rnktshnm ax trhmf sgd ldsgncr ne dwsdmcdc
gnlnfdmdntr nq dwsdmcdc oZqshbtkZq rnktshnmr0 Enq etqsgdq cdsZhkr: rdd )81: 82[0

373 Gnqdmy fWtfd

Hm sgd bZrd ne odqstqaZshnmr ne Z RbgvZqyrbghkc akZbj gnkd: sgd dptZshnmr enq sgd lds/
qhb odqstqaZshnm hsrdke Zqd rdoZqZakd0 Sghr lZjdr hs oqZbshbZk sn vnqj hm sgd Knqdmy
fZtfd Zmc sn chqdbskx rnkud sgd Knqdmy fZtfd zdkc dptZshnmr enq sgd ldsqhb odqstq/
aZshnm0
Qdvqhshmf sgd Knqdmy fZtfd bnmchshnm: Dp0 –flfl(: hm sdqlr ne mtkk sdsqZc bnlon/

mdmsr vd gZud entq fZtfd dptZshnmr:

��′�1ρ ′(gkk )���1ρ(gll̃�1ρgkm� �ðgkl̃)ð′gkl( + 9. –fl33Z(

���1ρ(gmm)��′�1ρ ′(gll̃�1ρ ′gkm� �ð′gml)ðgml̃( + 9. –fl33a(

��′�2ρ ′(gkl)���2ρ(gml�ðgkm�ð′gll + 9. –fl33b(

��′�2ρ ′(gkl̃)���2ρ(gml̃�ð′gkm�ðgl̃l̃ + 9� –fl33c(

Sgdrd cdbntokd hmsn 2 dudm oZqhsx dptZshnmr –sgd zqrs svn Zmc sgd qdZk oZqs ne dh/
sgdq sgd sghqc nq entqsg( Zmc fl ncc/oZqhsx dptZshnm –sgd hlZfhmZqx oZqs ne dhsgdq sgd
sghqc nq entqsg dptZshnm(0 RhlhkZqkx: sgd Knqdmy fZtfd khmdZqhrdc Dhmrsdhm dptZshnm:
Dp0 –fl1(: xhdkcr sdm zdkc dptZshnmr –6 dudm Zmc 2 ncc( fhudm ax
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�́�gll̃�gkm( + 7πS. –fl34Z(

��́�7ψ1)7ρρ ′(�gkm)gll̃()3ρ1gmm)3ρ ′1gkk
)3ρ�ðgml̃)ð′gml()3ρ ′�ðgkl̃)ð′gkl( +�fl5π�Skm)Sll̃(. –fl34a(

��́)3ρρ ′(gkk )3ρ1�gkm)gll̃()3ρ�ðgkl̃)ð′gkl( +�fl5πSkk . –fl34b(

��́′ )3ρρ ′(gmm)3ρ ′1�gkm)gll̃()3ρ ′�ð′gml)ðgml̃( +�fl5πSmm. –fl34c(

��́�5ψ1)3ρρ ′(gkl)3ρ1gml)1ρð�gkm)gll̃(

)1ρ ′ðgkk )1ρð′gll +�fl5πSkl. –fl34d(

� ˜́��5ψ1)3ρρ ′(gkl̃)3ρ1gml̃)1ρð′�gkm)gll̃(

)1ρ ′ð′gkk )1ρðgl̃l̃ +�fl5πSkl̃. –fl34e(

� ˜́�′�5ψ1)3ρρ ′(gml)3ρ ′1gkl)1ρ ′ð�gkm)gll̃(

)1ρðgmm)1ρ ′ð′gll +�fl5πSml. –fl34f(

��́′�5ψ1)3ρρ ′(gml̃)3ρ ′1gkl̃)1ρ ′ð′�gkm)gll̃(

)1ρð′gmm)1ρ ′ðgl̃l̃ +�fl5πSml̃. –fl34g(

�́gll)3ρðgml)3ρ ′ðgkl +�fl5πSll. –fl34h(
˜́�gl̃l̃)3ρð′gml̃)3ρ ′ð′gkl̃ +�fl5πSl̃l̃ –fl34i(

vgdqd sgd nodqZsnqr

�́ .+�1��′ )1ρ ′�)1ρ�′ )1ðð′. �́′ .+�1�′�)1ρ�′ )1ρ ′�)1ð′ð.

˜́� .+�1��′ )1ρ ′�)1ρ�′ )1ð′ð. ˜́�′ .+�1�′�)1ρ�′ )1ρ ′�)1ðð′.

Zkk bnhmbhcd vhsg sgd rbZkZq vZud nodqZsnq vgdm Zbshmf nm sxod {9.9{ naidbsr –ats
cheedq vgdm Zbshmf nm naidbsr ne fdmdqhb FGO sxod(0 Mnsd sgZs vd gZud bgnrdm gdqd
sn vnqj vhsg sgd mnm/sqZbd/qdudqrdc ldsqhb odqstqaZshnm, dpthuZkdms dptZshnmr enq
sgd sqZbd/qdudqrdc odqstqaZshnm bZm ad nasZhmdc ax mnshmf sgZs Z sqZbd/qdudqrZk bnq/
qdronmcr sn sgd hmsdqbgZmfd gkm ↔ gll̃0
Sgd Knqdmy fZtfd dptZshnmr bZm ad cdbnlonrdc hmsn sgd rZld aZrhr ne rohm/

vdhfgsdc rogdqhbZk gZqlnmhbr Zr enq sgd ldsqhb odqstqaZshnm hsrdke0 Sgd lncd cd/
bnlonrdc dptZshnmr enkknv hlldchZsdkx eqnl sgd Zanud FGO dwoqdrrhnmr Zknmf
vhsg Dpr0 –flfl3( Zmc dhsgdq –flfl1( nq –flfl2( enq sgd FGO cdqhuZshud nodqZsnqr –sgd rod/
bhzb enql enq sgd lncd cdbnlonrdc dptZshnmr cdodmcr nm sgd bgnhbd ne sdsqZc(0

3030z Knqdmy fZtfd enqlZkhrl hm sgd eqdptdmbx cnlZhm

Enkknvhmf Z oqnbdctqd ltbg khjd hm sgd Qdffd/Vgddkdq Zmc Sdtjnkrjx bZrdr: nmd
bZm bnmrsqtbs rnktshnmr sn sgd Knqdmy fZtfd dptZshnmr ax vnqjhmf hm sgd eqdptdmbx
cnlZhm Zmc rnkuhmf nqchmZqx cheedqdmshZk dptZshnmr )1: fl27: 197[0 Sgd nmkx Zcch/
shnmZk bnlokdwhsx hr sgZs enq dZbg �ℓ.f.ω( lncd vd ltrs mnv vnqj vhsg Z rxrsdl
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ne j bntokdc rdbnmc nqcdq qZchZk dptZshnmr vhsg 1j khmdZqkx hmcdodmcdms gnlnfd/
mdntr rnktshnmr0fl3 �r vd chc hm sgd Qdffd/Vgddkdq Zmc Sdtjnkrjx bZrdr: hs hr mZst/
qZk sn chuhcd sgdrd hmsn j ”hm‘ rnktshnmr Zmc j ”to‘ rnktshnmr rZshrexhmf ZooqnoqhZsd
antmcZqx bnmchshnmr Zs sgd gnqhynm nq qZchZk hmzmhsx0 Sgdm: trhmf uZqhZshnm ne oZ/
qZldsdqr sgd hmgnlnfdmdntr rnktshnmr Zqd fhudm ax

g�h(ℓfω�q( + Bhmℓfω�q( ·g�h(.hm
ℓfω�q()Btoℓfω�q( ·g�h(.to

ℓfω �q( –fl35(

vgdqd h+ fl. � � � .j qdoqdrdms sgd j bnlonmdmsr ne sgd ldsqhb odqstqaZshnm Zmc vgdqd
g�h(.hm
ℓfω�q( Zqd udbsnqr ne j khmdZqkx hmcdodmcdms gnlnfdmdntr rnktshnmr enq Z fhudm h0

Sn bnlotsd sgd vdhfgshmf bndezbhdms udbsnqr Bhm<toℓfω�q( vd cdzmd Z 1j· 1j lZsqhw
ne gnlnfdmdntr rnktshnmr ax

Φ�q( +



 �g�h(.hm
ℓfω g�h(.to

ℓfω

�∂qg�h(.hm
ℓfω ∂qg

�h(.to
ℓfω



 � –fl36(

Sgd udbsnqr ne vdhfgshmf bndezbhdmsr Zqd sgdm nasZhmdc vhsg sgd rsZmcZqc uZqhZshnm
ne oZqZldsdqr oqdrbqhoshnm.


Bhm�q(
Bto�q(


+


Φ�fl�q′(


8

S�q′(


cq′. –fl37(

vgdqd S�q′( qdoqdrdmsr sgd udbsnq ne j rntqbdr bnmrsqtbsdc eqnl sgd bnlonmdmsr ne
sgd rsqdrr dmdqfx sdmrnq oqnidbsdc nmsn sgd aZrhr Zmc cdbnlonrdc hmsn lncdr0 Sgd
khlhsr nm sgd hmsdfqZk cdodmc tonm vgdsgdq sgd ”hm‘ nq ”to‘ vdhfgshmf bndezbhdms Zqd
adhmf rnkudc enq: hm sgd rZld vZx Zr enq sgd Qdffd/Vgddkdq Zmc Sdtjnkrjx bZrdr0
�r hm sgd Qdffd/Vgddkdq Zmc Sdtjnkrjx bZrdr: hm nqcdq sn sqZmrenql aZbj sn

sgd shld/cnlZhm rnktshnm: Zr Z zmZk rsdo vd ltrs odqenql Zm hmudqrd Entqhdq sqZmr/
enql0 Sghr onrdr Z bgZkkdmfd hm fqZuhsZshnmZk rdke/enqbd bZkbtkZshnmr: vgdqd mnm/
rlnnsgmdrr ne sgd rnktshnmr hm sgd uhbhmhsx ne sgd vnqkckhmd kdZc sn sgd Fhaar ogd/
mnldmnm ne mnm/bnmudqfdmbd ne sgd hmudqrd Entqhdq sqZmrenql0 Qdrnktshnmr sn sghr
oqnakdl sxohbZkkx qdkx nm Zunhchmf chqdbskx sqZmrenqlhmf sgd hmgnlnfdmdntr rnkt/
shnm ax trhmf sgd ldsgncr ne dwsdmcdc gnlnfdmdntr nq dwsdmcdc oZqshbtkZq rnkt/
shnmr0 Enq etqsgdq cdsZhkr: rdd )81: 82[0

30301 Knqdmy fZtfd ldsqhb qdbnmrsqtbshnm eqnl Qdffd,Tgddkdq lZrsdq
etmbshnmr

�r Zm ZksdqmZshud sn chqdbskx rnkuhmf sgd 6)2 bntokdc Knqdmy fZtfd zdkc dptZshnmr:
Adqmcsrnm )fl6[ rgnvdc sgZs sgd rnktshnmr bntkc hmrsdZc ad qdbnmrsqtbsdc eqnl oZq/

fl3 Sgdqd Zqd j + 6 dudm oZqhsx dptZshnmr Zmc j + 2 ncc oZqhsx dptZshnmr hm fdmdqZk: Zksgntfg sgdrd
bZm ad qdctbdc sn 3) 1 dptZshnmr trhmf sgd 2) fl fZtfd bnmchshnmr0 Sgd mtladq ne dptZshnmr Zqd
Zkrn etqsgdq qdctbdc hm bdqsZhm rodbhZk bZrdr rtbg Zr rsZshb nq knv ltkshonkd lncdr0
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shbtkZq rnktshnmr sn sgd r + 9: fl Zmc 1 Qdffd/Vgddkdq/Ydqhkkh dptZshnmr: Zknmf vhsg
Z entqsg zdkc nasZhmdc ax rnkuhmf sgd r + 9 Qdffd/Vgddkdq dptZshnm rntqbdc ax
sgd nsgdq r+ 9 zdkc0 Sgd dwokhbhs dwoqdrrhnmr Zqd pthsd tmvhdkcx: oZqshbtkZqkx vgdm
rntqbdr Zqd hmbktcdc0 Enbtrhmf nmkx nm sgd qdkZshudkx rhlokd ncc rdbsnq Zmc hfmnqhmf
sgd rodbhZk bZrd rtbg Zr knv ltkshonkdr nq ω + 9 lncdr: Adqmcsrnm+r dwoqdrrhnmr
lZx ad vqhssdm Zr

gℓfk.ncc +�
|
e


ℓ�ℓ)fl(
1�hω(1q


q1C9


ψQVflℓf
q1


)
1λ
2q
C9

�
qψQV1ℓf


)
7π e
�hω(1

�S ℓf
k.ncc�S ℓf

m.ncc(.

–fl38(

gℓfm.ncc +

|
e


ℓ�ℓ)fl(
1�hω(1q


q1C&9


ψQVflℓf
q1


)
1λ
2q
C&9

�
qψQV1ℓf


� 7π e

�hω(1
�S ℓf
k.ncc�S ℓf

m.ncc(.

–fl49(

gℓf1.ncc +


�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(

�hω(1q1


ψQVflℓf) e∂q

�
qψQV1ℓf


)
1λ
2
ψQV1ℓf


)
fl5π e
�hω(1

S ℓf
1.ncc.

–fl4fl(

vgdqdC9 ZmcC
&
9 Zqd sgd nodqZsnqr cdzmdc hm Dp0 –fl91( rodbhZkhydc sn sgd RbgvZqyrbghkc

–Z+ 9( bZrd0 DpthuZkdms dwoqdrrhnmr enq sgd dudm rdbsnq Zqd rhfmhzbZmskx lnqd bnl/
okhbZsdc Zmc Zqd fhudm hm �oodmchw � ne Qde0 )fl6[: vghkd dwoqdrrhnmr enq knv ltksh/
onkdr Zmc ω + 9 lncdr Zqd fhudm dkrdvgdqd hm sgd rZld qdedqdmbd0

30302 FqZuhsZshnmZk vZudr

�r hm sgd Qdffd/Vgddkdq/Ydqhkkh Zmc Sdtjnkrjx bZrdr: sgd fitw ne fqZuhsZshnmZk vZud
dmdqfx Zmc ZmftkZq lnldmstl lZx ad bnlotsdc eqnl sgd Zrxlosnshb uZktdr ne
sgd zdkcr0 Hm sgd Knqdmy fZtfd bZrd vgdqd nmd rnkudr enq sgd ldsqhb odqstqaZshnm
chqdbskx: sgd fqZuhsZshnmZk vZud rsqZhm hr rhlokx fhudm ax gll Zr hm Dp0 –65(:

q�g) ) hg·( + q gll +
�

∑
ℓ+1

ℓ

∑
f+�ℓ

 �

��
q gℓfω

ll 1Xℓf�θ .φ(d�hω�s�q∗(cω . –fl41(

vgdqd hs hr tmcdqrsZmc sgZs sgd dptZkhsx gnkcr hm sgd khlhs q → �0 RhlhkZqkx: sgd
dmdqfx fitwdr Zqd fhudm dwokhbhskx ax )fl1[
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EHD + khl
q→� ∑

ℓfω

ω1q1

fl5π
|gℓfω
ll |1. –fl42Z(

EFD + khl
q→1L ∑

ℓfω

fl
145πL1�fl)fl5L1ω1(

·



�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(q e gℓfω
kk

�1


�ℓ�fl(�ℓ)1(�fl)3hLω(q

e gℓfω

kl

)3hLω�fl)3hLω(qgℓfω
ll


1

. –fl42a(

Zmc sgd ZmftkZq lnldmstl fitwdr Zqd fhudm ax

EHKy + khl
q→� ∑

ℓfω

fωq1

fl5π
|gℓfω
ll |1. –fl43Z(

EFKy + khl
q→1L ∑

ℓfω

f

145πL1ω�fl)fl5L1ω1(
·




�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(q e gℓfω
kk

�1


�ℓ�fl(�ℓ)1(�fl)3hLω(q

e gℓfω

kl

)3hLω�fl)3hLω(qgℓfω
ll


1

� –fl43a(

4 RlZkk naidbsr hm FdmdqZk QdkZshuhsx

Hm sgd oqduhntr rdbshnm vd qduhdvdc akZbj gnkd odqstqaZshnm sgdnqx vhsg Z fdmdqhb
rntqbd sdql0 Hm sghr rdbshnm: vd bnmrhcdq gnv sn enqltkZsd sgd rntqbd cdrbqhahmf Z
rlZkk naidbs0 Sghr hr sgd knbZk oqnakdl hm rdke/enqbd sgdnqx. Hm Z roZbdshld odqstqadc
ax Z rlZkk ancx: vgZs Zqd sgd rntqbdr hm sgd zdkc dptZshnmr –6( Zmc –7(! Lnqdnudq:
he sgd ancx+r atkj lnshnm hr cdrbqhadc ax Zm dptZshnm ne lnshnm –fl2(: vgZs Zqd sgd
enqbdr nm sgd qhfgs/gZmc rhcd!
Sgd qdrtks ne sgd ZmZkxrhr hr –h( Z rjdkdsnmhyZshnm ne sgd rlZkk ancx: hm vghbg

sgd ancx hr qdctbdc sn Z rhmftkZqhsx dpthoodc vhsg sgd ancx+r ltkshonkd lnldmsr:
snfdsgdq vhsg –hh( Zm dptZshnm ne lnshnm fnudqmhmf sgd rhmftkZqhsx+r sqZidbsnqx0 Sgd
rdsshmf gdqd hr udqx fdmdqZk. sgd aZbjfqntmc bZm ad Zmx uZbttl roZbdshld0 Ntq
bnudqZfd ne sgd rtaidbs hr sdqrd: Zmc vd qdedq sn Qder0 )fl49: fl47[ enq cdsZhkdc qduhdvr
nq sn Qde0 )flfl[ enq Z mnm/dwodqs hmsqnctbshnm0
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47fi LWsbgdc Wrxlosnshb dwoWmrhnmr

Enq rhlokhbhsx: vd Zrrtld sgZs ntsrhcd ne sgd rlZkk naidbs: sgd roZbdshld hr uZbttl:
Zmc sgZs sgd odqstqaZshnmr Zqd ctd rnkdkx sn sgd naidbs0 Nudq lnrs ne sgd roZbdshld:
sgd ldsqhb hr vdkk cdrbqhadc ax sgd dwsdqmZk aZbjfqntmc ldsqhb fαβ 0 Gnvdudq: udqx
mdZq sgd naidbs: hm Z qdfhnm bnloZqZakd sn sgd naidbs+r nvm rhyd: sgd naidbs+r fqZuhsx
cnlhmZsdr0 Hm sghr qdfhnm: vghbg vd bZkk sgd ancx ynmd: sgd ZooqnwhlZshnm –fl( aqdZjr
cnvm0
Sghr oqnakdl hr trtZkkx nudqbnld hm nmd ne svn vZxr. trhmf deedbshud zdkc sgd/

nqx )63[ –bnllnm hm onrs/MdvsnmhZm Zmc onrs/LhmjnvrjhZm sgdnqx )fl4fl[( nq trhmf
sgd ldsgnc ne lZsbgdc Zrxlosnshb dwoZmrhnmr –rdd: d0f0: Qder0 )5fl: fl96[ enq aqnZc
hmsqnctbshnmr: Qder0 )39: 69: fl35[ enq ZookhbZshnmr hm onrs/MdvsnmhZm sgdnqx: Zmc
Qder0 )33: fl93: fl83: fl21: fl22: 36: fl33: 37: 7fl: fl42: 34: fl45: 79: fl59[ Zmc sgd qd/
uhdvr )fl49: fl47[ enq sgd vnqj lnrs qdkduZms gdqd(0 Gdqd vd Zcnos sgd kZssdq ZooqnZbg0
Vd kds ε +l<P: vgdqd l hr sgd rlZkk naidbs+r lZrr ZmcP hr Z bgZqZbsdqhrshb kdmfsg
rbZkd ne sgd dwsdqmZk tmhudqrd, hm Z rlZkk/lZrr/qZshn ahmZqx:P vhkk ad sgd lZrrL ne
sgd oqhlZqx: vghkd hm Z vdZj/zdkc ahmZqx hs bZm ad sgd nqahsZk rdoZqZshnm0 Vd sgdm Zr/
rtld Dp0 –fl(: vghbg vd cta sgd ntsdq dwoZmrhnm: hr ZbbtqZsd ntsrhcd sgd ancx ynmd0
MdZq sgd naidbs: vd Zrrtld sgd ldsqhb hr vdkk ZooqnwhlZsdc ax Z rdbnmc dwoZmrhnm:
bZkkdc Zm hmmdq dwoZmrhnm: sgZs deedbshudkx ynnlr hm nm sgd ancx ynmd0 Sn lZjd sghr
”ynnlhmf hm‘ oqdbhrd: vd zqrs bgnnrd rnld ldZrtqd: m: ne qZchZk chrsZmbd eqnl sgd
naidbs: vhsg m Zm nqcdq/fl etmbshnm ne sgd dwsdqmZk bnnqchmZsdr wα 0 Vd sgdm cdzmd sgd
rbZkdc chrsZmbd m̆ .+ m<ε 0 Sgd ancx ynmd bnqqdronmcr sn m ∼ εP: ats sn m̆ ∼ P0
Sgd ntsdq dwoZmrhnm –fl( hr Zm ZooqnwhlZshnm hm sgd khlhs ε → 9 Zs zwdc bnnqchmZsd
uZktdr Zmc sgdqdenqd Zs zwdc m0 Sgd hmmdq dwoZmrhnm hr hmrsdZc Zm ZooqnwhlZshnm hm
sgd khlhs ε → 9 Zs zwdc m̆:

fdwZbsµµ �m̆.ε( + fnaiµµ�m̆() εG�fl(
µµ �m̆() ε1G�1(

µµ �m̆()N�ε2(� –fl44(

–Vd rtooqdrr nsgdq bnnqchmZsd cdodmcdmbd0( Hm sgd ancx ynmd: sgd bndezbhdmsr fnaiµµ

Zmc G�m(
µµ Zqd nqcdq tmhsx0 Sgd aZbjfqntmc ldsqhb f

nai
µµ qdoqdrdmsr sgd ldsqhb ne sgd

rlZkk naidbs+r roZbdshld Zr he hs vdqd hrnkZsdc: Zmc sgd odqstqaZshnmr G�m(
µµ Zqhrd eqnl

sgd shcZk zdkcr ne sgd dwsdqmZk tmhudqrd Zmc mnmkhmdZq hmsdqZbshnmr adsvddm sgnrd shcZk
zdkcr Zmc sgd ancx+r nvm fqZuhsx0
Hm ntq bnmrsqtbshnm ne sgd hmmdq dwoZmrhnm: vd gZud Zrrtldc sgZs sgdqd hr nmkx

nmd rbZkd sgZs rdsr sgd rhyd ne sgd ancx ynmd. sgd naidbs+r lZrr l0 Sghr hlokhbhskx
Zrrtldr sgZs sgd naidbs hr bnloZbs: rtbg sgZs hsr sxohbZk chZldsdq c hr bnloZqZakd sn
l0 SgZs hm stqm hlokhdr sgZs sgd naidbs+r ℓsg ltkshonkd lnldms rbZkdr Zr

lcℓ ∼ lℓ)fl + εℓ)flPℓ)fl� –fl45(

Enq Z mnmbnloZbs naidbs: vd vntkc mddc sn hmsqnctbd ZcchshnmZk odqstqaZshnm oZ/
qZldsdqr hm sgd ntsdq dwoZmrhnm: Zmc ZcchshnmZk rbZkdr hm sgd hmmdq dwoZmrhnm0
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Ntq hmmdq dwoZmrhnm Zkrn Zrrtldr sgZs vghkd sgdqd hr Z rlZkk kdmfsg rbZkd Zrrn/
bhZsdc vhsg sgd naidbs: sgdqd hr mn ZmZknfntr shld rbZkd, hm nsgdq vnqcr: sgd naidbs
hr mns tmcdqfnhmf bgZmfdr nm hsr nvm hmsdqmZk shld rbZkd ∼ l0 Sghr hr dpthuZkdms
sn Zrrtlhmf sgd naidbs hr hm ptZrh/dpthkhaqhtl vhsg hsr rtqqntmchmfr0 Hm oqZbshbd hs
bnqqdronmcr sn Z roZshZk cdqhuZshud mdZq sgd naidbs cnlhmZshmf nudq Z shld cdqhuZ/
shud ax nmd onvdq ne m –hm sgd ntsdq dwoZmrhnm( nq ax nmd onvdq ne ε –hm sgd hmmdq
dwoZmrhnm(0
Sn cZsd: hmmdq dwoZmrhnmr gZud addm bZkbtkZsdc enq shcZkkx odqstqadc RbgvZqy/

rbghkc Zmc Jdqq akZbj gnkdr Zr vdkk Zr mnmqnsZshmf nq rknvkx qnsZshmf mdtsqnm rsZqr,
rdd Qder0 )31: 12: fl98: fl34: fl3fl: fl39: flfl9: fl37: flfl1: fl35[ enq qdbdms dwZlokdr ne
rtbg vnqj0fl4 Sgdrd bZkbtkZshnmr qdoqdrdms nmd ne sgd lZinq ZookhbZshnmr ne sgd ldsg/
ncr ne akZbj gnkd odqstqaZshnm sgdnqx qduhdvdc hm sgd oqduhntr rdbshnm: Zmc sgdx enql
oZqs ne Zm nmfnhmf dmcdZuntq sn hmbktcd shcZk deedbsr hm fqZuhsZshnmZk/vZud sdlokZsdr
Zmc sn hmedq oqnodqshdr ne mdtsqnm rsZqr eqnl nardqudc rhfmZkr )52: 1flfl[0
Gnvdudq: hm rdke/enqbd ZookhbZshnmr vd qdpthqd nmkx Z lhmhlZk Zlntms ne hmenq/

lZshnm eqnl sgd hmmdq dwoZmrhnm: nesdm ltbg kdrr sgZm hr oqnuhcdc hm sgd Zanud
qdedqdmbdr0 Sgd mdbdrrZqx hmenqlZshnm hr dwsqZbsdc eqnl Z lZsbghmf bnmchshnm. ad/
bZtrd sgd svn dwoZmrhnmr Zqd dwoZmrhnmr ne sgd rZld ldsqhb: sgdx ltrs lZsbg nmd
Zmnsgdq vgdm ZooqnoqhZsdkx bnloZqdc0 Sgd lnrs oqZflZshb enqltkZshnm ne sghr bnm/
chshnm hr sgZs sgd hmmdq Zmc ntsdq dwoZmrhnmr ltrs bnlltsd0 He vd odqenql Zm ntsdq
dwoZmrhnm ne sgd hmmdq dwoZmrhnm –nq dpthuZkdmskx: qd/dwoZmc hs enq m≫ εP(: Zmc he
vd odqenql Zm hmmdq dwoZmrhnm ne sgd ntsdq dwoZmrhnm –nq dpthuZkdmskx: dwoZmc enq
m≪P(: Zmc dwoqdrr sgd dmc qdrtksr Zr etmbshnmr ne m: sgdm ansg oqnbdctqdr xhdkc Z
cntakd rdqhdr enq rlZkk ε Zmc rlZkk m0 Vd Zrrtld sgZs sgdrd svn cntakd dwoZmrhnmr
Zfqdd vhsg nmd Zmnsgdq: nqcdq ax nqcdq hm ε Zmc m0 � oqhlZqx bnmrdptdmbd ne sghr
lZsbghmf bnmchshnm hr sgZs mdZq sgd rlZkk naidbs: sgd ldsqhb odqstqaZshnmr hm sgd ntsdq
dwoZmrhnmr ltrs adgZud Zr

g�m(µµ +
g�m.�m(
µµ

mm
)
g�m.�m)fl(
µµ

mm�fl
)
g�m.�m)1(
µµ

mm�1
) � � � . –fl46(

fqnvhmf kZqfd Zs rlZkk m0 He g�m(µµ fqdvlnqd qZohckx –enq dwZlokd: he g
�m(
µµ ∼ fl

mm)fl
(: sgdm

sgd ntsdq dwoZmrhnm bntkc mns lZsbg Zm hmmdq dwoZmrhnm0 Lnqdnudq: sgd bndezbhdms
ne fl
mm lZsbgdr Z sdql hm sgd m≫ εP dwoZmrhnm ne fnaiµµ .

fnaiµµ + ηµµ )
εg�fl.�fl(µµ

m
)

ε1g�1.�1(µµ

m1
)

ε2g�2.�2(µµ

m2
) � � � . –fl47(

vgdqd ηµµ hr sgd ldsqhb ne fiZs roZbdshld0 Sgd sdqlr hm sghr rdqhdr Zqd hm nmd/sn/nmd
bnqqdronmcdmbd vhsg sgd ltkshonkd lnldmsr ne fnaiµµ : vghbg hm stqm bZm ad hmsdqoqdsdc

Zr sgd ltkshonkd lnldmsr ne sgd naidbs hsrdke0 Sghr Zkknvr tr sn vqhsd g�m.�m(
µµ hm sdqlr

ne sgd naidbs+r zqrs m lnldmsr, nmd mdv lnldms Zqhrdr Zs dZbg mdv nqcdq hm ε : itrs
Zr nmd vntkc dwodbs eqnl sgd rbZkhmf –fl45(0 Sgd lnldmsr: snfdsgdq vhsg sgd fdmdqZk

fl4 Qde0 )fl36[ Zkdqsr qdZcdqr sn Z rhfmhzbZms dqqnq hm rnld ne sgd vnqj nm rknvkx qnsZshmf anchdr0
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enql –fl46(: Zqd Zkk vd qdpthqd eqnl sgd hmmdq dwoZmrhnm0 �esdq hs hr nasZhmdc: vd bZm
deedbshudkx ”hmsdfqZsd nts‘ sgd ancx ynmd eqnl sgd oqnakdl: Zr cdrbqhadc adknv0
Sn hmsthshudkx tmcdqrsZmc sgd ldZmhmfr ne sgd cntakd dwoZmrhnmr: Zmc ne dwoqdr/

rhnmr rtbg Zr –fl46( Zmc –fl47(: vd bZm hmsdqoqds sgdl Zr adhmf uZkhc hm sgd ateedq
qdfhnm εP ≪ m≪ P0 Sghr qdfhnm hr sgd kZqfd/m̆ khlhs ne sgd ancx ynmd ats sgd
rlZkk/m khlhs ne sgd dwsdqmZk tmhudqrd0

471 Snnkr ne knbWk WmWkxrhr

Sn cdsdqlhmd lnqd sgZm itrs sgd fdmdqZk enql ne sgd odqstqaZshnmr: vd rtarshstsd
Dp0 –fl46( hmsn sgd Dhmrsdhm dptZshnmr –6(-–7( Zmc sgdm rnkud nqcdq ax nqcdq hm ε
Zmc m0 Sgdrd sxodr ne knbZk bZkbtkZshnmr Zqd bZqqhdc nts trhmf svn snnkr. bnuZqhZms
mdZq/bnhmbhcdmbd dwoZmrhnmr Zmc dwoZmrhnmr hm knbZk bnnqchmZsd rxrsdlr0 Qde0 )fl49[
bnmsZhmr Z sgnqntfg: odcZfnfhbZk hmsqnctbshnm sn ansg ldsgncr0 Gdqd vd rtllZqhyd
nmkx sgd aZrhb hmfqdchdmsr0
BnuZqhZms dwoZmrhnmr Zqd aZrdc nm Rxmfd+r vnqkc etmbshnm:

σ�wα .wα
′
( +

fl
1



β
cr
1

. –fl48(

vghbg hr dptZk sn fl?1 sgd rptZqd ne sgd oqnodq chrsZmbd r –Zr ldZrtqdc hm fµµ ( ad/
svddm sgd onhmsr wα

′
Zmc wα Zknmf sgd tmhptd fdncdrhb β bnmmdbshmf sgd svn onhmsr,

enq Z fhudm wα
′
: sghr hr Z vdkk/cdzmdc etmbshnm ne wα rn knmf Zr wα hr vhsghm sgd bnmudw

mnqlZk mdhfgantqgnnc ne wα
′
0 Sgd nsgdq mdbdrrZqx snnk hr sgd ahsdmrnq fµ

′
µ �wα .wα

′
(:

vghbg oZqZkkdk oqnoZfZsdr udbsnqr eqnl wα
′
sn wα 0 � rlnnsg sdmrnq zdkc �µ

µ Zs wα

bZm ad dwoZmcdc Zqntmc wα
′
Zr

�µ
µ�wα( + fµ

′
µ fµµ ′


�µ ′µ

′
��µ ′µ

′
,α ′σα ′

) fl
1�µ ′µ

′
,α ′β ′σα ′

σβ ′
)N�λ 2(


. –fl59(

vgdqd vd trd λ .+ fl sn bntms onvdqr ne chrsZmbd adsvddm wα
′
Zmc wα 0 Sgd udbsnq

σα ′ .+ ∇α ′σ hr sZmfdms sn β Zmc gZr Z lZfmhstcd
|
1σ dptZk sn sgd oqnodq chr/

sZmbd adsvddm wα
′
Zmc wα 0 Sgd –odqgZor tmdwodbsdc( lhmtr rhfm hm Dp0 –fl59( Zqhrdr

adbZtrd σα ′ onhmsr ZvZx eqnl wα qZsgdq sgZm snvZqc hs0
Vgdm Z cdqhuZshud: dhsgdq Zs wα nq Zs wα

′
: Zbsr nm Zm dwoZmrhnm khjd –fl59(: hs hm/

unkudr cdqhuZshudr ne fµµ ′ Zmc σα ′ 0 Sgdrd bZm sgdm ad qd/dwoZmcdc trhmf: enq dwZlokd:

fµµ ′,µ +
fl
1
fµρ ′fµ

′
µ Q

ρ ′
µ ′µ ′δ ′σδ ′ )N�λ 1( –fl5fl(

Zmc
σ,µµ ′ +�fµ

′
µ


fµ ′µ ′ )

fl
5Qµ ′α ′µ ′β ′σα ′

σβ ′

)N�λ 2(, –fl51(

rdd Dpr0 –506(-–50flfl( ne Qde0 )fl49[0



32

Sn lZjd trd ne sgdrd snnkr: vd hmrsZkk Z btqud γ : vhsg bnnqchmZsdr yα�τ(: hm sgd
roZbdshld ne fµµ : vghbg vhkk ad Z qdoqdrdmsZshud vnqkckhmd enq sgd rlZkk naidbs0 Qd/
bZkk sgZs τ hr oqnodq shld Zr ldZrtqdc hm fµµ 0 He sgd naidbs hr Z lZsdqhZk ancx: sgd
vnqkckhmd vhkk ad hm hsr ogxrhbZk hmsdqhnq0 He sgd naidbs hr Z akZbj gnkd: sgd vnqkckhmd
vhkk nmkx rdqud Zr Z qdedqdmbd onhms enq sgd zdkc ntsrhcd sgd akZbj gnkd, lZsgdlZsh/
bZkkx: γ qdrhcdr hm sgd lZmhenkc nm vghbg fµµ khudr: mns sgd lZmhenkc nm vghbg f

nai
µµ

khudr0 Hm dhsgdq bZrd: vd nmkx ZmZkxyd sgd ldsqhb hm sgd naidbs+r dwsdqhnq: mdudq hm hsr
hmsdqhnq0
� rthsZakd ldZrtqd ne chrsZmbd eqnl γ hr

r�wα .wα
′
( .+


Oµ ′µ ′σµ ′σµ ′ . –fl52(

vgdqd wα
′
+ yα�τ ′( hr Z onhms nm γ mdZq wα : Zmc Oµµ .+ fµµ ) tµtµ oqnidbsr nq/

sgnfnmZkkx sn γ 0 Gdqd vd gZud hmsqnctbdc γ+r entq/udknbhsx tµ + cyµ
cτ : mnqlZkhydc

sn fµµtµtµ + �fl0 Mnsd sgZs r qdlZhmr onrhshud qdfZqckdrr ne vgdsgdq wα ′
Zmc wα

Zqd bnmmdbsdc ax Z roZbdkhjd: shldkhjd: nq mtkk fdncdrhb0 Hm sdqlr ne sgdrd bnuZqhZms
ptZmshshdr: sgd dwoZmrhnm –fl46( bZm ad vqhssdm lnqd bnmbqdsdkx Zr

g�m(µµ�w
α( + fµ

′
µ fµ

′
µ




g�m.�m(
µ ′µ ′ �wα

′
.σα ′

<r(

rm
)
g�m.�m)fl(
µ ′µ ′ �wα

′
.σα ′

<r(

rm�fl
)N�λ�m)1(



�

–fl53(
r qdoqdrdmsr sgd chrsZmbd eqnl wα

′
sn wα )okZxhmf sgd qnkd ne m hm –fl46([: Zmc sgd udb/

snq σα ′
<r qdoqdrdmsr sgd chqdbshnm ne sgd fdncdrhb bnmmdbshmf wα

′
sn wα 0 FdmdqhbZkkx:

knf�r( sdqlr Zkrn ZoodZq )fl44[: ats vd rtooqdrr sgdl enq rhlokhbhsx0
QZsgdq sgZm chqdbskx rtarshstshmf Zm ZmrZsy ne sgd enql –fl53( hmsn sgd uZbttl zdkc

dptZshnmr Zmc rnkuhmf enq sgd bndezbhdmsr g�m.o(
µ ′µ ′ : hs hr sxohbZkkx lnqd bnmudmhdms sn

Zcnos Z knbZk bnnqchmZsd rxrsdl bdmsqdc nm γ Zmc ZesdqvZqc qdbnudq –fl53(0 Gdqd vd
Zcnos Edqlh/VZkjdq bnnqchmZsdr �τ .wZ(: vghbg Zqd ptZrh/BZqsdrhZm bnnqchmZsdr bnm/
rsqtbsdc eqnl Z sdsqZc �tα .dαZ ( nm γ 0 Sgd roZshZk sqhZc dαZ hr Edqlh/VZkjdq sqZmronqsdc
Zknmf sgd vnqkckhmd Zbbnqchmf sn

CdαZ
cτ

+ ZZtα . –fl54(

vgdqd C
cτ .+ tµ∇µ 0 ZZ .+ Zµd

µ
Z hr Z roZshZk bnlonmdms ne sgd bnuZqhZms ZbbdkdqZ/

shnm Zµ .+ Ctµ
cτ , sghr vhkk dudmstZkkx adbnld sgd kdes/gZmc rhcd ne Dp0 –fl2(0 �s dZbg

uZktd ne oqnodq shld τ : vd rdmc Z roZbd/zkkhmf eZlhkx ne fdncdrhbr nqsgnfnmZkkx
ntsvZqc eqnl w̃α + yα�τ(: fdmdqZshmf Z roZshZk gxodqrtqeZbd Στ 0 DZbg rtbg rtqeZbd
hr kZadkkdc vhsg Z bnnqchmZsd shld τ : Zmc dZbg onhms nm sgd rtqeZbd hr kZadkdc vhsg
roZshZk bnnqchmZsdr

wZ +�dZα̃σ α̃ . –fl55(

vgdqd σα̃ .+ ∇α̃σ hr sZmfdms sn Στ̃ : rZshrexhmf σα̃tα̃ + 90 Sgd lZfmhstcd ne sgdrd

bnnqchmZsdr: fhudm ax r .+


δZawZwa +

fα̃β̃ σ α̃σ β̃ : hr sgd oqnodq chrsZmbd eqnl w̃α
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sn wα 0 Hm sgd rodbhZk bZrd sgZs wα
′
+ w̃α : r Zmc r Zqd hcdmshbZk0 Sgd ZmZknf ne Dp0 –fl59(

hr sgd bnnqchmZsd SZxknq rdqhdr

�µ
µ�τ .wZ( + �µ

µ�τ .9()�µ
µ

.Z�τ .9(wZ) fl
1�µ

µ
.Za�τ .9(wZwa)N�r2(� –fl56(

Hm sgdrd bnnqchmZsdr: sgd entq/udknbhsx qdctbdr sn tµ + �fl.9.9.9(: Zmc sgd Zbbdk/
dqZshnm sn Zµ + �9.Zh(0 Sgd dwsdqmZk aZbjfqntmc ldsqhb: vghbg hr rlnnsg Zs wZ + 9:
hr fhudm ax

fττ +�fl�1Zhwh� �Qτ hτ i)ZhZ i(whw i)N�r2(. –fl57Z(

fτZ +� 1
2Qτ hZ iw

hw i)N�r2(. –fl57a(

fZa + δZa� fl
2QZha iw

hw i)N�r2(. –fl57b(

qdctbhmf sn sgd Lhmjnvrjh ldsqhb nm γ : Zmc sgd nmkx mnmydqn Bgqhrsneedk rxlankr
nm γ Zqd Γ Z

ττ + ZZ Zmc Γ τ
τZ + ZZ0 He sgd vnqkckhmd hr mns ZbbdkdqZshmf: sgd bnnqchmZsdr

adbnld hmdqshZk Zknmf γ 0
Sgd QhdlZmm sdmrnq bnlonmdmsr hm Dp0 –fl57( Zqd duZktZsdc nm sgd vnqkckhmd0

Ghfgdq onvdqr ne wZ hm sgd dwoZmrhnm bnld vhsg ghfgdq onvdqr ne sgd ZbbdkdqZshnm:
cdqhuZshudr ne sgd QhdlZmm sdmrnq: Zmc mnmkhmdZq bnlahmZshnmr ne sgd QhdlZmm sdm/
rnq0 Hm Z uZbttl aZbjfqntmc: sgd QhdlZmm sdmrnq nm sgd vnqkckhmd hr bnllnmkx
cdbnlonrdc hmsn shcZk lnldmsr0 Sgd ptZcqtonkZq lnldmsr Zqd cdzmdc Zr

DZa .+ QτZτa. –fl58(

�Za .+ fl
1ε

op
�ZQa(τ op� –fl69(

Ghfgdq lnldmsr hmunkud cdqhuZshudr ne sgd QhdlZmm sdmrnq0 DptZshnmr –33(-–37(
ne Qde0 )fl5fl[ chrokZx sgd aZbjfqntmc ldsqhb –fl57( sgqntfg nqcdq r2 Zmc sgd nb/
stonkZq shcZk lnldmsr0 Qde0 )fl38[ oqdrdmsr sgd aZbjfqntmc ldsqhb hm Zm ZksdqmZ/
shud: khfgsbnmd/aZrdc bnnqchmZsd rxrsdl sgqntfg nqcdq λ 3 Zmc sgd gdwZcdbZonkZq
lnldmsr0
Fhudm sgd knbZk Edqlh/VZkjdq bnnqchmZsdr: nmd bZm Zcnos Z bnnqchmZsd ZmZknf ne

Dp0 –fl53(:

g�m(µµ +
g�m.�m(
µµ �τ .mZ(

rm
)
g�m.�m)fl(
µµ �τ .mZ(

rm�fl
)
g�m.�m)fl(
µµ �τ .mZ(

rm�1
)N�r�m)2(� –fl6fl(

Gdqd mZ + wZ
r + δ Za∂ar hr Z qZchZk tmhs udbsnq0 Sn eZbhkhsZsd rnkuhmf sgd zdkc dptZshnmr:

vd bZm dwoZmc sgd bndezbhdmsr hm ZmftkZq gZqlnmhbr.

g�m.o(
µµ �τ .mZ( + ∑

ℓ≥9
g�m.o.ℓ(
µµK �τ(ḿK. –fl61(

vgdqd K .+ hfl · · · hℓ hr Z ltksh/hmcdw: Zmc ḿK .+ m}K⟩: vgdqd mK .+ mhfl · · ·mhℓ 0 Sgd Zmft/
kZq aqZbjdsr cdmnsd sgd rxlldsqhb: sqZbd/eqdd –RSE( bnlahmZshnm ne hmchbdr: vgdqd
sgd sqZbd hr cdzmdc vhsg δZa0 Sghr hr dpthuZkdms sn dwoZmchmf sgd bndezbhdmsr g

�m.o(
µµ
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hm rbZkZq rogdqhbZk gZqlnmhbr.

g�m.o(
µµ �τ .mZ( +

�

∑
ℓ+9

ℓ

∑
l+�ℓ

g�m.o.ℓf(
µµ �τ(X ℓf�ϑ .ϕ(. –fl62(

vgdqd sgd Zmfkdr �ϑ .ϕ( Zqd cdzmdc hm sgd mZstqZk vZx eqnl

mZ + �rhmϑ bnrϕ .rhmϑ rhmϕ .bnrϑ (� –fl63(

Khjd rogdqhbZk gZqlnmhbr: ḿK hr Zm dhfdmetmbshnm ne sgd fiZs/roZbd KZokZbhZm: rZshr/
exhmf δ Za∂Z∂aḿK + � ℓ�ℓ)fl(

r1 ḿK0 Nmd bZm etqsgdq cdbnlonrd g�m.o.ℓ(
µµK hmsn hqqdctbhakd

RSE ohdbdr sgZs Zqd hm nmd/sn/nmd bnqqdronmcdmbd vhsg sgd bndezbhdmsr hm Z sdmrnq
rogdqhbZk gZqlnmhb cdbnlonrhshnm0 Vd qdedq sgd qdZcdq sn �oodmchw � ne Qde0 )14[
enq Z cdsZhkdc hmsqnctbshnm sn rtbg dwoZmrhnmr Zmc Z bnkkdbshnm ne trdetk hcdmshshdr0
Sgd fdmdqZk knbZk rnktshnm hm sgd ateedq qdfhnm bZm ad entmc ax rtarshstshmf sgd

dwoZmrhnmr –fl57( Zmc –fl6fl( hmsn sgd uZbttl zdkc dptZshnmr Zmc vnqjhmf nqcdq ax
nqcdq hm ε Zmc r0 AdbZtrd roZshZk cdqhuZshudr hmbqdZrd sgd onvdq ne fl<r: cnlhmZshmf
nudq τ cdqhuZshudr: sghr oqnbdrr qdctbdr sn rnkuhmf Z rdptdmbd ne rsZshnmZqx zdkc
dptZshnmr0
�m ZksdqmZshud ZooqnZbg hr sn hmrsdZc rnkud enq sgd odqstqaZshnmr G�m(

µµ hm sgd hmmdq
dwoZmrhnm: rsZqshmf vhsg Z kZqfd/m̆ ZmrZsy bnlokdldmsZqx sn Dp0 –fl46(: Zmc sgdm
sqZmrkZsd sgd qdrtksr hmsn sgd rlZkk/m dwoZmrhnmr enq g�m(µµ 0 Sghr ZooqnZbg bZm cqZv nm
dwhrshmf: ghfg/nqcdq hmmdq dwoZmrhnmr –d0f0: Qder0 )fl38: fl37: fl35[(: sgntfg cnhmf rn
nesdm qdpthqdr sqZmrenqlZshnmr ne sgd bnnqchmZsdr Zmc ne sgd odqstqaZshud fZtfd sn
Zqqhud Zs Z oqZbshbZk enql enq sgd ntsdq dwoZmrhnm –rdd: d0f0: Qde0 )fl59[(0

472 GnbWk rnktshnm. rdke:zdkc Wmc Wm deedbshud dwsdqmWk ldsqhb

Sgd fdmdqZk rnktshnmr enq g�fl(µµ Zmc g
�1(
µµ hm sgd ateedq qdfhnm Zqd jmnvm sn uZqxhmf

nqcdqr hm ε Zmc m hm Z uZqhdsx ne fZtfdr: hmbktchmf bkZrrdr ne ”qdrs fZtfdr‘ –sdqlh/
mnknfx eqnl Qde0 )fl59[(: ”O rlnnsg‘ fZtfdr )79[: ”ghfgkx qdftkZq‘ fZtfdr )fl59[
–hm vghbg mn fl<r1 sdql ZoodZqr hm g�1(µµ (: qZchZshnm fZtfdr )fl53[: Zmc sgd Qdffd/
Vgddkdq/Ydqhkkh fZtfd )fl82[0 –Hm sgd kZrs svn bZrdr: sgd fZtfd bgnhbdr Zqd qdrsqhbsdc
sn oZqshbtkZq bkZrrdr ne dwsdqmZk aZbjfqntmcr0( Gnvdudq: mdZqkx Zkk bnuZqhZms dwoqdr/
rhnmr: Zmc dwoZmrhnmr sn sgd ghfgdrs nqcdq hm m: Zqd hm sgd Knqdmy fZtfd0 Qde0 )fl44[
oqnuhcdr Zm Zkfnqhsgl enq fdmdqZshmf sgd knbZk rnktshnm hm sgd Knqdmy fZtfd: Zmc Z
kZqfd bkZrr ne rhlhkZq fZtfdr: sn ZqahsqZqx nqcdq hm ε 0
Hm Zkk fZtfdr: sgd fdmdqZk rnktshnm hr sxohbZkkx chuhcdc hmsn svn ohdbdr.

g�m(µµ + gR�m(µµ )gQ�m(
µµ � –fl64(
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Sghr hr Zjhm sn sgd trtZk rokhs ne Z fdmdqZk rnktshnm hmsn Z oZqshbtkZq Zmc Z gnln/
fdmdntr rnktshnm0 gRµµ + ∑m εmg

R�m(
µµ hr sgd naidbs+r rdke£zdkc: dmbnchmf Zkk sgd knbZk

hmenqlZshnm Zants sgd naidbs+r ltkshonkd rsqtbstqd –hmbktchmf sgd dmshqdsx ne fnaiµµ (0
�ksgntfg sghr zdkc hr cdzmdc nmkx ntsrhcd sgd naidbs: hs vntkc ad rhmftkZq Zs r+ 9 he
sgd dwoZmrhnm –fl6fl( vdqd sZjdm sn gnkc enq ZkkP≫ r/ 9, hs bnmsZhmr Zkk sgd mdfZshud
onvdqr ne r hm –fl6fl(: Zr vdkk Zr Zkk mnm/mdfZshud onvdqr ne r vhsg zmhsd cheedqdmshZ/
ahkhsx –d0f0: Zkk sdqlr oqnonqshnmZk sn romK vhsg o ≥ 9 ats o ̸+ ℓ(0 Enq sgZs qdZrnm: hs
hr Zkrn jmnvm Zr sgd rhmftkZq zdkc0
Sgd rdbnmc ohdbd ne sgd fdmdqZk rnktshnm: gQµµ + ∑m εmg

Q�m(
µµ : dmbncdr deedbshudkx

dwsdqmZk hmenqlZshnm khmjdc sn fknaZk antmcZqx bnmchshnmr0 Hs sZjdr sgd enql ne Z
onvdq rdqhdr:

gQ�m(
µµ +∑

ℓ

b�m(µµK�τ(w
K, –fl65(

tmkhjd gRµµ : vghbg hmunkudr sgd knbZkkx cdsdqlhmdc ltkshonkd lnldmsr: dudqx bn/

dezbhdms b�m(µµK hr Zm tmjmnvm sgZs bZm nmkx ad cdsdqlhmdc vgdm dwsdqmZk antmc/
Zqx bnmchshnmr Zqd hlonrdc0 �ksgntfg: nmbd ZfZhm: sgd zdkc hr cdzmdc ntsrhcd sgd
naidbs: vd bZm hcdmshex ∑ℓ b

�m(
µµK�τ(w

K vhsg Z SZxknq rdqhdr: vgdqd sgd bndezbhdmsr

b�m(µµK�τ( + fl
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µµ �τ .9( cdzmd gQ�m(

µµ Zmc hsr cdqhuZshudr nm sgd vnqkckhmd0 Lnqd/
nudq: gQµµ bZm ad bnlahmdc vhsg sgd dwsdqmZk aZbjfqntmc sn enql Zm deedbshud ldsqhb

f̌µµ .+ fµµ )gQµµ –fl66(

sgZs hr Z uZbttl rnktshnm: rZshrexhmf

Fµµ =f̌[ + 9 –fl67(

dudm nm γ 0 f̌µµ bgZqZbsdqhydr sgd naidbs+r qdrs eqZld Zmc knbZk shcZk dmuhqnmldms0
AdbZtrd gQµµ hr rlnnsg Zs w

Z + 9: hs hr Zkrn qdedqqdc sn Zr sgd qdftkZq zdkc0
Sghr sxod ne chuhrhnm ne sgd knbZk rnktshnm hmsn gRµµ Zmc g

Q
µµ vZr zqrs dlogZrhydc

ax Cdsvdhkdq Zmc Vghshmf Zs zqrs nqcdq hm ε )36: 49[0 Sgdqd hr bnmrhcdqZakd eqdd/
cnl hm sgd rodbhzb chuhrhnm: Zr rlnnsg uZbttl odqstqaZshnmr bZm ad hmsdqbgZmfdc
adsvddm sgd svn ohdbdr: Zmc ltkshokd chrshmbs bgnhbdr gZud addm lZcd hm oqZbshbd:
oZqshbtkZqkx adxnmc khmdZq nqcdq )fl61: 74: fl45: 79[0 Gnvdudq: nmd bZm ZkvZxr bgnnrd
sgd chuhrhnm rtbg sgZs –h( f̌µµ hr Z rlnnsg uZbttl ldsqhb: Zmc –hh( f̌µµ hr deedbshudkx
sgd ”dwsdqmZk‘ ldsqhb: hm sgd rdmrd sgZs sgd naidbs lnudr Zr Z sdrs ancx hm hs: Zr cd/
rbqhadc hm sgd mdws rdbshnm0 Gdqd enq bnmbqdsdmdrr vd Zcnos sgd bgnhbd hmsqnctbdc hm
Qde0 )fl45[ –rdd Zkrn Qder0 )fl44: fl5fl: fl47[(: Zmc vd oqnuhcd sgd dwokhbhs enqlr ne sgd
zqrs/ Zmc rdbnmc/nqcdq rdke/zdkcr hm sgd Knqdmy fZtfd: Zr oqdrdmsdc hm Qde0 )fl5fl[0
Enq sgd otqonrd ne dwokhbhskx chrokZxhmf eZbsnqr ne sgd naidbs+r ltkshonkd ln/

ldmsr: eqnl sghr onhms enqvZqc vd sZjd ε sn ad Z enqlZk bntmshmf oZqZldsdq sgZs bZm
ad rds dptZk sn tmhsx0
�s zqrs nqcdq: sgd rdke/zdkc hr cdsdqlhmdc ax sgd naidbs+r lZrr0 Hs hr fhudm hm

Edqlh/VZkjdq bnnqchmZsdr ax
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Sgd bnuZqhZms dwoqdrrhnmr enq gRRµµ Zmc g
RQ
µµ Zqd jmnvm sgqntfg nqcdq λ )fl5fl[ Zmc

Zqd ZuZhkZakd tonm qdptdrs sn sgd Ztsgnqr0 Sgd bnuZqhZms dwoZmrhnm ne grohmµµ ZoodZqr
dwokhbhskx gdqd enq sgd zqrs shld: ats hs hr jmnvm sn ghfgdq nqcdq hm λ )flfl7[0
Hm sghr rdbshnm: vd gZud rsZsdc qdrtksr eqnl sgd rn/bZkkdc rdke£bnmrhrsdms dwoZmrhnm

ne sgd ldsqhb )fl42[0 Hm sghr eqZldvnqj: sgd ldsqhb hr mns dwoZmcdc hm Zm nqchmZqx
SZxknq rdqhdr hm ε 0 HmrsdZc: hs sZjdr sgd enql
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vgdqd O qdoqdrdmsr Z khrs ne rxrsdl oZqZldsdqr. sgd vnqkckhmd γ Zmc ltkshonkd
lnldmsr ne sgd rlZkk naidbs: Zknmf vhsg Zmx dunkuhmf dwsdqmZk oZqZldsdqr0 He sgd
rlZkk naidbs hr nqahshmf Z akZbj gnkd sgZs hr ZooqnwhlZsdkx Jdqq: sgd dwsdqmZk oZqZl/
dsdqr vhkk bnmrhrs ne rlZkk: rknvkx dunkuhmf bnqqdbshnmr sn sgd akZbj gnkd+r lZrr Zmc
rohm )fl17[0 Sgdrd oZqZldsdqr Zkk dunkud vhsg shld hm Zm ε/cdodmcdms vZx: ldZmhmf
sgZs Dp0 –fl78( hr mns Z SZxknq rdqhdr, sghr ZkknvZmbd enq ε/cdodmcdms bndezbhdmsr hr
Z gZkklZqj ne rhmftkZq odqstqaZshnm sgdnqx )fl96[0 Hm sgd rdke/enqbd oqnakdl: hs ltrs
ad Zkknvdc hm nqcdq sn bnmrsqtbs Z tmhenqlkx ZbbtqZsd ZooqnwhlZshnm nm kZqfd shld
rbZkdr )fl43[0 Hs vhkk kdZc mZstqZkkx hmsn sgd ltkshrbZkd dwoZmrhnm cdrbqhadc hm sgd
kZsdq rdbshnmr ne sghr qduhdv0
He vd trd Zm nqchmZqx SZxknq rdqhdr hm okZbd ne Dp0 –fl78(: sgdm yµ hr qdokZbdc

vhsg sgd rdqhdr dwoZmrhnm yµ�τ .ε( + yµ9 �τ() εyµfl �τ() � � � –qdedqqdc sn Zr Z FqZkkZ/
VZkc dwoZmrhnm Zesdq sgd Ztsgnqr ne Qde0 )7fl[(0 Gdqd yµ9 hr Z fdncdrhb ne sgd dwsdqmZk
aZbjfqntmc roZbdshld: Zmc sgd knbZk ZmZkxrhr cdrbqhadc Zanud hr bZqqhdc nts vhsg
rdqhdr dwoZmrhnmr hm onvdqr ne chrsZmbd eqnl sghr fdncdrhb0 Sgd ZbbdkdqZshnm Zµ hm
sghr ZooqnZbg hr sgtr rds sn ydqn hm Zkk sgd Zanud enqltkZr0 Sgd ε cdodmcdmbd ne yµ
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ne sgd naidbs+r bdmsdq ne lZrr qdkZshud sn yµ9 0 Hs ZoodZqr hm sgd rdbnmc/nqcdq ldsqhb
odqstqaZshnm hm sgd ntsdq dwoZmrhnm ats hm sgd ydqnsg/nqcdq hmmdq ldsqhb: fnaiµµ 0 Ax
rdsshmf lh sn ydqn hm sgd rdke/bnmrhrsdms dwoZmrhnm: nmd cdzmdr γ sn ad sgd bdmsdq
ne lZrr Zs sghr nqcdq0 � bnqqdbshnm sn lh fdmdqhbZkkx ZoodZqr hm g
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Z FqZkkZ/VZkc dwoZmrhnm: lh Zmc bnqqdbshnmr sn hs Zqd Zkknvdc sn ad mnmydqn, enq
sgZs bZrd: gchonkdµµ hr fhudm sgqntfg nqcdq λ 9 hm Edqlh bnnqchmZsdr hm Rdb0 HUB ne
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Qde0 )fl42[ –vgdqd lh hr cdmnsdc Lh(0 Dwokhbhs dwoqdrrhnmr sgqntfg nqcdq λ : hm ansg
Edqlh/bnnqchmZsd Zmc bnuZqhZms enql: Zqd jmnvm sgqntfg nqcdq λ )fl5fl[ Zmc Zqd
ZuZhkZakd tonm qdptdrs0
Hm sgd bnmsdws ne Z ahmZqx: sgd rlZkk naidbs hmrohqZkr: dudmstZkkx lnuhmf udqx eZq

eqnl Zmx hmhshZkkx mdZqax aZbjfqntmc fdncdrhb0 Sghr bZtrdr yµfl Zmc ghfgdq bnqqdb/
shnmr sn fqnv kZqfd vhsg shld: rodkkhmf sgd aqdZjcnvm ne sgd FqZkkZ/VZkc dwoZmrhnm0
Enq sghr qdZrnm: vd gZud enbtrdc nm sgd rdke/bnmrhrsdms enqltkZshnm hm sghr qduhdv0
Qder0 )fl42: fl46: fl47[ oqnuhcd cdsZhkdc dwokhbZshnmr ne sgd qdkZshnmrgho adsvddm sgd
svn sxodr ne dwoZmrhnmr0

473 AptWshnmr ne lnshnm

�knmf vhsg sgd knbZk enql ne sgd ldsqhb odqstqaZshnmr: sgd Dhmrsdhm dptZshnmr cdsdq/
lhmd sgd lnshnm ne sgd rlZkk naidbs Zmc sgd dunktshnm ne hsr lZrr Zmc rohm0 Rodbhz/
bZkkx: he vd kds γ ad sgd naidbs+r bdmsdq ne lZrr –ax rdsshmf sgd lZrr chonkd lnldms
hm g�1(µµ sn ydqn(: sgdm sgd uZbttl zdkc dptZshnmr tmhptdkx cdsdqlhmd sgd zqrs/nqcdq
dptZshnmr ne lnshnm )fl21: 7fl: fl42[
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ne Z sdrs ancx: mns hm sgd aZbjfqntmc nq hm sgd ogxrhbZk roZbdshld ats hm sgd deedbshud
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cτ̌ 0 Sghr hr sgd dptZshnm ne lnshnm ne Z rohmmhmf sdrs oZqshbkd0

RhlhkZqkx: sgd dunktshnm dptZshnmr –fl82( Zqd sgd dptZshnmr ne Z sdrs lZrr Zmc rohm:
vghbg Zqd bnmrsZms Zmc oZqZkkdk oqnoZfZsdc: qdrodbshudkx0

fl6 Enq Z mnm/bnloZbs naidbs: zmhsd/rhyd deedbsr eqnl ghfgdq ltkshonkd lnldmsr vhkk cnlhmZsd nudq
rdke/enqbd deedbsr0
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He vd rodbhZkhyd sn Z rogdqhbZk: mnmrohmmhmf naidbs –Zmc rds sgd rtakdZchmf lZrr
chonkd lnldms sn ydqn(: sgd zdkc dptZshnmr cdsdqlhmd sgd rdbnmc/nqcdq dptZshnm ne
lnshnm )fl45: fl59[
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Rdd Rdb0 HHH� ne Qde0 )fl46[ enq sgd –rhlokd( rsdor hmunkudc hm qdvqhshmf Dp0 –fl84( Zr
Dp0 –fl85(0
Enq Z fdmdqhb bnloZbs naidbs: sgd rohm Zmc ptZcqtonkd lnldmsr vhkk ansg ZoodZq

hm Dp0 –fl84(0 �ksgntfg sgd rdbnmc/nqcdq dptZshnmr ne lnshnm gZud mns addm cdqhudc
chqdbskx eqnl sgd zdkc dptZshnmr hm sgZs bZrd: hs hr jmnvm sgZs Zs kdZrs sgqntfg sghr
nqcdq: sgd lnshnm qdlZhmr sgZs ne Z sdrs ancx hm rnld deedbshud ldsqhb )fl83[0 �s kdZrs
enq Z lZsdqhZk ancx: sghr qdlZhmr sqtd dudm hm sgd etkkx mnmkhmdZq rdsshmf )74[0 Sgd
rohm+r dunktshnm Zmc hsr bnmsqhatshnm sn sgd ZbbdkdqZshnm sgqntfg rdbnmc nqcdq –ats
nlhsshmf ptZcqZshb/hm/rohm sdqlr(: dwsqZbsdc eqnl sgd mnmkhmdZq qdrtksr enq Z lZsdqhZk
ancx: Zqd fhudm hm Dp0 –5( ne Qde0 )flfl8[, sghr bnqqdbsr Dp0 –10flfl( ne Qde0 )2[0
Hm sghr rdbshnm vd gZud ZfZhm oqdrdmsdc qdrtksr enq sgd rdke/bnmrhrsdms dwoZmrhnm0

Hm sgd FqZkkZ/VZkc ZooqnZbg: nmd hmrsdZc nasZhmr dunktshnm dptZshnmr enq sgd lZrr
chonkd lnldms0 Rtbg dptZshnmr Zqd cdqhudc Zs zqrs nqcdq hm Qder0 )7fl: fl42: 68[ Zmc
Zs rdbnmc nqcdq hm Qde0 )79[ –rdd Zkrn Qde0 )fl46[: vghbg cdqhudr rtbg rdbnmc/nqcdq
dptZshnmr hm Z lnqd bnloZbs: oZqZldsqhyZshnm/hmuZqhZms enql(0
Vd rsqdrr sgZs sgd dptZshnmr hm sghr rdbshnm enkknv chqdbskx eqnl sgd uZbttl Dhm/

rsdhm dptZshnmr: snfdsgdq vhsg Z bdmsdq/ne/lZrr bnmchshnm: ntsrhcd sgd rlZkk naidbs0
Sgdqd hr mn Zrrtloshnm Zants sgd naidbs+r hmsdqmZk bnlonrhshnm: mnq hr sgdqd Zmx qdf/
tkZqhyZshnm ne rhmftkZq ptZmshshdr0 Vd qdedq sn Qder0 )36: fl62: 34[ enq uZqhZmsr ne sgd
ZooqnZbg cdrbqhadc gdqd Zmc sn Qder0 )fl57: 63: 74[ enq ZksdqmZshudr sn sgd lZsbgdc/
dwoZmrhnmr ZooqnZbg0

474 Ridkdsnm rntqbdr. otmbstqdr Wmc oWqshbkdr

�esdq gZuhmf cdqhudc sgd knbZk enql ne sgd ldsqhb: Zmc sgd dptZshnmr ne lnshnm: vd
bZm deedbshudkx qdlnud sgd ancx ynmd eqnl sgd oqnakdl0 Vd cn rn ax Zkknvhmf sgd
knbZk enqlr –fl65(-–fl76( sn gnkc Zkk sgd vZx cnvm sn γ 0 Sghr bZtrdr sgd rdke/zdkc sn
chudqfd Zs γ : ZqshzbhZkkx hmsqnctbhmf Z rhmftkZq zdkc0 Gnvdudq: sghr cndr mns Zksdq sgd
ogxrhbr hm sgd ateedq qdfhnm nq dwsdqmZk tmhudqrd: Zmc sgd rhmftkZqhsx hr lnqd dZrhkx
gZmckdc sgZm sgd rlZkk/rbZkd ogxrhbr ne sgd rlZkk naidbs0
Nmbd sgd zdkcr gZud addm dwsdmcdc sn γ : nmd bZm rnkud sgd zdkc dptZshnmr

sgqntfgnts sgd roZbdshld trhmf dhsgdq Z otmbstqd rbgdld nq onhms/oZqshbkd ldsg/
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ncr0 Sgd otmbstqd rbgdld hr sgd lnqd fdmdqZk ne sgd svn ZooqnZbgdr0 Vd cdzmd sgd
otmbstqd zdkc

gO�m(
µµ .+ gR�m(µµ T –fl86(

Zr sgd knbZk dwoZmrhnm ne gR�m(µµ sqtmbZsdc Zs rnld nqcdq λ j: ltkshokhdc ax Z vhmcnv
etmbshnm T sgZs hr dptZk sn fl hm Z mdhfgantqgnnc ne yα Zmc sqZmrhshnmr sn ydqn Zs
rnld zmhsd chrsZmbd eqnl yα 0fl7 Sghr hlokhdr sgZs gO�m(

µµ + gR�m(µµ )N�λ j)fl(0 Vd sgdm
cdzmd sgd qdrhctZk zdkc

gP�m(
µµ .+ g�m(µµ �g

O�m(
µµ . –fl87(

vghbg rZshrzdr gP�m(
µµ + gQ�m(

µµ )N�λ j)fl(: lZjhmf gP�m(
µµ Z Bj zdkc Zs γ 0 Ntsrhcd sgd

rtoonqs ne gO�m(
µµ : gP�m(

µµ adbnldr hcdmshbZk sn sgd etkk zdkc g�m(µµ 0

Lnuhmf gO�fl(
µµ sn sgd qhfgs/gZmc rhcd ne sgd uZbttl zdkc dptZshnmr: vd nasZhm

zdkc dptZshnmr enq gP�m(
µµ .fl8

F�fl(
µµ =g

P�fl([ +�F�fl(
µµ =g

O�fl([ .+ Rdee�fl(µµ . –fl88(

F�fl(
µµ =g

P�1([ +�F�1(
µµ =g

�fl(.g�fl([�F�fl(
µµ =g

O�1([ .+ Rdee�1(µµ � –199(

Sgdrd dptZshnmr gnkc Zs Zkk onhmsr nee γ 0 SgdBj adgZuhntq ne sgd rnktshnm hr sgdm dm/
enqbdc ax cdzmhmf sgd deedbshud rntqbdr Rdee�m(µµ Zr nqchmZqx hmsdfqZakd etmbshnmr Zs γ :
qZsgdq sgZm sqdZshmf F�fl(

µµ =gO�m([ hm sgd chrsqhatshnmZk rdmrd ne Z khmdZq nodqZsnq Zbshmf
nm Zm hmsdfqZakd etmbshnm, sghr chrshmbshnm hr hlonqsZms sn qtkd nts cdksZ etmbshnmr hm
sgd rntqbd: vghbg vntkc bqdZsd rotqhntr rhmftkZqhshdr hm sgd qdrhctZk zdkc0
He j≥ fl: sgdm vd bZm qdokZbd gQ�m(

µµ vhsg gP�m(
µµ hm sgd dptZshnmr ne lnshnm –fl81( Zmc

–fl84(0 Sgd snsZk zdkc g�m(µµ + gP�m(
µµ )gO�m(

µµ hr Zkrn ftZqZmsddc sn rZshrex sgd ogxrhbZk
antmcZqx bnmchshnm hm sgd ateedq qdfhnm –h0d0: sgd lZsbghmf bnmchshnm( Zmc Zs sgd
ntsdq antmcZqhdr ne sgd oqnakdl0
�m ZksdqmZshud sn sgd otmbstqd rbgdld hr sn rnkud chqdbskx enq sgd snsZk zdkcr g�m(µµ 0

Nmbd dwsdmcdc sn γ : sgdx rZshrex

F�fl(
µµ =εg�fl( ) ε1g�1([) ε1F�1(

µµ =g
�fl(.g�fl([ + 7πSµµ )N�ε2(. –19fl(

fl7 Ntq cdrbqhoshnm lZx rddl –hmbnqqdbskx( sn hlokx sgZs sgd otmbstqd zdkc hr nmkx cdzmdc hm Z
bnmudw mnqlZk mdhfgantqgnnc ne sgd ancx0 Enq mtldqhbZk otqonrdr: sgd otmbstqd hr dwsdmcdc nudq
Z qdfhnm ne Zmx bnmudmhdms rhyd0 SxohbZkkx sghr hr cnmd ax bnmudqshmf sgd knbZk: bnuZqhZms dwoqdrrhnmr
hm sdqlr ne Rxmfd+r vnqkc etmbshnm hmsn dwoZmrhnmr hm bnnqchmZsd chrsZmbd: trhmf: d0f0: sgd Anxdq/
Khmcpthrs bnnqchmZsdr ne sgd aZbjfqntmc roZbdshld0 Sgd otmbstqdr bZm sgdm ad dwsdmcdc Zr sgdrd
bnnqchmZsd etmbshnmr0 Sgd dmc qdrtks enq sgd bnlahmdc zdkc g�m(µµ + gP�m(

µµ ) gO�m(
µµ hr hmrdmrhshud sn

sgd bgnhbd ne dwsdmrhnm0
fl8 Hm sgd rdke/bnmrhrsdms ZooqnZbg: rnld bZqd hr qdpthqdc hm enqltkZshmf sgdrd dptZshnmr0 Rodbhz/
bZkkx: sgdx bZm nmkx ad rokhs hmsn Z rdptdmbd ne dptZshnmr: nmd Zs dZbg nqcdq hm ε : Zesdq hlonrhmf
Z fZtfd bnmchshnm )fl42[, sghr hr qdpthqdc hm nqcdq sn Zkknv sgd otmbstqd sn lnud nm Zm Zbbdkdq/
Zsdc sqZidbsnqx0 Vd cn mns adkZantq sghr onhms adbZtrd vd tkshlZsdkx enqltkZsd sgd dptZshnmr hm Z
rnldvgZs cheedqdms: ltkshrbZkd enql sZhknqdc sn ahmZqx hmrohqZkr0
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vgdqd gdqd vd cn hmsdqoqds dZbg sdql nm sgd kdes/gZmc rhcd hm Z chrsqhatshnmZk rdmrd0
Sgd rsqdrr/dmdqfx sdmrnq hr sgdm cdzmdc ax sgd kdes/gZmc rhcd0 Sgqntfg rdbnmc nq/
cdq: hs bZm ad rgnvm sn ad sgd rsqdrr/dmdqfx ne Z rohmmhmf oZqshbkd hm sgd deedbshud
ldsqhb )33: 7fl: fl42: fl44: fl84[.19

Sµµ + l


γ
ťµ ťµ δ̌ �w.y�τ̌((cτ̌ )



γ
ť�µRµ(

α ∇̌α δ̌ �w.y�τ̌((cτ̌ . –191(

vgdqd δ̌ �w.w′( + δ 3�wα�w′α (|
�f̌ Zmc ťµ .+ f̌µµ ťµ 0 Vd qdedq sn sghr onhms/oZqshbkd rsqdrr/

dmdqfx Zr sgd Cdsvdhkdq rsqdrr£dmdqfx Zesdq sgd Ztsgnq ne Qde0 )34[0 Khjd sgd dptZ/
shnmr ne lnshnm: sgd onhms/oZqshbkd ZooqnwhlZshnm hr Z cdqhudc bnmrdptdmbd ne sgd
uZbttl Dhmrsdhm dptZshnmr Zmc sgd lZsbghmf bnmchshnm: qZsgdq sgZm Zm hmots0
Hm bZrdr vgdqd sgd onhms/oZqshbkd ldsgnc hr vdkk cdzmdc: hs Zmc sgd otmbstqd

rbgdld xhdkc hcdmshbZk etkk zdkcr g�m(µµ 0 Gnvdudq: tmkhjd Z otmbstqd rbgdld: Z onhms/

oZqshbkd ldsgnc cndr mns xhdkc sgd qdftkZq zdkcr gQ�m(
µµ Zr ntsots0 Sgd qdftkZq zdkcr:

Zmc rdke/enqbdr: ltrs hmrsdZc ad dwsqZbsdc eqnl g�m(µµ 0 Sghr hr lnrs nesdm cnmd trhmf
sgd ldsgnc ne lncd£rtl qdftkZqhyZshnm )fl3: fl9[ qduhdvdc hm cdsZhk hm Qder0 )5: 196[
Zmc rjdsbgdc hm Rdb0 601 adknv0
Vd vhkk qdedq sn ansg sgd deedbshud rntqbdr Rdee�m(µµ Zmc sgd onhms/oZqshbkd rntqbd

Sµµ Zr rjdkdsnm rntqbdr0 Sghr sdqlhmnknfx enkknvr LZsghrrnm+r mnshnm )fl19: 45[ ne
Z ”fqZuhsZshnmZk rjdkdsnm‘ –rdd Zkrn Qder0 )42: 43: 44[(. Zm dwsdmcdc ancx bZm ad
qdoqdrdmsdc ax Z rhmftkZqhsx dpthoodc vhsg Zm hmzmhsd rds ne ltkshonkd lnldmsr0
Otmbstqdr oqnuhcd Z fdmdqZkhyZshnm ne sghr bnmbdos sn rdsshmfr vgdqd sgd rhmftkZqh/
shdr Zqd snn rsqnmf sn ad qdoqdrdmsdc ax chrsqhatshnmr0 Enq sgZs qdZrnm: Zksgntfg sgd
mnldmbkZstqd ne otmbstqdr Zmc deedbshud rntqbdr nqhfhmZsdc eqnl ldsgncr ne rnkuhmf
sgd zqrs/nqcdq zdkc dptZshnmr hm Qder0 )fl4: fl86[: otmbstqdr gZud Z lnqd etmcZldmsZk
qnkd Zs rdbnmc Zmc ghfgdq nqcdqr )fl61: fl62: 34: 79: fl44: fl47[0 Enq sgd rZld qdZrnm:
vd gZud oqdrdmsdc otmbstqdr Zr Z lnqd oqhlhshud bnmbdos sgZm sgd onhms/oZqshbkd
rsqdrr/dmdqfx0
Hm dhsgdq ZooqnZbg: sgd rjdkdsnm rntqbdr oqdrdmsdc gdqd Zookx dptZkkx enq Zkk bnl/

oZbs naidbsr: vgdsgdq akZbj gnkdr nq lZsdqhZk anchdr0 Sgd nmkx chrshmfthrghmf edZstqd
ne Z lZsdqhZk ancx vntkc ad Z rohm sgZs rtqoZrrdr sgd Jdqq antmc –h0d0: |Rh| / l1(0
Gnvdudq: Zs sghqc nqcdq hm odqstqaZshnm sgdnqx: sgd ptZcqtonkd lnldms vhkk ZoodZq
hm sgd odqstqaZshnm g�2(µµ 0 Tmkhjd sgd lZrr Zmc chonkd lnldmsr: sgd ptZcqtonkd ln/
ldms hr mns fnudqmdc ax sgd Dhmrsdhm dptZshnm )44: 74: 75[: Zmc hsr dunktshnm ltrs
ad cdsdqlhmdc eqnl sgd naidbs+r dptZshnm ne rsZsd0 Gdmbd: Zs sghqc nqcdq sgd hmsdqhnq
bnlonrhshnm ne sgd naidbs adfhmr sn hmfitdmbd sgd dwsdqmZk ldsqhb: Zmc vd bZm adfhm
sn chrshmfthrg adsvddm akZbj gnkdr Zmc lZsdqhZk anchdr0 Ats mnsd sgZs sgd ptZcqtonkd
lnldmsr ne bnloZbs naidbsr cheedq oqhlZqhkx ctd sn sgdhq cheedqhmf shcZk cdenqlZahk/
hsx: Zmc sghr cheedqdmbd hr rtooqdrrdc ax Zm ZcchshnmZk zud onvdqr ne ε )12[: rtffdrs/
hmf hs hr Zklnrs bdqsZhmkx hqqdkduZms enq rlZkk/lZrr/qZshn ahmZqhdr0

19 �s rdbnmc nqcdq: sghr hr sqtd hm Z bkZrr ne ghfgkx qdftkZq fZtfdr0 Hm nsgdq fZtfdr: hs qdpthqdr
Z chqdbs trd ne sgd otmbstqd uhZ Z oZqshbtkZq chrsqhatshnmZk cdzmhshnm ne sgd mnmkhmdZq ptZmshsx
F�1(

µµ =g�fl(.g�fl([ )fl84[0
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5 NqahsZk cxmZlhbr hm Idqq roZbdshld

Sgd oqduhntr rdbshnm rtllZqhydc sgd knbZk oqnakdl hm rdke/enqbd sgdnqx. sgd qdctb/
shnm ne Zm dwsdmcdc ancx sn Z rjdkdsnm rntqbd hm sgd Dhmrsdhm dptZshnmr: Zknmf vhsg
Zm dptZshnm ne lnshnm enq sgZs rntqbd0 Hm sgd qdlZhmhmf rdbshnmr: vd stqm sn sgd
fknaZk oqnakdl. rnkuhmf sgd odqstqaZshud Dhmrsdhm dptZshnmr: bntokdc sn sgd dptZshnm
ne lnshnm –fl81( nq –fl84(: fknaZkkx hm Z rodbhzb aZbjfqntmc ldsqhb0
Hm sgd bnmsdws ne Z rlZkk/lZrr/qZshn ahmZqx: sgd aZbjfqntmc fdnldsqx hr sgd Jdqq

roZbdshld ne sgd bdmsqZk akZbj gnkd0 �bbnqchmf sn sgd dptZshnmr ne lnshnm: sgd rlZkk
ancx hm sgd ahmZqx hr nmkx rkhfgskx ZbbdkdqZsdc ZvZx eqnl fdncdrhb lnshnm hm sgZs
aZbjfqntmc0 Sghr rdbshnm rtllZqhydr –h( oqnodqshdr ne antmc fdncdrhb lnshnm hm
Jdqq roZbdshld Zmc –hh( gnv sn dwoknhs sgnrd oqnodqshdr sn ZmZkxyd ZbbdkdqZsdc nqahsr0
Vd dlogZrhyd Zbshnm/Zmfkd ldsgncr sgZs ldrg rodbhzbZkkx vhsg ntq sqdZsldms ne
sgd Dhmrsdhm dptZshnmr hm sgd zmZk rdbshnm ne sghr qduhdv0 Gnvdudq: ltbg ne ntq
sqdZsldms hr uZkhc enq Z lnqd fdmdqhb ZbbdkdqZshnm0
Vd vZqm sgd qdZcdq sgZs sgd mnsZshnm hm sghr rdbshnm cheedqr hm rdudqZk vZxr eqnl

sgZs ne sgd oqdbdchmf rdbshnm0 Sgd cheedqdmbdr Zqd mnsdc hm sgd zqrs rtartardbshnm
adknv0

57fi Edncdrhb lnshnm

50z0z BnmrsZmsr ne lnshnm: rdoZqZakd fdncdrhb dptZshnm: Zmc bnmudmshnmr

Fdncdrhbr hm Jdqq roZbdshld Zqd hmsdfqZakd: vhsg sgqdd bnmrsZmsr ne lnshnm Zrrnbh/
Zsdc vhsg sgd roZbdshld+r sgqdd Jhkkhmf rxlldsqhdr. –rodbhzb( dmdqfx D + �tαξα :
–rodbhzb( ZyhltsgZk ZmftkZq lnldmstl Ky + tαδα

φ : Zmc sgd BZqsdq bnmrsZms P +

tαtβ �
>>
Jαβ � fl

Z1η
αηβ (01fl

Hmudqshmf sgdrd sgqdd dptZshnmr: snfdsgdq vhsg fαβtαtβ + �fl: enq sgd entq/
udknbhsx bnlonmdmsr: vd nasZhm )55[

Σ 1

cq
cτ

1
+ Q�q(. –192(

Σ 1

cy
cτ

1
+ Y�y(. –193(

Σ
cs
cτ

+ Sq�q()Sy�y()ZKy .+Ss . –194(

Σ
cφ
cτ

+ Φq�q()Φy�y(�ZD .+Sφ � –195(

1fl Sgd bnmrsZms J + tαtβ
>>
Jαβ hr Zkrn rnldshldr qdedqqdc sn Zr BZqsdq+r bnmrsZms0
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Gdqd �s.q.y .+ bnrθ .φ( qdedq sn Anxdq/Khmcpthrs bnnqchmZsdr:11 Zmc

Q�q( .+ =O�q([1��

q1)�ZD�Ky(1)P


. –196(

Y�y( .+ P�
�
P)Z1γ )K1y


y1)Z1γ y3. –197(

Sq�q( .+
q1)Z1

�
O�q(. –198(

Sy�y( .+�Z1D�fl� y1(. –1fl9(

Φq�q( .+
Z
�
O�q(. –1flfl(

Φy�y( .+
Ky

fl� y1
. –1fl1(

vhsg O�q( .+D�q1)Z1(�ZKy Zmc γ .+ fl�D10 Vd nos sn trd y qZsgdq sgZm θ sgqntfg/
nts sghr rdbshnm0
Sgd dptZshnmr enq q�τ( Zmc y�τ( Zqd bntokdc: ats sgdx Zqd hlldchZsdkx cdbntokdc

ax Zcnoshmf Z mdv oZqZldsdq λ : bZkkdc Lhmn shld )fl29[: sgZs rZshrzdr

cλ
cτ

+ Σ�fl� –1fl2(

–Sghr hr mns sn ad bnmetrdc vhsg sgd annjjddohmf oZqZldsdq trdc hm sgd knbZk dw/
oZmrhnmr ne sgd oqduhntr rdbshnm0( Sgd dptZshnmr Zkrn sZjd Z ghdqZqbghbZk enql. nmbd
q�λ ( Zmc y�λ ( Zqd jmnvm: Dpr0 –194( Zmc –195( bZm ad rsqZhfgsenqvZqckx hmsdfqZsdc
sn nasZhm s�λ ( Zmc φ�λ (0
Fhudm sghr ghdqZqbghbZk enql: vd vhkk enbtr nm sgd q-y cxmZlhbr0 Hm Dp0 –192(:

Q�q( hr Z entqsg/nqcdq onkxmnlhZk hm q: ldZmhmf hs bZm Zkrn ad vqhssdm Zr Q�q( +
�γ�q� qfl(�q� q1(�q� q2(�q� q3(: vhsg qfl ≥ q1 ≥ q2 ≥ q30 RhlhkZqkx: hm Dp0 –193(:
Y�y( + Z1γ�y1� y1fl(�y1� y11(: vhsg |yfl| / |y1|0 Enq antmc nqahsr: sgd qZchZk lnshnm
nrbhkkZsdr adsvddm sgd stqmhmf onhmsr qZ + qfl –ZonZorhr( Zmc qo + q1 –odqhZorhr(:
Zmc sgd onkZq lnshnm adsvddm ylZw + |y1| Zmc ylhm + �|y1|012 Gdmbd: sgd fdncdrhb
hr bnmzmdc sn Z snqtr/khjd qdfhnm qo ≤ q ≤ qZ: |y| , ylZw0 He P + 9: sgd lnshnm hr
bnmzmdc sn sgd dptZsnqhZk okZmd y + 90 He Z + 9 –h0d0: hm RbgvZqyrbghkc roZbdshld(:
sgd fdncdrhb hr khjdvhrd bnmzmdc sn Z okZmd: vghbg: ctd sn RbgvZqyrbghkc+r rogdqhbZk
rxlldsqx: bZm ad eqddkx bgnrdm Zr y + 90 Gnvdudq: Z fdmdqhb nqahs dqfnchbZkkx zkkr
sgd snqtr/khjd qdfhnm0
Enq bnmudmhdmbd hm sgd qdlZhmhmf rdbshnmr: vd trd knvdqbZrd KZshm hmchbdr eqnl

sgd adfhmmhmf ne sgd ZkogZads –Z.a.b( sn cdmnsd q nq y Zmc cdzmd www+ �q.y(0 Gnvdudq:
qdodZsdc hmchbdr: Zr hm Zm dwoqdrrhnm rtbg Zr eZwZ: Zqd mns rtlldc nudq, hmrsdZc:
rtbg rtlr vhkk ad vqhssdm Zr eee · www .+ eqwq ) eywy0 �m dwoqdrrhnm rtbg Zr eZ�wZ( vhkk
cdmnsd dhsgdq nmd ne eq�q( nq ey�y(: vghkd Zm dwoqdrrhnm rtbg Zr eZ�www( vhkk cdmnsd
dhsgdq nmd ne eq�q.y( nq ey�q.y(0 eα�wβ ( vhkk cdmnsd eα�s.q.y.φ(0

11 Qder0 )47: 55[ Zmc lZmx nsgdq qdedqdmbdr hmrsdZc cdzmd y Zr bnr1 θ : vhsg ZmZknfntr cheedqdmbdr
hm sgdhq cdzmhshnmr ne sgd qnnsr ym cdzmdc adknv0
12 Sgd nsgdq qnnsr –q2: q3: Zmc yfl( cn mns bnqqdronmc sn ogxrhbZk stqmhmf onhmsr0 Hm oZqshbtkZq:
|yfl| / fl0
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Vd trd knvdqbZrd KZshm hmchbdr eqnl sgd lhcckd ne sgd ZkogZads –h. i.j( sn kZ/
adk dkdldmsr ne Z rds ne nqahsZk oZqZldsdqr0 Enq dwZlokd: Oh + �D.Ky.P(0 Enq sgdrd
hmchbdr: tmkhjd Z.a.b: vd trd Dhmrsdhm rtllZshnm0
Vd trd e sgqntfgnts sghr rdbshnm sn cdmnsd Z fdmdqhb etmbshnm: mns sgd rodbhzb

etmbshnm e �q( sgZs ZoodZqr hm sgd RbgvZqyrbghkc ldsqhb –fl3(0 �m nudqcns vhkk cdmnsd
Z cdqhuZshud vhsg qdrodbs sn λ 0
EhmZkkx: vd oqddloshudkx qdedq sgd qdZcdq sn Qder0 )fl79: fl29: 47: 48: 55: 194: fl73[

enq ZcchshnmZk cdsZhkr Zants fdncdrhb nqahsr hm Jdqq0

50z01 PtZrh,IdokdqhZm oZqZldsqhyZshnm

Tmkhjd JdokdqhZm nqahsr: fdmdqhb fdncdrhbr hm Jdqq cn mns bknrd, sgd odqhncr ne qZ/
chZk: onkZq: Zmc ZyhltsgZk lnshnm Zqd Zkk: fdmdqhbZkkx: hmbnlldmrtqZsd0 Mdudqsgd/
kdrr: adbZtrd ne sgdhq cntakx nrbhkkZsnqx mZstqd: hs hr nesdm trdetk hm ZookhbZshnmr sn
dwoqdrr sgd fdncdrhb sqZidbsnqhdr hm Z ptZrh/JdokdqhZm enql: qdokZbhmf sgd bnmrsZmsr
{D.Ky.P{ vhsg Zm ZksdqmZshud rds {o.d.ylZw{0 Hm sdqlr ne sgdrd: q Zmc y bZm ad vqhs/
sdm hm sgd lZmhedrskx odqhnchb enql )47[

q�ψq( +
oL

fl) dbnrψq
. –1fl3(

y�ψy( + ylZw bnrψy. –1fl4(

vgdqd: enq Z antmc nqahs: 9 ≤ d , fl0 Sgd ogZrdr �ψq.ψy( Zqd ltkshokdr ne 1π Zs
odqhZorhr Zmc Zs y+ ylZw: qdrodbshudkx0 Tmkhjd q Zmc y: vghbg bgZmfd chqdbshnm dudqx
gZke bxbkd: ψq Zmc ψy fqnv lnmnsnmhbZkkx: kdZchmf sn adssdq mtldqhbZk adgZuhnq Zs
sgd stqmhmf onhmsr0
AdbZtrd mnmd ne sgd odqhncr Zqd bnlldmrtqZsd: ψq Zmc ψy dunkud hmcdodmcdmskx

–ne dZbg nsgdq Zmc ne φ (0 Trhmf cψZ
cλ + cwZ

cλ < cwZ
cψZ : nmd zmcr )47[

cψq
cλ

+
L


γ =�o� o2(� d�o) o2 bnrψq([=�o� o3() d�o� o3 bnrψq([
fl� d1

.+Sq. –1fl5(
cψy
cλ

+

Z1γ�y1fl� y1lZw bnr1ψy( .+Sy. –1fl6(

vgdqd o2 .+ q2�fl�d(<L Zmc o3 .+ q3�fl)d(<L0 Sgdrd bZm ad hmsdfqZsdc rtaidbs sn
ZqahsqZqx bgnhbdr ne hmhshZk ogZrd ψZ�9( + ψ9Z 0
Sgd oZqZldsdqr {o.d.ylZw{: tmkhjd {D.Ky.P{: Zqd qdkZsdc chqdbskx sn sgd bnnq/

chmZsd rgZod ne sgd nqahs: rodbhzbZkkx sn hsr stqmhmf onhmsr0 DptZshnm –1fl3( hr sgd
enqltkZ enq Zm dkkhord: Zmc hs hlokhbhskx cdzmdr o Zmc d sn ad sgd rdlh/kZstr qdbstl
Zmc dbbdmsqhbhsx ne sgZs dkkhord: qdkZsdc sn sgd odqhZorhr Zmc ZonZorhr ax

qo +
oL
fl) d

Zmc qZ +
oL
fl� d

� –1fl7(
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�r rsZsdc Zanud: ylZw + y1: ats sn etqsgdq sgd ZmZknfx vhsg JdokdqhZm nqahsr: vd bZm
Zkrn cdzmd Zm hmbkhmZshnm Zmfkd ι rtbg sgZs13

y1 + ylZw + rhm ι � –1fl8(

Sgd qdlZhmhmf qnnsr ne Q�q( Zmc Y�y( Zqd Zkrn bnloZbskx dwoqdrrdc hm sdqlr ne
sgdrd oZqZldsdqr )55[.

q2 +
fl
1


α )


α1�3β


Zmc q3 + β<q2. –119(

vgdqd α .+ 1L<γ� �qZ) qo( Zmc β .+ Z1P<�γqZqo(: Zmc

yfl +


P

Z1γy1lZw
� –11fl(

Sgdrd dwoqdrrhnmr Zqd hm Z ”lhwdc‘ enql sgZs hmunkudr ansg rdsr ne bnmrsZmsr0 Gnv/
dudq: {D.Ky.P{ bZm ad vqhssdm hm sdqlr ne {o.d. ι{ Zr )48[14

D1 +
1|c.f.g|� |c.g. e |�1χ


|c.f.g|1) |g.c.f.g. e |) |g.c.g.f. e |

| e .g|1)3| e .f.g|
. –111(

Ky +�
foLD
go

)Lχ


f1oD1

g1o
)
eoD1�co

go
. –112(

P+ y1lZw


Z1γ )

K1y
bnr1 ι


. –113(

vgdqd χ .+ rfm�Ky( hr )fl enq oqnfqZcd nqahsr Zmc �fl enq qdsqnfqZcd:

c�q( .+ ��q1) y1lZwZ
1(<L3. –114(

e �q( .+ �q<L(3)Z1=q�q)1L() y1lZw� [<L3. –115(

f�q( .+ 1Zq<L1. –116(

g�q( .+ =q�q�1L()� sZm1 ι [<L1. –117(

Zmc Z rtarbqhos Z nq o hmchbZsdr duZktZshnm Zs qZ nq qo0 Sgd ptZmshshdr | · | ZoodZqhmf
hm D1 Zqd cdsdqlhmZmsr nq oqnctbsr ne cdsdqlhmZmsr sgZs vd cdzmd qdbtqrhudkx Zr
| e .f| .+ eofZ� eZfo Zmc | e .f. � � � | .+ | e .f||f. � � � |0
Fhudm sgd oZqZldsqhyZshnmr –1fl3( Zmc –1fl4( Zmc sgd dptZshnmr ne lnshnm –194(

Zmc –195(: s�λ ( Zmc φ�λ ( bZm ad vqhssdm Zr

13 Qde0 )47[ Zmc rnld nsgdq Ztsgnqr trd sgd ZksdqmZshud: hmdpthuZkdms cdzmhshnm bnr ι + Ky|
K1y)P

0 Sghr

cndr mns cdrbqhad sgd lZwhltl bnnqchmZsd hmbkhmZshnm Zmfkd ats gZr nsgdq trdetk oqnodqshdr )87[0
14 Mnsd sgZs qfl Zmc q1 gZud sgd noonrhsd ldZmhmf hm Qde0 )48[ sgZm sgdhq ldZmhmf gdqd0 Ntq mnsZshnm
enq sgd qnnsr qm enkknvr Qde0 )55[0
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s�λ ( + s9) sq�ψq�λ (() sy�ψy�λ (()ZKyλ . –118(
φ�λ ( + φ9)φq�ψq�λ (()φy�ψy�λ ((�ZDλ . –129(

vhsg

sZ�ψZ( +

 ψZ

ψ9Z

SZ�ψ ′
Z(

SZ�ψ ′
Z(
cψ ′

Z Zmc φZ�ψZ( +

 ψZ

ψ9Z

ΦZ�ψ ′
Z(

SZ�ψ ′
Z(
cψ ′

Z� –12fl(

Gdqd s9 Zmc φ9 Zqd hmsdfqZshnm bnmrsZmsr0
Sghr bnlokdsdr sgd ptZrh/JdokdqhZm cdrbqhoshnm ne fdncdrhb nqahsZk lnshnm0 SqZ/

idbsnqhdr Zqd cdrbqhadc ax sgd sgqdd bnmrsZmsr ne lnshnm oh .+ �o.d. ι( Zmc sgd entq
rdbtkZqkx fqnvhmf ogZrd uZqhZakdrψα .+�s.ψq.ψy.φ(0 � fhudm sqZidbsnqx hr tmhptdkx
rodbhzdc ax sgd rds ne rdudm bnmrsZmsr {o.d. ι . s9.ψ9q .ψ9y .φ9{: bZkkdc nqahsZk dkd/
ldmsr0 Sgd rnktshnm sn sgd fdncdrhb dptZshnm bZm Zkrn ad ots hm bknrdc: ZmZkxshbZk
enql )55[ ax dwoqdrrhmf ψα�λ ( hm sdqlr ne dkkhoshb hmsdfqZkr Zmc sgdhq hmudqrdr –sgd
IZbnah dkkhoshb etmbshnmr(0

50z02 EtmcZldmsZk Lhmn eqdptdmbhdr Zmc Zbshnm Zmfkdr

Hs hr nesdm drrdmshZk sn cdbnlonrd ptZmshshdr nm sgd vnqkckhmd hmsn Entqhdq rdqhdr: oZq/
shbtkZqkx vgdm rnkuhmf sgd odqstqaZshud Dhmrsdhm dptZshnmr hm sgd eqdptdmbx cnlZhm0
Sghr oqnbdctqd hr dwodchsdc ax jmnvhmf sgd nqahs+r etmcZldmsZk eqdptdmbhdr0 Hm sghr
rdbshnm: vd rtllZqhyd sgd bZkbtkZshnm ne eqdptdmbhdr Zmc ne ogZrd uZqhZakdr –Zbshnm
Zmfkdr( ZrrnbhZsdc vhsg sgnrd eqdptdmbhdr0 Tmkhjd sgd ogZrdr ψα : sgd Zmfkd uZqhZakdr
Zqd rsqhbskx khmdZq hm λ : eZbhkhsZshmf Entqhdq dwoZmrhnmr hm sgZs shld uZqhZakd0
Hm sgd qhfgs/gZmc rhcdr ne Dpr0 –194(: –195(: –1fl5(: Zmc –1fl6(: vd gZud cdzmdc

sgd ”eqdptdmbhdr‘Sα�ψψψ( Zr sgd qZsdr ne bgZmfd ne ψα :

cψα

cλ
+Sα�ψψψ(� –121(

Sgd sqtd eqdptdmbhdrϒα ZrrnbhZsdc vhsg λ Zqd sgd ZudqZfd qZsdr ne bgZmfd ne ψα :

ϒα + }Sα⟩λ . –122(

Zmc sgd bnqqdronmchmf Zbshnm Zmfkdr Zqd

pα +ϒαλ )p9α . –123(

vhsg ZqahsqZqx bnmrsZmsr p9α 0 Enq Z etmbshnm e =q�λ (.y�λ ([ nm sgd vnqkckhmd: sgd Zudq/
Zfd hr cdzmdc Zr

} e ⟩λ .+ khl
Λ→�

fl
1Λ

 Λ

�Λ
e cλ � –124(
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Enq Z fdmdqhb: mnmqdrnmZms nqahs: sghr ZudqZfd Zfqddr vhsg sgd snqtr ZudqZfd15

} e ⟩ppp +
fl

�1π(1


e c1p� –125(

Vd trd

c1p sn cdmnsd

 1π
9 cpq

 1π
9 cpy Zmc


c1ψ enq sgd ZmZknfntr hmsdfqZk nudq

ψψψ 0
Sn rhlokhex sgd ZmZkxrhr: vd bgnnrd ntq ogZrd roZbd bnnqchmZsdr ppp rtbg sgZs pq

uZmhrgdr Zs rnld odqhZorhr Zmc py uZmhrgdr Zs rnld y+ ylZw0 Vd etqsgdqlnqd bgnnrd
ps : pφ : ntq roZbdshld bnnqchmZsdr s Zmc φ : Zmc ntq oZqZldsdq λ rtbg sgZs sgdx Zkk
uZmhrg Zs rnld oZqshbtkZq oZrrZfd sgqntfg odqhZorhr0 Sgdrd bgnhbdr: vghbg cn mns
qdoqdrdms Zmx knrr ne fdmdqZkhsx: hlokx

p9α + ψ9α + 9 enq α + s.q.φ . –126Z(

p9y +�ϒyλ 9y . –126a(

vgdqd λ 9y hr sgd zqrs uZktd ne λ Zs vghbg y+ ylZw0 ψ9y bZm ad hmedqqdc eqnl p9y 0 Nmd
bZm dZrhkx cn vhsgnts sgdrd rodbhzbZshnmr he cdrhqdc0
Vhsg ntq bgnhbdr: pZ qdoqdrdmsr sgd ldZm fqnvsg ne ψZ eqnl sgd zqrs qZchZk nq

onkZq stqmhmf onhms: Zmc vd bZm dwoqdrr hs hm sdqlr ne ψZ Zr

pZ�ψZ( +ϒZ
 ψZ

9

cψ ′
Z

SZ�ψ ′
Z(

� –127(

Sghr Zkknvr tr sn rsqZhfgsenqvZqckx vqhsd sgd snqtr ZudqZfd Zr Zr Zm hmsdfqZk nudq ψψψ :

} e ⟩ppp +
fl

ΛqΛy

 e c1ψ
Sq�ψq(Sy�ψy(

. –128(

vgdqd ΛZ +
 1π
9

cψZ
SZ�ψZ( hr sgd qZchZk nq onkZq odqhnc vhsg qdrodbs sn λ 0 �ksgntfg

sgdx Zfqdd fdmdqhbZkkx: } e ⟩λ Zmc } e ⟩ppp cheedq hm sgd rodbhZk bZrd ne qdrnmZms nqahsr:
chrbtrrdc hm kZsdq rdbshnmr0
Enq sgd q Zmc y lnshnm: sgd eqdptdmbhdr qdctbd sn ϒZ + 1π<ΛZ: vghbg bZm ad

ZmZkxshbZkkx duZktZsdc sn )55[

ϒq +
π


γ�qZ� q2(�qo� q3(
1E�jq(

. –139(

ϒy +
π

Z1γ yfl

1E�jy(
. –13fl(

vgdqd

15 Vd enbtr nmkx nm etmbshnmr ne q Zmc y: vghbg Zqd ZtsnlZshbZkkx odqhnchb etmbshnmr ne sgd hmsqhmrhb
ogZrdr ψψψ Zmc ppp0 Sgd ZudqZfhmf nodqZshnm hlldchZsdkx fdmdqZkhydr hm sgd mZstqZk vZx sn etmbshnmr
e =yα �λ ([ sgZs Zqd odqhnchb hm s Zmc φ 0



59

E�w( .+
 π<1

9

cθ
fl� wrhm1 θ

–131(

hr sgd bnlokdsd dkkhoshb hmsdfqZk ne sgd zqrs jhmc: Zmc hsr Zqftldmsr Zqd jq .+
qZ�qo
qZ�q2

q2�q3
qo�q3 Zmc jy .+ �ylZw<yfl(10

Sgd eqdptdmbhdr ne s Zmc φ lnshnm bZm Zkrn ad entmc ZmZkxshbZkkx0 AdbZtrd ne sgd
Zcchshud enqlr ne cs

cλ Zmc
cφ
cλ hm –194( Zmc –195(: sgd ZudqZfdr qdctbd sn Z rtl ne

nmd/chldmrhnmZk hmsdfqZkr0 DuZktZshmf sgnrd hmsdfqZkr kdZcr sn )194[

ϒs +
D
1

=q2�qZ) qo) q2(� qZqo)�qZ) qo) q2) q3(Eq)�qZ� q2(�qo� q3(Fq[

)
1L

q)� q�


�3L1D�ZKy(q)�1LZ1D

q2� q)


fl� E)

qo� q)


� �) ↔�(



)3L1D)
DP�fl�Fy(

γ y1lZw
)1LD�q2)Eq(. –132(

ϒφ +
Z

q)� q�


1LDq)�ZKy

q2� q)


fl� E)

qo� q)


� �) ↔�(



)
KyΠ�y1lZw.jy(

E�jy(
. –133(

vgdqd vd gZud hmsqnctbdc FZ .+
��jZ(
E�jZ(

Zmc E� .+ �qo�q2(Π�g�.jq(
E�jq(

enq �+ {q.).�{:

vhsg gq +
qZ�qo
qZ�q2 Zmc g± .+

�qZ�qo(�q2�q±(
�qZ�q2(�qo�q±( 0 Gdqd q± +L±

|
L1�Z1 cdmnsd sgd hmmdq

Zmc ntsdq gnqhynm qZchh: Zmc

��w( .+
 π<1

9
cθ


fl� wrhm1 θ . –134(

Π�w.x( .+
 π<1

9

cθ
�fl� wrhm1 θ (


fl� xrhm1 θ

–135(

Zqd sgd bnlokdsd dkkhoshb hmsdfqZkr ne sgd rdbnmc Zmc sghqc jhmc: qdrodbshudkx0
Hm sdqlr ne sgd Zmfkd uZqhZakdr: Z ptZmshsx e �q.y( nm sgd vnqkckhmd bZm ad dw/

oZmcdc hm sgd Entqhdq rdqhdr

e =q�λ (.y�λ ([ +∑
jjj
e �p(jjj d�hpjjj�λ (. –136(

vgdqd pjjj .+ jjj ·ppp+ jqpq)jypy: Zmc tmkdrr rsZsdc nsgdqvhrd: rtlr qZmfd nudq jjj ∈�10
Sgd bndezbhdmsr Zqd fhudm ax

e �p(jjj +
fl

�1π(1


e dhpjjjc1p. –137(

vghbg bZm Zkrn ad bZkbtkZsdc Zr
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e �p(jjj +
ϒqϒy
�1π(1

 e dhpjjj�ψψψ(

Sq�ψq(Sy�ψy(
c1ψ –138(

vhsg pjjj�ψψψ( + jqpq�ψq( ) hjypy�ψy( fhudm ax Dp0 –127(0 Sgd snqtr ZudqZfd ne sgd
etmbshnm –Zmc hmzmhsd λ ZudqZfd enq mnmqdrnmZms nqahsr( hr sgd ydqn lncd hm sgd
Entqhdq rdqhdr. } e ⟩ppp + e �p(99 0
Trhmf rtbg Entqhdq dwoZmrhnmr: vd bZm hmudqs Dp0 –127( sn vqhsd sgd ogZrdr

ψα hm sdqlr ne sgd Zmfkd uZqhZakdr0 Sgd sqZmrenqlZshnm pα → ψα�pβ ( ltrs rZshrex
∂ψα
∂pβ

ϒβ + cψα
cλ +Sα snfdsgdq vhsg ntq bgnhbd ψα�pβ + 9( + 90 Sgd rnktshnm hr sgd

rtl ne Z rdbtkZq Zmc Z otqdkx nrbhkkZsnqx ohdbd.

ψα�pβ ( + pα ��ψα�9()�ψα�ppp(. –149(

vgdqd

�ψZ + ∑
j ̸+9

SjZ d
�hjpZ

�hjϒZ
. –14fl(

� s + � sq)� sy .+ ∑
j ̸+9


Sjq d

�hjpq

�hjϒq
)
Sjy d

�hjpy

�hjϒy


. –141(

�φ + �φq)�φy .+ ∑
j ̸+9


Φj
q d
�hjpq

�hjϒq
)

Φj
y d
�hjpy

�hjϒy


� –142(

SZ Zmc ΦZ Zqd fhudm hm Dpr0 –198(-–1fl1(: Zmc vd gZud vqhssdm sgdl: Zknmf vhsg
SZ�pZ(: Zr nmd/chldmrhnmZk Entqhdq rdqhdr hm pZ, d0f0: SZ +∑j S jZ d

�hjpZ 0 Vd vhkk bnm/
rhrsdmskx trd � sn hmchbZsd sgZs Z ptZmshsx hr odqhnchb hm ppp vhsg ydqn ZudqZfd0
Vd bZm bnmudmhdmskx vqhsd sgd bnnqchmZsd sqZidbsnqx hm sdqlr ne sgd Zbshnm Zmfkdr

Zr sgd rtl ne Z rdbtkZq sdql Zmc Zm nrbhkkZsnqx sdql.

yα�λ ( + yαrdb=pβ �λ ([)�yα =ppp�λ ([. –143(

vgdqd sgd rdbtkZq ohdbd hr

yαrdb�pβ ( + �ps .9.9.pφ ()

�� s�9(.q�p(9 .y�p(9 .��φ�9(


. –144(

Zmc sgd otqdkx nrbhkkZsnqx ohdbdr Zqd fhudm ax Dpr0 –141(: –142(: Zmc

�wZ�pZ( + ∑
j ̸+9

wZ�p(j d
�hjpZ . –145(

vhsg bndezbhdmsr qdZchkx bZkbtkZsdc eqnl Dp0 –138(0 Qde0 )55[ fhudr wZ�pZ( hm bknrdc
enql hm sgdhq Dpr0 –15( Zmc –27(: � s Zr sgd rtl ne sgdhq s�q( Zmc s�θ ( hm sgdhq Dpr0 –17(
Zmc –28(: Zmc �φ Zr sgd rtl ne sgdhq φ �q( Zmc φ �θ ( hm sgnrd rZld dptZshnmr0 –Vd
bZtshnm sgd qdZcdq sgZs sgd mnsZshnm hm Qde0 )55[ cheedqr eqnl ntqr hm rdudqZk vZxr0(
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Ntq cdrbqhoshnm gdqd gZr enkknvdc sgd bnmrsqtbshud ZooqnZbg ne Qder0 )47: 48: 55[:
zmchmf sgd eqdptdmbhdr Zmc Zmfkd uZqhZakdr ax chqdbskx rnkuhmf sgd fdncdrhb dptZ/
shnm0 Sgdqd hr Zm ZksdqmZshud: ghrsnqhbZkkx oqhnq ZooqnZbg )fl79[ aZrdc nm sgd GZlhk/
snmhZm cdrbqhoshnm ne fdncdrhbr: vghbg athkcr nm BZqsdq+r nqhfhmZk oqnne )22[ ne hm/
sdfqZahkhsx trhmf sgd GZlhksnm/IZbnah dptZshnm0 SgZs ZooqnZbg cdqhudr Zbshnm Zm/
fkdr Zmc sgdhq ZrrnbhZsdc etmcZldmsZk eqdptdmbhdr eqnl Z bZmnmhbZk sqZmrenqlZshnm
�yα .tα( → �pα .Iα(: vgdqd sgd Zbshnmr Iα Zqd sgd bZmnmhbZk lnldmsZ bnmitfZsd sn
sgd Zbshnm Zmfkdr pα 0

50z03 EtmcZldmsZk Anxdq,Khmcpthrs eqdptdmbhdr Zmc Zbshnm Zmfkdr

Enq sgd otqonrd ne cdbnlonrhmf zdkcr: rtbg Zr sgd ldsqhb odqstqaZshnm: hmsn Entqhdq
lncdr: hs hr lnqd trdetk sn jmnv sgd eqdptdmbhdr vhsg qdrodbs sn bnnqchmZsd shld s0
Sgdrd Zqd sgd eqdptdmbhdr nardqudc Zs hmzmhsx Zmc sgZs ZoodZq hm sgd fqZuhsZshnmZk
vZudenql0 Sgdx Zqd fhudm ax

Ωα +
ϒα
ϒs

� –146(

Sgd Zmfkd uZqhZakdr ZrrnbhZsdc vhsg sgdl Zqd

ϕα + Ωα s)ϕ9α –147(

vhsg Ωs + fl0 Vd bgnnrd sgd nqhfhm ne sghr ogZrd roZbd hm ZmZknfx vhsg Dp0 –126(.

ϕ9α + 9 enq α + s.q.φ . Zmc ϕ9y +�Ωys9y . –148(

vgdqd s9y hr sgd zqrs uZktd ne s Zs vghbg y+ ylZw0
Sgdrd mdv Zmfkd uZqhZakdr Zqd qdkZsdc sn pα ax Z sqZmrenqlZshnm sgZs ltrs rZshrex

∂ϕα
∂pβ

ϒβ + cϕα
cλ +ΩαSs�ppp(0 Rtbg Z sqZmrenqlZshnm: vhsg ntq bgnhbd ne nqhfhm ϕα�pβ +

9( + 9: hr
ϕα�pβ ( + pα �Ωα� s�9()Ωα� s�ppp( –159(

vhsg � s fhudm ax Dp0 –141(0
Hm ZmZknfx vhsg Dp0 –136(: Z etmbshnm ne q Zmc y nm sgd vnqkckhmd bZm ad dwoZmcdc

hm Z Entqhdq rdqhdr
e =q�s(.y�s([ +∑

jjj
e �ϕ(
jjj d�hϕjjj�s(. –15fl(

vhsg ϕjjj .+ jjj ·ϕϕϕ + jqϕq)jyϕy Zmc vhsg bndezbhdmsr fhudm ax sgd ZmZknf ne Dp0 –137(0
Trhmf sgd IZbnahZm cds


∂ϕZ
∂pa


+Ss<ϒs : vd bZm Zkrn vqhsd sgd bndezbhdmsr Zr hmsdfqZkr

nudq ppp:

e �ϕ(
jjj +

d�hΩjjj� s�9(

�1π(1ϒs


Ss dhpjjj)hΩjjj� s�ppp( e c1p. –151(

vgdqd Ωjjj .+ jqΩq) jyΩy0 Nq vd bZm vqhsd sgdl Zr hmsdfqZkr nudq ψψψ :
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e �ϕ(
jjj +

ϒqϒy
�1π(1ϒs


Ss�ψψψ(dhpjjj�ψψψ()hΩjjj=δ sq�ψq()δ sy�ψy([ e

Sq�ψq(Sy�ψy(
c1ψ . –152(

vgdqd pZ�ψZ( hr fhudm ax Dp0 –127(: Zmc

δ sZ�ψZ( .+ � sZ=pZ�ψZ([�� sZ�9( +

 ψZ

9

SZ�ψ ′
Z(�}SZ⟩λ
SZ�ψ ′

Z(
cψ ′

Z. –153(

vhsg SZ fhudm ax Dp0 –198( Zmc –1fl9(0 He e hr rdoZqZakd )h0d0: he hs bZm ad vqhssdm Zr
Z rtl ne oqnctbsr ne sgd enql eq�q( ey�y([: sgdm dwoqdrrhmf sgd hmsdfqZkr hm sdqlr
ne ppp nq ψψψ Zkknvr nmd sn duZktZsd sgd svn/chldmrhnmZk hmsdfqZk Zr Z oqnctbs ne nmd/
chldmrhnmZk hmsdfqZkr0
Vd bZm etqsgdq cdzmd Zm ZudqZfd nudq s:

} e =q�s(.y�s([⟩s .+ khl
S→�

fl
1S

 �

��
e cs. –154(

vghbg enq mnmqdrnmZms nqahsr hr dptZk sn sgd snqtr ZudqZfd

} e ⟩ϕϕϕ .+
fl

�1π(1


e c1ϕ + e �ϕ(

99 � –155(

Mnsd sgZs sgd ldZmhmf ne Z shld ZudqZfd –Zmc ZrrnbhZsdc snqtr ZudqZfd( hmgdqdmskx
cdodmcr nm nmd+r bgnhbd ne shld oZqZldsdq )fl51[: Zmc sgZs } e ⟩s cheedqr eqnl } e ⟩λ .

} e ⟩s +
fl
ϒs
}Ss e ⟩λ + } e ⟩λ )

fl
ϒs ∑jjj ̸+9

S
�p(
sjjj e �p(�jjj � –156(

Sgd qdkduZmbd ne dZbg ZudqZfd cdodmcr nm bnmsdws0
Trhmf sgdrd Entqhdq dwoZmrhnmr: vd bZm dwoqdrr sgd ogZrdr ψα hm sdqlr ne ϕα 0

Sgd svn Zqd qdkZsdc ax Z sqZmrenqlZshnm rZshrexhmf ∂ψα
∂ϕβ

Ωβ + cψα
cs 0 Vhsg ntq bgnhbd

ne nqhfhm ψα�ϕβ + 9( + 9: sgd rnktshnm hr

ψα�ϕβ ( + ϕα ��ϕψα�9()�ϕψα�ϕϕϕ(� –157(

Sgd nrbhkkZsnqx sdqlr Zqd �ϕψs + 9 Zmc

�ϕψα + ∑
jjj ̸+9


cψα
cs

�ϕ(

jjj
�hΩjjj

d�hϕjjj enq α + q.y.φ � –158(

Gdqd vd trd �ϕ qZsgdq sgZm � sn hmchbZsd sgZs Z ptZmshsx hr otqdkx nrbhkkZsnqx –h0d0:
odqhnchb vhsg ydqn ldZm( vhsg qdrodbs sn ϕϕϕ qZsgdq sgZm ppp0 �cψα<cs(�ϕ(

jjj bZm ad bZk/
btkZsdc trhmf Dp0 –152( vhsg cψα<cs +Sα<Ss 0
Itrs Zr vd chc vhsg pα : vd bZm dwoqdrr sgd bnnqchmZsd sqZidbsnqx hm sdqlr ne ϕα

Zr sgd rtl ne Z rdbtkZq Zmc Zm nrbhkkZsnqx ohdbd:
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yα�s( + yα�ϕ(rdb=ϕβ �s([)�ϕyα =ϕϕϕ�s([. –169(

vgdqd sgd rdbtkZq ohdbd hr

yα�ϕ(rdb�ϕβ ( +
�
ϕs .9.9.ϕφ


�

9.q�ϕ(

99 .y�ϕ(
99 .��ϕφ�9(


. –16fl(

Zmc sgd nrbhkkZsnqx ohdbdr Zqd �ϕ s + 9: �ϕφ fhudm ax Dp0 –158( –qdbZkkhmf ψφ .+ φ (:
Zmc

�ϕwZ�ϕϕϕ( + ∑
jjj ̸+9

wZ�ϕ(jjj d
�hϕjjj . –161(

vhsg bndezbhdmsr bZkbtkZsdc eqnl Dp0 –152(0

50z04 QdrnmZms nqahsr

QdbZkk sgZs sgd qZchZk Zmc onkZq lnshnmr Zqd qdrsqhbsdc sn Z snqtr/khjd qdfhnm qo ≤
q ≤ qZ Zmc |y| ≤ ylZw hm ogxrhbZk roZbd0 He sgd odqhncr ne qZchZk Zmc onkZq lnshnm
Zqd hmbnlldmrtqZsd: sgdm sgd nqahs dqfnchbZkkx zkkr sghr qdfhnm0 Sgd sqZmrenqlZshnm
wZ → pZ lZor sgd q-y lnshnm nmsn sgd rtqeZbd ne Z snqtr hm ogZrd roZbd: vghbg sgd
Zmfkdr pZ dqfnchbZkkx bnudq0 Gnvdudq: enq rnld uZktdr ne sgd nqahsZk oZqZldsdqr: sgd
odqhncr Zqd bnlldmrtqZsd: ldZmhmf jqdrq ϒq ) jqdry ϒy + 9 enq rnld mnmydqn hmsdfdqr
�jqdrq .jqdry (0 )Rhmbd hmsdfdq ltkshokdr ne �jqdrq .jqdry ( vhkk Zkrn rZshrex sghr bnmchshnm: vd
sZjd �jqdrq .jqdry ( sn ad sgd rlZkkdrs svn rtbg hmsdfdqr0[ Hm sgdrd bZrdr: qZsgdq sgZm
gZuhmf svn hmcdodmcdms eqdptdmbhdr: sgd q-y lnshnm gZr Z rhmfkd eqdptdmbx: ϒ +
ϒy<|jqdrq | +ϒq<|jqdry |: Zmc qZsgdq sgZm dqfnchbZkkx bnudqhmf sgd snqtr: sgd nqahs bknrdr
nm sgd snqtr Zmc hm sgd q-y okZmd0 Sgd ZbstZk rgZod ne sghr bknrdc nqahs hr mns tmhptdkx
rodbhzdc ax hsr eqdptdmbhdr ats cdodmcr rsqnmfkx nm sgd qdkZshud hmhshZk ogZrd ψ9q �
ψ9y 0
Rtbg nqahsr Zqd qdedqqdc sn Zr qdrnmZms )53[0 Enq qdrnmZms nqahsr: sgd ZudqZfd nudq

sgd snqtr mn knmfdq qdoqdrdmsr Z ldZmhmfetk ZudqZfd nudq sgd nqahs0 QZsgdq sgZm gZu/
hmf sgd rhmfkd rsZshnmZqx lncd e �p(99 : Z etmbshnm e �q.y( nm sgd vnqkckhmd gZr Zm hmzmhsd
rds ne rsZshnmZqx lncdr bnqqdronmchmf sn Zkk hmsdfdq ltkshokdr ne jjjqdr0 Sgd hmzmhsd
Lhmn/shld ZudqZfd hm Dp0 –124( hr sgdm

} e =q�λ (.y�λ ([⟩λ + khl
Λ→�

fl
1Λ

 Λ

�Λ
e cλ +

�

∑
M+��

e �p(Mjjjqdr , –162(

enq Z qdrnmZms nqahs: sgd hmzmhsd λ ZudqZfd cndr mns: fdmdqhbZkkx: Zfqdd vhsg sgd snqtr
ZudqZfd e �p(99 0
Lnqd aqnZckx: sgd Entqhdq rdqhdr –136( adbnldr cdfdmdqZsd. pjjj�λ ( + pjjj)Mjjjqdr�λ (

enq Zkk hmsdfdqr M0 Gnvdudq: rhmbd sgdqd hr Z bnllnm odqhnc: vd bZm qdokZbd sgd svn
Zbshnm Zmfkdr pZ vhsg Z rhmfkd Zmfkd p�λ ( + ϒλ Zmc qdvqhsd sgd svn/chldmrhnmZk
Entqhdq rdqhdr –136( Zr Z mnm/cdfdmdqZsd nmd/chldmrhnmZk nmd:
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e =q�λ (.y�λ ([ + ∑
j∈�

e �p(j d�jp�λ (� –163(

Sgd bndezbhdmsr Zqd qdkZsdc sn sgnrd hm Dp0 –136( ax e �p(j + ∑jjj e
�p(
jjj : vgdqd sgd rtl

qZmfdr nudq Zkk �jq.jy( rZshrexhmf jq|jqdry |) jy|jqdrq | + j0 Vd sgdm gZud } e ⟩λ + e �p(9 0
Sgd rds ne qdrnmZms nqahsr hr cdmrd hm sgd roZbd ne eqdptdmbhdr: sgntfg hs hr ne

ldZrtqd ydqn0 � fhudm qdrnmZms qZshn ϒq<ϒy + |jqdry |<|jqdrq | cdrbqhadr Z rtqeZbd hm sgd
oZqZldsdq roZbd roZmmdc ax oh0 Vd qdedq sn Qde0 )17[ enq sgd bgZqZbsdqhyZshnm ne sgd
knbZshnmr ne sgdrd rtqeZbdr Zmc sn Qder0 )72: 54: fl1fl: 18[ enq etqsgdq chrbtrrhnm ne
qdrnmZms fdncdrhb nqahsr0

571 �bbdkdqWsdc lnshnm

5010z Cunktshnm ne nqahsZk oZqZldsdqr

Vd mnv bnmrhcdq Zm ZbbdkdqZsdc nqahs rZshrexhmf sgd dptZshnm ne lnshnm –fl2(: vghbg
vd vqhsd bnloZbskx Zr

C1yα

cτ1
+ e α � –164(

Sgd mnqlZkhyZshnm tαtα + �fl hlokhdr sgZs e α hr nqsgnfnmZk sn sgd vnqkckhmd.
e αtα + 90

He vd bnmshmtd sn cdzmd D + �ts : Ky + tφ : Zmc P + tαtβ
>>
Jαβ � fl

Z1 �tφ̆ (
1 nm sgd

ZbbdkdqZsdc nqahs: sgdm

cD
cτ

+� es .
cKy
cτ

+ eφ .
cP
cτ

+ 1
>>
Jαβtα eβ �

1
Z1
tφ̆ eφ̆ . –165(

vgdqd eφ̆ + Z� eφ ) Z es( Zmc tφ̆ + Z�Ky� ZD(0 Hm nsgdq vnqcr: sgd ”bnmrsZmsr‘ ne
lnshnm Zqd mn knmfdq bnmrsZms0 Gnvdudq: he e α hr rlZkk: dZbg oZqZldsdq vhkk bgZmfd
nmkx rknvkx nq nrbhkkZsd rkhfgskx Zqntmc Z rknvkx uZqxhmf ldZm0
Ntq sqdZsldms ne ZbbdkdqZsdc nqahsr lhqqnqr sgZs ne fdncdrhbr: adfhmmhmf vhsg

ptZrh/JdokdqhZm ldsgncr Zmc sgdm cdrbqhahmf sgd bZkbtkZshnm ne etmcZldmsZk eqd/
ptdmbhdr Zmc odqstqadc Zmfkd uZqhZakdr0 Hm sgd ptZrh/JdokdqhZm sqdZsldms vd okZbd
mn qdrsqhbshnm nm e α : Zmc hm oZqshbtkZq vd cn mns Zrrtld hs hr rlZkk0 Hm sgd sqdZsldms
ne odqstqadc Zmfkd uZqhZakdr vd qdrsqhbs sgd ZmZkxrhr sn Z rlZkk odqstqahmf enqbd:
rdsshmf e µ

�9( + 9 hm Dp0 –fl2(0

50101 Ldsgnc ne nrbtkZshmf fdncdrhbr

Hm bdkdrshZk ldbgZmhbr: odqstqadc JdokdqhZm nqahsr gZud ghrsnqhbZkkx addm cdrbqhadc
trhmf sgd ldsgnc ne nrbtkZshmf nqahsr0 Sgd hcdZ hm sghr ldsgnc hr: fhudm Zm dw/
Zbs rnktshnm sn sgd tmodqstqadc oqnakdl hm sdqlr ne Z rds ne nqahsZk dkdldmsr
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oh + {o.d. ι . � � �{: sn vqhsd sgd odqstqadc nqahs hm oqdbhrdkx sgd rZld enql ats sn
oqnlnsd sgd nqahsZk dkdldmsr sn etmbshnmr ne shld0 �s dZbg hmrsZms s: sgd odqstqadc
nqahs vhsg dkdldmsr {o�s(.d�s(. ι�s(. � � �{ hr sZmfdms sn Z JdokdqhZm dkkhord –bZkkdc sgd
nrbtkZshmf nqahs( vhsg sgnrd rZld uZktdr ne nqahsZk dkdldmsr0
Hm fdmdqZk qdkZshuhsx: sghr hcdZ hr qdedqqdc sn Zr sgd ldsgnc ne nrbtkZshmf fdncdrhbr

)fl29: fl52: 62: 195[0 Ntq fdncdrhbr hm Jdqq Zqd cdrbqhadc ax Dpr0 –1fl3(: –1fl4(: –118(:
Zmc –129(: vghbg hmunkud sgd rdudm nqahsZk dkdldmsr H� + {o.d. ι . s9.ψ9q .ψ9y .φ9{0 He
vd kds yαF�H

�.λ ( cdmnsd Z fdncdrhb vhsg sgdrd nqahsZk dkdldmsr: Zmc ÿαF�H
�.λ ( +

∂ yαF<∂λ hsr sZmfdms udbsnq: sgdm sgd nrbtkZshnm bnmchshnmr Zqd

yα�λ ( + yαF=H
��λ (.λ [ Zmc

cyα

cλ
�λ ( + ÿαF=H

��λ (.λ [� –166(

Sgdrd bnmchshnmr cdzmd Z nmd/sn/nmd sqZmrenqlZshnm �yα . ÿα(→ H�0 Rtbg Z sqZmrenq/
lZshnm hr onrrhakd adbZtrd sgd mtladq ne nqahsZk dkdldmsr hr dptZk sn sgd mtladq
ne cdfqddr ne eqddcnl nm sgd nqahs. sgd dhfgs cdfqddr ne eqddcnl {yα . ÿα{ lhmtr sgd
bnmrsqZhms ÿα e α + 90
Sgd nrbtkZshnm bnmchshnmr bZm ad trdc sn sqZmrenql sgd dptZshnm ne lnshnm –164(

hmsn dunktshnm dptZshnmr enq H��λ (0 �oodZkhmf sn sgd bgZhm qtkd cyα
cλ +

∂ yαF
∂ H�

cH�
cλ )

∂ yαF
∂λ :

sn sgd fdncdrhb dptZshnm enq yαF –hm sdqlr ne sgd mnm/Zezmd oZqZldsdq λ (: Zmc sn sgd
dptZshnm ne lnshnm –164( enq yα –bnmudqsdc sn sgd mnm/Zezmd oZqZldsqhyZshnm(: vd
zmc )fl52[

∂ yαF
∂ H�

cH�

cλ
+ 9. –167(

∂ ÿαF
∂ H�

cH�

cλ
+ e α


cτ
cλ

1
)=κ�λ (�κF�λ ([ÿαF. –168(

vgdqd κ +
� cτ
cλ

�fl c1τ
cλ 1 0 He vd cdzmd λ sn rZshrex Dp0 –1fl2( nm ansg sgd fdncdrhb Zmc

ZbbdkdqZsdc nqahs: sgdm κ + κF + Σ�fl cΣcλ : rhlokhexhmf Dp0 –168( sn

∂ ÿαF
∂ H�

cH�

cλ
+ Σ 1 e α � –179(

Sgdrd dptZshnmr Zqd dwZbs: Zmc e α mddc mns ad rlZkk0
DptZshnmr –167( Zmc –179( bZm ad rsqZhfgsenqvZqckx hmudqsdc sn rnkud enq cH

�

cλ : oqn/
uhchmf Z rxrsdl ne zqrs/nqcdq nqchmZqx cheedqdmshZk dptZshnmr enq sgd nqahsZk dkdldmsr0
Gnvdudq: vnqjhmf vhsg sgd hmhshZk ogZrdr {s9.ψ9q .ψ9y .φ9{ hr btladqrnld hm oqZbshbd0
Hm sgd Zanud dunktshnm dptZshnmr: sgd ogZrdr ψZ Zqd fhudm ax sgdhq fdncdrhb uZktdr:
ldZmhmf sgd rnktshnmr sn Dpr0 –1fl5( Zmc –1fl6( vhsg zwdc H�0 SgZs hr: Zs dZbg uZktd ne
λ : hm Dpr0 –1fl5( Zmc –1fl6( vd qdokZbd cψZ<cλ vhsg cψZ<cλ ′: sgdm hmsdfqZsd eqnl
λ ′ + 9: vhsg hmhshZk uZktdr ψ9Z �λ (: to sn λ ′ + λ 0 RhlhkZqkx: hm Dpr0 –12fl(: sgd hmsdfqZkr
Zqd duZktZsdc vhsg zwdc nqahsZk dkdldmsr hm sgd hmsdfqZmcr0 Sgd dunktshnm dptZshnmr
Zkrn hmunkud cdqhuZshudr ne sgdrd hmsdfqZkr vhsg qdrodbs sn sgd nqahsZk dkdldmsr0
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DuZktZshmf Zkk sgdrd hmsdfqZkr Zs dudqx shld rsdo vntkc ad bnlotsZshnmZkkx dwodm/
rhud0 Hm ZookhbZshnmr: hs hr sgdqdenqd oqdedqZakd sn vnqj vhsg sgd uZqhZakdr {o.d. ι .ψα{
hmrsdZc ne H�0 Vd vqhsd Z fdncdrhb sqZidbsnqx Zmc hsr sZmfdms udbsnq Zr yαF=o

h.ψβ �λ ([

Zmc ÿαF=o
h.ψβ �λ ([ + ψ̈F

β
∂ yαF
∂ψβ

: vgdqd ψ̈F
α +Sα�oh.ψψψ( Zqd sgd fdncdrhb ”eqdptdmbhdr‘

fhudm ax Dpr0 –194(: –195(: –1fl5(: Zmc –1fl6(0 Sgd nrbtkZshnm bnmchshnmr sgdm qdZc

yα�λ ( + yαF=o
h�λ (.ψβ �λ ([ Zmc

cyα

cλ
�λ ( + ÿαF=o

h�λ (.ψβ �λ ([� –17fl(

�oodZkhmf sn sgd bgZhm qtkd cyα
cλ +

cψβ
cλ

∂ yαF
∂ψβ

) coh
cλ

∂ yαF
∂ oh : sn sgd fdncdrhb dptZshnm enq

yαF –hm sdqlr ne λ (: Zmc sn sgd dptZshnm ne lnshnm –164( enq y
α –hm sdqlr ne λ (: vd

zmc sgZs sgd nrbtkZshnm bnmchshnmr hlokx

∂ yαF
∂ oh

coh

cλ
)

∂ yαF
∂ψψψ

·δδδS+ 9. –171(

∂ ÿαF
∂ oh

coh

cλ
)

∂ ÿαF
∂ψψψ

·δδδS+ Σ 1 e α � –172(

Gdqd ∂ yαF
∂ψψψ ·δδδS+

∂ yαF
∂ψq δSq)

∂ yαF
∂ψy δSy: Zmc vd gZud cdzmdc

δSZ .+
cψZ
cλ

� ψ̈F
Z � –173(

Dp0 –171( Zmc –172( oqnuhcd dhfgs dptZshnmr enq sgd rdudm cdqhuZshudr cψα
cλ Zmc

coh
cλ , Zmx nmd ne sgd entq dptZshnmr qdoqdrdmsdc ax –172( lZx ad dkhlhmZsdc trhmf
e αtα + 90 Sgd s Zmc φ bnlonmdmsr ne Dp0 –171( Zqd rhlokx sgd nrbtkZshnm bnmchshnmr

cψα

cλ
+Sα�ψψψ . oh( enq α + s.φ � –174(

Sgd q Zmc y bnlonmdmsr ne Dp0 –171( bZm ad qdZqqZmfdc sn nasZhm

δSZ +�
∂ yZF<∂ oh

∂ yZF<∂ψZ
coh

cλ
. –175(

vgdqd vd gZud trdc sgd eZbs sgZs q hr hmcdodmcdms ne ψy Zmc sgZs y hr hmcdodmcdms ne
ψq0 Rtarshstshmf sghr hmsn Dp0 –172( xhdkcr

coh

cλ
Kh�yαF( + Σ 1 e α . –176(

vgdqd

Kh�w( .+
∂ ẅ
∂ oh

� ∂ q<∂ oh

∂ q<∂ψq
∂ ẅ
∂ψq

� ∂ y<∂ oh

∂ y<∂ψy
∂ ẅ
∂ψy

� –177(

Nmd bZm dZrhkx hmudqs Dp0 –176( sn nasZhm dptZshnmr enq co
h

cλ .
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co
cλ

+
Σ 1

C


=Kd�y(.Kι�φ([ e q)=Kd�φ(.Kι�q([ e y)=Kd�q(.Kι�y([ e φ


. –178(

cd
cλ

+
Σ 1

C


=Kι�y(.Ko�φ([ e q)=Kι�φ(.Ko�q([ e y)=Kι�q(.Ko�y([ e φ


. –189(

cι
cλ

+
Σ 1

C


=Ko�y(.Kd�φ([ e q)=Ko�φ(.Kd�q([ e y)=Ko�q(.Kd�y([ e φ


. –18fl(

vhsg =Kh�w(.K i�x([ .+Kh�w(K i�x(�K i�w(Kh�x( Zmc

C .+Ko�q(=Kd�y(.Kι�φ([)Kd�q(=Kι�y(.Ko�φ([)Kι�q(=Ko�y(.Kd�φ([�
–181(

EhmZkkx: sgd dunktshnm dptZshnmr enq ψZ Zqd nasZhmdc ax rtarshstshmf Dpr0 –178(-
–18fl( hmsn Dp0 –175(: xhdkchmf

cψZ
cλ

+SZ�oh.ψψψ()δSZ�oh.ψψψ(. –182(

vgdqd

δSq +�
fl

odrhmψq


�fl) dbnrψq(

co
cλ
� o

cd
cλ

bnrψq


. –183(

δSy +
cι
cλ

bns ι bnsψy� –184(

Sgdqd Zqd rtodqzbhZk rhmftkZqhshdr hm sgdrd enqltkZr vgdm ψZ hr Zm hmsdfdq ltkshokd
ne π 0 Gnvdudq: sgd chudqfdmbdr Zqd ZmZkxshbZkkx dkhlhmZsdc vgdm sgd enqltkZr Zqd
dwokhbhskx duZktZsdc0
Sgd etkk rds ne dunktshnm dptZshnmr hr fhudm ax Dpr0 –178(-–18fl(: –182(: Zmc –174(0

Hm sgdrd dptZshnmr: wZ�λ ( + wZF=o
h�λ (.ψZ�λ ([ hr fhudm ax Dpr0 –1fl3(-–1fl4(: ẅZ�λ ( +

ẅZF=o
h�λ (.ψZ�λ ([ ax

q̈ +
oLdSq rhmψq

�fl) dbnrψq(1
Zmc ÿ+�ylZwSy rhmψy. –185(

vhsg Dpr0 –1fl5(-–1fl6( enq SZ: Zmc �s̈. φ̈( + �Ss .Sφ ( ax Dpr0 –194( Zmc –195(0 Vgdq/
dudq D : Ky: Zmc P ZoodZq: sgdx Zqd fhudm hm sdqlr ne oh ax sgdhq fdncdrhb dwoqdr/
rhnmr –111(-–113(0 Sgd ptZmshshdr =Kh�w(.K i�x([: vgdm dwokhbhskx duZktZsdc: bnmrsh/
stsd kdmfsgx ZmZkxshbZk enqltkZr hm sdqlr ne oh Zmc ψψψ 0 Gnvdudq: enq rdudqZk Kh�w(:
sgd rdbnmc Zmc sghqc sdql uZmhrg hm Dp0 –177(0 RodbhzbZkkx: Kι�q( + ∂ q̈

∂ ι + ∂ q
∂ψq

∂Sq
∂ ι :

ZmcK i�y( + ∂ ÿ
∂ o i +

∂ y
∂ψy

∂Sy
∂ i enq i + o.d0

Sgd dunktshnm bZm ad rkhfgskx rhlokhzdc ax Zcnoshmf ψq nq ψy Zr sgd oZqZldsdq
Zknmf sgd sqZidbsnqx0 SgZs hr dZrhkx cnmd ax trhmf: d0f0: coh

cψZ + fl
cψZ<cλ

coh
cλ 0 Gnv/

dudq: enq Z rtezbhdmskx kZqfd odqstqahmf enqbd: cψZ
cλ bZm uZmhrg Zs rnld onhmsr hm

sgd dunktshnm: lZjhmf ψZ Zm hmuZkhc oZqZldsdq0 Hm sgZs bZrd: vd bZm rokhs ψZ hmsn
ψZ + ψF

Z �ψ9Z : vgdqd cψF
Z <cλ + SZ Zmc cψ9Z<cλ + �δSZ0 ψF

Z hr sgdm Z bnmud/
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mhdms: lnmnsnmhb oZqZldsdq Zknmf sgd vnqkckhmd0 �ksdqmZshudkx: s bZm ad trdc: Zookx/
hmf: d0f0: co

h

cs +S�fls
coh
cλ 0

Sgd dunktshnm dptZshnmr rhlokhex lnqd cqZlZshbZkkx hm sgd rodbhZk bZrd ne dptZsn/
qhZk nqahsr: enq vghbg y+ e y + 90 Hm sghr bZrd: ι Zmc ψy cn mns ZoodZq: Zmc Dpr0 –178(-
–189( qdctbd sn

co
cλ

+
q3

Kd�φ( e q�Kd�q( e φ



Ko�q(Kd�φ(�Kd�q(Ko�φ(
. –186(

cd
cλ

+
q3

Ko�q( e φ �Ko�φ( e q



Ko�q(Kd�φ(�Kd�q(Ko�φ(
. –187(

He ψF
q hr trdc Zr sgd hmcdodmcdms oZqZldsdq Zknmf sgd nqahs: sgdm sgd nsgdq sgqdd

dunktshnm dptZshnmr Zqd cψ9q <cψF
q +�δSq<Sq Zmc Dp0 –174( enq s�ψF

q ( Zmc φ�ψF
q (0

Hm ntq sqdZsldms vd gZud kdes sgd dunktshnm dptZshnmr hm Z ghfgkx hmdwokhbhs enql
dudm hm sgd qdkZshudkx rhlokd dptZsnqhZk bZrd0 Qder0 )fl52[ Zmc )195[ oqnuhcd dwokhbhs
enqltkZr hm sgd bZrdr ne okZmZq Zmc mnmokZmZq nqahsr hm RbgvZqyrbghkc roZbdshld0
Qde0 )62[ cdsZhkr sgd fdmdqhb bZrd hm Jdqq roZbdshld Zmc cdrbqhadr rdudqZk ZksdqmZshud
enqltkZshnmr ne sgd nrbtkZshmf dunktshnm0
Adenqd oqnbddchmf: vd mnsd ZfZhm sgZs sgd dptZshnmr hm sghr rdbshnm Zqd uZkhc enq

ZqahsqZqx enqbdr:16 sgntfg sgd nqahsZk dkdldmsr Zqd lnrs ldZmhmfetk vgdm sgd enqbd
hr rlZkk Zmc sgd nqahs hr bknrd sn Z fdncdrhb0 Hm sgd mdws rdbshnm: vd qdrsqhbs sn sgd
bZrd ne Z rlZkk odqstqahmf enqbd0

50102 Odqstqadc Lhmn eqdptdmbhdr Zmc Zbshnm Zmfkdr

Hm sgd tmodqstqadc bZrd: sgd dptZshnmr ne fdncdrhb lnshnm bntkc ad vqhssdm hm sdqlr
ne sgd nqahsZk oZqZldsdqr Zmc Zmfkd uZqhZakdr Zr

cpα
cλ

+ϒα�oh(. –188(

coh

cλ
+ 9� –299(

He sgd odqstqahmf enqbd hr rlZkk: vhsg Zm dwoZmrhnm

e α + ε e α�fl(�y
µ . ÿµ() ε1 e α�1(�y

µ . ÿµ()N�ε2(. –29fl(

Zmc hr odqhnchb hm s Zmc φ : sgdm sgd dptZshnmr ne enqbdc lnshnm bZm rshkk ad vqhssdm hm
sdqlr ne nqahsZk oZqZldsdqr Zmc Zmfkd uZqhZakdr.

16 Gnvdudq: sgd ldsgnc gZr lnrs nesdm addm Zookhdc )193: fl28: 195: fl85[ hm sgd bnmsdws ne Zm
ZooqnwhlZshnm hm vghbg sgd rdke/enqbd Zs dZbg hmrsZms hr ZooqnwhlZsdc ax sgd uZktd hs vntkc sZjd he
sgd oZqshbkd gZc rodms hsr dmshqd oqhnq ghrsnqx lnuhmf nm sgd nrbtkZshmf fdncdrhb0 Rhmbd sgd enqbd hr
sgdm bnmrsqtbsdc eqnl sgd zdkc fdmdqZsdc ax sgd nrbtkZshmf fdncdrhb oZqshbkd: sghr ZooqnwhlZshnm
lhfgs lnqd oqnodqkx ad ctaadc sgd ldsgnc ne nrbtkZshmf rntqbdr0



69

cpα
cλ

+ϒ �9(
α �o ip() εϒ �fl(

α �o ip()N�ε1(. –291(

cohp
cλ

+ εFh
�fl(�o

i
p() ε1Fh

�1(�o
i
p()N�ε2(� –292(

Mnsd sgZs sgd rtarbqhos p nm sgd nqahsZk oZqZldsdqr ohp + �op.dp. ιp( hr Z kZadk: mns Zm
hmcdw0 Sgd enql –29fl( hr lhkckx qdrsqhbshud: Zmc hs cndr mns hmbktcd sgd LZsghrrnm/
OZoZodsqnt rohm enqbd: enq dwZlokd, enq Z rohmmhmf ancx: vd ltrs hmsqnctbd Zc/
chshnmZk oZqZldsdqr Zmc Zbshnm Zmfkdr cdrbqhahmf sgd rohm+r lZfmhstcd Zmc chqdb/
shnm )fl64: 1fl9[0 Enq ntq otqonrdr vd Zcnos Z lnqd qdrsqhbshud enql:

e α + ε e α�fl(�www. ÿ
µ() ε1 e α�1(�www. ÿ

µ()N�ε2(. –293(

vghbg Zrrtldr sgZs sgd enqbd hmgdqhsr sgd aZbjfqntmc roZbdshld+r rxlldsqhdr0 Vd
dwokZhm hm Rdb0 60fl01 sgZs sgd enql –293( rshkk mddcr etqsgdq: lhmnq ZksdqZshnm sn cd/
rbqhad sgd rdke/enqbd: ats hs hr rtezbhdmskx fdmdqZk Zr Z rsZqshmf onhms0
Tmkhjd hm sgd tmodqstqadc bZrd: sgd nqahsZk oZqZldsdqr ohp Zmc eqdptdmbhdr Zqd

mn knmfdq bnmrsZms, sgdx dunkud rknvkx vhsg shld0 Gnvdudq: sgd uZqhZakdr �pα . ohp(
bkdZmkx rdoZqZsd sgd svn rbZkdr hm sgd nqahs+r dunktshnm. sgd uZqhZakdr ohp nmkx bgZmfd
rknvkx: nudq sgd knmf shld rbZkd ∼ fl<ε : vghkd sgd Zmfkd uZqhZakdr pα bgZmfd nm sgd
nqahsZk shld rbZkd ∼ 1π<ϒ �9(

α 0 Hm sgd bnmsdws ne Z rlZkk/lZrr/qZshn ahmZqx: vgdqd
sgd hmrohqZk hr cqhudm ax fqZuhsZshnmZk/vZud dlhrrhnm: sgd knmf shld rbZkd ∼ fl<ε hr
qdedqqdc sn Zr sgd qZchZshnm£qdZbshnm shld0
Sgd chuhrhnm ne sgd nqahsZk cxmZlhbr hmsn rknvkx Zmc qZohckx uZqxhmf etmbshnmr

gZr sgd rZld tshkhsx Zr hm sgd fdncdrhb bZrd. hs dmZakdr bnmudmhdms Entqhdq dwoZmrhnmr
ne etmbshnmr nm sgd vnqkckhmd: vghbg ldrg vhsg Z Entqhdq dwoZmrhnm ne sgd zdkc
dptZshnmr –cdrbqhadc hm sgd zmZk rdbshnm ne sghr bgZosdq(0 Etmbshnmr e �q.y( nm sgd
ZbbdkdqZsdc vnqkckhmd bZm ad dwoZmcdc hm sgd Entqhdq rdqhdr

e =q�λ (.y�λ ([ +∑
jjj
e �p(jjj �o ip(d

�hpjjj�λ (. –294(

vhsg Z bkdZm rdoZqZshnm adsvddm rknvkx uZqxhmf Zlokhstcdr Zmc qZohckx uZqxhmf
ogZrdr0 Sgd bndezbhdmsr qdlZhm fhudm ax Dp0 –137(0 Ax dkhlhmZshmf nrbhkkZsnqx cqhu/
hmf sdqlr hm sgd nqahsZk dunktshnm dptZshnmr: sgd sqZmrenqlZshnm sn �pα . ohp( Zkrn eZbhk/
hsZsdr lnqd qZohc mtldqhbZk dunktshnmr )fl85[ Zmc: tkshlZsdkx: lnqd qZohc fdmdqZshnm
ne vZudenqlr )28[0 Hm sghr Zmc sgd mdws rdbshnm: enq uhrtZk rhlokhbhsx vd rgZkk nlhs
sgd kZadk ”�p(‘ eqnl lncd bndezbhdmsr ZrrnbhZsdc vhsg ppp0
Mnv: sn ots sgd dptZshnmr ne lnshnm hm sgd enql –291(-–292(: vd adfhm vhsg sgd

dunktshnm dptZshnmr –174(: –178(-–18fl(: Zmc –182(0 Fhudm sgd dwoZmrhnm –293(: sgdrd
dptZshnmr sZjd sgd enql

cψα

cλ
+S

�9(
α �ψψψ . o i() εS�fl(

α �ψψψ . o i()N�ε1(. –295(

coh

cλ
+ εfh�fl(�ψψψ . o i() ε1fh�1(�ψψψ . o i()N�ε2(� –296(



6fl

Gdqd fh�m( hr fhudm ax Dpr0 –178(-–18fl( vhsg e
α → e α�m(0 Vd gZud qdmZldcSα snS

�9(
α :

S
�fl(
Z hr fhudm ax δSZ vhsg e α → e α�fl(: Zmc S

�fl(
α + 9 enq α + s.φ 0 Hm sghr enql ne sgd

dptZshnmr: dudqx sdql nm sgd qhfgs hr Z odqhnchb: nrbhkkZsnqx etmbshnm ne sgd ogZrdr0
Gnvdudq: nmd bZm sqZmrenql sn sgd mdv uZqhZakdr �pα . ohp(: vghbg gZud mn nrbhkkZsnqx
cqhuhmf sdqlr: trhmf Zm ZudqZfhmf sqZmrenqlZshnm )fl96: fl85[:17

ψα�pβ . o ip.ε( + ψ�9(
α �pβ . o ip() εψ�fl(

α �pβ . o ip()N�ε1(. –297(

oh�pβ . o ip.ε( + ohp) ε oh�fl(�ppp. o ip() ε1oh�1(�ppp. o ip()N�ε2(. –298(

vgdqd
ψ�9(
α �pβ . o ip( + pα ��ψ�9(

α �9. ohp()�ψ�9(
α �ppp. o ip( –2fl9(

hr sgd fdncdrhb qdkZshnmrgho: Zmc sgd bnqqdbshnmr ψ�m(
α Zmc oh�m( enq m / 9 Zqd 1π/

odqhnchb hm dZbg pZ –vhsg Z onsdmshZkkx mnmydqn ldZm(0 Hm ZmZknfx vhsg sgd fdncdrhb
bZrd: vd gZud bgnrdm sgd nqhfhm ne ogZrd roZbd rtbg sgZs ψ�9(

α �pβ + 9( + 90 Sghr

bgnhbd vhkk dmrtqd sgZs Zs zwdc ohp: ψ
�9(
α Zmc pα rZshrex Zkk sgd qdkZshnmrghor hm

Rdb0 50fl020 Mnsd sgZs vd bntkc qdokZbd �ψ�9(
α �9. ohp( vhsg Zmx nsgdq pα /hmcdodmcdms

etmbshnm ne ohp, sghr vntkc rshkk qdoqdrdms Z fdncdrhb qdkZshnmrgho adsvddm ψ
�9(
α Zmc

pα : ats vhsg cheedqdms bgnhbdr ne hmhshZk ogZrdr enq cheedqdms uZktdr ne ohp0 Enq bnmud/
mhdmbd hm kZsdq dwoqdrrhnmr: vd cdzmd

�α�ohp( .+��ψ
�9(
α �9. ohp(� –2flfl(

Ax rtarshstshmf sgd dwoZmrhnmr –297( Zmc –298( hmsn Dpr0 –295( Zmc –296(: ZoodZk/
hmf sn –291( Zmc –292(: Zmc dptZshmf bndezbhdmsr ne onvdqr ne ε : nmd bZm rnkud enq
sgd eqdptdmbhdr ϒ �m(

α Zmc cqhuhmf enqbdr Fh
�m(: Zr vdkk Zr enq sgd etmbshnmr hm sgd Zu/

dqZfhmf sqZmrenqlZshnm0 Dwokhbhskx: sgd kdZchmf/nqcdq sdqlr hm Dpr0 –295( Zmc –296(
Zqd

∂ψ�9(
α

∂pβ
ϒ �9(
β +ϒ �9(

α )ϒϒϒ �9( · ∂�ψ
�9(
α

∂ppp
+S

�9(
α �ψψψ�9(. o ip(. –2fl1(

Fh
�fl( )ϒϒϒ �9( ·

∂ oh�fl(
∂ppp

+ fh�fl(�ψψψ
�9(. o ip(� –2fl2(

DptZshnm –2fl1( hr rhlokx sgd fdncdrhb qdkZshnmrgho adsvddm ψα Zmc pα 0 Hs enkknvr
sgZs vd bZm trd sgd fdncdrhb rnktshnm –127( enq pZ�ψ

�9(
Z . ohp(0 Bnmbqdsdkx: vd lZx

vqhsd

pZ�ψ
�9(
Z . ohp( +ϒ �9(

Z �ohp(
 ψ�9(

Z

9

cψ ′
Z

S
�9(
Z �ψ ′

Z. ohp(
. –2fl3(

17 Gdqd vd bnlahmd Z mdZq/hcdmshsx ZudqZfhmf sqZmrenqlZshnm vhsg Z ydqnsg/nqcdq nmd0
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hlokxhmf sgZs sgd Entqhdq bndezbhdmsr hm Dp0 –294( bZm ad bnlotsdc Zr sgd hmsdfqZkr
nudq ψψψ�9( hm Dp0 –137(: vhsg sgd qdokZbdldmsrϒZ →ϒ �9(

Z Zmc ψZ → ψ�9(
Z 0 Sghr qdkhdr

nm ntq oZqshbtkZq bgnhbd ne �α hm Dp0 –2flfl(, cheedqdms bgnhbdr vntkc kdZc sn cheedqdms
ohp/cdodmcdms knvdq khlhsr ne hmsdfqZshnm hm Dp0 –2fl3(: vghbg hm stqm vntkc kdZc sn
ohp/cdodmcdms ogZrd eZbsnqr ZoodZqhmf hm Dp0 –137(0
Trhmf dhsgdq ne sgd enqlr –137( nq –138(: vd bZm dZrhkx cdbnlonrd Dpr0 –2fl1(

Zmc –2fl2( hmsn Entqhdq rdqhdr: vhsg �ψ�9(
α + ∑jjj ̸+9�ψ

�9.jjj(
α �o ip(d�hpjjj Zmc oh�fl( +

∑jjj oh�fl.jjj(�o
i
p(d�hpjjj 0 Eqnl sgd jjj + 9 sdqlr hm sgd dptZshnmr: vd zmc

ϒ �9(
α �o ip( +


S

�9(
α �ψψψ�9(. o ip(



ppp
. –2fl4(

Fh
�fl(�o

i
p( +


fh�fl(�ψψψ

�9(. o ip(


ppp
. –2fl5(

Zmc eqnl sgd jjj ̸+ 9 sdqlr vd zmc

�ψ�9.jjj(
α �o ip( +�

S
�9.jjj(
α �o ip(

hϒ �9(
jjj �o ip(

. –2fl6(

oh�fl.jjj(�o
i
p( +�

fh�fl.jjj(�o
i
p(

hϒ �9(
jjj �o ip(

. –2fl7(

vgdqd ϒ �9(
jjj .+ jjj ·ϒϒϒ �9( + jqϒ

�9(
q ) jyϒ

�9(
y 0 Mnsd sgZs sgdrd dptZshnmr kdZud oh�fl.99( Zq/

ahsqZqx0
�r enqdrgZcnvdc Zanud: Dpr0 –2fl4( Zmc –2fl6( Zqd oqdbhrdkx sgd rZld Zr sgd

fdncdrhb enqltkZr –122( Zmc –149( –vhsg sgd qdokZbdldms oh→ ohp(0 Sgd nmkx bgZmfd
hr sgZs sgd nqahsZk oZqZldsdqr ohp: vghbg cdsdqlhmd sgd eqdptdmbhdr Zmc Zlokhstcdr:
mnv ZchZaZshbZkkx dunkud vhsg shld0
HlonqsZmskx: Dp0 –2fl7( qdpthqdr ϒ �9(

jjj ̸+ 90 Sghr bnmchshnm eZhkr Zs qdrnmZmbdr:

vgdqd ϒ �9(
jjjqdr + 90 Sgdqdenqd: sgd ZudqZfhmf sqZmrenqlZshnm hr hlonrrhakd vgdm sgdqd

hr Z qdrnmZmbd0 Vd chrbtrr sghr qdrnmZms bZrd hm sgd mdws rdbshnm0 Dp0 –2fl6( Zkrn rt/
odqzbhZkkx ZoodZqr sn dmbntmsdq Z rhmftkZqhsx Zs qdrnmZmbd: ats sghr hr rjhqsdc ax sgd
oZqshbtkZq enql neS�9.jjj(

α : Zr vd rdd eqnl sgd lnqd dwokhbhs enqltkZ –149(0
Lnuhmf nmsn sgd zqrs rtakdZchmf nqcdq hm Dpr0 –295( Zmc –296(: vd gZud
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ϒ �fl(
α )Fi

�fl(
∂ψ�9(

α

∂ o ip
)ϒϒϒ �fl(·∂�ψ

�9(
α

∂ppp
)ϒϒϒ �9( · ∂ψ

�fl(
α

∂ppp

+S
�fl(
α ) o i

�fl(
∂S�9(

α

∂ o ip
)ψψψ�fl( · ∂S

�9(
α

∂ψψψ�9(
. –2fl8(

Fh
�1( )Fi

�fl(

∂ oh�fl(
∂ o ip

)ϒϒϒ �fl(·
∂ oh�fl(
∂ppp

)ϒϒϒ �9( ·
∂ oh�1(
∂ppp

+ fh�1( ) o i
�fl(

∂fh�fl(
∂ o ip

)ψψψ�fl( ·
∂fh�fl(
∂ψψψ�9(

. –219(

vgdqd Zkk ptZmshshdr nm sgd kdes Zqd etmbshnmr ne �ppp. o ip(: Zmc Zkk sgnrd nm sgd qhfgs Zqd
etmbshnmr ne �ψψψ�9(. o ip(0 SZjhmf sgd ZudqZfd ne sgdrd dptZshnmr xhdkcr

ϒ �fl(
α �ohp( +


S

�fl(
α



ppp
)



oh�fl(
∂S�9(

α
∂ ohp

)ψψψ�fl( · ∂S
�9(
α

∂ψψψ�9(



ppp

�Fi
�fl(

∂�α
∂ o ip

. –21fl(

Fh
�1(�o

i
p( +


fh�1(



ppp
)



o i
�fl(

∂fh�fl(
∂ o ip

)ψψψ�fl( ·
∂fh�fl(
∂ψψψ�9(



ppp

�Fi
�fl(

∂ oh�fl.99(
∂ o ip

� –211(

Vd rdd eqnl Dp0 –21fl( sgZs Z itchbhntr bgnhbd ne oh�fl.99( Zkknvr tr sn rds

ϒ �fl(
α + 9 enq α + q.y.φ � –212(

Rtbg Z oh�fl.99( hr cdsdqlhmdc eqnl

oh�fl.99(
∂ϒ �9(

α
∂ ohp

+�

S

�fl(
α



ppp
�∑

jjj ̸+9
oh�fl.jjj(

∂S�9.�jjj(
α
∂ ohp

�



ψψψ�fl( · ∂S
�9(
α

∂ψψψ�9(



ppp

)Fi
�fl(

∂�α
∂ o ip
–213(

enq α + q.y.φ 0 Vd bntkc ZksdqmZshudkx rdsϒ �fl(
α + 9 enq Z cheedqdms sqhn ne bnlonmdmsr:

ats sghr bgnhbd vhkk ad oZqshbtkZqkx trdetk hm sgd zmZk rdbshnm ne sghr qduhdv0 Sghr
eqddcnl hr hm Zcchshnm sn sgd eqddcnl chrbtrrdc Zanud qdfZqchmf sgd bgnhbd ne �α ,
h0d0: sgd etmbshnmr �α Zmc oh�fl.99( hm sgd ZudqZfhmf sqZmrenqlZshnm Zqd cdfdmdqZsd vhsg

ϒ �fl(
α 0 Qde0 )fl85[ oqnuhcdr Z lnqd sgnqntfg chrbtrrhnm ne sgd eqddcnl vhsghm mdZq/
hcdmshsx ZudqZfhmf sqZmrenqlZshnmr0
Sgd ZudqZfdr hm Dpr0 –21fl(-–211( hmunkud ψ�fl(

Z : vghbg bZm ad nasZhmdc eqnl
Dp0 –2fl8(0 � 1π/ahodqhnchb rnktshnm sn sgZs dptZshnm hr18

18 Sghr rddlr sn ad sgd tmhptd 1π/ahodqhnchb rnktshnm0 �mx nsgdq rnktshnm bZm nmkx cheedq ax Z gn/
lnfdmdntr rnktshnm sn Dp0 –2fl8(: vghbg ltrs sZjd sgd enql dwo�


S′ZcpZ<ϒ

�9(
Z ( e �pa�pZϒ

�9(
a <ϒ �9(

Z (
enq rnld etmbshnm e : vhsg a ̸+ Z0 Hs ZoodZqr sgZs rtbg Z etmbshnm bZmmns rhltksZmdntrkx ad 1π odqh/
nchb hm ansg pZ Zmc pa0
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ψ�fl(
Z �ppp. o ip( +
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jjj
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RjjjZ�o
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�hϒ �9(
jjj � hjϒ �9(

Z �}S′Z⟩ppp
d�hpjjj�hjpZ . –214(

vgdqd XZ�pZ. o
i
p( .+ dwo=�EZ�pZ. o ip(<ϒ �9(

Z �o ip([ +∑jX jZ d
�hjpZ : EZ .+∑j ̸+9

S′jZ
�hj d

�hjpZ

hr sgd ZmshcdqhuZshud ne sgd otqdkx nrbhkkZsnqx oZqs neS′Z .+ ∂S�9(
Z <∂ψ�9(

Z : Zmc

RZ�ppp. ohp( .+�F
i
�fl(

∂ψ�9(
Z

∂ o ip
)S

�fl(
Z ) o i

�fl(
∂S�9(

Z

∂ o ip
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jjj
RjjjZ�o

h
p(d

�hpjjj � –215(

Sgd qdlZhmhmf ohdbdr ne Dpr0 –2fl8( Zmc –219( cdsdqlhmd sgd otqdkx nrbhkkZsnqx
oZqsr ne ψ�fl(

s : ψ�fl(
φ : Zmc oh�1(0 RodbhzbZkkx:

ψ�fl.jjj(
α +

fl

�hϒ �9(
jjj



S
�fl.jjj(
α )Ojjjα �F

i
�fl(

∂�ψ�9.jjj(
α

∂ o ip



. –216(

oh�1.jjj( +
fl

�hϒ �9(
jjj



fh�1.jjj( )Ph
jjj�F

i
�fl(

∂ oh�fl.jjj(
∂ o ip



–217(

enq α + s.φ : vgdqd Oα .+ o i
�fl(

∂S�9(α
∂ o ip

)ψψψ�fl( · ∂S�9(α
∂ψψψ�9( Zmc P

h .+ o i
�fl(

∂fh
�fl(

∂ o ip
)ψψψ�fl( ·

∂fh
�fl(

∂ψψψ�9( 0

Sghr ZudqZfhmf sqZmrenqlZshnm bZm ad bZqqhdc sn Zmx nqcdq0 �mZknfntr bZkbtkZ/
shnmr Zkrn Zookx he vd trd Oh + �D.Ky.P( qZsgdq sgZm oh + �o.d. ι(0 TkshlZsdkx: sgd
bnnqchmZsd sqZidbsnqx yα bZm ad dwoqdrrdc hm sdqlr ne �pα . ohp( Zr

yα�pβ . ohp( + yα�9(�pβ . ohp() εyα�fl(�ppp. ohp()N�ε1(� –218(

Sgd kdZchmf/nqcdq sqZidbsnqx gZr sgd rZld cdodmcdmbd nm pα Zmc ohp Zr Z fdncdrhb0
SgZs hr: he vd vqhsd Z fdncdrhb Zr yαF�pβ . oh(: fhudm ax Dp0 –143(: sgdm yα�9(�pβ . ohp( +

yαF�pβ . ohp(0 Vgdqdudq sgd fdncdrhb dwoqdrrhnmr hmunkud O
h: sgdx Zqd gdqd duZktZsdc

Zs Ohp + �Dp.Kp.Pp(: vghbg Zqd qdkZsdc sn ohp ax sgd fdncdrhb qdkZshnmrghor0 –Vd rto/
oqdrr sgd rtarbqhos y nm Ky0( Sgd cheedqdmbd adsvddm sgd fdncdrhb Zmc sgd ZbbdkdqZsdc
sqZidbsnqx khdr dmshqdkx hm sgd dunktshnm ne sgdhq Zqftldmsr. qZsgdq sgZm dunkuhmf Zb/
bnqchmf sn Dpr0 –188( Zmc –299(: pα Zmc ohp mnv dunkud Zbbnqchmf sn Dpr0 –291( Zmc
–292(0
Hm sgd bnmsdws ne Z ahmZqx: sgd rlZkk bnqqdbshnmr εyα�fl(�ppp. ohp( sn sgd sqZidbsnqx qd/

lZhm tmhenqlkx rlZkk nudq sgd dmshqd hmrohqZk tmshk sgd sqZmrhshnm sn oktmfd )fl26[,
adbZtrd sgdx Zqd odqhnchb etmbshnmr ne ppp: sgdx gZud mn kZqfd rdbtkZq sdqlr0 s�fl( Zmc
φ �fl( Zqd fhudm ax Dp0 –216(: vhsg s�fl.99( Zmc φ �fl.99( kdes ZqahsqZqx0 q�fl( Zmc y�fl( Zqd
fhudm ax

wZ�fl( + ψψψ�fl( ·
∂wZF
∂ψψψ�9(

) oh�fl(
∂wZF
∂ ohp

. –229(
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vhsg ψ�fl(
Z fhudm ax Dp0 –214(: sgd nrbhkkZsnqx oZqs ne oh�fl( ax Dp0 –2fl7(: Zmc o

h
�fl.99( ax

Dp0 –213(0
Qder0 )78: fl1fl: 58: fl91: fl85[ bnmsZhm lnqd cdsZhkdc Zbshnm/Zmfkd sqdZsldmsr ne

odqstqadc nqahsr0 Vhsg sgd dwbdoshnm ne Qde0 )fl85[: sgdrd sqdZsldmsr gZud mns adftm
vhsg dptZshnmr ne sgd enql –295( Zmc –296(0 HmrsdZc: sgdx adfZm vhsg ZooqnwhlZsd
Zmfkd uZqhZakdr: vghbg vd vhkk cdmnsd ṕα Zmc vghbg rZshrex ṕα + pα )N�ε(0 Sgd
dptZshnmr ne lnshnm sgdm sZjd sgd enql

cṕα
cλ

+ϒ �9(
α �o i() εT �fl(

α �ṕpp. o i()N�ε1(. –22fl(

coh

cλ
+ εEh�fl(�ṕpp. o i() ε1Eh�1(�ṕpp. o i()N�ε2(� –221(

Qde0 )78[ cdqhudr bnmbqdsd dptZshnmr ne sghr enql hm sgd bZrd sgZs oqnodq shld τ
hr trdc hmrsdZc ne Lhmn shld Zmc sgZs {D.Ky.P{ Zqd trdc hmrsdZc ne {o.d. ι{029
)Sgd cqhuhmf enqbdr Eh�m( Zqd sgdm fhudm ax Dp0 –165(0[ Sgd ZudqZfhmf sqZmrenqlZshnm
�ṕα . oh( → �pα . ohp( bZm ad entmc Zr vd chc Zanud: vhsg rtarsZmshZk rhlokhzbZshnmr
Zqhrhmf eqnl sgd eZbs sgZs cṕαcλ hr bnmrsZms Zs kdZchmf nqcdq, sgd sqZmrenqlZshnm hr fhudm
ax Dpr0 –279( Zmc –27fl( adknv –vhsgnts sgd qdrsqhbshnm jjj ̸+ Mjjjqdr hm sgd mnmqdrnmZms
bZrd(0
Ntq oZqshbtkZq bnmrsqtbshnm hm sghr rdbshnm Zmc sgd mdws hr hmrsdZc cdrhfmdc sn khmj

sgd Zbshnm/Zmfkd cdrbqhoshnm vhsg sgd ptZrh/JdokdqhZm nmd0 Hs ZoodZqr gdqd enq sgd
zqrs shld0 Gnvdudq: Qde0 )fl85[ bnmrhcdqr lnqd fdmdqZk rdsr ne bntokdc cheedqdmshZk
dptZshnmr sgZs hmunkud uZqhZakdr ZmZknfntr sn ntq ψα Zr vdkk Zr uZqhZakdr ZmZknfntr
sn ṕα : sgntfg vhsgnts oqnuhchmf Z rnktshnm ZmZknfntr sn ntq –214(0

50103 Odqstqadc Anxdq,Khmcpthrs eqdptdmbhdr Zmc Zbshnm Zmfkdr

AdbZtrd vd rnkud zdkc dptZshnmr Zmc dwsqZbs vZudenqlr trhmf Anxdq/Khmcpthrs shld
s: hs hr nmbd ZfZhm trdetk sn bnmrsqtbs uZqhZakdr �ϕα . ohϕ( ZrrnbhZsdc vhsg s: vgdqd ϕs +
ψs + s Zmc ohϕ + �oϕ .dϕ . ιϕ(0 Sgd bnmrsqtbshnm ne sgd uZqhZakdr �ϕα . ohϕ( –Zmc ne sgdhq
dunktshnm dptZshnmr( hr ZmZknfntr sn sgd bnmrsqtbshnm aZrdc nm λ . sgd nrbtkZshmf/
fdncdrhb dptZshnmr enq cψα<cs Zmc coh<cs gZud sgd rZld enql Zr Dpr0 –295( Zmc
–296(: rhlokx vhsg S�m(

α →S�m(
α <S

�9(
s Zmc fh�m( → fh�m(<S

�9(
s : Zmc Zesdq Z mdZq/hcdmshsx

ZudqZfhmf sqZmrenqlZshnm vd Zqqhud Zs sgd dptZshnmr ne lnshnm

cϕα

cs
+ Ω �9(

α �o iϕ(. –222(

cohϕ
cs

+ εΓ h
�fl(�o

i
ϕ() ε1Γ h

�1(�o
i
ϕ()N�ε2(� –223(

29 Sgd mnsZshnm hm Qde0 )78[ cheedqr hm rdudqZk rhfmhzbZms vZxr eqnl ntqr0 Hm oZqshbtkZq: Qde0 )78[
trdr λ sn cdmnsd Z qdrbZkdc τ : pα sn cdmnsd Zm ZmZknftd ne ntq ṕα –Zmc ZrrnbhZsdc vhsg τ qZsgdq
sgZm Lhmn shld(: Zmc ψα sn cdmnsd Zm ZmZknftd ne ntq pα –ZfZhm ZrrnbhZsdc vhsg τ(0
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Ω �9(
α Zqd sgd fdncdrhb eqdptdmbhdr: ZmcΩ �9(

s + fl0 Sgd bnqqdbshnmrΩ �m(
α enq α + q.y.φ

Zmc m / 9 Zqd dkhlhmZsdc itrs Zr hm sgd oqduhntr rdbshnm: vghkd Ω �m(
s + 9 sqhuhZkkx enq

m / 9 adbZtrd cϕs<cs + fl0
Sgd svn rdsr ne uZqhZakdr �ϕα . ohϕ( Zmc �pα . ohp( Zqd qdkZsdc ax Z sqZmrenqlZshnm

ϕα�pβ . o ip.ε( + ϕ�9(
α �pα . ohp() εΦ �fl(

α �ppp. o ip()N�ε1(. –224(

ohϕ�pβ . o ip.ε( + ohp) επ h�fl(�ppp. o ip()N�ε1(. –225(

vgdqd sgd kdZchmf sdql hm ϕα hr fhudm ax sgd fdncdrhb qdkZshnmrgho –159(: vghbg vd
qdrsZsd Zr

ϕ�9(�pα . ohp( .+ pα )Aα�ohp()Ω �9(
α �ohp(� s

�9(�ppp. o ip(. –226(

cdzmhmf
Aα�ohp( .+�Ω

�9(
α �ohp(� s

�9(�9. o ip(� –227(

Khjd hm sgd fdncdrhb bZrd: sghr uZktd enq Aα hlonrdr sgZs ϕα Zmc pα –Zmc ψ�9(
α (

gZud sgd rZld nqhfhm hm ogZrd roZbd0 �r chrbtrrdc Zqntmc Dpr0 –2flfl( Zmc –2fl3(:
sghr ldZmr sgZs vd bZm hlldchZsdkx tshkhyd Zkk sgd qdkZshnmrghor eqnl Rdb0 50fl030 Sgd
bnqqdbshnmr Φ �fl(

α Zmc π h�fl( Zqd 1π/ahodqhnchb hm ppp0
Sgd sdqlr hm sghr sqZmrenqlZshnm: Zr vdkk Zr sgd cqhuhmf enqbdr Γ h

�m(: bZm ad cdqhudc
ax rtarshstshmf Dpr0 –224( Zmc –225( hmsn Dpr0 –222( Zmc –223(0 SZjhmf sgd ZudqZfd
ne sgd qdrtkshmf dptZshnmr Zmc ZoodZkhmf sn Dpr0 –291( Zmc –292(: vd nasZhm

Ω �9(
α +

ϒ �9(
α

ϒ �9(
s

Zmc Γ h
�fl( +

Fh
�fl(

ϒ �9(
s

–228(

Zs kdZchmf nqcdq Zmc

Ω �fl(
α + 9+� fl

ϒ �9(
s


Fi

�fl(∂o iAα ) }Qh⟩ppp∂ohΩ
�9(
α ) }Os⟩pppΩ �9(

α


. –239(

Γ h
�1( +

fl

ϒ �9(
s


Fh

�1( )Fi
�fl(∂o i}π

h
�fl(⟩ppp�}Q

i⟩ppp∂o iΓ h
�fl(�}Os⟩pppΓ

h
�fl(


–23fl(

Zs sgd zqrs rtakdZchmf nqcdq: vgdqd Qh .+S�9(
s π h�fl( Zmc Os +ψψψ�fl( ·∂ψψψS�9(

s ) oh�fl(∂ohS
�9(
s 0

Sgd ZudqZfd }π h�fl(⟩ppp hr bgnrdm sn dmenqbdΩ
�fl(
α + 9 hm Dp0 –239(0 Sgd nrbhkkZsnqx oZqsr

ne sgd dptZshnmr xhdkc

� s�9.jjj( +
S

�9.jjj(
s

�hϒ �9(
jjj

. –231(

π h�fl.jjj( +
S

�9.jjj(
s

�hϒ �9(
jjj

Γ h
�fl( –232(
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Zs kdZchmf nqcdq Zmc

Φ �fl.jjj(
α +

fl

�hϒ �9(
jjj


Qhjjj∂ohΩ

�9(
α )Ojjjs Ω

�9(
α �Fh

�fl(∂h�ϕ
�9.jjj(
α


–233(

Zs sgd zqrs rtakdZchmf nqcdq0 Hm Zkk ne sgd Zanud dwoqdrrhnmr: jjj qdedqr sn Z Entqhdq
cdbnlonrhshnm hmsn d�hpjjj lncdr0 �kk etmbshnmr ne oh Zqd duZktZsdc Zs ohp: Zmc hmrhcd
sgd hmsdfqZkr –137(: Zkk etmbshnmr ne ψψψ Zqd duZktZsdc Zs ψψψ�9(�ppp. ohp(0
Vgdm rnkuhmf sgd zdkc dptZshnmr: vd rgZkk qdpthqd Entqhdq cdbnlonrhshnmr vhsg

qdrodbs sn ϕϕϕ :
e =q�s(.y�s([ +∑

jjj
e �ϕ(
jjj �o iϕ(d�hϕjjj � –234(

Vd bZm bZkbtkZsd sgd bndezbhdmsr Zr hmsdfqZkr nudq ppp trhmf sgd sqZmrenqlZshnm –224(0
Gnvdudq: hs hr rhlokdq sn trd sgd fdncdrhb bgZmfd ne uZqhZakdr cdzmdc ax sgd kdZchmf
sdql hm sgd sqZmrenqlZshnm0 Sgd bndezbhdmsr Zqd sgdm fhudm ax Dp0 –151( vhsg sgd
qdokZbdldmsr oh → ohϕ : ϒα → ϒ �9(

α : Sα →S�9(
α : nq ax Dp0 –152( vhsg sgd ZcchshnmZk

qdokZbdldms ψψψ → ψψψ�9(0
Vd vhkk Zkrn qdpthqd sgd sqZmrenqlZshnm eqnl �ψα . oh( sn �ϕα . ohϕ(.

ψα�ϕβ . ohϕ .ε( + ψ�9(
α �ϕβ . ohϕ() εψ�ϕ .fl(

α �ϕϕϕ . ohϕ()N�ε1(. –235(

oh�ϕα . o iϕ .ε( + ohϕ ) ε oh�ϕ .fl(�ϕϕϕ . o iϕ()N�ε1(� –236(

Enkknvhmf sgd rZld rsdor Zr hm sgd oqduhntr rdbshnm: Zs kdZchmf nqcdq vd qdbnudq
sgd fdncdrhb eqdptdmbhdr Zmc zmc ψ�9(

α �ϕβ . ohϕ( hr fhudm ax sgd fdncdrhb qdkZshnm/
rgho –157(0 Rnkuhmf sgd rtakdZchmf/nqcdq dptZshnmr hr lZcd chezbtks adbZtrd sgd
ZmZknftd ne Dp0 –2fl8( gZr sgd enql

ΩΩΩ �9( · ∂ψ
�ϕ .fl(
α
∂ϕϕϕ

�ψψψ�ϕ .fl( · ∂
∂ψψψ�9(


S

�9(
α

S
�9(
s



+ � � � –237(

Sgd α + q.y bnlonmdmsr ne sghr dptZshnm: tmkhjd sgnrd ne Dp0 –2fl8(: Zqd bntokdc oZq/
shZk cheedqdmshZk dptZshnmr enq ψψψ�ϕ .fl(: vghbg cn mns gZud Z rnktshnm ne sgd enql –214(0
Gnvdudq: vd bZm zmc sgd rtakdZchmf sdqlr hm Dpr0 –235( Zmc –236( ax bnlahmhmf
ntq jmnvkdcfd ne �ϕα . ohϕ( Zmc �ψα . oh( Zr etmbshnmr ne �pα . ohp(0 Rtarshstshmf sgd
dwoZmrhnmr –224( Zmc –225( hmsn sgd qhfgs/gZmc rhcdr ne Dpr0 –235( Zmc –236( Zmc
dptZshmf sgd qdrtksr vhsg Dpr0 –297( Zmc –298(: vd zmc

ψ�ϕ .fl(
α �ϕ�9(

β . ohϕ( + ψ�fl(
α �pβ . ohϕ(�ϕ�fl(

β
∂ψ�9(

α
∂ϕβ

�ϕ�9(
γ . ohϕ(�π h�fl(

∂ψ�9(
α

∂ ohϕ
�ϕ�9(

γ . ohϕ(.

–238(

oh�ϕ .fl(�ϕϕϕ
�9(. o iϕ( + oh�fl(�ppp. ohϕ(�π h�fl(�ϕϕϕ

�9(. o iϕ(. –249(
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vgdqd ϕ�9(
α hr fhudm ax Dp0 –226( vhsg ohp → ohϕ 0 Sgd hmudqrd sqZmrenqlZshnm: vghbg

vd vhkk Zkrn mddc: hr

ϕα�ψβ . oh.ε( + ϕ�9(
α �ψβ . oh() εΦ �fl(

α �ppp�9(. oh(� εψ�fl(
β

∂ϕ�9(
α

∂ψβ
� ε oh�fl(

∂ϕ�9(
α

∂ oh
.

–24fl(

ohϕ�ψβ . oh.ε( + oh) επ h�fl(�ϕϕϕ
�9(. o i(� ε oh�fl(�ppp

�9(. o i(. –241(

vgdqd ϕ�9(
α Zmc p�9(α Zqd sgd fdncdrhb etmbshnmr ne ψα Zmc oh0

EhmZkkx: vd bZm qdbnmrsqtbs sgd bnnqchmZsd sqZidbsnqx yα hm sgd enql

yα�ϕβ . ohϕ( + yα�9(�ϕβ . ohϕ() εyα�ϕ .fl(�ϕϕϕ . ohϕ()N�ε1(� –242(

Sgd ydqnsg/nqcdq sqZidbsnqx gZr sgd rZld etmbshnmZk cdodmcdmbd Zr Z fdncdrhb, sgZs
hr: yα�9(�ϕβ . ohϕ( + yαF�ϕβ . ohϕ(: vgdqd y

α
F�ϕβ . oh( hr fhudm hm Dp0 –169(0 Hm ZmZknfx

vhsg sgd Lhmn/shld rnktshnm: vgdqdudq sgd fdncdrhb dwoqdrrhnmr hmunkud Oh: sgdx
Zqd gdqd duZktZsdc Zs Ohϕ + �Dϕ .Kϕ .Pϕ(: vghbg Zqd qdkZsdc sn ohϕ ax sgd fdncdrhb

qdkZshnmrghor0 Sgd zqrs/nqcdq bnqqdbshnmr yα�ϕ .fl( Zqd s�ϕ .fl( + 9: φ�ϕ .fl( + ψ�ϕ .fl(
φ fhudm

ax Dp0 –238(: Zmc

wZ�ϕ .fl( + ψψψ�ϕ .fl( ·
∂wZF
∂ψψψ�9(

) oh�ϕ .fl(
∂wZF
∂ ohϕ

. –243(

vhsg ψψψ�ϕ .fl( Zmc oh�ϕ .fl( fhudm ax Dpr0 –238( Zmc –249(0

50104 LtkshrbZkd dwoZmrhnmr: ZchZaZshb ZooqnwhlZshnm: Zmc onrs,ZchZaZshb
ZooqnwhlZshnmr

Rdke/ZbbdkdqZsdc nqahsr Zqd nesdm cdrbqhadc vhsg Z ltkshrbZkd –nq svn/shldrbZkd( dw/
oZmrhnm )fl51: 78: fl2fl: fl41: fl48: 86: 15: fl17[0 Sghr hr drrdmshZkkx dpthuZkdms sn sgd
ZudqZfhmf sqZmrenqlZshnm cdrbqhadc Zanud0
Sn hkktrsqZsd sgd ldsgnc: vd qdstqm sn Dpr0 –295( Zmc –296(0 Vd hmsqnctbd Z rknv

shld uZqhZakd λ̆ .+ ελ , sghr bgZmfdr ax Zm Zlntms ∼ ε9 nm sgd shld rbZkd ∼ fl<ε 0 Hm
okZbd ne sgd sqZmrenqlZshnmr –297( Zmc –298(: vd Zcnos dwoZmrhnmr

ψα�pβ . λ̆ .ε( + pα ) �̆α�λ̆ ()� ψ̆�9(
α �ppp. λ̆ () εψ̆�fl(

α �ppp. λ̆ ()N�ε1(. –244(

oh�pα . λ̆ .ε( + ŏh�9(�λ̆ () ε ŏh�fl(�ppp. λ̆ ()N�ε1(. –245(

vgdqd pα rZshrzdr

cpα
cλ

+ ϒ̆ �9(
α �ελ () εϒ̆ �fl(

α �ελ ()N�ε1( .+ ϒ̆α�ελ .ε(� –246(
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Vd sgdm rtarshstsd sgdrd dwoZmrhnmr hmsn Dpr0 –295( Zmc –296(: Zookxhmf sgd bgZhm
qtkd

c
cλ

+ ϒ̆α
∂

∂pα
) ε

∂
∂ λ̆

� –247(

pα Zmc λ̆ Zqd sgdm sqdZsdc Zr hmcdodmcdms uZqhZakdr: lZjhmf Dpr0 –295( Zmc –296(
hmsn Z rdptdmbd ne dptZshnmr: nmd rds Zs dZbg nqcdq hm ε 0 Sgdrd dptZshnmr Zqd drrdm/
shZkkx dpthuZkdms sn –2fl1( Zmc –2fl2( Zs kdZchmf nqcdq Zmc sn Dpr0 –2fl8( Zmc –219( Zs
zqrs rtakdZchmf nqcdq: vhsg shkcdr okZbdc nudq Zkk ptZmshshdr Zmc sgd enkknvhmf qd/

okZbdldmsr. ohp → ŏh�9(: F
h
�m( → c ŏh�m�fl(<cλ̆ : F

h
�fl(

∂ψ�9(
α

∂ o ip
→ c��̆α )� ψ̆�9(

α (<cλ̆ : Zmc

Fh
�fl(

∂ oh
�fl(

∂ o ip
→ 90 Sgdrd dptZshnmr bZm ad rnkudc itrs Zr vd rnkudc Dpr0 –2fl1(: –2fl2(:

–2fl8(: Zmc –219(0
Sgd nmkx cheedqdmbd adsvddm sghr dwoZmrhnm Zmc Dpr0 –297( Zmc –298( hr gnv dZbg

oZqZldsdqhydr sgd nqahs+r rknv dunktshnm: vgdsgdq vhsg rknvkx dunkuhmf oZqZldsdqr
ohp nq vhsg rknv shld λ̆ 0 Hmcddc: sgd rnktshnmr Zqd dZrhkx qdkZsdc0 Sgd rnktshnmr sn
Dpr0 –291( Zmc –292( bZm ad dwoZmcdc Zr

pα�λ̆ .ε( +
fl
ε


p̆�9(α �λ̆ () ε p̆�fl(α �λ̆ ()N�ε1(


. –248(

ohp�λ̆ .ε( + ŏhp�9(�λ̆ () ε ŏhp�fl(�λ̆ ()N�ε1(. –259(

vgdqd p̆�m(α �λ̆ ( +
 λ̆
9 ϒ̆ �m(

α �λ̆ ′(cλ̆ ′ ) p̆�m(α �9( vhsg

ϒ̆ �9(
α �λ̆ ( +ϒ �9(

α . –25fl(

ϒ̆ �fl(
α �λ̆ ( +ϒ �fl(

α ) ŏhp�fl(�λ̆ (∂ohϒ
�9(
α � –251(

Nm sgd qhfgs: ϒ �m(
α Zmc hsr cdqhuZshudr Zqd duZktZsdc Zs ŏhp�9(�λ̆ (0 Rtarshstshmf sgdrd

dwoZmrhnmr hmsn Dpr0 –297( Zmc –298( Zmc bnloZqhmf sn Dpr0 –244( Zmc –245(: vd
qdZc nee

� ψ̆�9(
α �ppp. λ̆ ( + �ψ�9(

α . –252(

ŏh�9(�λ̆ ( + ŏhp�9(�λ̆ (. –253(

ψ̆�fl(
α �ppp. λ̆ ( + ψ�fl(

α ) ŏ ip�fl(�λ̆ (∂o iψ
�9(
α . –254(

ŏh�fl(�ppp. λ̆ ( + oh�fl( ) ŏhp�fl(�λ̆ (� –255(

Gdqd ψ�9(
α : oh�fl(: ψ

�fl(
α : Zmc sgdhq cdqhuZshudr Zqd duZktZsdc Zs =ppp. ŏ ip�9(�λ̆ ([0 Sgdrd oZq/

shbtkZq qdkZshnmrghor qdkx nm bgnnrhmf �̆α�λ̆ ( + �α = ŏhp�9(�λ̆ ([0 Itrs Zr sgd ZudqZfhmf
sqZmrenqlZshnm chc: sgd ltkshrbZkd dwoZmrhnm gZr bnmrhcdqZakd cdfdmdqZbx adsvddm
�̆α : ϒ̆

�fl(
α : Zmc } ŏh�fl(⟩0 He cheedqdms bgnhbdr Zqd lZcd: sgdm vd bZmmns hcdmshex pα ad/

svddm sgd svn ldsgncr0 Gnvdudq: qdfZqckdrr ne bgnhbdr: ansg ldsgncr vhkk tksh/
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lZsdkx ntsots hcdmshbZk rnktshnmr ne sgd enql ψα�λ̆ .ε( Zmc oh�λ̆ .ε( –Zrrtlhmf hcdm/
shbZk hmhshZk bnmchshnmr(: Zmc vgdm vqhssdm hm sgZs enql sgdx bZm ad tmZlahftntrkx
qdkZsdc0
�kk sgd rZld qdkZshnmrghor Zookx he vd hmrsdZc trd s/aZrdc uZqhZakdr vhsg Z rknv

shld s̆ .+ εs0 Vgdm bnmrhcdqhmf sgd ltkshrbZkd dwoZmrhnm ne sgd Dhmrsdhm dptZshnm: hs
vhkk ad trdetk sn gZud Zs gZmc sgd dwoZmrhnmr

ϕα�s̆.ε( +
fl
ε


ϕ̆�9(
α �s̆() εϕ̆�fl(

α �s̆()N�ε1(


. –256(

ohϕ�s̆.ε( + ŏhϕ�9(�s̆() ε ŏhϕ�fl(�s̆()N�ε1(� –257(

Hs enkknvr eqnl Dpr0 –222( Zmc –223( sgZs sgd bndezbhdmsr hm sgdrd dwoZmrhnmr rZshrex

cϕ̆�9(
α
cs̆

+ Ω �9(
α � ŏ iϕ�9((. –258(

c ŏhϕ�9(

cs̆
+ Γ h

�fl(� ŏ
i
ϕ�9((. –269(

cϕ̆�fl(
α
cs̆

+ ŏ iϕ�fl(∂ iΩ
�9(
α � ŏ iϕ�9((. –26fl(

c ŏhϕ�fl(

cs̆
+ Γ h

�1(� ŏ
i
ϕ�9(() ŏ iϕ�fl(∂ iΓ

h
�fl(� ŏ

i
ϕ�9((� –261(

Vd bZm Zkrn vqhsd Dp0 –256( Zr

ϕα�s̆.ε( +
fl
ε

 s̆

9
Ωα�s̆ ′.ε(cs̆ ′ )ϕα�9.ε(. –262(

vhsg
Ωα�s̆.ε( + Ω̆ �9(

α �s̆() εΩ̆ �fl(
α �s̆()N�ε1(. –263(

vgdqd Ω̆ �9(
α �s̆( + Ω �9(

α = ŏhϕ�9(�s̆([ Zmc Ω̆
�fl(
α �s̆( + ŏ iϕ�fl(�s̆(∂ iΩ

�9(
α = ŏ iϕ�9(�s̆([0

Sgdqd hr Z sqZcdnee hm rnkuhmf Dpr0 –258(-–261( qZsgdq sgZm Dpr0 –222( Zmc –223(.
Dpr0 –258(-–261( cntakd sgd mtladq ne mtldqhbZk uZqhZakdr: ats sgdx Zqd hmcdodm/
cdms ne ε : ldZmhmf sgdx bZm ad rnkudc enq Zkk uZktdr ne ε rhltksZmdntrkx0 Dpr0 –222(
Zmc –223( gZud gZke Zr lZmx uZqhZakdr: ats sgdx bZmmns ad rnkudc vhsgnts zqrs rodb/
hexhmf Z uZktd ne ε 0
Rhmbd sgd vZudenql ogZrd hm Z ahmZqx hr chqdbskx qdkZsdc sn sgd nqahsZk ogZrd: sgd

dwoZmrhnm –256( oqnuhcdr Z rhlokd ldZmr ne Zrrdrrhmf sgd kdudk ne ZbbtqZbx ne Z
fhudm ZooqnwhlZshnm0 Sgd ZooqnwhlZshnm sgZs hmbktcdr nmkx sgd zqrs sdql: ϕ̆�9(

α : hr
bZkkdc sgd ZchZaZshb ZooqnwhlZshnm –cdmnsdc 9O�(, hs bnmrhrsr ne sgd bntokdc dptZ/
shnmr –258( Zmc –269(: vghbg cdrbqhad Z rknv dunktshnm ne sgd fdncdrhb eqdptdmbhdr0
�m ZooqnwhlZshnm sgZs hmbktcdr Zkk sdqlr sgqntfg ϕ̆�m(

α hr bZkkdc Zm msg onrs£ZchZaZshb
ZooqnwhlZshnm –cdmnsdc mO�(, hs bnmrhrsr ne sgd bntokdc dptZshnmr –258(-–261(0 Vd
qdstqm sn sgd dezbZbx ne 9O� Zmc flO� ZooqnwhlZshnmr hm sgd zmZk rdbshnm ne sghr
qduhdv0
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Qde0 )78[ cdsdqlhmdc vgZs hmotsr Zqd qdpthqdc enq Z 9O� nq flO� ZooqnwhlZ/
shnm0 Sn cdrbqhad sgdrd hmotsr: vd cdzmd sgd shld/qdudqrZk ψα → �ψα : e α�ψψψ( →
εα e α��ψψψ(: vgdqd e α hr sgd ZbbdkdqZshmf enqbd: εα .+ ��fl.fl.fl.�fl(: Zmc sgdqd hr
mn rtllZshnm nudq α 0 Vd sgdm cdzmd sgd chrrhoZshud Zmc bnmrdquZshud ohdbdr ne sgd
enqbd.

e αchrr +
fl
1
e α�ψψψ(� fl

1
εα e α��ψψψ(. –264(

e αbnm +
fl
1
e α�ψψψ()

fl
1
εα e α��ψψψ(� –265(

Sgdrd cdzmhshnmr hlokx sgZs tmcdq shld qdudqrZk: e αchrr→� e αchrr Zmc e αbnm→) e αbnm0 Hs
hr rsqZhfgsenqvZqc sn rdd eqnl Dpr0 –178(-–184( Zmc sgd cdzmhshnm neKh sgZs coh<cs
nmkx qdbdhudr Z chqdbs bnmsqhatshnm eqnl e αchrr: vghkd cψZ<cs nmkx qdbdhudr Z chqdbs
bnmsqhatshnm eqnl e αbnm0 �s 9O� nqcdq: e

α dmsdqr sgd dunktshnm sgqntfg Dp0 –269(: hm
sgd ptZmshsx

Γ h
�fl( +


coh

cs


eα→ eα

�fl(



ϕϕϕ

+
fl

ϒ �9(
s


coh

cλ


eα→ eα

�fl(



ppp

� –266(

Gdmbd: sgd 9O� ZooqnwhlZshnm nmkx qdpthqdr e α�fl(chrr0 �s flO�: e
α dmsdqr sgd dunktshnm

sgqntfg ansg Γ h
�fl( Zmc Γ

h
�1( hm Dp0 –261(: vgdqd Γ

h
�1( hr fhudm ax Dp0 –23fl( vhsg –211(:

–2fl7(: –214(: Zmc vhsg oh�fl.99( bgnrdm rtbg sgZs ϒ
�fl(
α + 90 Sgdrd ptZmshshdr hmunkud

e α�1(chrr )uhZ }f
h
�1(⟩ppp + } co

h

cλ | eα→ eα
�1(
⟩ppp hm Dp0 –211([: e α�fl(bnm –uhZ ψ

�fl(
α Zmc oh�fl.99(: vghbg

Zqd ansg oZqshZkkx cdsdqlhmdc ax S�fl(
Z + δSZ| eα→ eα

�fl(
(: Zmc e α�fl(chrr0 Gdmbd: sgd flO�

ZooqnwhlZshnm qdpthqdr sgd dmshqdsx ne e α�fl( Zr vdkk Zr e
α
�1(chrr0

Sgd eZbs sgZs chrrhoZshud deedbsr cnlhmZsd nudq bnmrdquZshud nmdr nm sgd knmf
shld rbZkd ne Zm hmrohqZk hr hlonqsZms hm oqZbshbZk rhltkZshnmr ne ahmZqhdr0 �s kdZrs
Zs zqrs nqcdq: sgd chrrhoZshud rdke/enqbd hr rtarsZmshZkkx dZrhdq sn bnlotsd sgZm sgd
bnmrdquZshud rdke/enqbd0 Vd chrbtrr sghr hm sgd zmZk rdbshnm ne sghr qduhdv0
Vd qdedq sn Qde0 )fl96[ enq Z odcZfnfhbZk hmsqnctbshnm sn ltkshrbZkd dwoZmrhnmr

hm lnqd fdmdqZk bnmsdwsr0 Qde0 )78[ bnmsZhmr Z cdsZhkdc chrbtrrhnm ne sgd ltkshrbZkd
ZooqnwhlZshnm enq rdke/ZbbdkdqZsdc nqahsr hm Jdqq roZbdshld0 Qder0 )fl51: fl41[ oqdrdms
uZqhZmsr ne sgd ldsgnc hm rhlokdq ahmZqx rbdmZqhnr0

50105 SqZmrhdms qdrnmZmbdr

Fhudm sgZs sgd nqahsZk eqdptdmbhdr rknvkx dunkud: sgdx vhkk nbbZrhnmZkkx dmbntmsdq
Z qdrnmZmbd0 SxohbZkkx )fl1fl[: sgd eqdptdmbhdr vhkk bnmshmtd sn dunkud: sqZmrhshnmhmf
nts ne sgd qdrnmZmbd0 Sgdrd sqZmrhdms qdrnmZmbdr gZud rhfmhzbZms hloZbs nm nqahsZk
dunktshnm0
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Sgd mdZq/hcdmshsx ZudqZfhmf sqZmrenqlZshnm �ψα . oh( → �pα . ohp( adbnldr rhmft/
kZq Zs Z qdrnmZmbd: Zr cdrbqhadc adknv Dp0 –2fl7(0 RodbhzbZkkx: hs adbnldr rhmftkZq
enq sgd lncd mtladqr Mjjjqdr enq vghbgϒMjjjqdr + 90 Sn Zrrdrr sgd deedbs ne Z qdrnmZmbd:
vd rsZqs eqnl sgd dptZshnmr ne lnshnm hm sgd enql –22fl(-–221(0
Sgd cqhuhmf enqbdr Eh�m( Zmc ”eqdptdmbhdr‘T

�fl(
α bZm ad dwoZmcdc hm Entqhdq rdqhdr

rtbg Zr Eh�m( + ∑jjj Eh�m.jjj(�o
i(d�hṕjjj 0 Gnvdudq: mdZq Z qdrnmZmbd: Z rds ne ZooZqdmskx

nrbhkkZsnqx sdqlr adbnldr ZooqnwhlZsdkx rsZshnmZqx0 RodbhzbZkkx: mdZq Z qdrnmZmbd
vgdqd ϒ �9(

qdr .+ jqdrq ϒ �9(
q ) jqdry ϒ �9(

y + 9: sgd ogZrd pqdr + jjjqdr · ṕpp: Zmc Zkk hmsdfdq ltk/
shokdr ne hs: bdZrdr sn dunkud nm sgd nqahsZk shld rbZkd0 Sn rdd sghr: rtoonrd sgd qdrn/
mZmbd nbbtqr Zs Z shld λqdr0 MdZq sgZs shld: pqdr bZm ad dwoZmcdc hm Z SZxknq rdqhdr

pqdr�λ ( + pqdr�λqdr() p̈qdr�λqdr(�λ �λqdr()
fl
1
’pqdr�λqdr(�λ �λqdr(1) � � � –267(

Rhmbd p̈qdr�λqdr( ≈ϒ �9(
qdr �λqdr( + 9 Zmc ’pqdr ≈ cϒ �9(

qdr <cλ : vd rdd sgZs pqdr bgZmfdr nm
sgd shld rbZkd

δλ +


fl

cϒ �9(
qdr <cλ

∼ fl|
ε

. –268(

vghbg hr ltbg knmfdq sgZm sgd nqahsZk shld rbZkd –ats ltbg rgnqsdq sgZm sgd
qZchZshnm/qdZbshnm shld(0
Ctqhmf sgd oZrrZfd sgqntfg Z qdrnmZmbd: sgdrd ZcchshnmZk ptZrhrsZshnmZqx cqhuhmf

enqbdr bZtrd rdbtkZq bgZmfdr sn sgd nqahsZk oZqZldsdqr0 Vd hrnkZsd sgdrd deedbsr ax
odqenqlhmf Z oZqshZk mdZq/hcdmshsx ZudqZfhmf sqZmrenqlZshnm sgZs dkhlhmZsdr Zkk nrbhk/
kZshnmr eqnl sgd dunktshnm dptZshnmr dwbdos sgnrd cdodmchmf nm sgd qdrnmZms Zmfkd
uZqhZakd pqdr0 �m ZooqnoqhZsd sqZmrenqlZshnm: sgqntfg flO� nqcdq: hr fhudm ax

ṕα�ppp. o ip.ε( + pα ) εAαβ �ohp(pβ ) ε ∑
jjj ̸+Mjjjqdr

T �fl.jjj(
α �

E i
�fl.jjj(

hϒ �9(
jjj

∂ϒ �9(
α

∂ o ip

�hϒ �9(
qdr �o ip(

d�hpjjj . –279(

oh�ppp. o ip.ε( + ohp) εBh�o ip() ε ∑
jjj ̸+Mjjjqdr

Eh�fl.jjj(

�hϒ �9(
qdr

d�hpjjj . –27fl(

vgdqd etmbshnmr ne o i hmrhcd sgd rtlr Zqd duZktZsdc Zs o ip: Zmc Aαβ Zmc Bh Zqd Zmx
etmbshnmr rZshrexhmf

Aαβϒ �9(
β +B i∂o ipϒ

�9(
α ) }T �fl(

α ⟩ppp� –271(

Sgdrd sqZmrenqlZshnmr rZshrex sgd ZmZknfr ne Dpr0 –2fl2( Zmc –2fl8( ats vhsg qdrn/
mZms lncdr dwbktcdc: vhsg Aαβ Zmc Bh bgnrdm sn dkhlhmZsd sgd eqdptdmbx bnqqdb/
shnmr ϒ �fl(

α : Zmc vhsg sgd rhlokhzbZshnmr sgZs S�9(
Z hr qdokZbdc ax ϒ �9(

Z Zmc �ψ�9(
Z ax

9 –bnmrdptdmbdr ne p�9(α ZkqdZcx adhmf Z kdZchmf/nqcdq Zbshnm Zmfkd(0 Snfdsgdq: sgd
sqZmrenqlZshnmr –279( Zmc –27fl( aqhmf sgd dptZshnmr ne lnshnm sn sgd enql



72

cpα
cλ

+ϒ �9(
α �o ip()N�ε(. –272(

cohp
cλ

+ εFh
�fl(�o

i
p() ε ∑

M ̸+9
Eh�fl.Mjjjqdr(�o

i
p(d

�hMpqdr )N�ε1(. –273(

vhsg Fh
�fl( + }Eh�fl(⟩ppp0 Enq rhlokhbhsx: vd rtooqdrr flO� sdqlr0

Gnv ltbg cndr sgd rdbnmc sdql hm Dp0 –273( bnmsqhatsd sn sgd dunktshnm ne ohp!
EZq eqnl qdrnmZmbd: sgd ZcchshnmZk sdql ZudqZfdr sn ydqn0 He vd cdmnsd sgd sdql Zr
εδFh: sgdm Zbqnrr qdrnmZmbd: hs bnmsqhatsdr Zm Zlntms δ ohp + ε


δFhcλ 0 �ookxhmf

sgd rsZshnmZqx ogZrd ZooqnwhlZshnm sn sgd hmsdfqZk: vd zmc

δ oh + ∑
M ̸+9

Eh�fl.Mjjjqdr(


1πε

|Mϔ �9(
qdr |

dwo

rfm


Mϔ �9(

qdr

 hπ
3

) hMpqdr�λqdr(

)n�

|
ε(.

–274(

vgdqd vd trd Z cns sn cdmnsd Z cdqhuZshud vhsg qdrodbs sn λ̆ : ϔ �9(
qdr .+

cϒ �9(
qdr
cλ̆

+

Fh
�fl(

∂ϒ �9(
qdr

∂ ohp
: Zmc ansg ϔ �9(

qdr Zmc Eh�fl.Mjjjqdr( Zqd duZktZsdc Zs o
i
p�λqdr(0 Sgd lZfmhstcd ne

δ oh hr ∼
|
ε , hmsthshudkx: sghr bnqqdronmcr sn Z ptZrhrsZshnmZqx cqhuhmf enqbd ne rhyd

∼ ε ltkshokhdc ax sgd qdrnmZmbd/bqnrrhmf shld δλ ∼ fl<
|
ε 0 Ats δ oh hr mns Z rhlokd

oqnctbs ne sgd svn, dZbg ptZrhrsZshnmZqx cqhuhmf enqbd hr vdhfgsdc ax Z ogZrd eZbsnq:
rtbg sgZs δ oh cdodmcr rdmrhshudkx nm sgd uZktd ne sgd qdrnmZms ogZrd Zs qdrnmZmbd:
pqdr�λqdr(0 Sghr hlokhdr sgZs hm nqcdq sn cdsdqlhmd δ oh Zs kdZchmf nqcdq: nmd ltrs
jmnv sgd flO� ogZrd dunktshnm oqhnq sn qdrnmZmbd0
� oqnodq Zbbntmshmf ne sgd oZrrZfd sgqntfg qdrnmZmbd qdpthqdr lZsbghmf Z mdZq/

qdrnmZmbd dwoZmrhnm sn Zm nee/qdrnmZmbd: ltkshrbZkd dwoZmrhnm, rdd Rdb0 HHH ne
Qde0 )fl1fl[ nq �oodmchw A ne Qde0 )fl7[ enq cdlnmrsqZshnmr ne sghr lZsbghmf oqn/
bdctqd0 AdbZtrd Z qdrnmZmbd rghesr sgd nqahsZk oZqZldsdqr ax Zm Zlntms ∼

|
ε : Zmc

sgd rghesdc oZqZldsdqr rtardptdmskx dunkud nudq sgd knmf shld rbZkd ∼ fl<ε : sgd qdr/
nmZmbd hmsqnctbdr gZke/hmsdfdq onvdqr hmsn sgd ltkshrbZkd dwoZmrhnm0 Enq dwZlokd:
Zesdq Z qdrnmZmbd: Dpr0 –256(-–257( adbnld

ϕα�s̆.ε( +
fl
ε


ϕ̆�9(
α �s̆() εfl<1ϕ̆�fl<1(

α �s̆() εϕ̆�fl(
α �s̆()N�ε2<1(


. –275(

ohϕ�s̆.ε( + ŏhϕ�9(�s̆() εfl<1 ŏhϕ�fl<1(�s̆() ε ŏhϕ�fl(�s̆()N�ε2<1(� –276(

Sgd deedbs ne Z rhmfkd qdrnmZmbd sgdqdenqd cnlhmZsdr nudq Zkk nsgdq onrs/ZchZaZshb
deedbsr0 Gnvdudq: cdsdqlhmhmf sgd qdrnmZms bnqqdbshnmr ϕ̆�fl<1(

α Zmc ohϕ�fl<1( qdpthqdr
sgd rghesr –274(: vghbg hm stqm qdpthqd sgd qdrnmZms ogZrd pqdr sgqntfg flO� nqcdq0
Sghr ldZmr sgZs sgd fl?1/onrs/ZchZaZshb/nqcdq bnqqdbshnmr bZm ad sgntfgs ne Zr ntsrhyd
flO� bnqqdbshnmr0
Etqsgdq chrbtrrhnmr ne sqZmrhdms qdrnmZmbdr bZm ad entmc hm Qder0 )53: 6fl: 54:

fl63: fl1fl: fl99: fl7: fl16: fl91[0 AdbZtrd qdrnmZmbdr Zqd cdmrd hm sgd oZqZldsdq roZbd:
Zm hmrohqZkhmf ancx vhkk oZrr sgqntfg Zm hmzmhsd mtladq ne sgdl0 Gnvdudq: adbZtrd
sgd enqbhmf bndezbhdmsr Eh�fl.jjj( cdbZx vhsg hmbqdZrhmf jjj: sgd nmkx qdrnmZmbdr vhsg
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rhfmhzbZms hloZbs Zqd ”knv/nqcdq‘ qdrnmZmbdr: rtbg Zrϒq<ϒy + fl<10 � kZqfd eqZbshnm
ne hmrohqZkhmf nqahsr vhkk dmbntmsdq rtbg Z qdrnmZmbd hm sgd kZsd hmrohqZk )fl63: fl7[:
ats mdfkdbshmf sgd deedbs ne qdrnmZmbd hm DLQHr lZx kdZc sn nmkx Z rlZkk knrr ne
cdsdbsZakd rhfmZkr )fl7[0
Hm Zcchshnm sn sgd hmsqhmrhb q-y nqahsZk qdrnmZmbdr chrbtrrdc gdqd: qdrnmZmbdr bZm

Zkrn nbbtq ctd sn Z uZqhdsx ne nsgdq deedbsr0 Sgdqd bZm ad dwsqhmrhb qdrnmZmbdr hm
vghbg jqdrq Ωq ) jqdry Ωy ) jqdrφ Ωφ + 9 enq rnld sqhokds �jqdrq .jqdry .jqdrφ (, sgdrd kdZc sn
mnm/hrnsqnohb dlhrrhnm ne fqZuhsZshnmZk vZudr: bZtrhmf onrrhakx nardquZakd jhbjr sn
sgd rxrsdl+r bdmsdq ne lZrr )89: fl11[: ats sgdhq deedbsr Zqd rtacnlhmZms qdkZshud sn q-
y qdrnmZmbdr0 He sgd rdbnmcZqx hr rohmmhmf: hsr rohm bZm Zkrn bqdZsd qdrnmZmbdr )1fl2[:
Zr bZm sgd oqdrdmbd ne dwsdqmZk lZssdq rntqbd rtbg Zr Z sghqc ancx )15: 1fl1[0

6 Rnkuhmf sgd Chmrsdhm dptZshnmr vhsg Z rjdkdsnm rntqbd

Hm sghr rdbshnm vd cdrbqhad gnv sn bnlahmd sgd ldsgncr ne sgd oqduhntr rdbshnmr
sn lncdk rlZkk/lZrr/qZshn ahmZqhdr0 Sghr bnmrhrsr ne rnkuhmf sgd fknaZk oqnakdl hm
Z Jdqq aZbjfqntmc. sgd odqstqaZshud Dhmrsdhm dptZshnmr vhsg Z rjdkdsnm rntqbd –h0d0:
Z onhms oZqshbkd nq deedbshud rntqbd( lnuhmf nm Z sqZidbsnqx fnudqmdc ax Dp0 –fl81(
nq –fl84(0 Sgd zqrs oZqs ne sgd rdbshnm rtllZqhydr Z ltkshrbZkd dwoZmrhnm ne sgd
zdkc dptZshnmr: athkchmf chqdbskx nm ntq sqdZsldms ne nqahsZk cxmZlhbr0 �s ZchZaZshb
nqcdq: vZudenqlr bZm ad fdmdqZsdc ax rnkuhmf sgd khmdZqhydc Dhmrsdhm nq Sdtjnkrjx
dptZshnm vhsg Z onhms oZqshbkd rntqbd Zmc bZkbtkZshmf sgd chrrhoZshud zqrs/nqcdq rdke/
enqbd0 �s flO� nqcdq: nmd ltrs rnkud sgd rdbnmc/nqcdq Dhmrsdhm dptZshnm Zmc bnlotsd
sgd zqrs/nqcdq bnmrdquZshud rdke/enqbd Zmc rdbnmc/nqcdq chrrhoZshud rdke/enqbd0 Sgdrd
flO� bZkbtkZshnmr qdpthqd: Zr Z bdmsqZk hmfqdchdms: Z lncd cdbnlonrhshnm ne sgd rhm/
ftkZq zdkc, sghr hr sgd rtaidbs ne sgd rdbnmc oZqs ne sgd rdbshnm0
Enq rhlokhbhsx: vd Zrrtld sgd rlZkk naidbs hr rogdqhbZk Zmc mnmrohmmhmf Zmc sgZs

hs cndr mns dmbntmsdq Zmx rhfmhzbZms nqahsZk qdrnmZmbdr0

67fi LtkshrbWkd dwoWmrhnm

60z0z Rsqtbstqd ne sgd dwoZmrhnm

Khjd sgd nqahsZk cxmZlhbr: sgd ldsqhb hm Z ahmZqx gZr svn chrshmbs shld rbZkdr. sgd
nqahsZk odqhncr Sα + 1π<Ωα Zmc sgd knmf qZchZshnm/qdZbshnm shld ∼ fl<�εSα(0 Sgd
dunktshnm nm sgd nqahsZk shld rbZkd hr bgZqZbsdqhydc ax odqhnchb cdodmcdmbd nm sgd
nqahsZk Zbshnm Zmfkdr ϕα : vghbg rZshrex Dp0 –222(0 Sgd dunktshnm nm sgd qZchZshnm/
qdZbshnm shld hr bgZqZbsdqhydc ax Z rknv bgZmfd ne sgd nqahsZk oZqZldsdqr ohϕ : fnu/
dqmdc ax Dpr0 –223(: Zmc ne sgd bdmsqZk akZbj gnkd oZqZldsdqr �LAG .IAG(: vghbg
dunkud ctd sn Zarnqoshnm ne dmdqfx Zmc ZmftkZq lnldmstl Zbbnqchmf sn Dpr0 –86(
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Zmc –88(0 He vd chc mns mdfkdbs sgd rlZkk naidbs+r rohm Zmc ghfgdq lnldmsr: sgdx
vntkc bnld vhsg ZcchshnmZk oZqZldsdqr Zmc ogZrdr )fl64: 1fl9[0
Sgd akZbj gnkd oZqZldsdqr bgZmfd Zs Z qZsdEF ∝ |g|1 ∼ ε10 Nudq sgd qZchZshnm/

qdZbshnm shld: sghr ZbbtltkZsdr sn Z bgZmfd ∼ ε : Zkknvhmf tr sn vqhsd sgd dunkuhmf
oZqZldsdqr ZrLAG +L)εδL Zmc IAG + I)εδI: vgdqdL Zmc I Zqd bnmrsZms Zmc
L� .+ �δL.δI( dunkud nm sgd qZchZshnm/qdZbshnm shld0 Vd sgdm vnqj nm sgd zwdc
Jdqq aZbjfqntmc vhsg oZqZldsdqr L Zmc Z + I<L: vhsg Z rds ne rknvkx dunkuhmf
rxrsdl oZqZldsdqrOα + {ohϕ .L�{0
Vd vhkk trd sgd rokhs hmsn Zbshnm Zmfkdr ϕα Zmc rxrsdl oZqZldsdqrOα sn dwoZmc

sgd ldsqhb odqstqaZshnm Zmc rsqdrr/dmdqfx Zr

gµµ +
1

∑
m+fl

∑
f.jjj

εmg�mfjjj(
µµ �Oα .www(dhfφ�hϕfjjj )N�ε2(. –277(

Sµµ +
1

∑
m+fl

∑
f.jjj

εmS �mfjjj(
µµ �Oα .www(dhfφ�hϕfjjj )N�ε2(. –278(

vgdqd f.jq.jy Zkk qtm eqnl �� sn �: www + �q.y(: Zmc ϕfjjj .+fϕφ ) jqϕq ) jyϕy0
Gdqd ϕα ZmcOα Zqd etmbshnmr ne s Zmc ε fnudqmdc ax Dpr0 –222(: –223(: Zmc

cL�

cs
+ εE �fl(

� �ohϕ()N�ε1(. –289(

vgdqdE �fl(
� + �EFD <ε1.EFKy <ε1( hr fhudm ax Zmx ne Dpr0 –86( Zmc –88(: Dpr0 –fl28Z(

Zmc –fl39Z(: nq Dpr0 –fl42a( Zmc –fl43a(, sgd qdZrnm sghr cdodmcr nmkx nm ohϕ Zs kdZc/
hmf nqcdq hr dwokZhmdc hm Rdb0 60fl03 adknv0 Sgd cdbnlonrhshnm hmsn ZyhltsgZk lncdr
dhfφ hr mns rsqhbskx mdbdrrZqx gdqd: ats hs rhlokhzdr sgd ZmZkxrhr ne sgd rsqdrr/dmdqfx
hm sgd mdws rtardbshnm: Zmc hs cnudsZhkr vhsg sgd cdbnlonrhshnmr hmsn ZmftkZq gZq/
lnmhbr hm Rdb0 3: Zr Zkk sgd aZrdr ne gZqlnmhbr hmunkud φ nmkx sgqntfg sgd eZbsnq
dhfφ 0
Sgd dwoZmrhnmr –277( Zmc –278( cheedq eqnl sgd ”rdke/bnmrhrsdms dwoZmrhnm‘ –fl78(

hm sgZs sgd oZqZldsdqrO hm sgd rdke/bnmrhrsdms dwoZmrhnm hmbktcd sgd bnlokdsd sqZ/
idbsnqx yµ Zmc hsr cdqhuZshudr0 Vd bZm sgdqdenqd lnud eqnl Dpr0 –fl78( Zmc –191( sn
Dpr0 –277( Zmc –278( ax rtarshstshmf sgd dwoZmrhnm ne yα�s( eqnl Dp0 –242(0 Sn etkkx
lnshuZsd ntq ltkshrbZkd dwoZmrhnm: vd vnqj sgqntfg sghr dwoZmrhnm ne Sµµ hm sgd
mdws rtardbshnm0
Ats zqrs: vd enbtr nm sgd nudqZkk rsqtbstqd Zmc dezbZbx ne sgd ltkshrbZkd dwoZm/

rhnm0 Fhudm Dpr0 –277( Zmc –278(: sgd odqstqaZshud zdkc dptZshnmr adbnld dptZshnmr
enq sgd Entqhdq bndezbhdmsr g�mfjjj(

µµ 0 Sgdrd Zqd hcdmshbZk: Zs kdZchmf nqcdq: sn sgd trtZk
eqdptdmbx/cnlZhm zdkc dptZshnmr ne akZbj gnkd odqstqaZshnm sgdnqx: vhsg chrbqdsd
eqdptdmbhdr

cϕfjjj

cs
+ ωfjjj�o

h
ϕ( .+ jqΩ

�9(
q �ohϕ() jyΩ

�9(
y �ohϕ()fΩ �9(

φ �ohϕ(� –28fl(
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Lnqd bnmbqdsdkx: he vd rtarshstsd sgd dwoZmrhnmr –277( Zmc –278( hmsn sgd Dhmrsdhm
dptZshnmr: sgdm s cdqhuZshudr Zbs Zr

∂
∂ s

+ Ω �9(
α �o iϕ(

∂
∂ϕα

)
cOα

cs
∂

∂Oα –281(

→�hωfjjj�o
i
ϕ() ε



Γ h
�fl(�o

i
ϕ(

∂
∂ ohϕ

)E
�fl(
� �o iϕ(

∂
∂L�



)N�ε1(� –282(

Trhmf sghr: vd bZm vqhsd bnuZqhZms cdqhuZshudr Zr

∇α → ∇̆9fjjj
α ) εδ sα ∂̆

flfjjj
s )N�ε1(. –283(

vgdqd ∇̆9fjjj
α hr Zm nqchmZqx bnuZqhZms cdqhuZshud vhsg ∂φ → hf Zmc ∂s → �hωfjjj:

Zmc ∂̆ flfjjj
s hr sgd nodqZsnq hm rptZqd aqZbjdsr hm Dp0 –282(0 He vd sgdm sqdZs ϕα Zmc

Oα Zr hmcdodmcdms uZqhZakdr: vd bZm rokhs sgd zdkc dptZshnmr hmsn bndezbhdmsr ne
dhfφ�hϕfjjj Zmc ne dwokhbhs onvdqr ne ε 0 Sghr qdrtksr hm Z rdptdmbd ne cheedqdmshZk
dptZshnmr hm �q.y( enq sgd bndezbhdmsr g�mfjjj(

µµ .

F�flfjjj(
µµ =g�flfjjj([ + 7πS �flfjjj(

µµ . –284(

F�flfjjj(
µµ =g�1fjjj([ + 7πS �1fjjj(

µµ � ∑
f′f′′

∑
jjj′jjj′′

F�1fjjj(
µµ =g�flf

′jjj′(.g�flf
′′jjj′′([

�Γ h
�fl(F̈

�flfjjj(
µµ =∂ohϕ g

�flfjjj([�E �fl(
� F̈�flfjjj(

µµ =∂L�g
�flfjjj([� –285(

Gdqd F�flfjjj(
µµ Zmc F�1fjjj(

µµ Zqd sgd khmdZqhydc Zmc ptZcqZshb Dhmrsdhm sdmrnqr –2( Zmc

–3( vhsg sgd qdokZbdldms ∇α → ∇̆9fjjj
α 0 F̈�flfjjj(

µµ hr sgd ohdbd ne F�fl(
µµ sgZs: Zesdq Zookx/

hmf sgd qtkd –283(: hr khmdZq hm ∂̆ flfjjj
s 0 Dwokhbhs dwoqdrrhnmr enq sgdrd ptZmshshdr bZm

ad entmc hm Rdb0 UB ne Qde0 )fl17[ hm Z RbgvZqyrbghkc aZbjfqntmc hm sgd Knqdmy
fZtfd02fl

Sgd kdes/gZmc rhcd ne sgd zdkc dptZshnmr –284( Zmc –285( hr hcdmshbZk sn vgZs hs
vntkc ad he vd dwoZmcdc gµµ hm Entqhdq lncdr dhfφ�hωfjjjs 0 Rtbg Z Entqhdq dw/
oZmrhnm hr vgZs gZr addm hlokdldmsdc ghrsnqhbZkkx hm zqrs/nqcdq eqdptdmbx/cnlZhm
bZkbtkZshnmr vhsg fdncdrhb rntqbdr –d0f0: )35: 85: 88: 48: 38: 57: fl: 81: fl95: fl71: 54:
82: 1: fl27: 83: fl14: fl12[(: Zmc vd bZm mnv hlldchZsdkx qd/hmsdqoqds sgnrd bnlotsZ/

2fl Sgd zdkc dptZshnmr hm Qde0 )fl17[ Zqd etqsgdq rodbhZkhydc sn ptZrhbhqbtkZq nqahsr: vhsg eqdptdmbhdr
ωf +fΩ �9(

φ : ats sgdx qdlZhm uZkhc tmcdq sgd qdokZbdldms ωf→ ωfjjj0 Hm Rdb0 UB ne Qde0 )fl17[

sgdx Zkrn hmbktcd eqdptdmbx bnqqdbshnmr Ω �fl(
φ : vghbg vd gZud dkhlhmZsdc gdqd vhsg ntq bgnhbd ne

ZudqZfdc uZqhZakdr �ϕα . ohϕ (, sgd ZmZknftd ne ntq bgnhbd hr cdrbqhadc hm sgdhq �oodmchw �0 Adxnmc
sgdrd lhmnq cheedqdmbdr: sgdx lnqd rtarsZmshZkkx cheedq ax Zkknvhmf sgd ogZrdr Zmc rxrsdl uZqhZakdr
sn cdodmc nm q hm Zcchshnm sn s0 Vd chrbtrr sgd qdZrnm enq sghr hm Rdb0 60fl020
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shnmr Zr kdZchmf/nqcdq hlokdldmsZshnmr ne sgd dwoZmrhnm –277(021 Sghr hr Z oqhmbhoZk
ZcuZmsZfd ne trhmf sgd uZqhZakdr �ϕα . ohϕ( hmrsdZc ne �pα . ohp(0
HlonqsZmskx: Dpr0 –284( Zmc –285( bZm ad rnkudc enq Zmx uZktdr ne sgd oZqZldsdqr

Oα : vhsgnts gZuhmf sn rhltkZsd bnlokdsd hmrohqZkr0 �s dZbg onhms hm sgd oZqZldsdq
roZbd: sgd rnktshnm: bnloqhrhmf sgd rds ne Zlokhstcdr g�mfjjj(

µµ : bZm knnrdkx ad sgntfgs
ne Zr Z ”rmZorgns‘ ne sgd roZbdshld hm sgd eqdptdmbx cnlZhm0 Sgdrd rnktshnmr bZm
ad trdc sn bZkbtkZsd sgd cqhuhmf enqbdr hm sgd dunktshnm dptZshnmr –223( Zmc –289(
enq cOα<cs0 �esdq onotkZshmf sgd roZbd ne rmZorgnsr: nmd bZm sgdm trd sgdrd dun/
ktshnm dptZshnmr: snfdsgdq vhsg sgd ogZrd dunktshnm dptZshnm –222(: sn dunkud Zmx
oZqshbtkZq ahmZqx roZbdshld sgqntfg sgd roZbd0 Mnsd sgZs dudm sgntfg dZbg rmZorgns
hr cdsdqlhmdc ax Zm ”hmrsZmsZmdntr‘ uZktd Oα : dZbg rmZorgns etkkx Zbbntmsr enq
chrrhoZshnm Zmc enq sgd mnmfdncdrhb oZrs ghrsnqx ne sgd ahmZqx. adbZtrd sgd dunktshnm
hr rknv bnloZqdc sn sgd nqahsZk shld rbZkd: sgdrd deedbsr Zqd rtooqdrrdc ax Z onvdq
ne ε Zmc Zqd hmbnqonqZsdc sgqntfg sgd F̈�flfjjj(

µµ rntqbd sdqlr hm Dp0 –285(0
VgZs vntkc fn vqnmf he: qZsgdq sgZm trhmf sghr ltkshrbZkd dwoZmrhnm: vd vdqd

sn ZbstZkkx trd g�fl(µµ +∑fjjj g
�flfjjj(
µµ �q.y(dhfφ�hωfjjjs Zr ntq zqrs/nqcdq ldsqhb odqstqaZ/

shnm! Sghr vntkc ad ZooqnwhlZshmf sgd sqZidbsnqx ne sgd bnloZmhnm Zr Z fdncdrhb
ne sgd aZbjfqntmc akZbj gnkd roZbdshld0 �r dwokZhmdc hm sgd chrbtrrhnm Zqntmc
Dp0 –fl89(: rtbg Zm ZooqnwhlZshnm vntkc ZbbtltkZsd kZqfd dqqnqr vhsg shld. sgd
”rlZkk‘ bnqqdbshnmr sn sgd sqZidbsnqx vntkc fqnv kZqfd Zr sgd naidbs rohqZkr hmvZqc0
Sgd fqnvhmf bnqqdbshnm: qdoqdrdmsdc ax yαfl + lα<l hm Dp0 –fl89(: vntkc lZmhedrs
hsrdke Zr Z chonkd sdql hm g�1(µµ sgZs vntkc fqnv tmshk g

�1(
µµ adbZld kZqfdq sgZm g

�fl(
µµ :

rodkkhmf sgd aqdZjcnvm ne qdftkZq odqstqaZshnm sgdnqx0
Vd bZm mnv tmcdqrsZmc sghr adgZuhnq chqdbskx eqnl sgd nqahsZk ogZrdr0 He vd vdqd

sn trd sgd fdncdrhb ogZrdr ωfjjjs: vd vntkc ad hlokhbhskx dwoZmchmf sgd ogZrd

ϕα�s.ε( +

 s

9
Ω �9(

α =o iϕ�εs ′.ε([cs ′ )ϕ9α –286(

hm onvdqr ne ε : Zr

ϕα�s.ε( + Ω̆ �9(
α �9(s) ε


fl
1
cΩ̆ �9(

α
cs̆

�9(s1) Ω̆ �fl(
α �9(s



)N�ε1()ϕ9α . –287(

vgdqd vd gZud trdc Dp0 –263(0 Rtbg Zm dwoZmrhnm vntkc ad ZbbtqZsd nm sgd nqahsZk
shldrbZkd ats vntkc ZbbtltkZsd kZqfd dqqnqr nm sgd cdogZrhmf shld ∼ fl<

|
ε : vghbg

hr ltbg rgnqsdq sgZm sgd qZchZshnm qdZbshnm shld0 Lnqdnudq: sgd nqcdq/ε sdqlr hm
sghr dwoZmrhnm vntkc ZoodZq Zr mnm/nrbhkkZsnqx: khmdZq/ Zmc ptZcqZshb/hm/s sdqlr hm
g�1(µµ : hlokxhmf sgZs g

�1(
µµ vntkc mns Zclhs Z chrbqdsd Entqhdq dwoZmrhnm nq bnqqdbskx

cdrbqhad sgd rxrsdl+r ZooqnwhlZsd sqhodqhnchbhsx0 Sgd ltkshrbZkd dwoZmrhnm Zunhcr

21 Ehqrs/nqcdq hlokdldmsZshnmr hm sgd shld cnlZhm )8: fl1: fl75: fl2: 46: 73: 7[ cn mns ldrg pthsd rn
qdZchkx vhsg Z ltkshrbZkd dwoZmrhnm0 Vd chrbtrr sgdhq tshkhsx vhsghm Z ltkshrbZkd dwoZmrhnm hm kZsdq
rtardbshnmr0
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sgdrd dqqnqr Zmc lZhmsZhmr tmhenql ZbbtqZbx oqhnq sn sgd sqZmrhshnm sn oktmfd –Zmc
dwbktchmf qdrnmZmbdr(0
Sgd aZrhb hcdZ ne sghr ltkshrbZkd dwoZmrhnm ne sgd zdkc dptZshnmr vZr zqrs ots

enqvZqc hm Qde0 )78[0 Hs hr cdrbqhadc hm cdsZhk hm Qde0 )fl17[ enq sgd rodbhZk bZrd ne
ptZrhbhqbtkZq nqahsr hm RbgvZqyrbghkc roZbdshld0 Ntq oqdrdmsZshnm gdqd: athkchmf nm
ntq oZqshbtkZq sqdZsldms ne nqahsZk lnshnm hm sgd oqdbdchmf rdbshnm: hr sgd lnrs bnl/
okdsd cdrbqhoshnm sn cZsd ne sgd fdmdqhb bZrd0 Vd oqnuhcd ZcchshnmZk cdsZhkr adknv0 �
sgnqntfg cdrbqhoshnm: enbtrdc nm sgd lZsgdlZshbZk entmcZshnmr ne sgd dwoZmrhnm: hr
hm oqdoZqZshnm )51[0

60z01 LtkshrbZkd dwoZmrhnm ne rntqbd sdqlr Zmc cqhuhmf enqbdr

Vd hkktrsqZsd: Zmc etqsgdq lnshuZsd: sgd ltkshrbZkd dwoZmrhnm ax dwZlhmhmf sgd ltk/
shrbZkd enql ne sgd rntqbd sdqlr hm sgd bntokdc dptZshnmr –19fl( Zmc –fl84(. sgd Cd/
svdhkdq rsqdrr/dmdqfx Zmc sgd rdke/enqbd0
Vd rsZqs vhsg sgd rsqdrr/dmdqfx –191(0 Vqhshmf sgd sqZidbsnqx Zr

yα�s( + =s.qn�s(.yn�s(.φn�s([ –288(

–vgdqd sgd rtarbqhos rsZmcr enq ”naidbs+r nqahs‘(: rdsshmf sgd rohm sn ydqn: trhmf sgd
δ etmbshnm sn duZktZsd sgd hmsdfqZk: Zmc dwoZmchmf sgd eZbsnqr ne

|
�f̌ Zmc cτ

cτ̌ : vd
dwoqdrr Sµµ Zr

Sµµ +
lf̌µα f̌µβtαtβ

tsΣ


fl)

ε
1


tγtδ �fγδ


gQ�fl(
γδ



·δ 1=www� wwwn�s([δ =φ �φn�s([)N�ε2(� –399(

Vd mnv sZjd Zr Z fhudm ntq ltkshrbZkd dwoZmrhnm –242( ne yα�s(, sghr Zrrtldc sgd
enql –293( enq sgd enqbd: vghbg vd qdstqm sn adknv0 Rtarshstshmf –242( Zmc trhmf
tµ + ÿµ<Σ : vd nasZhm sgd bndezbhdmsr hm sgd dwoZmrhnm

Sµµ + εS �fl(
µµ �ϕα . ohϕ() ε1S �1(

µµ �ϕα . ohϕ()N�ε2(� –39fl(

Sgd kdZchmf sdql hr

S �fl(
µµ �ϕα . ohϕ( +

lÿ�9(µ ÿ�9(µ

S
�9(
s Σ 1

�9(

δ 1=www� www�9(�ϕϕϕ . ohϕ([δ =φ �φ�9(�ϕα . ohϕ([. –391(

vgdqd Σ 1�9( .+ q1�9( ) Z1y1�9(: ÿ
�9(
µ .+ fµµ�www�9((ÿµ�9(: ÿ

µ
�9( +S

�9(
µ �ψψψ�9(. ohϕ( enq µ + s.φ :

Zmc ẅww�9( hr fhudm ax Dp0 –185( vhsg oh → ohϕ Zmc ψZ → ψ�9(
Z 0 Sgd rdbnmc/nqcdq sdql

hr
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S �1(
µµ �ϕα . ohϕ( +

l

S
�9(
s Σ 1

�9(


1ÿ�9(

�µ g
Q�fl(
µ(β ÿ

β
�9( )

fl
1
ÿ�9(µ ÿ�9(µ


tγ
�9(t

δ
�9(�f

γδ
�9(


gQ�fl(
γδ



·δ 1=www� www�9(�ϕϕϕ . ohϕ([δ =φ �φ�9(�ϕα . ohϕ([) yα�ϕ .fl(
∂S �fl(

µµ

∂wα
�9(

. –392(

vgdqd tµ
�9( + ÿµ

�9(<Σ�9(: f
γδ
�9( .+ fγδ �www�9((: Zmc g

Q�fl(
γδ hr duZktZsdc Zs yα�9(0 Sgd kZrs sdql

hm Dp0 –392( hmunkudr sgd Zbshnm ne yα�ϕ .fl(
∂

∂wα
�9(
nm ÿµ

�9(�ψψψ
�9(. ohϕ(, sghr bZm ad duZktZsdc

trhmf

www�ϕ .fl( ·
∂

∂www�9(
+ ψψψ�ϕ .fl( · ∂

∂ψψψ�9(
) oh�ϕ .fl(

∂
∂ ohϕ

. –393(

vhsg ψψψ�ϕ .fl( Zmc oh�ϕ .fl( fhudm ax Dpr0 –238( Zmc –249(0
Mdws: vd bnmrhcdq sgd lncd cdbnlonrhshnm ne sgd dwoZmcdc rsqdrr/dmdqfx0 Vd

zqrs cdzmd sgd lncd bndezbhdmsr

S �mff′jjj(
µµ .+

fl
�1π(3


S �m(
µµ d

hϕfjjj�hf′φc1ϕcϕφcφ . –394(

vghbg Zrrtld mn qdkZshnmrgho adsvddm sgd cdodmcdmbd nm φ Zmc ϕφ 0 Rtarshstshmf

S �fl(
µµ eqnl Dp0 –391(: trhmf sgd ZyhltsgZk δ etmbshnm sn duZktZsd sgd hmsdfqZk nudq φ :
hmrdqshmf Dp0 –157( enq φ�9(: Zmc trhmf


dh�f�f

′(ϕφ cϕφ + 1πδff′ : vd nasZhm

S �flff′jjj(
µµ +

δff′

�1π(2

 lÿ�9(µ ÿ�9(µ

S
�9(
s Σ 1

�9(

δ 1�www� www�9((dhϕjjj�hf�ϕφ �9(
c1ϕ � –395(

Sghr dmenqbdr f′ +f: drsZakhrghmf sgZs sgd rsqdrr/dmdqfx nmkx cdodmcr nm φ Zmc
ϕφ hm sgd bnlahmZshnm dhf�φ�ϕφ (0 Vd bZm mnv cn ZvZx vhsg sgdf′ kZadk Zmc duZk/
tZsd sgd hmsdfqZk hm Dp0 –395( hm sgd enql –151( nq –152(0 Sgd qdrtks hr

S �flfjjj(
µµ +

lϒ �9(
q ϒ �9(

y

�1π(2ϒ �9(
s

∑
σq+±
σy+±

ÿ�9(µ �ψψψσ (ÿ�9(µ �ψψψσ (

Σ 1�www(q̈�9(�ψ
σq
q (ÿ�9(�ψ

σy
y (

dhϕjjj�ψψψ
σ (�hf�ϕφ �9(�ψψψσ (

· =θ �q� qo(�θ �q� qZ([θ �ylZw� |y|(. –396(

vgdqd sgd uZqhntr ptZmshshdr gZud addm cdzmdc Zr etmbshnmr ne sgd zdkc onhms www +
�q.y(: Zmc σZ + ± qdedqr sn Z onqshnm ne sgd nqahs hm vghbg wZ hr hmbqdZrhmf –σZ + )(
nq cdbqdZrhmf –σZ + �(0 ψ±

q �q( hr sgd uZktd ne ψq rZshrexhmf Dp0 –1fl3( –vhsg oh →
ohϕ ( nm Zm ntsfnhmf –)( nq hmfnhmf –�( kdf ne sgd qZchZk lnshnm, ψ±

y �y( hr cdzmdc
ZmZknfntrkx eqnl Dp0 –1fl4(0 ϕjjj�ψψψσ ( hr fhudm ax

ϕjjj�ψψψσ ( + pjjj�ψψψσ ()Ω �9(
jjj · =δ sq�ψσq

q ()δ sy�ψσy
y ([. –397(
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vhsg pZ�ψZ( ax Dp0 –127(: Zmc δ sZ�ψZ( ax Dp0 –153(0 �ϕφ �9(�ψψψσ ( hr fhudm ax
Dp0 –158(0 Sgd Lhmn/shld udknbhshdr Zqd ÿ�9(µ �ψψψσ ( + fµµ�www(ÿµ�9(�ψψψ

σ ( vhsg ẅZ�9(�ψψψ(

fhudm ax Dp0 –185( )nq –192( Zmc –193([ Zmc s̈ Zmc φ̈ ax Dpr0 –194( Zmc –195(0 Vd
bZm Zkrn trd ÿ�9(s +�DϕΣ Zmc ÿ�9(φ + KϕΣ , qdbZkk sgZs vd rtooqdrr sgd rtarbqhos y nm
Ky hm Ohϕ + �Dϕ .Kϕ .Pϕ(0

Sghr bZkbtkZshnm cdlnmrsqZsdr gnv S �fl(
µµ hmgdqhsr sgd enql –278( eqnl sgd sqZidb/

snqx yµ 0 Fhudm sghr enql ne S �fl(
µµ : sgd khmdZqhydc Dhmrsdhm dptZshnm oqdrdqudr hs –hm Zm

ZooqnoqhZsd bkZrr ne fZtfdr(: itrshexhmf ntq ZmrZsy enq g�fl(µµ 0 Fhudm sgZs enql ne g
�fl(
µµ :

sgd rdbnmc/nqcdq rsqdrr/dmdqfx –392( hmgdqhsr sgd rZld enql: Zr cn sgd nsgdq rntqbdr
hm Dp0 –285(: Zmc rn: zmZkkx: cndr g�1(µµ 0
�kk ne sghr qdkhdr nm sgd oqdrtldc enql –293( enq sgd enqbd: eqnl vghbg vd cdqhudc

sgd enql –242( enq yµ 0 Ntq enqbd nm sgd qhfgs/gZmc rhcd ne Dp0 –fl84( hr mns pthsd
ne sgZs enql0 Sn cdqhud hsr enql: zqrs mnsd sgZs: Zrrtlhmf Dp0 –242(: sgd otmbstqd
zdkc gOµµ gZr Z enql ZmZknfntr sn Dp0 –277(: Zmc sgdqdenqd g

Q
µµ cndr Zr vdkk0 He vd

vqhsd sghr Zr gQµµ�O
α .www.ϕφ �φ .ϕϕϕ .ε(: Zookx Z bnuZqhZms cdqhuZshud trhmf –283(: Zmc

duZktZsd sgd qdrtks nm sgd sqZidbsnqx yµ�s(: sgdm sgd qhfgs/gZmc rhcd ne Dp0 –fl84( sZjdr
sgd enql

e µ�Oα .wwwn. ÿα .ϕϕϕ .ε(. –398(

vgdqd vd gZud trdc ϕφ �φn + ��ϕφ �9(�ϕϕϕ(� εφ �ϕ .fl(�ϕϕϕ( sn dkhlhmZsd cdodmcdmbd
nm ϕφ 0 Sghr cheedqr eqnl Dp0 –293( hm svn vZxr. hs cdodmcr dwokhbhskx nm �ϕϕϕ . ohϕ(:
Zmc hs cdodmcr nm sgd ZcchshnmZk oZqZldsdqr L�0
Vhsg qdrodbs sn sgd zqrs cheedqdmbd: vd bZm trd Dpr0 –24fl( Zmc –241( sn vqhsd sgd

enqbd hm sgd enql

e µ + ε e µ
�fl(�ψψψ . oh.L�() ε1 e µ

�1(�ψψψ . oh.L�()N�ε2(� –3fl9(

Sgd rxrsdl ne dptZshnmr –295( Zmc –296( sgtr adbnldr

cψα

cλ
+S

�9(
α �ψψψ . o i() εS�fl(

α �ψψψ . o i.L�()N�ε1(. –3flfl(

coh

cλ
+ εfh�fl(�ψψψ . o i.L�() ε1fh�1(�ψψψ . o i.L�()N�ε2(. –3fl1(

cL�

cλ
+ εS�9(

s �ψψψ . oh(E �fl(
� �oh()N�ε1(� –3fl2(

Sgd ZmZkxrhr ne sgdrd dptZshnmr sgdm enkknvr drrdmshZkkx vhsgnts bgZmfd Zr hm
Rdbr0 50102-501040 Sn rdd vgx sgd trd ne Dpr0 –295( Zmc –296( cndr mns kdZc sn uh/
bhntr bhqbtkZqhsx: mnsd sgZs sgdhq rtakdZchmf sdqlr nmkx Zeedbs e µ

�1(: vghbg nmkx dmsdqr
hmsn sgd cxmZlhbr hm Dp0 –211(0 Sgd mnmfdncdrhb etmbshnmr ZoodZqhmf hm Dpr0 –295(
Zmc –296( Zqd sgdqdenqd cdsdqlhmdc eqnl knvdq/nqcdq dptZshnmr oqhnq sn qdpthqhmf
e µ
�1(0
EhmZkkx: gnv cndr L� hmfitdmbd sgd nqahsZk cxmZlhbr! Hs dmsdqr hmsn sgd cqhuhmf

enqbdr fh�m( ZmcS
�fl(
α 0 Gnvdudq: hs cndr mns dmsdq hmsn }f�fl(h ⟩0 Sghr enkknvr eqnl sgd eZbs



8fl

sgZs e µ
�fl(bnm cdodmcr nmL� ats e

µ
�fl(chrr cndr mns: Zr dwokZhmdc hm Rdb0 60fl03 adknv0L�

sgdqdenqd bnmsqhatsdr sn sgd Zbshnm/Zmfkd cxmZlhbr Zs flO� nqcdq uhZ Dp0 –211(: Zr
vdkk Zr sn sgd bnnqchmZsd sqZidbsnqx bnqqdbshnm yµ

�ϕ .fl( Zs flO� nqcdq sgqntfg ψ
�ϕ .fl(
α Zmc

oh�ϕ .fl(0 Sghr hr sgd nmkx lZsdqhZk bgZmfd sn ntq sqdZsldms ne sgd nqahsZk cxmZlhbr hm
Rdbr0 50102-501040
Snfdsgdq: sgd ZmZkxrdr ne sghr rdbshnm drsZakhrg sgd bnmrhrsdmbx ne ntq ltkshrbZkd

sqdZsldmsr ne sgd zdkc dptZshnmr Zmc nqahsZk lnshnm0 Hm sgd enkknvhmf rdbshnmr: vd
cdrbqhad lnqd bnmbqdsdkx gnv sn tshkhyd sgdrd sqdZsldmsr0

60z02 RmZorgns rnktshnmr Zmc dunkuhmf vZudenqlr

RmZorgns rnktshnmr: bnmrhrshmf ne sgd lncd Zlokhstcdr gmfjjj
µµ �Oα .www(: bZm ad bnl/

otsdc trhmf Zmx ne sgd eqdptdmbx/cnlZhm ldsgncr qduhdvdc hm Rdb0 30 �r Zm dw/
Zlokd: hm sghr rdbshnm vd rjdsbg gnv sghr hr cnmd Zs zqrs nqcdq trhmf sgd ldsgnc ne
ldsqhb qdbnmrsqtbshnm hm sgd qZchZshnm fZtfd: rsZqshmf eqnl sgd Sdtjnkrjx dptZshnm0
Sghr rtllZqhydr vnqj eqnl Qde0 )fl12[: vghbg oqnuhcdc sgd zqrs bZkbtkZshnm ne sgd
etkk zqrs/nqcdq rdke/enqbd enq fdmdqhb antmc nqahsr hm Jdqq roZbdshld0 Ntq rtllZqx
Zkrn ZoodZkr sn ldsgncr Zmc qdrtksr eqnl Qder0 )fl25: 48: fl53: fl15: 32[0
Vd zqrs cdzmd kdZchmf/nqcdq Vdxk rbZkZqr ψ9 Zmc ψ3 qdkZsdc sn sgd g

�fl(
µµ ne

Dp0 –277( ax Dpr0 –43(-–44a( vhsg sgd qdokZbdldmsr ∂s → �hωfjjj Zmc ∂φ → hf0
Enq bnmbqdsdmdrr: vd trd ψ90 Hm ZmZknfx vhsg Dpr0 –7fl( Zmc –71(: hs bZm ad vqhssdm
Zr

ψ9 +
�

∑
ℓ+1

ℓ

∑
f+�ℓ

∑
jjj
1ψℓfjjj�o

h
ϕ .q(1Rℓf�θ .φ ,Zωfjjj(d

�hϕfjjj � –3fl3(

Mnsd sgZs sgd qZchZk bndezbhdmsr cdodmc nm ohϕ ats mns nm L�, sghr hr adbZtrd sgd
khmdZqhydcψ9 Zmcψ3 Zqd hmrdmrhshud sn khmdZq odqstqaZshnmr ne sgd bdmsqZk akZbj gnkd+r
lZrr nq rohm )199[0
Sgd bndezbhdmsr 1ψℓfjjj�ohϕ .q( rZshrex sgd qZchZk Sdtjnkrjx dptZshnm –73( vhsg

ω → ωfjjj Zmc rψℓfω → rψℓfjjj0 Sgd rntqbd hm sgZs dptZshnm hr bnmrsqtbsdc eqnl
sgd rsqdrr/dmdqfx –391( nq hsr lncdr –396( trhmf sgd ZmZknf ne Dp0 –8flZ(:

1Sℓfjjj +�21π1Σ
 ylZw

�ylZw
�R̆ fjjj

9 S (�q.y(1Rℓf�θ .9,Zωfjjj(cy. –3fl4(

vgdqd sgd hmsdfqZk qZmfdr nudq sgd rtoonqs ne S �flfjjj(
µµ : θ hr qdkZsdc sn y ax y+ bnrθ :

Zmc vd gZud rtooqdrrdc sgd cdodmcdmbd nm ohϕ 0 Sgd rntqbd R̆
fjjj
9 S hm sgd hmsd/

fqZmc hr fhudm ax Dp0 –48( vhsg Skk → S �flfjjj(
kk –Zmc sgd rZld enq nsgdq sdsqZc bnlon/

mdmsr(: ∂s →�hωfjjj: Zmc ∂φ → hf0 VgZs lZx ZoodZq sn ad Zm dwsqZ eZbsnq ne 1π hm
Dp0 –3fl4( Zbbntmsr enq sgd eZbsnq ne fl<�1π( hmsqnctbdc hm sgd hmsdfqZshnm nudq φ hm
Dp0 –394(0
Sgd qdsZqcdc rnktshnm sn sgd Sdtjnkrjx dptZshnm: Zr fhudm hm sgd uZqhZshnm/ne/

oZqZldsdqr enql –83(: hr
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1ψℓfjjj�q( + 1Bhmℓfjjj�q(1Q
hm
ℓfjjj�q() 1B

to
ℓfjjj�q(1Q

to
ℓfjjj�q(. –3fl5(

vgdqd vd gZud cdzmdc sgd gnlnfdmdntr rnktshnmr 1Q
hm?to
ℓfjjj�q( .+ 1Q

hm?to
ℓfωfjjj

�q(0 Sgd
vdhfgshmf bndezbhdmsr Zqd fhudm ax Dp0 –84(: vghbg vd qdrsZsd gdqd Zr

1Bhmℓfjjj�q( .+
 qZ

q

1Q
to
ℓfjjj�q

′(

V �q′(� 1Sℓfjjj�q
′(cq′. –3fl6Z(

1B
to
ℓfjjj�q( .+

 q

qo

1Qhmℓfjjj�q
′(

V �q′(� 1Sℓfjjj�q
′(cq′� –3fl6a(

Hm sgd uZbttl qdfhnmr q/ qZ Zmc q, qo: ntsrhcd sgd rtoonqs ne 1Sℓfjjj: sgd vdhfgshmf
bndezbhdmsr adbnld bnmrsZmsr:

1B́hmℓfjjj +

 qZ

qo

1Q
to
ℓfjjj�q

′(

V �q′(� 1Sℓfjjj�q
′(cq′. –3fl7Z(

1B́
to
ℓfjjj +

 qZ

qo

1Qhmℓfωfjjj
�q′(

V �q′(� 1Sℓfjjj�q
′(cq′. –3fl7a(

Zmc hm sgnrd qdfhnmr sgd rnktshnm adbnldr

1ψℓfjjj�q( +


1B́hmℓfjjj 1Q

hm
ℓfjjj�q( enq q , qo

1B́
to
ℓfjjj 1Q

to
ℓfjjj�q( enq q / qZ�

–3fl8(

Vd bZm duZktZsd sgd q Zmc y hmsdfqZkr hm 1B
hm?to
ℓfjjj Zr hmsdfqZkr nudq ψq Zmc ψy ax

trhmf ZooqnoqhZsd bgZmfdr ne uZqhZakdr enq dZbg uZktd ne σZ hm Dp0 –396(0 Enq σq + )

Zmc Z fdmdqhb etmbshnm e �q(: sgd qZchZk hmsdfqZkr Zqd
 q
qo e cq

′ +
 ψ)

q �q(
9 e cq

cψq cψq Zmc qZ
q e cq′ +

 π
ψ)
q �q( e

cq
cψq cψq, enq σq + �: sgdx Zqd

 q
qo e cq

′ + �
 1π
ψ�q �q( e

cq
cψq cψq Zmc qZ

q e cq′ + �
 ψ�q �q(
π e cq

cψq cψq0 Sgd sqZmrenqlZshnmr enq σy + ± Zqd ZmZknfntr0 Vd

bZm Zkrn vqhsd sgd q Zmc y cdqhuZshudr hm R̆ fjjj
9 S Zr ∂

∂wZ + ∂ψZ
∂wZ

∂
∂ψZ –vhsg mn rtl nudq

Z(0 Enq lnqd dwokhbhs enqltkZr enq sgd hmsdfqZmcr: rdd Rdb0 2A ne Qde0 )48[0 Rdd Zkrn:
d0f0: Qder0 )57: 83[ enq chrbtrrhnm ne oqZbshbZk ldsgncr ne mtldqhbZkkx duZktZshmf
rtbg hmsdfqZkr0
Sgd lncdr ne ψ9 –nq ψ3( Zqd ax sgdlrdkudr rtezbhdms sn bZkbtkZsd lZmx ptZmsh/

shdr: rtbg Zr fqZuhsZshnmZk/vZud fitwdr0 Ats enq nsgdq otqonrdr: rtbg Zr sgd bZkbtkZ/
shnm ne sgd rdke/enqbd Zmc sgd mddcdc hmots enq sgd rdbnmc/nqcdq zdkc dptZshnmr: nmd
ltrs bnlotsd sgd dmshqd ldsqhb odqstqaZshnm0 RsZqshmf eqnl sgd lncdr ne ψ9 nq ψ3:
sghr bZm ad cnmd trhmf sgd ldsgnc ne ldsqhb qdbnmrsqtbshnm qduhdvdc hm Rdb0 30fl030
Hm sgd oqdrdmbd ne Z rntqbd: ldsqhb qdbnmrsqtbshnm sxohbZkkx xhdkcr Z ldsqhb odqstqaZ/
shnm sgZs gZr Z fZtfd rhmftkZqhsx dwsdmchmf hm Z ”rgZcnv‘ eqnl sgd lZssdq rntqbd sn
sgd akZbj gnkd gnqhynm nq eqnl sgd lZssdq sn hmzmhsx )fl25: 71[0 Hm sgd bZrd ne Z onhms
oZqshbkd: sghr rgZcnv adbnldr Z rsqhmf rhmftkZqhsx0 Gnvdudq: vd bZm lnqd trdetkkx
qdbnmrsqtbs sgd ldsqhb odqstqaZshnm hm Z ”mn/rsqhmf‘ qZchZshnm fZtfd )fl53[: hm vghbg
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hs gZr mn rsqhmf ats cndr gZud Z itlo chrbnmshmthsx Zmc qZchZk δ etmbshnm nm Z rogdqd
ne uZqxhmf qZchtr q + q�9(�s(0
Sn bnmrsqtbs sgd mn/rsqhmf rnktshnm hm oqZbshbd: vd zqrs zmc Z Gdqsy onsdmshZk

ψ HQF rZshrexhmf Dp0 –57Z( –Zs zwdc ohϕ ( hm sgd chrinhms uZbttl qdfhnmr q , qo Zmc
q / qZ: rtaidbs sn qdftkZqhsx Zs hmzmhsx Zmc sgd gnqhynm0 Sgd ZooqnoqhZsd rnktshnm hm
dZbg qdfhnm hr fhudm ax Dp0 –fl4( ne Qde0 )fl25[0 Hm sgd khaqZshnm qdfhnm qo , q , qZ:
sgd qZchZk rntqbd 1Sℓfjjj hr mnmydqn: Zr sgd Entqhdq cdbnlonrhshnm rldZqr sgd onhms
oZqshbkd rntqbd nudq sgd dmshqd snqnhcZk qdfhnm {qo , q , qZ. |y| , ylZw{0 Sgd rnkt/
shnm –fl4( ne Qde0 )fl25[ sgdqdenqd bZmmns ad trdc hm sgd khaqZshnm qdfhnm0 Gnvdudq: hs
bZm ad ZmZkxshbZkkx dwsdmcdc hmsn sgZs qdfhnm: trhmf Dp0 –3fl8( hm okZbd ne Dp0 –3fl5(0
AdbZtrd sgd shld/cnlZhm rnktshnm hr ZmZkxshb dudqxvgdqd dwbdos nm sgd rogdqd Zs
q�9(�s(: sgd rtl nudqfjjj ne sgd ZmZkxshbZkkx bnmshmtdc etmbshnmr eqnl q , qo xhdkcr
sgd bnqqdbs qdrtks enq Zkk q ≤ q�9(�s(: Zmc sgd rtl nudq fjjj ne sgd ZmZkxshbZkkx bnm/
shmtdc etmbshnmr eqnl q / qZ xhdkcr sgd bnqqdbs qdrtks enq Zkk q ≥ q�9(�s( )fl14: fl12[,
sghr hr sgd ldsgnc ne dwsdmcdc gnlnfdmdntr rnktshnmr )fl5: 81[022 �r Zkktcdc sn
hm Rdb0 30fl06: sghr ldsgnc vZr nqhfhmZkkx cduhrdc sn ZkkduhZsd Zmnsgdq oqnakdl sgZs
Zqhrdr hm eqdptdmbx/cnlZhm bZkbtkZshnmr enq dbbdmsqhb nqahsr. sgd rtl nudq jjj lncdr
ne sgd hmgnlnfdmdntr rnktshnm bnmudqfdr rknvkx vhsghm sgd khaqZshnm qdfhnm0 Hm sgd
bnmsdws ne ldsqhb qdbnmrsqtbshnm: sgd ldsgnc Zkknvr nmd sn Zunhc sgd bnlokdwhshdr
ne mnmuZbttl qdbnmrsqtbshnm0
Eqnl sgd dwsdmcdc lncdr ne sgd Gdqsy onsdmshZk: vd bZm qdbnmrsqtbs lncdr ne Zm

hmbnlokdsd ldsqhb odqstqaZshnm: g�flfjjj(qdb
µµ : trhmf Dp0 –56( –Zr dudq: vhsg ∂s →�hωfjjj

Zmc ∂φ → hf(0 Sn bnlokdsd sghr odqstqaZshnm: hm sgd qdfhnm q / q�9(�s( vd Zcc lZrr

Zmc rohm odqstqaZshnmr: Dϕ
∂fµµ
∂L Zmc Kϕ

∂fµµ
∂I : vgdqd sgdL cdqhuZshud hr sZjdm Zs zwdc

I +LZ: Zmc sgd I cdqhuZshud Zs zwdcL, sgdrd Zbbntms enq sgd lZrr Zmc rohm sgZs sgd
oZqshbkd bnmsqhatsdr sn sgd roZbdshld )fl15: 32[0 Hm fdmdqZk vd ltrs Zkrn Zcc lZrr
Zmc rohm odqstqaZshnmr δL ∂fµµ

∂L Zmc δI ∂fµµ∂I sgqntfgnts sgd roZbdshld –Zs zwdc ohϕ (,
sgdrd Zbbntms enq sgd rknvkx dunkuhmf bnqqdbshnmr sn sgd bdmsqZk akZbj gnkd+r lZrr
Zmc rohm023 EhmZkkx: hm sgd qdfhnm q , q�9(�s(: vd ltrs Zcc fZtfd odqstqaZshnmr sgZs

dmrtqd sgd bnnqchmZsdr s Zmc φ : Zmc sgdqdenqd sgd eqdptdmbhdr Ω �9(
α : gZud sgd rZld

ldZmhmf hm sgd svn qdfhnmr q , q�9(�s( Zmc q / q�9(�s( )fl7fl[ –rdd Zkrn )19[(0

Vhsg sgd bnlokdsdc lncdr g�flfjjj(
µµ �Oα .www( hm gZmc: nmd bZm bZkbtkZsd Zmx ptZm/

shsx ne hmsdqdrs nm sgd nqahsZk shldrbZkd vhsg zwdcOα 0 Hm oZqshbtkZq: nmd bZm bZkbt/
kZsd sgd zqrs/nqcdq rdke/enqbd Zmc hsr cxmZlhbZk deedbsr trhmf sgd lncd/rtl qdftkZq/
hyZshnm enqltkZ cdqhudc hm Qde0 )fl53[, sgd enqltkZ hm sgd mn/rsqhmf fZtfd hr fhudm ax
Dp0 –fl14( hm sgZs qdedqdmbd0

22 Rdd Zkrn Qde0 )82[ enq Z fdmdqZkhyZshnm ne sghr ldsgnc sn oqnakdlr vhsg rntqbdr sgZs Zqd mnvgdqd
uZmhrghmf0
23 Sgdrd bnqqdbshnmr oqnonqshnmZk sn L� gZud mns addm Zccdc ghrsnqhbZkkx adbZtrd enq Zmx rodbhzb
rmZorgns vhsg oZqZldsdqr Oα : bZkk sgdl Oα

9 : sgdx bZm ad Zarnqadc vhsg Z qdcdzmhshnm L →
L)εδL9 Zmc I→ I)εδI9: rdsshmfL9

� + 90 Gnvdudq: hm sgd bnmsdws ne Zm dunktshnm: vghbg lnudr
sgqntfg sgd roZbd neOα uZktdr: sgdx ltrs ZkvZxr ad hmbktcdc Zs flO� nqcdq0 Dudm Zs Z rhmfkd uZktd
ne Oα vgdqd L9

� + 9: sgdhq shld cdqhuZshudr ltrs ad hmbktcdc hm Dp0 –285(0 Rdd Qde0 )fl17[ enq Z
chrbtrrhnm0
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Sn cZsd: Qde0 )fl12[ hr sgd nmkx vnqj sn bZqqx nts sgd dmshqd bZkbtkZshnm vd gZud
itrs cdrbqhadc enq fdmdqhb antmc nqahsr hm Jdqq roZbdshld0 Gnvdudq: enq nqahsr hm
RbgvZqyrbghkc roZbdshld Zmc enq dptZsnqhZk nqahsr hm Jdqq: rmZorgns eqdptdmbx/
cnlZhm bZkbtkZshnmr ne sgd bnlokdsd g�fl(µµ Zmc e µ

�fl( Zqd mnv qntshmd: vgdsgdq hm sgd
Knqdmy fZtfd: Qdffd/Vgddkdq/Ydqhkkh fZtfd: nq mn/rsqhmf qZchZshnm fZtfd )fl1: 38:
fl2: fl: fl71: 46: 1: fl27: 197: fl14: fl82[0 MtldqhbZk hlokdldmsZshnmr Zs rdbnmc nq/
cdq: vghbg Zqd mdbdrrZqx enq onrs/ZchZaZshb ZbbtqZbx: Zqd rshkk hm Zm dZqkx rsZfd ats
gZud bnlotsdc rnld ogxrhbZk ptZmshshdr enq ptZrhbhqbtkZq nqahsr hm RbgvZqyrbghkc
roZbdshld )fl54[0
Vd bZm trd sgd ntsots ne sgdrd rmZorgns bZkbtkZshnmr sn nasZhm sgd sqtd: dunkuhmf

fqZuhsZshnmZk vZudenqlr0 Nmbd sgd rmZorgns lncd Zlokhstcdr Zqd bZkbtkZsdc: eqnl
sgdl vd bZm bZkbtkZsd sgd hmotsr enq sgd dunktshnm dptZshnmr –222(: –223(: Zmc –289(0
Hm ZmZknfx vhsg Dpr0 –85(: –fl27(: Zmc –fl41(: sgd vZudenqlr Zqd sgdm fhudm ax Zmx ne

g)� hg· + 1 ∑
ℓfjjj

�1B́
to
flℓfjjj=o

h
ϕ�t̆.ε([

ω1fjjj
�1Rℓf�θ .φ ,Zωfjjj(d

�hϕfjjj�t̆.ε( )N�ε1(.

–319Z(

+ ∑
ℓfjjj

C
1


B́YL:toflℓfjjj =o

h
ϕ�t̆.ε([� hB́BOL:toflℓfjjj =ohϕ�t̆.ε([



·�1Xℓf�θ .φ(d�hϕfjjj�t̆.ε( )N�ε1(. –319a(

+ ∑
ℓfjjj

B́flℓfjjj
ll =ohϕ�t̆.ε([1Xℓf�θ .φ(d�hϕfjjj�t̆.ε( )N�ε1(. –319b(

vgdqd C+


�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(: Zmc ωfjjj +ωfjjj=ohϕ�t̆.ε([0 Gdqd vd gZud vqhs/
sdm sgd vZudenql hm sdqlr ne t̆ .+ ε�s� q∗(, vd qdstqm sn sghr onhms adknv0 Vd Zkrn
mnsd sgZs vd gZud fhudm sgd vZudenql hm sdqlr ne lncdr ne ψ3 qZsgdq sgZm sgd kdrr
mZstqZk –enq sghr otqonrd( ψ90 Hm ZmZknfx vhsg Dp0 –3fl7(: vd gZud cdzmdc sgd Zl/
okhstcdr B́YL:toflℓfjjj Zmc B́

BOL:to
flℓfjjj Zr sgd qdkduZms vdhfgshmf bndezbhdmsr enq q / qo: Zmc

vd gZud cdzmdc sgd Knqdmy/fZtfd Zlokhstcdr B́flℓfjjj
ll .+ khlq→��qdhωfjjjq

∗
gflℓfjjj
ll (0

Vd gZud Zkrn hmsdmshnmZkkx hmrdqsdc Z kZadk ”fl‘ nmsn sgd lncd Zlokhstcdr Zmc nlhs/
sdc N�ε1( Zlokhstcdr0 Sghr hr adbZtrd dudm he vd cdsdqlhmd sgd ogZrd ϕfjjj�t̆.ε(
sgqntfg flO� nqcdq: sgd rdbnmc/nqcdq Zlokhstcdr cn mns hmbqdZrd sgd vZudenql+r nq/
cdq ne ZbbtqZbx, Zm nqcdq/ε1 Zlokhstcd hm sgd vZudenql hr hmchrshmfthrgZakd eqnl Z
1O� –nqcdq/ε( bnqqdbshnm sn sgd ogZrd0
Sgd vZudenql –319( hr hm sgd shld cnlZhm: ats hs hr Zklnrs sqhuhZkkx qdkZsdc sn

sgd eqdptdmbx/cnlZhm vZudenql0 Cdzmhmf g�ω( .+ fl
1π

 �
���g) � hg·(dhωtct Zmc

Zookxhmf sgd rsZshnmZqx/ogZrd ZooqnwhlZshnm: vd nasZhm: d0f0:
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g�ω( +
fl
1π ∑

ℓfjjj


1πε

|cωfjjj<cs̆|
B́flℓfjjj
ll =s̆fjjj�ω([1Xℓf

· dwo

h=ω s̆fjjj�ω(�ϕfjjj�ω([) rfm�cωfjjj<cs̆(

hπ
3


)n�

|
ε(� –31fl(

Gdqd s̆fjjj�ω( hr sgd rnktshnm sn ω + ωfjjj�s̆(: Zmc sgd ogZrd Zr Z etmbshnm ne ω hr
ϕfjjj�ω( + ϕfjjj=s̆fjjj�ω([0
Adenqd oqnbddchmf: vd qdstqm sn sgd cdodmcdmbd nm t̆ qZsgdq sgZm s̆0 Hm Dp0 –319(:

Zkk etmbshnmr ne t̆ Zqd sgd etmbshnmr nasZhmdc ax rnkuhmf –222(: –223(: Zmc –289(:
rhlokx duZktZsdc Zr Z etmbshnm ne t̆0 Enq dwZlokd: eqnl Dp0 –286(:

ϕα�t̆.ε( +
fl
ε

 t̆

9
Ω �9(

α =o iϕ�s̆ ′.ε([cs̆ ′ )ϕ9α � –311(

Sghr cdodmcdmbd nm t hr mns Z sqhuhZk bnmrdptdmbd ne sgd ltkshrbZkd dwoZmrhnm –277(0
Sn itrshex hs: nmd ltrs Zcnos Z gxodqanknhcZk bgnhbd ne shld sgZs Zrxlosnsdr sn t Zs
H ) nq odqenql Z lZsbgdc/dwoZmrhnmr bZkbtkZshnm: lZsbghmf sgd rnktshnm –277( sn
Zm ntsfnhmf/vZud rnktshnm mdZq H )0 Qde0 )fl17[ chrbtrrdr sgdrd onhmsr Zknmf vhsg
rdudqZk ZcchshnmZk ZcuZmsZfdr ne trhmf Z gxodqanknhcZk rkhbhmf0 Sn rdd vgx sgd qd/
okZbdldms s→ t hr hmsthshudkx rdmrhakd: mnsd sgZs vhsg hs: Dp0 –319( bnqqdbskx qdctbdr
sn Z rmZorgns vZudenql nm sgd nqahsZk shldrbZkd he vd zw ohϕ Zmc qdokZbd ϕfjjj�t̆.ε(
vhsg hsr fdncdrhb ZooqnwhlZshnm Ω �9(

fjjjt –vhsg zwdc Ω
�9(
fjjj(, vhsgnts sgd qdokZbdldms:

sgd ltkshrbZkd vZudenql vntkc mns bnqqdbskx qdctbd hm sghr vZx0
Hm sgd mdws svn rtardbshnmr: vd ntskhmd sgd rsdor qdpthqdc sn fdmdqZsd ltkshrbZkd

vZudenqlr Zs ZchZaZshb –9O�( Zmc flO� nqcdq: vgdsgdq hm sgd shld nq eqdptdmbx cn/
lZhm0

60z03 �chZaZshb ZooqnwhlZshnm

�s sghr rsZfd vd bnmrhcdq sgd dunktshnm dptZshnmr hm sgd enql –258(-–261(0 Sgdqd
hr mn cheedqdmbd adsvddm sgZs enql Zmc Dpr0 –222(-–223( Zs ZchZaZshb nqcdq: ats vd
Zcnos sgd mnsZshnm ne Dpr0 –258(-–261( gdqd enq bnmrhrsdmbx vhsg ntq chrbtrrhnm ne
sgd flO� ZooqnwhlZshnm hm sgd mdws rtardbshnm0
Enq bnmudmhdmbd: vd sqZmrbqhad sgd ZchZaZshb dunktshnm dptZshnmr –258( Zmc –269(.

cϕ̆�9(
α
cs̆

+ Ω �9(
α � ŏ iϕ�9((. –312(

c ŏhϕ�9(

cs̆
+ Γ h

�fl(� ŏ
i
ϕ�9((� –313(

�m ZchZaZshb vZudenql/fdmdqZshnm rbgdld bnmrhrsr ne sgd enkknvhmf rsdor.

fl0 Rnkud sgd zdkc dptZshnm –284( nq sgd ZrrnbhZsdc Sdtjnkrjx dptZshnm nq Qdffd/
Vgddkdq/Ydqhkkh dptZshnmr: nm Z fqhc ne ohϕ uZktdr0 �s dZbg fqhc onhms hm oZqZldsdq
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roZbd: bnlotsd Zmc rsnqd svn sghmfr. sgd cqhuhmf enqbdr Γ h
�fl(�o

h
ϕ( hm Dp0 –269( Zmc

sgd Zrxlosnshb lncd Zlokhstcdr Zs H ) )d0f0: ±1B́
to
flℓfjjj�o

h
ϕ( hm sgd Sdtjnkrjx

bZrd[0
10 Trhmf sgd rsnqdc uZktdr ne Γ h

�fl(: dunkud sgqntfg sgd oZqZldsdq roZbd ax rnkuhmf
sgd bntokdc dptZshnmr –312( Zmc –313( sn nasZhm sgd ZchZaZshb oZqZldsdqr ŏhϕ�9(

Zmc ogZrdr ϕ̆�9(
q : ϕ̆�9(

y : ϕ̆�9(
φ Zr etmbshnmr ne s̆ + εs0

20 Bnmrsqtbs sgd ZchZaZshb vZudenql trhmf: d0f0:

g)� hg· + 1 ∑
ℓfjjj

�1B́
to
flℓfjjj= ŏ

h
ϕ�9(�t̆([

ω1fjjj
�1Rℓf�θ .φ ,Zωfjjj(d

�hϕ�9(
fjjj�t̆(<ε . –314(

vgdqd ωfjjj + ωfjjj= ŏhϕ�9(�t̆([0

RsZqshmf eqnl rdlhmZk vnqj hm Qder0 )64: fl29[: svn fqntor ne Ztsgnqr gZud cdudk/
nodc oqZbshbZk hlokdldmsZshnmr ne sghr rbgdld )85: fl66: fl67: 88: 59: 65: 86: fl91[0
Nmd ne sgd bnmudmhdms Zrodbsr ne sgd ZchZaZshb ZooqnwhlZshnm hr sgZs hs bZm ad hl/

okdldmsdc dmshqdkx hm sdqlr ne sgd Sdtjnkrjx dptZshnm vhsg Z onhms/oZqshbkd rntqbd:
vhsg mn qdpthqdldms sn bZkbtkZsd Z qdbnmrsqtbsdc Zmc bnlokdsdc ldsqhb nq sn dwsqZbs
sgd qdftkZq zdkcr gQ�m(

µµ 0 Sgd qdZrnm hr sgZs: Zr dwokZhmdc Zqntmc Dpr0 –264( Zmc –265(:
nmkx sgd zqrs/nqcdq chrrhoZshud enqbd e µ

�fl(chrr hr mddcdc sn bZkbtkZsd sgd cqhuhmf enqbd
Γ h
�fl(0 Sghr enqbd hr dmshqdkx ctd sn sgd gZke/qdsZqcdc lhmtr gZke/ZcuZmbdc ohdbd ne

g�fl(µµ )fl29[:

g�fl(qZcµµ +
fl
1
g�fl(qdsµµ � fl

1
g�fl(Zcuµµ � –315(

AdbZtrd g�fl(qZcµµ hr Z uZbttl rnktshnm sn sgd khmdZqhydc Dhmrsdhm dptZshnm: hs bZm ad
qdbnmrsqtbsdc eqnl sgd gZke/qdsZqcdc lhmtr gZke/ZcuZmbdc ohdbd ne ψ9 nq ψ3: trhmf
sgd qZchZshnm/fZtfd qdbnmrsqtbshnm ldsgnc qduhdvdc hm Rdb0 30fl03 –Zr sqZmrkZsdc sn
sgd ltkshrbZkd dwoZmrhnm hm sgd oqduhntr rdbshnm(0 �fZhm adbZtrd hs hr Z uZbttl rnkt/
shnm: hs hr rlnnsg Zs sgd oZqshbkd: Zmc hs hr dptZk sgdqd sn sgd qdkduZms oZqs ne gQ�fl(

µµ sgZs

bqdZsdr e µ
�fl(chrr0 Etqsgdqlnqd: g

�fl(qZc
µµ bZm bnmsZhm mn rsZshnmZqx odqstqaZshnmr: hlokx/

hmf hs bZmmns bnmsZhm Zmx bnmsqhatshnm eqnl sgd lZrr Zmc rohm odqstqaZshnmr L�: rn
hs mddcr mn bnlokdshnm0 Gdmbd: nmd bZm dunkud sgd nqahs Zmc fdmdqZsd sgd vZudenql
dmshqdkx eqnl lncd Zlokhstcdr ne ψ9 nq ψ30
Bnmbqdsd enqltkZr enq ZchZaZshb cqhuhmf enqbdr hm sdqlr ne Sdtjnkrjx Zlokhstcdr

vdqd zqrs cdqhudc hm Qde0 )64[: vghbg rgnvdc sgZs sgd ZudqZfd qZsdr ne bgZmfd ne D
Zmc Ky ctd sn e α�fl(chrr rZshrex Z aZkZmbd kZv.

cD̆�9(
ϕ

cs
+�EFD �EHD . –316(

cK̆�9(
ϕ

cs
+�EFKy �E

H
Ky . –317(
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vgdqd Ŏhϕ�9( + �D̆�9(
ϕ . K̆�9(

ϕ . P̆�9(
ϕ ( Zqd qdkZsdc sn ŏhϕ�9( ax sgd fdncdrhb qdkZshnmrghor –111(-

–113( adsvddm Oh Zmc oh0 Sgd fitwdr Zqd sgnrd ctd sn sgd qdsZqcdc zdkc: vghbg vd
bZm sqZmrkZsd eqnl Dpr0 –86(-–fl99( Zr

EFD + ∑
ℓfjjj

1παℓfωfjjj

ω1fjjj
|�1B́hmflℓfjjj|

1 .+ ∑
ℓfjjj
EF ℓfjjj
D . –318(

EHD + ∑
ℓfjjj

1π
ω1fjjj

|�1B́toflℓfjjj|
1 .+ ∑

ℓfjjj
EH ℓfjjj
D . –329(

Zmc rhlhkZqkx enqEFKy ZmcE
H
Ky 0

DptZshnm –316( rsZsdr sgZs sgd bgZmfd hm sgd oZqshbkd+r nqahsZk dmdqfx hr dptZk
Zs kdZchmf nqcdq sn sgd rtl snsZk ne dmdqfx bZqqhdc nts ne sgd rxrsdl –hmsn sgd akZbj
gnkd Zmc nts sn hmzmhsx(0 DptZshnm –317( rsZsdr sgd ZmZknf Zants sgd oZqshbkd+r ZmftkZq
lnldmstl0
Rnld shld kZsdq: Qde0 )fl67[ cdqhudc Z rhlhkZq enqltkZ enq sgd ZudqZfd qZsd ne

bgZmfd ne sgd BZqsdq bnmrsZms ctd sn e α�fl(chrr.

cP̆�9(
ϕ

cs
+�


cP
cs

F
�

cP
cs

H
. –32fl(

–321(

vgdqd24 
cP
cs

>

+ 1 ∑
ℓfjjj

Kfjjj) jyϒ̆
�9(
y

ωfjjj
E >ℓfjjj
D –322(

vhsg
Kfjjj +f}bns1 θ�9(⟩λK

�9(
ϕ �Z1ωfjjj}bnr1 θ�9(⟩λD

�9(
ϕ � –323(

Vghkd sghr dunktshnm dptZshnm enq P rtodqzbhZkkx qdrdlakdr sgnrd enq D Zmc Ky: hs
hr ne etmcZldmsZkkx cheedqdms bgZqZbsdq0 Sgd ptZmshshdr E >

D Zmc E
>
Ky Zqd sqtd ogxrh/

bZk fitwdr Zbqnrr sgd gnqhynm Zmc nts sn hmzmhsx, sgdx Zqd cdzmdc dmshqdkx hm sdqlr

ne sgd ldsqhb nm sgd rtqeZbdr F ) Zmc H )0 Sgd ptZmshshdr

cP
cs

>
: nm sgd nsgdq

gZmc: chqdbskx hmunkud nqahsZk oZqZldsdqr, sgdx Zqd mns knbZkkx ldZrtqZakd fitwdr0
Sgtr: Zksgntfg Dp0 –32fl( hr rnldshldr qdedqqdc sn Zr Z fitw/aZkZmbd kZv: sgdqd hr
mn jmnvm rdmrd hm vghbg hs bZm ad ldZmhmfetkkx cdrbqhadc Zr rtbg0 Gnvdudq: sgd
dunktshnm dptZshnmr enq D : Ky: Zmc P Zkk rgZqd sgd rZld oqZbshbZk ZcuZmsZfd. sgdx bZm
ad duZktZsdc chqdbskx eqnl sgd qdsZqcdc rnktshnm sn sgd Sdtjnkrjx dptZshnm vhsg Z
onhms/oZqshbkd rntqbd: vhsg mn mddc sn qdbnmrsqtbs sgd bnlokdsd ldsqhb odqstqaZshnm
nq sn dwsqZbs sgd qdftkZq zdkc0

24 Mnsd sgZs Qde0 )fl67[ trdrB sn cdmnsd ntq P Zmc P sn cdmnsd ntq J0 Vd fhud gdqd sgd dwoqdrrhnm

enq

cP
cs

>
Zr oqdrdmsdc hm Qde0 )54[0 Hm Zkk bZrdr hm sgd khsdqZstqd: dwoqdrrhnmr rtbg Zr sgdrd Zqd

vqhssdm hm sdqlr ne ZudqZfdr }·⟩: vghbg vd bZm nlhs adbZtrd vd vnqj vhsg ZkqdZcx ZudqZfdc nqahsZk
uZqhZakdr0
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Bnlahmhmf Dpr0 –316(: –317(: Zmc –32fl(: vd bZm bnlotsd sgd ZchZaZshb cqhuhmf
enqbdr

Γ h
�fl(� ŏ

h
ϕ�9(( +

∂ ŏhϕ�9(

∂ Ŏ i
ϕ�9(

cŎ i
ϕ�9(

cs
–324(

eqnl sgd Sdtjnkrjx Zlokhstcdr �1B́
hm?to
flℓfjjj fhudm ax Dp0 –3fl7(0 Vd bZm sgdm enkknv

sgd oqdrbqhoshnm ntskhmdc Zs sgd adfhmmhmf ne sgd rdbshnm0 �ksdqmZshudkx: vd bZm dw/
oqdrr sgd fdncdrhb eqdptdmbhdr hm sdqlr ne Ŏhϕ�9( + �D̆�9(

ϕ . K̆�9(
ϕ . P̆�9(

ϕ ( Zmc vnqj chqdbskx
vhsg sgnrd uZqhZakdr: sqdZshmf ŏhϕ�9( Zr Z etmbshnm ne Ŏ

h
ϕ�9( ax hmudqshmf sgd qdkZshnm/

rghor –111(-–113(0
Sgd ZchZaZshb ZooqnwhlZshnm gZr addm trdc sn dunkud dptZsnqhZk nqahsr hm Jdqq

roZbdshld )56[ Zmc sn fdmdqZsd vZudenqlr hm RbgvZqyrbghkc roZbdshld )28[0 Wds:
cdrohsd sgd ZooqnwhlZshnm+r dezbhdms enqltkZshnm: sn cZsd mn ZchZaZshb vZudenqlr
gZud addm fdmdqZsdc enq nqahsr hm Jdqq roZbdshld: mnq gZud nqahsZk dunktshnmr addm
odqenqldc enq fdmdqhb –dbbdmsqhb Zmc hmbkhmdc( nqahsr0 Sgdqd Zqd svn lZhm narsZbkdr0
Nmd hr fdmdqZshmf rtezbhdmskx cdmrd cZsZ nm sgd ohϕ roZbd sn odqenql ZbbtqZsd hmsdq/
onkZshnm nq zsshmf0 Sgd rdbnmc hr sgd udqx kZqfd –∼ fl93( mtladq ne lncd Zlokhstcdr
sgZs Zqd qdpthqdc sn Zbghdud Zm ZbbtqZsd vZudenql0 Ansg narsZbkdr Zqd dwodbsdc sn ad
rnnm nudqbnld )56: 28[: ats Zr ne sghr vqhshmf: sgd fnkc rsZmcZqc enq fdmdqhb nqahsr
qdlZhmr rmZorgns vZudenqlr )59[ sgZs trd fdncdrhb ogZrdr0

60z04 Ehqrs onrs,ZchZaZshb ZooqnwhlZshnm

Sgd flO� dunktshnm dptZshnmr –258(-–261(: Zr dwsdmcdc enkknvhmf sgd chrbtrrhnm
Zqntmc Dpr0 –3flfl(-–3fl2(: Zqd

cϕ̆�9(
α
cs̆

+ Ω �9(
α � ŏ iϕ�9((. –325(

c ŏhϕ�9(

cs̆
+ Γ h

�fl(� ŏ
i
ϕ�9((. –326(

cϕ̆�fl(
α
cs̆

+ ŏ iϕ�fl(∂ iΩ
�9(
α � ŏ iϕ�9((. –327(

c ŏhϕ�fl(

cs̆
+ Γ h

�1(� ŏ
i
ϕ�9(.L̆

�fl(
� () ŏ iϕ�fl(∂ iΓ

h
�fl(� ŏ

i
ϕ�9((. –328(

cL̆�fl(
�
cs̆

+E
�fl(
� � ŏ iϕ�9((� –339(

Gdqd vd gZud Zrrtldc L� + L̆�fl(
� �s̆()N�ε(0 AdbZtrd –h( L� nmkx bnmsqhatsdr rsZ/

shnmZqx lncdr sn g�flfjjj(
µµ : –hh( Zmx rntqbd sdql enq g�1fjjj(

µµ sgZs hr ptZcqZshb hm sgdrd

lncdr vhkk Zkrn ad rsZshnmZqx: Zmc –hhh( Z rsZshnmZqx lncd ne g�1fjjj(
µµ vhkk mns bnm/

sqhatsd sn Γ h
�1(: hs enkknvr sgZs Γ

h
�1( hr khmdZq hm L�: hlokxhmf vd bZm vqhsd hs hm sgd
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enql
Γ h
�1(� ŏ

i
ϕ�9(.L̆

�fl(
� ( + Γ h

�1(� ŏ
i
ϕ�9(.9() L̆�fl(

� γ h�� ŏ
i
ϕ�9((. –33fl(

vgdqd � hr rtlldc nudq0 γ h�� ŏ
i
ϕ�9(( gdqd hr cdzmdc Zr sgd bndezbhdms ne L̆

�fl(
� hm

Γ h
�1(� ŏ

i
ϕ�9(.L̆

�fl(
� (0

� flO� vZudenql/fdmdqZshnm rbgdld sgdm bnmrhrsr ne sgd enkknvhmf rsdor.

fl0 Rnkud sgd zdkc dptZshnmr –284( Zmc –285( nm Z fqhc ne ohϕ uZktdr0 �s dZbg
fqhc onhms: bnlotsd Zmc rsnqd sgd enkknvhmf. –h( sgd cqhuhmf enqbdr Γ h

�fl(�o
h
ϕ(:

Γ h
�1(�o

h
ϕ .9(: Zmc γ h��o

h
ϕ(: –hh( sgd Zrxlosnshb zqrs/nqcdq lncd Zlokhstcdr Zs H

)

)d0f0: �1B́
to
flℓfjjj�o

h
ϕ([0

10 Trhmf sgd rsnqdc uZktdr ne sgd cqhuhmf enqbdr: dunkud sgqntfg sgd oZqZldsdq roZbd
ax rnkuhmf sgd bntokdc dptZshnmr –325(-–339( sn nasZhm ŏhϕ�9( Zmc sgd ogZrdr ϕ̆

�9(
α

Zmc ϕ̆�fl(
α Zr etmbshnmr ne s̆ + εs0

20 Bnmrsqtbs sgd flO� vZudenql

g)� hg· + 1 ∑
ℓfjjj

�1B́
to
flℓfjjj= ŏ

h
ϕ�9(�t̆([

ω1fjjj
�1Rℓf�θ .φ ,Zωfjjj(d

�h

ϕ�9(
fjjj�t̆()εϕ�fl(

fjjj�t̆(

<ε

.

–331(
vgdqd ωfjjj + ωfjjj= ŏhϕ�9(�t̆([0

Vd lZjd svn onsdmshZkkx bkZqhexhmf qdlZqjr Zants sgdrd rsdor0 Ehqrs: dudm sgntfg
sgd flO� cxmZlhbr cdodmc nm sgd akZbj gnkd oZqZldsdqr L�: vd mddc mns hmbktcd
sgdrd oZqZldsdqr hm ntq rsnqZfd fqhc0 Sghr hr adbZtrd sgd flO� deedbs ne L� hr khmdZq
hm L�: Zkknvhmf tr sn nmkx rsnqd hsr bndezbhdms0 Gnvdudq: mnsd sgZs sgd aZbjfqntmc
rohm oZqZldsdq Z ltrs ad hmbktcdc hm sgd fqhc –sgd aZbjfqntmc oZqZldsdq L mddc
mns ad: Zr vd bZm ldZrtqd Zkk kdmfsgr hm tmhsr ne L(0 Ntq rdbnmc qdlZqj hr sgZs
sgntfg ohϕ ̸+ ŏhϕ�9( Zs Z fhudm uZktd ne s̆ Zmc ε : vd bZm rshkk eqddkx rnkud –284( Zmc
–285(: vnqjhmf vhsg ohϕ : hm nqcdq sn cdsdqlhmd sgd cqhuhmf enqbdr Zr etmbshnmr, hs hr
oqdbhrdkx sgnrd etmbshnmr: rhlokx vhsg ohϕ → ŏhϕ�9(: sgZs ZoodZq hm Dpr0 –325(-–339(0
� rbgdld ne sghr rnqs vZr zqrs rjdsbgdc hm Qde0 )fl54[ Zmc cdsZhkdc hm Qde0 )fl17[

enq sgd rodbhZk bZrd ne ptZrhbhqbtkZq nqahsr hmsn Z RbgvZqyrbghkc akZbj gnkd0 Ehf0 2 ne
Qde0 )fl17[ fhudr Z lnqd sgnqntfg aqdZjcnvm: sgntfg sgd rsqtbstqd ne sgd ltkshrbZkd
dwoZmrhnm cheedqr rkhfgskx eqnl ntq enqltkZshnm gdqd0 Sgd fdmdqZk bZrd enq fdmdqhb
antmc nqahsr hm Jdqq ZoodZqr gdqd enq sgd zqrs shld0
�s hsr bnqd: sgd rbgdld qdpthqdr sgqdd jdx hmfqdchdmsr enq dZbg rds ne nqahsZk oZ/

qZldsdq uZktdr. sgd etkk zqrs/nqcdq rdke/enqbd: sgd Zrxlosnshb lncd Zlokhstcdr ne sgd
zqrs/nqcdq vZudenql: Zmc sgd rdbnmc/nqcdq chrrhoZshud rdke/enqbd0 �r vd rtllZ/
qhydc hm Rdb0 60fl01: sgd zqrs svn hmfqdchdmsr gZud addm bZkbtkZsdc enq fdmdqhb antmc
nqahsr hm Jdqq roZbdshld )fl12[ Zmc Zqd qntshmdkx bZkbtkZsdc enq kdrr fdmdqhb bnmzf/
tqZshnmr0 Sgd lZhm narsZbkd sn hmbktchmf sgdrd hmfqdchdmsr hm Zm dunktshnm rbgdld
hr sgd bnlotsZshnmZk bnrs Zmc qtmshld ne rtezbhdmskx bnudqhmf sgd oZqZldsdq roZbd0
Sgd sghqc hmfqdchdms gZr mns xds addm bZkbtkZsdc hm dudm sgd rhlokdrs bnmzftqZshnmr:



fl99

sgntfg sgdqd hr nmfnhmf cdudknoldms ne Z oqZbshbZk hlokdldmsZshnm )fl48: fl18: fl17[:
vghbg kdc sn sgd qdbdms bZkbtkZshnm ne Z rdbnmc/nqcdq bnmrdquZshud deedbs )fl54[0

671 Lncd cdbnlonrhshnmr ne sgd rhmftkWq zdkc

Hm ntq cdrbqhoshnm rn eZq: vd gZud kZqfdkx fknrrdc nudq vgZs hr sgd ohunsZk rsdo hm Zk/
lnrs Zkk rdke/enqbd bZkbtkZshnmr adxnmc sgd ZchZaZshb ZooqnwhlZshnm. sgd bZkbtkZshnm
ne gQ�m(

µµ Zmc hsr cdqhuZshudr: vghbg Zqd qdpthqdc enq sgd bnmrdquZshud zqrs/nqcdq rdke/
enqbd: sgd rdbnmc/nqcdq rdke/enqbd: Zr hmotsr enq sgd rdbnmc/nqcdq rntqbdr –vgdsgdq
sgd Cdsvdhkdq rsqdrr/dmdqfx: sgd deedbshud rntqbd: nq sgd rdbnmc/nqcdq Dhmrsdm sdm/
rnq )fl18[(: Zmc Zr sgd drrdmshZk hmfqdchdms hm lnrs cxmZlhbZk ptZmshshdr ne hmsdqdrs0
Hm nqcdq sn bnlotsd gQ�m(

µµ –dhsgdq trhmf Z otmbstqd: nq sgd onhms/oZqshbkd ldsgnc
vhsg qdftkZqhyZshnm( hm Z lncd/cdbnlonrdc bZkbtkZshnm: Z bqtbhZk bnlonmdms hr Z
lncd/cdbnlonrdc enql enq sgd otmbstqd zdkc0 Sghr bZm ad nasZhmdc ax dwoZmc/
hmf sgd otmbstqd zdkc hmsn sgd rZld aZrhr Zr hr trdc hm sgd bZkbtkZshnm ne sgd qdsZqcdc
zdkc Zmc bZm sxohbZkkx ad cnmd ZmZkxshbZkkx: nq Zs kdZrs rdlh/ZmZkxshbZkkx0 Sgd rodbhzb
cdsZhkr cdodmc nm sgd bnmsdws –d0f0 bgnhbd ne fZtfd: vgdsgdq sgd lncd cdbnlonrh/
shnm mddcr sn ad dwZbs nq he hs bZm ad Zm ZooqnwhlZshnm: vgdsgdq sgd gZqlnmhbr Zqd
rogdqnhcZk nq rogdqhbZk Zmc rbZkZq: udbsnq: sdmrnq nq rohm/vdhfgsdc(0 Gnvdudq: sgd
drrdmshZk hmfqdchdmsr hm sgd ldsgnc Zqd bnllnm sn Zkk bZrdr.

fl0 Hmsqnctbd Z qnsZsdc ZmftkZq bnnqchmZsd rxrsdl �θ ′.φ ′( rtbg sgZs sgd vnqkckhmd
hr hmrsZmsZmdntrkx Zs sgd onkd: θ ′ + 90 Sghr lZjdr sgd lncd cdbnlonrhshnm hmsd/
fqZkr ZmZkxshbZkkx sqZbsZakd Zmc hm rnld hmrsZmbdr qdctbdr sgd mtladq ne rogdqhbZk
gZqlnmhbflncdr sgZs mddc sn ad bnmrhcdqdc0

10 DwoZmc sgd qdkduZms ptZmshsx hm Z bnnqchmZsd rdqhdr Zants sgd vnqkckhmd0 Hm cnhmf
rn: hs hr hlonqsZms sn dmrtqd sgZs sgd rdqhdr ZooqnwhlZshnm hr vdkk adgZudc ZvZx
eqnl sgd vnqkckhmd: hm oZqshbtkZq Zs θ ′ + π<10 Sghr bZm ad Zbghdudc ax ltkshokxhmf
ax Zm ZooqnoqhZsd vhmcnv etmbshnm hm sgd θ ′ chqdbshnm )197[0
Sgd qdrtkshmf dwoZmrhnm bZm ZkvZxr25 ad ZkfdaqZhbZkkx lZmhotkZsdc hmsn sgd enql
ne Z onvdq rdqhdr –hmbktchmf knf sdqlr hm rnld bZrdr( hm

ρ .+ jflχfl<1

δ 1)fl� bnrθ ′fl<1� –332(

Gdqd: δ 1 + j1�q1
χ : �q .+ q� q9 Zmc χ .+ fl� j12 rhm

1 φ ′: Zmc jfl: j1 Zmc jfl cdodmc
nm sgd nqahsZk oZqZldsdqr Zmc bZm ad sqdZsdc Zr bnmrsZmsr hm sgd lncd cdbnlon/
rhshnm0 Sgd bndezbhdmsr hm sgd onvdq rdqhdr bnmsZhm onvdqr ne �q Zmc χ Zmc Zkrn
cdodmc nm sgd nqahsZk oZqZldsdqr0 �oZqs eqnl sgZs: sgd cdodmcdmbd nm φ ′ hr nmkx
uhZ nmd ne entq onrrhahkhshdr. Z0 hmcdodmcdms ne φ ′, a0 bnrφ ′ rhmφ ′, b0 bnrφ ′, c0
rhmφ ′0 Sgd qdrtkshmf cdodmcdmbd nm φ ′ vhkk sgdm bnlahmd hm sgd mdws rsdo vhsg

25 Hm rnld hmrsZmbdr –d0f0 dbbdmsqhb nqahsr( nasZhmhmf Zm dwoqdrrhnm enq ρ hm sghr enql qdpthqdr
sgd cdzmhshnm ne sgd qnsZsdc bnnqchmZsdr sn hmbktcd Z cdodmcdmbd mns itrs nm sgd tmqnsZsdc ZmftkZq
bnnqchmZsdr: �θ .φ(: ats Zkrn nm sgd nsgdq bnnqchmZsdr –d0f0 �q enq sgd dbbdmsqhb bZrd(0



fl9fl

sgd d�hf
′φ ′
eZbsnq eqnl sgd gZqlnmhb sn oqnctbd Z cdodmcdmbd nm φ ′ nmkx uhZ

onvdqr ne χ 0
Vgdm cdbnlonrhmf sdmrnqr: bdqsZhm sdmrnq bnlonmdmsr lZx Zkrn hmbktcd Zm nudq/
Zkk eZbsnq ne rhmθ ′: ats nmkx dudq hm rtbg Z vZx sgZs hs bZmbdkr Z rhmftkZqhsx hm sgd
gZqlnmhb Zs θ ′ + 9 rn sgZs sgd zmZk hmsdfqZmc hr mnm/rhmftkZq ZvZx eqnl �q + 90

20 HmsdfqZsd ZfZhmrs –sgd bnmitfZsd ne( sgd qdkduZms gZqlnmhb sn nasZhm Z lncd cd/
bnlonrhshnm hm �ℓ.f′( lncdr vhsg qdrodbs sn sgd qnsZsdc bnnqchmZsd rxrsdl0 Hm
sgd bZrd ne rohm/vdhfgsdc nq udbsnq Zmc sdmrnq gZqlnmhbr: vd ltrs Zkrn ad bZqdetk
sn Zbbntms enq sgd qnsZshnm: P: ne sgd eqZld: dhsgdq ax hmbktchmf sgd ZooqnoqhZsd
eZbsnq ne dhrγ

′�θ ′.φ ′.P( hm sgd rohm/vdhfgsdc bZrd )16[: nq ax hmbktchmf sgd Zooqn/
oqhZsd sdmrnq sqZmrenqlZshnm hm sgd bZrd ne udbsnq Zmc sdmrnq gZqlnmhbr )197[0
Hm odqenqlhmf sgd hmsdfqZkr: vd bZm dwoknhs sgd eZbs sgZs nmkx bdqsZhm hmsdfqZkr nudq
φ ′ Zqd mnm/uZmhrghmf0 Hm oZqshbtkZq enq sgd entq onrrhahkhshdr khrsdc hm sgd oqduhntr
rsdo.

Z0 nmkx bnmsqhatsdr enqf′ dudm Zmc nmkx enq sgd qdZk oZqs ne dhf
′φ ′
,

a0 nmkx bnmsqhatsdr enqf′ dudm Zmc nmkx enq sgd hlZfhmZqx oZqs ne dhf
′φ ′
,

b0 nmkx bnmsqhatsdr enqf′ ncc Zmc nmkx enq sgd qdZk oZqs ne dhf
′φ ′
,

c0 nmkx bnmsqhatsdr enqf′ ncc Zmc nmkx enq sgd hlZfhmZqx oZqs ne dhf
′φ ′
0

Sgd hmsdfqZkr nudq θ ′ bZm Zkk ad cnmd ZmZkxshbZkkx Zmc qdrtks hm dwoqdrrhnmr ne sgd
enql

δ m)1�δ 1)1(�m)1(<1
ℓ� m)3

1

∑
h+9

Zhδ 1h) knf
δ 1)1

δ 1
 ℓ) m)1

1

∑
h+9

ahδ 1h m dudm –333(

�δ 1)1(�m)1(<1
ℓ

∑
h+9

bhδ 1h) |δ |δ m)fl
ℓ

∑
h+f′

chδ 1h m ncc –334(

vgdqd m hr sgd onvdq ne ρ Zmc vgdqd sgd bndezbhdmsr Zh: ah: bh Zmc ch Zqd ℓ/
cdodmcdms qZshnmZk mtladqr0 Sgd rodbhzb khlhsr nm sgd rtlr fhudm gdqd hr enq
sgd f′ + 9 rbZkZq gZqlnmhb bZrd0 RsqtbstqZkkx rhlhkZq dwoqdrrhnmr Zkrn ZoodZq
enq knfρ sdqlr: enq f′ ̸+ 9 Zmc enq rohm/vdhfgsdc gZqlnmhbr: ats vhsg sgd rtlr
qtmmhmf nudq cheedqdms qZmfdr ne h0
Sgd hmsdfqZkr nudq φ ′ bZm Zkrn ad cnmd ZmZkxshbZkkx Zmc qdrtks hm onvdq rdqhdr –enq
hmsdfdq onvdqr ne χ(: dkkhoshb hmsdfqZkr –enq gZke/hmsdfdq onvdqr(: nq sgd cdqhuZshud
ne Z gxodqfdnldsqhb etmbshnm vhsg qdrodbs sn hsr Zqftldms –enq knf sdqlr(0 Hm Zkk
sgqdd bZrdr: sgdx Zqd etmbshnmr ne j2 Zmc onsdmshZkkx Zkrn �q0

30 SqZmrenql aZbj sn sgd �ℓ.f( lncdr vhsg qdrodbs sn sgd tmqnsZsdc �θ .φ( bnnqch/
mZsd rxrsdl trhmf sgd Vhfmdq/C lZsqhw:Cℓ

ff′�P(0 Vhsg Z lnuhmf vnqkckhmd sgd
qnsZshnm hr shld cdodmcdms: ats sghr bnlokhbZshnm hr mns qdkduZms hm lZmx bZrdr:
sgd mnsZakd dwbdoshnm adhmf hm sgd deedbshud rntqbd ldsgnc vgdqd hs hr mdbdrrZqx
sn sZjd shld cdqhuZshudr vgdm bnlotshmf sgd rntqbd eqnl sgd otmbstqd )fl18: 77[0

Hm lZmx oqZbshbZk ZookhbZshnmr: Zm dwZbs lncd cdbnlonrhshnm hr mns mdbdrrZqx
Zmc Zm ZooqnwhlZshnm hr rtezbhdms0 Enq dwZlokd: hm sgd lncd/rtl qdftkZqhyZshnm
rbgdld nmd hr nmkx hmsdqdrsdc hm sgd lncdr ne sgd otmbstqd –nq hsr qZchZk cdqhuZshud
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hm sgd bZrd ne sgd rdke/enqbd( duZktZsdc hm sgd khlhs �q→ 90 RhlhkZqkx: hm sgd deedbshud
rntqbd rbgdld Z rdqhdr dwoZmrhnm sn rnld onvdq hm �q rtezbdr0 Sgdm: sgd dwZbs
dwoqdrrhnm enq sgd lncd/cdbnlonrdc otmbstqd zdkc gZr Z rdqhdr dwoZmrhnm hm �q ne
sgd enql

∑
f′.h ij

bfl.h�qh) b1. i�q i|�q|) b2.j� j
q knf�q –335(

vgdqd sgd bndezbhdmsr bfl.h: b1. i Zmc b2.j cdodmc nm sgd nqahsZk oZqZldsdqr0 Hm sgnrd
bZrdr: sgd lncd cdbnlonrhshnm oqnbdctqd rhlokhzdr rhfmhzbZmskx Zmc nmd mddc nmkx
bnlotsd to sn rnld lZwhltl uZktd enq h: i Zmc j0 RhlhkZqkx: Zmnsgdq rhlokhzbZ/
shnm Zqhrdr eqnl sgd eZbs sgZs nmd lZx nmkx ad hmsdqdrsdc hm sgd cdbnlonrhshnm ne
sgd otmbstqd ZbbtqZsd sn rnld nqcdq hm chrsZmbd eqnl sgd vnqkckhmd hm sgd ZmftkZq
chqdbshnmr0 Sghr hr hr qdfidbsdc hm sgd mtladq nef′ lncdr sgZs ltrs ad hmbktcdc. enq
Z otmbstqd ZbbtqZsd sn m cdqhuZshudr nmd ltrs hmbktcd to sn |f′| + |r| ± m enq sgd
rohm/vdhfgsdc bZrd –sgd udbsnq Zmc sdmrnq bZrdr rhlhkZqkx enkknv eqnl sgdhq qdkZshnm
sn sgd rohm/vdhfgdc gZqlnmhbr. |r| + fl enq sgd udbsnq bZrd Zmc |r| + 1 enq sgd sdmrnq
bZrd(0
Nmd oZqshbtkZqkx hlonqsZms rodbhZk bZrd hr sgZs ne lncd/rtl qdftkZqhyZshnm: vgdqd

nmd hr nmkx hmsdqdrsdc hm sgd qdrtks enq Z fhudm ptZmshsx rtlldc nudq f Zmc vhsg
�q + 90 Sghr kdZcr sn rn/bZkkdc lncd/rtl qdftkZqhyZshnm enqltkZr0 Enq dwZlokd: hm
sgd bZrd ne sgd zqrs/nqcdq fqZuhsZshnmZk rdke/enqbd sghr hr fhudm ax

Eα +∑
ℓ

�Eα
qds��±�1ℓ)fl(�A()C –336(

vgdqd �±: A Zmc C Zqd ”qdftkZqhyZshnm oZqZldsdqr‘ sgZs cdodmc nm sgd nqahsZk oZ/
qZldsdqr0 Gdqd: sgd uZktd ne �± cdodmcr nm vgdsgdq sgd khlhs �q→ 9 hr sZjdm eqnl
Zanud nq adknv, sghr hr adbZtrd hr bnldr eqnl sgd cdqhuZshud ne sgd |�q| ohdbd ne sgd
otmbstqd0 Sgd oZqZldsdqr A cndr mns gZud sghr oqnodqsx Zr hs bnldr eqnl sgd ohdbd
ne sgd otmbstqd sgZs cndr mns |�q| –hm oZqshbtkZq: enq sgd rdke/enqbd hs bnldr eqnl
sgd cdqhuZshud ne sgd �qfl ohdbd ne sgd otmbstqd(0 Sgd oZqZldsdq C Zbbntmsr enq sgd
onrrhahkhsx sgZs sgd rtasqZbshnm cndr mns dwZbskx bZostqd sgd adgZuhntq ne sgd bnmsqh/
atshnm eqnl sgd rhmftkZq zdkc –Zmc nmkx sgd rhmftkZq zdkc( Zmc bZm nesdm ad rds sn 9
ax ZooqnoqhZsdkx cdzmhmf sgd rtasqZbshnm )197: fl53[0

6010z CwZlokd. kdZchmf nqcdq otmbstqd enq bhqbtkZq nqahsr hm RbgvZqyrbghkc
roZbdshld

�r Z rhlokd qdoqdrdmsZshud dwZlokd: bnmrhcdq sgd oqnakdl ne cdbnlonrhmf sgd
kdZchmf/nqcdq ohdbd ne sgd Knqdmy/fZtfd otmbstqd )h0d0 sgd zqrs sdql hm Dp0 –fl79([
hmsn sgd rohm/vdhfgsdc rogdqhbZk gZqlnmhb aZrhr hmsqnctbdc hm Rdb0 3010 Enq bnm/
bqdsdmdrr: vd bnmrhcdq Z bhqbtkZq fdncdrhb nqahs ne qZchtr qn vhsg entq/udknbhsx
tα + ts =fl.9.9.Ω [: vgdqd Ω +


L
q2n
Zmc ts +


qn

qn�2L 0

�r Z zqrs rsdo: vd dwoZmc sgd bnuZqhZms dwoqdrrhnm hm Z bnnqchmZsd rdqhdr0 Jddo/
hmf nmkx sgd kdZchmf sdql hm sgd bnnqchmZsd dwoZmrhnm: vd gZud fα

′
µ + δα

µ )L��w(
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Zmc r + ρ ) L��w1( vgdqd ρ1 .+ A1�δ 1 ) fl� bnrθ ′(: δ 1 .+ qn�q1
A1�qn�1L(

: χ .+

fl� L
qn�1L rhm

1 φ ′: A1 .+ 1q1n�qn�1L(χ
�qn�2L( Zmc �q + q� qn0 Gdqd: vd gZud lZcd sgd rsZm/

cZqc bgnhbd ne hcdmshexhmf Z onhms nm sgd vnqkckhmd vhsg sgd onhms vgdqd sgd otmbstqd
hr duZktZsdc ax rdsshmf � s + s� sn + 90
Sgdm: vnqjhmf vhsg sgd BZqsdq sdsqZc: sgd sdsqZc bnlonmdmsr ne sgd otmbstqd Zqd

gkk + gmm +
1
ρ
qn�1L
qn�2L

.

gkm +
L

qn�1L
gll̃ +

fl
ρ

1L
qn�2L

.

gkl + gml +�gkl̃ +�gml̃ +�
bnr1

� θ ′
1



ρ
1h�qn�1L(qnΩ|

en�qn�2L(
.

gll + gl̃l̃ +�
bnr3

� θ ′
1



ρ
1L

qn�2L
� –337(

Mnsd sgZs vd gZud hmbktcdc eZbsnqr ne bnr1
� θ ′
1


Zmc bnr3

� θ ′
1


sn dmrtqd sgZs sgd

otmbstqd hr rtezbhdmskx qdftkZq Zs θ ′ + π vghkd mns Zksdqhmf hsr kdZchmf/nqcdq ad/
gZuhntq mdZq sgd vnqkckhmd Zs θ ′ + 90
Vd mnv hmsdfqZsd sgdrd ZfZhmrs sgd ZooqnoqhZsd rohm/vdhfgsdc rogdqhbZk gZqlnmhb

sn nasZhm lncd cdbnlonrdc udqrhnmr0 Hm cnhmf rn: vd ltrs sZjd Zbbntms ne sgd eZbs
sgZs ntq hmsdfqZshnm hr vhsg qdrodbs sn Z qnsZsdc bnnqchmZsd rxrsdl ax hmbktchmf Z
eZbsnq ne dhrγ

′�θ ′.φ ′.P( ≈ hrdhrφ
′
)L�θ ′1(0

Rhmbd vd Zqd nmkx hmsdqdrsdc hm sgd kdZchmf/nqcdq adgZuhntq mdZq sgd vnqkckhmd vd
vhkk nmkx bnmrhcdq sgd lncdr f′ ) r + 9 rdqhdr dwoZmcdc sgqntfg L��qfl(0 Sgdm:
vd dmbntmsdq sgd enkknvhmf hmsdfqZkr nudq θ ′

 π

9

fl
ρ 9
X̃ℓ9�θ ′.9(rhmθ ′cθ ′ ≈ fl

A
fl

1π�1ℓ)fl(


1�

|
1�1ℓ)fl(|δ |


. –338Z(

 π

9

bnr1
� θ ′
1



ρ flX̃ℓ.�fl�θ ′.9(rhmθ ′cθ ′ +
 π

9

bnr1
� θ ′
1



ρ �flX̃ℓfl�θ ′.9(rhmθ ′cθ ′

≈� fl
A

fl
1π�1ℓ)fl(


7Λfl�

|
1�1ℓ)fl(|δ |


. –338a(

 π

9

bnr1
� θ ′
1



ρ flX̃ℓfl�θ ′.9(rhmθ ′cθ ′ +
 π

9

bnr1
� θ ′
1



ρ �flX̃ℓ.�fl�θ ′.9(rhmθ ′cθ ′

≈� fl
A

fl
1π�1ℓ)fl(


7Λfl�

fl1
�1ℓ�fl(�1ℓ)2(


. –338b(
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 π

9

bnr3
� θ ′
1



ρ 1X̃ℓ.�1�θ ′.9(rhmθ ′cθ ′ +
 π

9

bnr3
� θ ′
1



ρ �1X̃ℓ1�θ ′.9(rhmθ ′cθ ′

≈ fl
A

fl
1π�1ℓ)fl(


21Λ1�

|
1�1ℓ)fl(|δ |


. –338c(

 π

9

bnr3
� θ ′
1



ρ 1X̃ℓ1�θ ′.9(rhmθ ′cθ ′ +
 π

9

bnr3
� θ ′
1



ρ �1X̃ℓ.�1�θ ′.9(rhmθ ′cθ ′

≈ fl
A

fl
1π�1ℓ)fl(


21Λ1�

79
�1ℓ�fl(�1ℓ)2(


. –338d(

vgdqd Λfl .+ ℓ�ℓ)fl(
�1ℓ�fl(�1ℓ)2( Zmc Λ1 .+

�ℓ�fl(ℓ�ℓ)fl(�ℓ)1(
�1ℓ�2(�1ℓ�fl(�1ℓ)2(�1ℓ)4( 0 Mdws: odqenqlhmf sgd

hmsdfqZkr nudq φ ′ sgd hmsdfqZmcr Zkk hmunkud hmsdfdq –enq sgd |δ | sdqlr( Zmc gZke/hmsdfdq
–enq sgd δ 9 sdqlr( onvdqr ne χ : oqnctbhmf dkkhoshb hmsdfqZkr nq onkxmnlhZk etmbshnmr
ne L

qn�1L : qdrodbshudkx0 Otsshmf dudqxsghmf snfdsgdq: sqZmrenqlhmf sn sgd eqdptdmbx
cnlZhm –vghbg hm sghr bZrd Zlntmsr sn rhlokx chuhchmf ax 1π( Zmc sqZmrenqlhmf
aZbj sn sgd tmqnsZsdc eqZld trhmf sgd Vhfmdq/C lZsqhw: vd sgdm nasZhm dwoqdrrhnmr
enq sgd lncd/cdbnlonrdc otmbstqdr:

gℓfω
kk +

Cℓ
f.9�P(


�1ℓ)fl(π


3I
πqn


qn�1L
qn�2L

� �1ℓ)fl(

q2<1n
|
qn�2L

|�q|

. –349Z(

gℓfω
km +

Cℓ
f.9�P(


�1ℓ)fl(π


3LI

πqn
|
qn�1L

|
qn�2L

� �1ℓ)fl(L

q2<1n
|
qn�2L�qn�1L(

|�q|

.

–349a(

gℓfω
kl +

Cℓ
f.�fl�P(


�1ℓ)fl(π


� fl5ΛflΩI

π


qn

qn�2L
)

�1ℓ)fl(Ω|
qn�2L

|
qn�1L

|�q|


)
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f.fl�P(
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
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πqn
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�1ℓ)fl(π


fl5Λ1� 39

�1ℓ�fl(�1ℓ)2(


·

3=�3qn�8L(�3qn�flflL(I �7�qn�1L(�1qn�4L(D [

2Lπqn
|
qn�2L

|
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vhsg sgd nsgdq bnlonmdmsr fhudm dhsgdq ax gℓfω
kk + gℓfω

mm : gℓfω
ll̃ + qn�1L
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Zqd bnlokdsd dkkhoshb hmsdfqZkr ne sgd zqrs Zmc rdbnmc jhmc: qdrodbshudkx0
Ghfgdq nqcdq bhqbtkZq/nqahs otmbstqdr hmbktchmf sgd bnmsqhatshnm Zs L�λ 9( Zqd

ZuZhkZakd hm Qde0 )197[0 Wds ghfgdq nqcdqr Zmc otmbstqdr enq lnqd fdmdqhb bZrdr Zqd
ZuZhkZakd tonm qdptdrs sn sgd Ztsgnqr0

7 Bnmbktrhnm

Vd rsZsdc hm sgd hmsqnctbshnm sn sghr qduhdv sgZs vd Zhldc sn rtllZqhyd sgd jdx
ldsgncr ne akZbj gnkd odqstqaZshnm sgdnqx Zmc rdke/enqbd sgdnqx qZsgdq sgZm rtl/
lZqhyhmf sgd rsZstr ne sgd zdkc: kdZuhmf sgZs sZrj sn dwhrshmf qduhdvr0 Gnvdudq: hs hr
vnqsg otsshmf sghr qduhdv hm sgd bnmsdws ne sgd zdkc+r btqqdms rsZsd: Zmc hs hr vnqsg
ldmshnmhmf jdx snohbr sgZs vd chc mns bnudq0
QdfZqchmf snohbr vd mdfkdbsdc: vd zqrs rsZsd sgd nauhntr. vd chc mns bnudq Zmx

ZookhbZshnmr ne akZbj gnkd odqstqaZshnm sgdnqx nsgdq sgZm rlZkk/lZrr/qZshn ahmZqhdr0
�ksgntfg sgd atkj ne sgd qduhdv hr hmsdmcdc sn oqnuhcd fdmdqZk sqdZsldmsr ne akZbj
gnkd odqstqaZshnm sgdnqx: nqahsZk cxmZlhbr hm akZbj gnkd roZbdshldr: Zmc rdke/enqbd
sgdnqx hm fdmdqhb roZbdshldr: vhsgnts rodbhZkhyhmf sn ahmZqhdr: hs hr tmcntasdckx
rkZmsdc snvZqc ntq ZookhbZshnm ne hmsdqdrs0
Enq sgZs qdZrnm: vd vhkk Zkrn enbtr dwbktrhudkx nm sgd rsZsd ne rlZkk/lZrr/qZshn

ahmZqx lncdkkhmf0 Ghmcdqdq Zmc EkZmZfZm+r svn/shldrbZkd ZmZkxrhr ne nqahsZk ln/
shnm )78[ knmf Zfn lZcd bkdZq sgZs flO� vZudenqlr Zqd Zklnrs bdqsZhmkx qdpthqdc
sn odqenql ghfg/oqdbhrhnm ldZrtqdldmsr ne sgdrd ahmZqhdr0 Rtbg ldZrtqdldmsr vhkk
qdpthqd ogZrd dqqnqr ltbg rlZkkdq sgZm fl qZchZm: vghkd sgd dqqnqr hm 9O� vZudenqlr
vhkk gZud dqqnqr ne N�ε9( )nq N�fl<

|
ε( hm sgd bZrd ne Z qdrnmZmbd[: vghbg bntkc ad fl

nq lZmx lnqd qZchZmr0 Qde0 )fl13[ gZr qdbdmskx oqnuhcdc rsqnmf mtldqhbZk duhcdmbd
sgZs Z 9O� vZudenql vhkk gZud rhfmhzbZms dqqnqr enq Zkk lZrr qZshnr0 Bnmudqrdkx:
sgd rZld qdedqdmbd rgnvr sgZs Z flO� vZudenql rgntkc ad mns nmkx ghfgkx ZbbtqZsd
enq DLQHr Zmc HLQHr: ats qdZrnmZakx ZbbtqZsd dudm enq bnloZqZakd/lZrr ahmZqhdr0
Sghr ankrsdqr Z knmf khmd ne duhcdmbd sgZs odqstqaZshud rdke/enqbd sgdnqx hr rtqoqhr/
hmfkx ZbbtqZsd vdkk ntsrhcd hsr dwodbsdc cnlZhm ne uZkhchsx, rdd Qde0 )fl6fl[ enq nsgdq
qdbdms duhcdmbd: Zr vdkk Zr sgd qduhdvr )flflfl: flfl[0
Ntq oqdrdmsZshnm gdqd oqnuhcdr sgd zqrs eqZldvnqj enq flO� vZudenql fdmdqZ/

shnm0 Sgdqd Zqd svn lZhm gtqckdr sn nudqbnld nm sgd vZx sn hlokdldmshmf sghr
eqZldvnqj0 Nmd hr sgd chezbtksx ne dezbhdmskx bnudqhmf sgd oZqZldsdq roZbd0 Nmbd
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Z qdfhnm hr vdkk bnudqdc ax rmZorgnsr: qdbdms ZcuZmbdr lZjd hs onrrhakd sn fdmdqZsd
knmf: ZbbtqZsd vZudenqlr dwsqdldkx qZohckx hm sgZs qdfhnm: vhsg fdmdqZshnm shldr
ne Z edv sdmr ne lhkkhrdbnmcr enq dbbdmsqhb nqahsr hm RbgvZqyrbghkc roZbdshld )28[0
Gnvdudq: bnudqhmf sgd oZqZldsdq roZbd ne fdmdqhb nqahsr hm Jdqq hr ghfgkx dwodmrhud
dudm enq ZchZaZshb bncdr: kds Zknmd bZkbtkZshnmr ne sgd zqrs/nqcdq rdke/enqbd0
Sgd rdbnmc lZhm gtqckd hr bZkbtkZshmf sgd mdbdrrZqx rdbnmc/nqcdq hmotsr enq sgd

flO� dunktshnm0 Sgdqd gZr addm rsdZcx oqnfqdrr hm cdudknohmf oqZbshbZk ldsgncr ne
bnlotshmf sgdrd hmotsr: ats nmkx qdbdmskx gZud qdrtksr adftm sn lZsdqhZkhyd )fl54[0 Sn
cZsd: sgdrd bZkbtkZshnmr gZud addm qdrsqhbsdc sn ptZrhbhqbtkZq nqahsr hm RbgvZqyrbghkc
roZbdshld, sgdx ltrs ad dwsdmcdc sn Jdqq Zmc sn fdmdqhb nqahsr0
Hm khdt ne ZbbtqZsd dunkuhmf vZudenqlr: sgd cdudknoldms ne cZsZ ZmZkxrhr ldsg/

ncr gZr rn eZq addm aZrdc nm ”jktcfd‘ vZudenqlr bnmrsqtbsdc trhmf Z gnrs ne Zcch/
shnmZk ZooqnwhlZshnmr –oqhlZqhkx: onrs/MdvsnmhZm ZooqnwhlZshnmr enq sgd fitwdr( )67:
6: 61: 4: fl72: 27[0 Sgdrd jktcfdr vhkk ad udqx eZq eqnl ZbbtqZsd dmntfg sn dmZakd
oqdbhrd oZqZldsdq drshlZshnm: ats sgdx Zqd rtezbhdmskx rhlhkZq sn ZbbtqZsd vZudenqlr
sn rdqud Zr sdrsadcr enq ZmZkxrhr ldsgncr0 Sgdx lZx Zkrn ad rtezbhdmskx ZbbtqZsd enq
cdsdbshnm ne kntc rhfmZkr0 Sgdqd hr Zkrn nmfnhmf vnqj sn hloqnud sgd ZbbtqZbx ne
onrs/MdvsnmhZm 9O� ZooqnwhlZshnmr sn dmZakd sgdl sn ZbbtqZsdkx zkk nts sgd vdZj/
zdkc qdfhnm ne sgd rlZkk/lZrr/qZshn oZqZldsdq roZbd )fl65[0
Ntq rtllZqx ne ltkshrbZkd dunktshnm gZr Zkrn nlhssdc rnld hlonqsZms hmfqdch/

dmsr hm Zm ZbbtqZsd lncdk0 Vd ltrs bnqqdbskx Zbbntms enq oZrrZfdr sgqntfg qdrn/
mZmbd: Zmc vd lZx mddc sn hmbktcd sgd sqZmrhshnm sn oktmfd enq lZrr qZshnr ∼ fl . 490
Vd ltrs Zkrn Zbbntms enq sgd rdbnmcZqx+r rohm: vghbg dmsdqr hmsn sgd flO� cxmZlhbr
hm sgqdd vZxr. –h( sgqntfg sgd LZsghrrnm/OZoZodsqnt rohm enqbd –fl81(: vghbg bnm/
sqhatsdr sn e µ

�fl(bnm: –hh( sgqntfg sgd rohm+r bnmsqhatshnm sn S
�1(
µµ hm Dp0 –191(: vghbg fdm/

dqZsdr Z odqstqaZshnm sgZs bnmsqhatsdr sn e µ
�1(chrr: Zmc –hhh( sgqntfg Z bntokhmf adsvddm

gQ�fl(
µµ Zmc sgd rohm: vghbg ZfZhm bnmsqhatsdr Z rdbnmc/nqcdq chrrhoZshud deedbs0 Vd qd/
edq sn Qder0 )195: 2: 1fl9: 1fl2[ enq Z rZlokd ne qdbdms vnqj nm bZkbtkZshmf sgdrd deedbsr
Zmc hmbnqonqZshmf sgdl hmsn vZudenql/fdmdqZshnm rbgdldr0 RodbhzbZkkx: Qde0 )195[
fdmdqZsdc vZudenqlr eqnl hmrohqZkr hmsn Z RbgvZqyrbghkc akZbj gnkd hmbktchmf zqrs/
nqcdq bnmrdquZshud –ats mns rdbnmc/nqcdq chrrhoZshud( rohm deedbsr, Qde0 )2[ cdqhudc
aZkZmbd kZvr hmbnqonqZshmf rohm, Qde0 )1fl9[ cdqhudc sgd rohm bnqqdbshnm sn sgd etmcZ/
ldmsZk eqdptdmbhdr, Zmc Qde0 )1fl2[ bnlotsdc sgd rohm+r bnmsqhatshnm sn fitwdr eqnl
rohmmhmf oZqshbkdr nm fdmdqhb nqahsr hm RbgvZqyrbghkc roZbdshld0
Vd Zkrn mnsd sgZs vghkd vd gZud enbtrdc nm Z ltkshrbZkd dwoZmrhnm athks nm

eqdptdmbx/cnlZhm ldsgncr: sgdqd gZr addm bnmrhcdqZakd cdudknoldms ne shld/
cnlZhm rmZorgns bZkbtkZshnmr ne g�fl(µµ Zmc e µ

�fl( trhmf zwdc fdncdrhb rntqbdr )8: fl1:

fl2: 46: 7[0 Sgd ptZmshshdr g�fl(µµ Zmc e µ
�fl( ntsots eqnl rtbg bnlotsZshnmr bZmmns ad

chqdbskx edc hmsn sgd rdbnmc/nqcdq zdkc dptZshnmr –285( nq hmsn sgd ltkshrbZkd dun/
ktshnm rbgdld0 Gnvdudq: he vd cdbnlonrd sgd ntsotsr hmsn Entqhdq lncdr: Zr hm
g�fl(µµ + ∑fjjj g

�flfjjj(
µµ dhlφ�ωfjjjs : sgdm sgd bndezbhdmsr g�flfjjj(

µµ Zqd hcdmshbZk sn sgnrd hm
Z ltkshrbZkd dwoZmrhnm: Zmc sgdrd bZm ad trdc Zr hmotsr enq sgd ltkshrbZkd rbgdld0
Lnqdnudq: Zmx zqrs/nqcdq ptZmshsx sgZs cdodmcr nmkx nmOα vhkk ad hcdmshbZk hm sgd
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shld cnlZhm vhsg Z fdncdrhb rntqbd Zr hm sgd ltkshrbZkd dwoZmrhnm, sghr hmbktcdr
Zmx ptZmshsx bnmrsqtbsdc Zr Zm ZudqZfd nudq sgd nqahs: vghbg hmbktcdr lnrs ogxr/
hbZk ptZmshshdr ne hmsdqdrs )flfl[0 AdbZtrd shld/cnlZhm ldsgncr Zqd sxohbZkkx lnqd
dezbhdms sgZm eqdptdmbx/cnlZhm nmdr enq ghfgkx dbbdmsqhb nqahsr: bdqsZhm cxmZlhbZk
ptZmshshdr dmsdqhmf hmsn sgd dunktshnm lZx ad lnqd trdetkkx bnlotsdc hm sgd shld
cnlZhm0
Shld/cnlZhm bZkbtkZshnmr Zkrn needq Zm ZksdqmZshud eqZldvnqj enq vZudenql fdm/

dqZshnm. qZsgdq sgZm trhmf Dp0 –319(: nmd bZm odqenql Z ltkshrbZkd dunktshnm neOα

sn fdmdqZsd Z rdke/ZbbdkdqZsdc sqZidbsnqx Zmc sgdm rnkud sgd Sdtjnkrjx dptZshnm hm
sgd shld cnlZhm vhsg Zm ZbbdkdqZsdc onhms/oZqshbkd rntqbd )fl75: 73[0 Sghr lZx rddl
qdctmcZms: fhudm sgZs hm sgd oqnbdrr ne fdmdqZshmf sgd ltkshrbZkd dunktshnm nmd ltrs
ZkqdZcx bnlotsd Zkk sgd hmotsr enq Dp0 –319(0 Gnvdudq: hs needqr rhfmhzbZms fidwh/
ahkhsx: hm sgZs hs bZm sZjd Zr hmots sqZidbsnqhdr fdmdqZsdc vhsg Zmx ldsgnc: rtbg Zr
hmrohqZkr vghbg gZud addm oqnctbdc sgZs hmbktcd sgd etkk zqrs/nqcdq rdke/enqbd ats
nlhs rdbnmc/nqcdq chrrhoZshud deedbsr )193: fl28: fl85[0 Sghr fhudr hs sgd ZcchshnmZk
ZcuZmsZfd ne adhmf Zakd sn dZrhkx dunkud sgqntfg cheedqdms cxmZlhbZk qdfhldr: rtbg
Zr sgd dunktshnm eqnl sgd ZchZaZshb hmrohqZk sn sgd sqZmrhshnm sn oktmfd )fl77: fl6fl[0
Adxnmc sgdrd ZksdqmZshud ldsgncr ne vZud fdmdqZshnm: vd gZud Zkrn oZrrdc nudq

vgZs gZr addm sgd lZhm ZookhbZshnm ne rdke/enqbd bZkbtkZshnmr0 �ksgntfg rtbg bZk/
btkZshnmr vdqd nqhfhmZkkx lnshuZsdc ax lncdkkhmf DLQH vZudenqlr –Zmc lnqd qd/
bdmskx: sgd oqnrodbs ne trhmf sgdl sn lncdk HLQHr(: sgdx gZud Zkrn dmZakdc sgd
bZkbtkZshnm ne mtldqntr ogxrhbZk deedbsr hm ahmZqhdr0 Sgdrd: hm stqm: gZud eZbhkhsZsdc
Z qhbg hmsdqZbshnm vhsg nsgdq ahmZqx lncdkr. onrs/MdvsnmhZm Zmc onrs/LhmjnvrjhZm
sgdnqx: deedbshud nmd ancx sgdnqx: Zmc etkkx mnmkhmdZq mtldqhbZk qdkZshuhsx )flflfl[0
Rdbshnmr 6 Zmc 7 ne Qde0 )flfl[ oqnuhcd Z rtllZqx ne sgd ogxrhbZk deedbsr sgZs gZud
addm bnlotsdc Zmc sgd rxmdqfhdr vhsg nsgdq lncdkr0 Vd ghfgkhfgs Qder0 )1fl: 3fl: 11[
enq lnqd qdbdms chrbtrrhnmr ne sgd onvdq ne rtbg rxmdqfhdr Zmc ne sgd onsdmshZk etstqd
hloZbs ne rdke/enqbd bZkbtkZshnmr0

Bqnrr,Qdedqdmbdr

¯ Hmsqnctbshnm sn fqZuhsZshnmZk vZud Zrsqnmnlx: M0 Ahrgno
¯ RoZbd£aZrdc kZrdq hmsdqedqnldsdqr: I0 FZhq: L0 Gdvhsrnm: �0 OdshsdZt
¯ Sgd fqZuhsZshnmZk bZostqd ne bnloZbs naidbsr ax lZrrhud akZbj gnkdr: O0 �lZqn
RdnZmd

¯ Onrs£MdvsnmhZm sdlokZsdr enq fqZuhsZshnmZk vZudr eqnl bnloZbs ahmZqx hmrohqZk:
R0 HrnxZlZ: Q0 RstqZmh: G0 MZjZmn

¯ Mnm£khmdZq deedbsr hm DLQH cxmZlhbr Zmc sgd hloqhmsr nm fqZuhsZshnmZk vZudr:
F0 Ktjdr/FdqZjnontknr: U0 VhsyZmx: N0 RdldqŻj
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�bjmnvkdcfdldmsr

�O hr fqZsdetk sn InqcZm Lnwnm Zmc DZmmZ EkZmZfZm enq mtldqntr gdkoetk chrbtr/
rhnmr0 AV sgZmjr �mcqdv Rohdqr Zmc RZl CnkZm enq hmcdodmcdmskx bgdbjhmf rdu/
dqZk dptZshnmr0 �O Zkrn Zbjmnvkdcfdr sgd rtoonqs ne Z QnxZk Rnbhdsx Tmhudqrhsx
QdrdZqbg Edkknvrgho0

Qdedqdmbdr

)fl[ �jbZx R –19flfl( � EZrs Eqdptdmbx/CnlZhm �kfnqhsgl enq FqZuhsZshnmZk Rdke/
Enqbd. H0 BhqbtkZq Nqahsr hm RbgvZqyrbghkc RoZbdshld0 Ogxr Qdu C72.fl13915:
CNH fl90flfl92?OgxrQduC0720fl13915: y9y104759

)1[ �jbZx R: VZqatqsnm M: AZqZbj K –19fl2( Eqdptdmbx/cnlZhm Zkfnqhsgl enq
sgd Knqdmy/fZtfd fqZuhsZshnmZk rdke/enqbd0 Ogxr Qdu C77–fl9(.fl93998: CNH
fl90flfl92?OgxrQduC0770fl93998: y29704112

)2[ �jbZx R: CnkZm RQ: JZuZmZfg B: Lnwnm I: VZqatqsnm M: VZqcdkk A –1919(
ChrrhoZshnm hm dwsqdld/lZrr qZshn ahmZqhdr vhsg Z rohmmhmf rdbnmcZqx0 Ogxr
Qdu C fl91–5(.9539fl2: CNH fl90flfl92?OgxrQduC0fl9109539fl2: y8y109835y

)3[ �jrsdhmdq R –19fl3( OgC sgdrhr: Kdhamhy T0: GZmmnudq: CNH fl90fl4377?71fl3
)4[ AZaZj R: EZmf G: FZhq IQ: FkZlodcZjhr J: Gtfgdr R� –1996( +Jktcfd+

fqZuhsZshnmZk vZudenqlr enq Z sdrs/ancx nqahshmf Z Jdqq akZbj gnkd0 Ogxr Qdu
C 64.913994: CNH fl90flfl92?OgxrQduC0640913994: )DqqZstl. Ogxr0Qdu0C 66:
93889 –1997([: fq/pb:9596996

)5[ AZqZbj K –1998( FqZuhsZshnmZk rdke enqbd hm dwsqdld lZrr/qZshn hmroh/
qZkr0 BkZrr PtZms FqZu 15.1fl299fl: CNH fl90fl977?9153/827fl?15?1fl?1fl299fl:
98970y553

)6[ AZqZbj K: Btskdq B –1993( KHR� bZostqd rntqbdr. �ooqnwhlZsd vZud/
enqlr: rhfmZk/sn/mnhrd qZshnr: Zmc oZqZldsdq drshlZshnm ZbbtqZbx0 Ogxr Qdu
C 58.971994: CNH fl90flfl92?OgxrQduC0580971994: fq/pb:92y9y14

)7[ AZqZbj K: Fhtchbd O –19fl6( Shld/cnlZhm ldsqhb qdbnmrsqtbshnm enq rdke/
enqbd ZookhbZshnmr0 Ogxr Qdu C84–fl9(.fl93922: CNH fl90flfl92?OgxrQduC0840
fl93922: y691093193

)8[ AZqZbj K: Kntrsn BN –1994( OdqstqaZshnmr ne RbgvZqyrbghkc akZbj gnkdr
hm sgd Knqdmy fZtfd. EnqltkZshnm Zmc mtldqhbZk hlokdldmsZshnm0 Ogxr Qdu
C61.fl93915: CNH fl90flfl92?OgxrQduC0610fl93915: fq/pb:94y99y8

)fl9[ AZqZbj K: Nqh � –1992( FqZuhsZshnmZk rdkeenqbd nm Z oZqshbkd nqahshmf Z Jdqq
akZbj gnkd0 Ogxr Qdu Kdss 89.flflflfl9fl: CNH fl90flfl92?OgxrQduKdss0890flflflfl9fl:
fq/pb:91y1y92

)flfl[ AZqZbj K: Ontmc � –19fl8( Rdke/enqbd Zmc qZchZshnm qdZbshnm hm fdmdqZk
qdkZshuhsx0 Qdos Oqnf Ogxr 71–fl(.9fl5893: CNH fl90fl977?fl25fl/5522?ZZd441:
y7940y9274
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)fl1[ AZqZbj K: RZfn M –1996( FqZuhsZshnmZk rdke enqbd nm Z oZqshbkd hm bhqbtkZq
nqahs Zqntmc Z RbgvZqyrbghkc akZbj gnkd0 Ogxr Qdu C64.95391fl: CNH fl90
flfl92?OgxrQduC064095391fl: fq/pb:969y958

)fl2[ AZqZbj K: RZfn M –19fl9( FqZuhsZshnmZk rdke/enqbd nm Z oZqshbkd hm dbbdmsqhb
nqahs Zqntmc Z RbgvZqyrbghkc akZbj gnkd0 Ogxr Qdu C7fl.97391fl: CNH fl90
flfl92?OgxrQduC07fl097391fl: y99101275

)fl3[ AZqZbj K: Lhmn W: MZjZmn G: Nqh �: RZrZjh L –1991( BZkbtkZshmf sgd fqZu/
hsZshnmZk rdkeenqbd hm RbgvZqyrbghkc roZbd/shld0 Ogxr Qdu Kdss 77.98flfl9fl:
CNH fl90flfl92?OgxrQduKdss077098flfl9fl: fq/pb:9yyy99y

)fl4[ AZqZbj K: Fnkantqm C�: RZfn M –1996( l/Lncd QdftkZqhyZshnm Rbgdld
enq sgd Rdke Enqbd hm Jdqq RoZbdshld0 Ogxr Qdu C 65.fl13925: CNH fl90flfl92?
OgxrQduC0650fl13925: 969803477

)fl5[ AZqZbj K: Nqh �: RZfn M –1997( Eqdptdmbx/cnlZhm bZkbtkZshnm ne sgd rdke
enqbd. Sgd Ghfg/eqdptdmbx oqnakdl Zmc hsr qdrnktshnm0 OgxrQdu C67.97391fl:
CNH fl90flfl92?OgxrQduC067097391fl: 9797012y4

)fl6[ Adqmcsrnm LU –1996( GZqlnmhb fZtfd odqstqaZshnmr ne sgd RbgvZqyrbghkc
ldsqhb0 OgC sgdrhr: 989309922

)fl7[ Adqqx BOK: Bnkd QG: BZm̆hyZqdr O: FZhq IQ –19fl5( HlonqsZmbd ne sqZmrhdms
qdrnmZmbdr hm dwsqdld/lZrr/qZshn hmrohqZkr0 Ogxr Qdu C 83–fl1(.fl13931: CNH
fl90flfl92?OgxrQduC0830fl13931: y59709784y

)fl8[ Adqsh D: BZqcnrn U: RsZqhmdsr �N –1998( PtZrhmnqlZk lncdr ne akZbj gnkdr
Zmc akZbj aqZmdr0 BkZrr PtZms FqZu 15.fl5299fl: CNH fl90fl977?9153/827fl?15?
fl5?fl5299fl: 989401864

)19[ Ahmh C: FdqZkhbn � –19fl8( FZtfd/zwhmf enq sgd bnlokdshnm oqnakdl ne qd/
bnmrsqtbsdc ldsqhb odqstqaZshnmr ne Z Jdqq roZbdshld: y897092y8y

)1fl[ Ahmh C: CZlntq S: FdqZkhbn � –19fl8( Mnudk ZooqnZbg sn ahmZqx cxmZlhbr.
ZookhbZshnm sn sgd zesg onrs/MdvsnmhZm kdudk0 Ogxr Qdu Kdss fl12–12(.12flfl93:
CNH fl90flfl92?OgxrQduKdss0fl12012flfl93: y898091264

)11[ Ahmh C: CZlntq S: FdqZkhbn � –1919( AhmZqx cxmZlhbr Zs sgd zesg Zmc zesg/
Zmc/Z/gZke onrs/MdvsnmhZm nqcdqr0 Ogxr Qdu C fl91–1(.913951: CNH fl90flfl92?
OgxrQduC0fl910913951: 19920yy78y

)12[ Ahmmhmfsnm S: Onhrrnm D –1998( QdkZshuhrshb sgdnqx ne shcZk Knud mtladqr0
Ogxr Qdu C 79.9739fl7: CNH fl90flfl92?OgxrQduC07909739fl7: 98950y255

)13[ AkZbj Gnkd OdqstqaZshnm Snnkjhs –tmcZsdc( –agosnnkjhs0nqf(
)14[ AkZmbgds K: CZlntq S –fl875( QZchZshud fqZuhsZshnmZk zdkcr hm fdmdqZk qdkZ/

shuhsx H0 fdmdqZk rsqtbstqd ne sgd zdkc ntsrhcd sgd rntqbd0 Oghk SqZmr Qnx Rnb
Knmc � 219.268-329: CNH fl90fl987?qrsZ0fl87509fl14

)15[ AnmfZ A: WZmf G: Gtfgdr R� –19fl8( ShcZk qdrnmZmbd hm dwsqdld lZrr/
qZshn hmrohqZkr0 Ogxr Qdu Kdss fl12–fl9(.fl9flfl92: CNH fl90flfl92?OgxrQduKdss0
fl120fl9flfl92: y894099929

)16[ Anxkd L –19fl5( Gnv rgntkc rohm/vdhfgsdc rogdqhbZk etmbshnmr ad cdzmdc! I
LZsg Ogxr 46–8(.981493: CNH fl90fl952?fl03851612: y593097y39

)17[ Aqhmj I: Fdxdq L: Ghmcdqdq S –19fl4( �rsqnogxrhbr ne qdrnmZms nqahsr hm sgd
Jdqq ldsqhb0 Ogxr Qdu C 8fl–7(.97299fl: CNH fl90flfl92?OgxrQduC08fl097299fl:
y49y096617
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)18[ Aqhmj I: Fdxdq L: Ghmcdqdq S –19fl4( NqahsZk qdrnmZmbdr Zqntmc AkZbj
gnkdr0 Ogxr Qdu Kdss flfl3–7(.97flfl91: CNH fl90flfl92?OgxrQduKdss0flfl3097flfl91:
y29309229

)29[ AqhytdkZ C: LZqshm/FZqbhZ IL: Shfkhn L –1998( � Bnlokdsd fZtfd/hmuZqhZms
enqlZkhrl enq ZqahsqZqx rdbnmc/nqcdq odqstqaZshnmr ne Z RbgvZqyrbghkc akZbj
gnkd0 Ogxr Qdu C 79.91391fl: CNH fl90flfl92?OgxrQduC079091391fl: 98920
yy23

)2fl[ Atqjn KL: JgZmmZ F –19fl2( Rdke/enqbd fqZuhsZshnmZk vZudenqlr enq dwsqdld
Zmc hmsdqldchZsd lZrr qZshn hmrohqZkr0 HH. HlonqsZmbd ne sgd rdbnmc/nqcdq
chrrhoZshud deedbs0 Ogxr Qdu C 77–1(.913991: CNH fl90flfl92?OgxrQduC0770
913991: y29304185

)21[ BZloZmdkkh L: Kntrsn BN –fl888( Rdbnmc nqcdq fZtfd hmuZqhZms fqZuhsZshnmZk
odqstqaZshnmr ne Z Jdqq akZbj gnkd0 Ogxr Qdu C 48.fl13911: CNH fl90flfl92?
OgxrQduC0480fl13911: fq/pb:87yy9y8

)22[ BZqsdq A –fl857( FknaZk rsqtbstqd ne sgd Jdqq eZlhkx ne fqZuhsZshnmZk zdkcr0
Ogxr Qdu fl63.fl448-fl46fl: CNH fl90flfl92?OgxrQdu0fl630fl448

)23[ BZqsdq A: GZqskd IA –fl876( FqZuhsZshnm hm �rsqnogxrhbr0 M�SN Rbh Rdq A
fl45.oo0fl-288: CNH fl90fl996?867/fl/35fl2/fl786/1

)24[ BgZmcqZrdjgZq R –fl872( Sgd lZsgdlZshbZk sgdnqx ne akZbj gnkdr0 Nwenqc
Tmhu0 Oqdrr: Nwenqc

)25[ BgZmcqZrdjgZq R: Cdsvdhkdq RK –fl864( Sgd ptZrh/mnqlZk lncdr ne sgd
RbgvZqyrbghkc akZbj gnkd0 Oqnb Qnx Rnb Knmc � 233.33fl-341: CNH fl90fl987?
qroZ0fl86409flfl1

)26[ BgqyZmnvrjh OK –fl864( Udbsnq OnsdmshZk Zmc Ldsqhb OdqstqaZshnmr ne Z QnsZs/
hmf AkZbj Gnkd0 Ogxr Qdu Cflfl.1931-1951: CNH fl90flfl92?OgxrQduC0flfl01931

)27[ BgtZ �I: Lnnqd BI: FZhq IQ –19fl6( �tfldmsdc jktcfd vZudenqlr enq
cdsdbshmf dwsqdld/lZrr/qZshn hmrohqZkr0 Ogxr Qdu C 85–3(.933994: CNH
fl90flfl92?OgxrQduC0850933994: y694093148

)28[ BgtZ �I: JZsy LK: VZqatqsnm M: Gtfgdr R� –1919( QZohc fdmdqZshnm ne
etkkx qdkZshuhrshb dwsqdld/lZrr/qZshn/hmrohqZk vZudenql sdlokZsdr enq KHR�
cZsZ ZmZkxrhr: 199709596y

)39[ CZlntq S –fl872( FqZuhsZshnmZk qZchZshnm Zmc sgd lnshnm ne bnloZbs anchdr0
Hm. Cdqtdkkd M: OhqZm S –dcr( FqZuhsZshnmZk QZchZshnm: Mnqsg/GnkkZmc: �lr/
sdqcZl: MdsgdqkZmcr

)3fl[ CZlntq S –1919( BkZrrhbZk Zmc ptZmstl rbZssdqhmf hm onrs/LhmjnvrjhZm
fqZuhsx0 Ogxr Qdu C fl91–1(.913959: CNH fl90flfl92?OgxrQduC0fl910913959:
y8y1091y28

)31[ CZlntq S: MZfZq � –1998( QdkZshuhrshb shcZk oqnodqshdr ne mdtsqnm rsZqr0 Ogxr
Qdu C 79.973924: CNH fl90flfl92?OgxrQduC0790973924: 989509985

)32[ uZm Cd Lddms L –19fl6( Sgd lZrr Zmc ZmftkZq lnldmstl ne qdbnm/
rsqtbsdc ldsqhb odqstqaZshnmr0 BkZrr PtZms FqZu 23–fl1(.fl13992: CNH fl90
fl977?fl25fl/5271?ZZ6flb2: y691099858

)33[ C+DZsg OC –fl864( CxmZlhbr ne Z rlZkk akZbj gnkd hm Z aZbjfqntmc tmhudqrd0
Ogxr Qdu C flfl.fl276-fl392: CNH fl90flfl92?OgxrQduC0flfl0fl276
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)34[ Cdsvdhkdq R –19fl1( FqZuhsZshnmZk qZchZshnm qdZbshnm Zmc rdbnmc nqcdq odqstq/
aZshnm sgdnqx0 Ogxr Qdu C 74.933937: CNH fl90flfl92?OgxrQduC0740933937:
yy9601987

)35[ Cdsvdhkdq RK –fl867( AkZbj Gnkdr Zmc FqZuhsZshnmZk VZudr0 H0 BhqbtkZq Nqahsr
�ants Z QnsZshmf Gnkd0 �rsqnogxr I 114.576-582: CNH fl90fl975?fl45418

)36[ Cdsvdhkdq RK –199fl( QZchZshnm qdZbshnm Zmc sgd rdkeenqbd enq Z onhms lZrr hm
fdmdqZk qdkZshuhsx0 Ogxr Qdu Kdss 75.fl82fl-fl823: CNH fl90flfl92?OgxrQduKdss0
750fl82fl: fq/pb:99yy928

)37[ Cdsvdhkdq RK –1994( Odqrodbshud nm fqZuhsZshnmZk rdke/enqbd ZmZkxrdr0 BkZrr
PtZms FqZu 11.R57fl-R6fl5: CNH fl90fl977?9153/827fl?11?fl4?995: fq/pb:
949y993

)38[ Cdsvdhkdq RK –1997( � Bnmrdptdmbd ne sgd fqZuhsZshnmZk rdke/enqbd enq bhq/
btkZq nqahsr ne sgd RbgvZqyrbghkc fdnldsqx0 Ogxr Qdu C 66.fl13915: CNH
fl90flfl92?OgxrQduC0660fl13915: 979302418

)49[ Cdsvdhkdq RK: Vghshmf AE –1992( Rdkeenqbd uhZ Z Fqddm+r etmbshnm cd/
bnlonrhshnm0 Ogxr Qdu C 56.913914: CNH fl90flfl92?OgxrQduC0560913914:
fq/pb:9191975

)4fl[ CdVhss AR: Aqdgld QV –fl859( QZchZshnm cZlohmf hm Z fqZuhsZshnmZk zdkc0
�mmZkr Ogxr 8.119-148: CNH fl90fl9fl5?9992/38fl5–59(89929/9

)41[ ChqZb O� –fl827( BkZrrhbZk sgdnqx ne qZchZshmf dkdbsqnmr0 Oqnb Qnx Rnb Knmc
� fl56.fl37-fl58: CNH fl90fl987?qroZ0fl82709fl13

)42[ Chwnm VF –fl869( CxmZlhbr ne dwsdmcdc anchdr hm fdmdqZk qdkZshuhsx0 H0 Ln/
ldmstl Zmc ZmftkZq lnldmstl0 Oqnb Qnx Rnb Knmc �2fl3.388-416: CNH
fl90fl987?qroZ0fl86909919

)43[ Chwnm VF –fl869( CxmZlhbr ne dwsdmcdc anchdr hm fdmdqZk qdkZshuhsx0 HH0 Ln/
ldmsr ne sgd bgZqfd/btqqdms udbsnq0 Oqnb Qnx Rnb Knmc �2fl8.498-436: CNH
fl90fl987?qroZ0fl86909fl8fl

)44[ Chwnm VF –fl863( CxmZlhbr ne dwsdmcdc anchdr hm fdmdqZk qdkZshuhsx0 hhh0
dptZshnmr ne lnshnm0 Oghk SqZmr Qnx Rnb Knmc � 166.48

)45[ Chwnm VF –19fl4( Sgd Mdv LdbgZmhbr ne Lxqnm LZsghrrnm Zmc Hsr
Rtardptdms Cdudknoldms0 Etmc Sgdnq Ogxr fl68.fl-55: CNH fl90fl996?
867/2/2fl8/fl7224/9 fl

)46[ CnkZm RQ: AZqZbj K –19fl2( Rdke/enqbd uhZ l/lncd qdftkZqhyZshnm Zmc 1†flC
dunktshnm. HHH0 FqZuhsZshnmZk zdkc nm RbgvZqyrbghkc roZbdshld0 Ogxr Qdu
C76.973955: CNH fl90flfl92?OgxrQduC0760973955: y1yy03475

)47[ CqZrbn R: Gtfgdr R� –1993( QnsZshmf akZbj gnkd nqahs etmbshnmZkr hm sgd eqd/
ptdmbx cnlZhm0 Ogxr Qdu C 58.9339fl4: CNH fl90flfl92?OgxrQduC05809339fl4:
Ursqn/og:9297368

)48[ CqZrbn R: Gtfgdr R� –1995( FqZuhsZshnmZk vZud rmZorgnsr ne
fdmdqhb dwsqdld lZrr qZshn hmrohqZkr0 Ogxr Qdu C62–1(.913916: CNH
fl90flfl92?OgxrQduC0770fl98894:fl90flfl92?OgxrQduC0890fl98894:fl90flfl92?
OgxrQduC0620913916: )DqqZstl. Ogxr0 Qdu0C89:mn0fl9:fl98894–19fl3([:
fq/pb:9498y9y
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)59[ CqZrbn R: EkZmZfZm DD: Gtfgdr R� –1994( Bnlotshmf hmrohqZkr hm Jdqq hm
sgd ZchZaZshb qdfhld0 H0 Sgd RbZkZq bZrd0 BkZrr PtZms FqZu 11.R79fl-735:
CNH fl90fl977?9153/827fl?11?fl4?9flfl: fq/pb:9494964

)5fl[ DbjgZtr V –fl868( �rxlosnshb �mZkxrhr ne RhmftkZq OdqstqaZshnmr0 Dkrduhdq
Mnqsg/GnkkZmc: Mdv Wnqj

)51[ EkZmZfZm D: Ghmcdqdq S: Lnwnm I: Ontmc � –hm oqdoZqZshnm( Sgd svn/ancx
oqnakdl hm fdmdqZk qdkZshuhsx hm sgd dwsqdld/lZrr/qZshn khlhs uhZ ltkshrbZkd
dwoZmrhnmr. EntmcZshnmr

)52[ EkZmZfZm DD: Ghmcdqdq S –1997( BnmrsqZhmhmf mdtsqnm rsZq shcZk Knud mtl/
adqr vhsg fqZuhsZshnmZk vZud cdsdbsnqr0 Ogxr Qdu C 66.91fl491: CNH fl90flfl92?
OgxrQduC066091fl491: 96980y8y4

)53[ EkZmZfZm DD: Ghmcdqdq S –19fl1( SqZmrhdms qdrnmZmbdr hm sgd hmrohqZkr ne
onhms oZqshbkdr hmsn akZbj gnkdr0 Ogxr Qdu Kdss fl98.96flfl91: CNH fl90flfl92?
OgxrQduKdss0fl98096flfl91: y99803812

)54[ EkZmZfZm DD: Gtfgdr R�: QtZmfrqh T –19fl3( QdrnmZmskx dmgZmbdc Zmc ch/
lhmhrgdc rsqnmf/zdkc fqZuhsZshnmZk/vZud fitwdr0 Ogxr Qdu C 78–7(.973917:
CNH fl90flfl92?OgxrQduC0780973917: y19702895

)55[ EtihsZ Q: GhjhcZ V –1998( �mZkxshbZk rnktshnmr ne antmc shldkhjd fdncdrhb
nqahsr hm Jdqq roZbdshld0 BkZrr PtZms FqZu 15.fl24991: CNH fl90fl977?
9153/827fl?15?fl2?fl24991: 98950y319

)56[ EtihsZ Q: RghaZsZ L –1919( Dwsqdld lZrr qZshn hmrohqZkr nm sgd dptZsn/
qhZk okZmd hm sgd ZchZaZshb nqcdq0 Ogxr Qdu C fl91–5(.953994: CNH fl90flfl92?
OgxrQduC0fl910953994: 19970y2443

)57[ EtihsZ Q: GhjhcZ V: SZfnrgh G –1998( �m Dezbhdms MtldqhbZk Ldsgnc enq
Bnlotshmf FqZuhsZshnmZk VZudr Hmctbdc ax Z OZqshbkd Lnuhmf nm Dbbdmsqhb
Hmbkhmdc Nqahsr Zqntmc Z Jdqq AkZbj Gnkd0 Oqnf Sgdnq Ogxr fl1fl.732-763:
CNH fl90flfl32?OSO0fl1fl0732: 9893027y9

)58[ EtihsZ Q: HrnxZlZ R: Kd Shdb �: MZjZmn G: RZfn M: SZmZjZ S –19fl6( GZlhk/
snmhZm EnqltkZshnm ne sgd BnmrdquZshud Rdke/Enqbd CxmZlhbr hm sgd Jdqq Fd/
nldsqx0 BkZrr PtZms FqZu 23–fl2(.fl2399fl: CNH fl90fl977?fl25fl/5271?ZZ6231:
y5y1091493

)69[ EtsZlZrd S: Hsng W –1996( Sgd onrs/MdvsnmhZm ZooqnwhlZshnm enq qdkZshuhrshb
bnloZbs ahmZqhdr0 Khuhmf Qdu Qdk fl9.1: CNH fl90fl1831?kqq/1996/1

)6fl[ FZhq I: Wtmdr M: Admcdq BL –19fl1( QdrnmZmbdr hm Dwsqdld LZrr/QZshn Hm/
rohqZkr. �rxlosnshb Zmc GxodqZrxlosnshb �mZkxrhr0 I LZsg Ogxr 42.921492:
CNH fl90fl952?fl0258fl115: yyyy02594

)61[ FZhq IQ: FkZlodcZjhr J –1995( Hloqnudc ZooqnwhlZsd hmrohqZkr ne sdrs/
anchdr hmsn Jdqq akZbj gnkdr0 Ogxr Qdu C 62.953926: CNH fl90flfl92?
OgxrQduC0620953926: fq/pb:94y9y18

)62[ FZhq IQ: EkZmZfZm DD: CqZrbn R: Ghmcdqdq S: AZaZj R –19flfl( Enqbdc ln/
shnm mdZq akZbj gnkdr0 Ogxr Qdu C72.933926: CNH fl90flfl92?OgxrQduC0720
933926: y9y104yyy

)63[ FZkkdx BQ: Gt A –1998( Rdke/enqbd nm dwsqdld lZrr qZshn hmrohqZkr uhZ
btqudc roZbdshld deedbshud zdkc sgdnqx0 Ogxr Qdu C 68.953991: CNH fl90
flfl92?OgxrQduC0680953991: 979y09899
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)64[ FZk+srnu CU –fl871( QZchZshnm qdZbshnm hm sgd Jdqq fqZuhsZshnmZk zdkc0 I Ogxr
�fl4.2626-2638: CNH fl90fl977?9294/3369?fl4?fl1?914

)65[ FZmy J: GhjhcZ V: MZjZmn G: RZfn M: SZmZjZ S –1996( �chZaZshb Dun/
ktshnm ne Sgqdd ;BnmrsZmsr+ ne Lnshnm enq FqdZskx Hmbkhmdc Nqahsr hm Jdqq
RoZbdshld0 Oqnf Sgdnq Ogxr flfl6.fl93fl-fl955: CNH fl90flfl32?OSO0flfl60fl93fl:
fq/pb:9691943

)66[ Fdqnbg QO: Gdkc �: Odmqnrd Q –fl862( � roZbd/shld bZkbtktr aZrdc nm oZhqr
ne mtkk chqdbshnmr0 I LZsg Ogxr fl3.763-77fl: CNH fl90fl952?fl0fl5553fl9

)67[ FkZlodcZjhr J: Gtfgdr R�: Jdmmdzbj C –1991( �ooqnwhlZshmf sgd hmrohqZk
ne sdrs anchdr hmsn Jdqq akZbj gnkdr0 Ogxr Qdu C 55.953994: CNH fl90flfl92?
OgxrQduC0550953994: fq/pb:9194922

)68[ FqZkkZ RD –19flfl( FZtfd Zmc �udqZfhmf hm FqZuhsZshnmZk Rdke/enqbd0 Ogxr Qdu
C 73.973949: CNH fl90flfl92?OgxrQduC0730973949: yy9304524

)79[ FqZkkZ RD –19fl1( Rdbnmc Nqcdq FqZuhsZshnmZk Rdke Enqbd0 Ogxr Qdu
C74.fl139flfl: CNH fl90flfl92?OgxrQduC0740fl139flfl: y19202y78

)7fl[ FqZkkZ RD: VZkc QL –1997( � Qhfnqntr CdqhuZshnm ne FqZuhsZshnmZk Rdke/
enqbd0 BkZrr PtZms FqZu 14.194998: CNH fl90fl977?9153/827fl?14?19?194998:
)DqqZstl. BkZrr0PtZms0FqZu0 17: fl4849fl –19flfl([: 979502182

)71[ Fqddm RQ: GnkkZmcr R: YhlldqlZm O –1919( Sdtjnkrjx enqlZkhrl enq
mnmkhmdZq Jdqq odqstqaZshnmr0 BkZrrhbZk Zmc PtZmstl FqZuhsx 26.96499fl:
y897098984

)72[ FqnrrlZm Q: Kduhm I: Odqdy/Fhy F –19fl2( EZrsdq bnlotsZshnm ne ZchZaZshb
dwsqdld lZrr/qZshn hmrohqZkr trhmf qdrnmZmbdr0 Ogxr Qdu C 77–1(.912991:
CNH fl90flfl92?OgxrQduC0770912991: yy970y7y8

)73[ GZqlr D: Adqmtyyh R: MZfZq �: Ydmfhmnfkt � –19fl3( � mdv fqZuhsZshnmZk
vZud fdmdqZshnm Zkfnqhsgl enq oZqshbkd odqstqaZshnmr ne sgd Jdqq roZbdshld0
BkZrr PtZms FqZu 2fl–13(.134993: CNH fl90fl977?9153/827fl?2fl?13?134993:
y39504872

)74[ GZqsd �H –19fl1( LdbgZmhbr ne dwsdmcdc lZrrdr hm fdmdqZk qdkZshuhsx0 BkZrr
PtZms FqZu 18.9449fl1: CNH fl90fl977?9153/827fl?18?4?9449fl1: yy9209432

)75[ GZqsd �H –19fl4( Lnshnm hm bkZrrhbZk zdkc sgdnqhdr Zmc sgd entmcZshnmr
ne sgd rdke/enqbd oqnakdl0 Etmc Sgdnq Ogxr fl68.216-287: CNH fl90fl996?
867/2/2fl8/fl7224/9 fl1: y39404966

)76[ GdeedqmZm �: Nssdvhkk �: VZqcdkk A –19fl1( Ghfg/nqcdq dwoZmrhnmr ne sgd
Cdsvdhkdq/Vghshmf rhmftkZq zdkc hm RbgvZqyrbghkc roZbdshld0 Ogxr Qdu C
75.fl93912: CNH fl90flfl92?OgxrQduC0750fl93912: y19309683

)77[ GdeedqmZm �: Nssdvhkk �B: VZqatqsnm M: VZqcdkk A: Chdmdq O –19fl7( �b/
bdkdqZsdc lnshnm Zmc sgd rdke/enqbd hm RbgvZqyrbghkc roZbdshld0 BkZrr PtZms
FqZu 24–fl8(.fl8399fl: CNH fl90fl977?fl25fl/5271?ZZc319: y6y109y987

)78[ Ghmcdqdq S: EkZmZfZm DD –1997( Svn shldrbZkd ZmZkxrhr ne dwsqdld lZrr
qZshn hmrohqZkr hm Jdqq0 H0 NqahsZk Lnshnm0 Ogxr Qdu C67.953917: CNH fl90
flfl92?OgxrQduC0670953917: 979402226

)89[ GhqZsZ BL –19flfl( QdrnmZms qdbnhk hm dwsqdld lZrr qZshn ahmZqx akZbj
gnkd ldqfdqr0 Ogxr Qdu C 72.fl93913: CNH fl90flfl92?OgxrQduC0720fl93913:
y9yy03876
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)8fl[ GnkkZmcr R: SnnlZmh U –1919( Nm sgd qZchZshnm fZtfd enq rohm/fl odqstqaZ/
shnmr hm Jdqq/MdvlZm roZbdshld: 1997097449

)81[ Gnoodq R: DuZmr BQ –19fl9( FqZuhsZshnmZk odqstqaZshnmr Zmc ldsqhb qdbnm/
rsqtbshnm. Ldsgnc ne dwsdmcdc gnlnfdmdntr rnktshnmr Zookhdc sn dbbdm/
sqhb nqahsr nm Z RbgvZqyrbghkc akZbj gnkd0 OgxrQdu C71.9739fl9: CNH
fl90flfl92?OgxrQduC07109739fl9: y99503896

)82[ Gnoodq R: DuZmr BQ –19fl2( Ldsqhb odqstqaZshnmr eqnl dbbdmsqhb nqahsr
nm Z RbgvZqyrbghkc akZbj gnkd. H0 Ncc/oZqhsx Qdffd/Vgddkdq sn Knqdmy
fZtfd sqZmrenqlZshnm Zmc svn mdv ldsgncr sn bhqbtludms sgd Fhaar ogd/
mnldmnm0 Ogxr Qdu C 76–5(.953997: CNH fl90flfl92?OgxrQduC0760953997:
y1y906858

)83[ Gnoodq R: Enqrdsg D: Nratqm S: DuZmr BQ –19fl4( EZrs rodbsqZk rntqbd hmsd/
fqZshnm hm akZbj gnkd odqstqaZshnm bZkbtkZshnmr0 Ogxr Qdu C 81.933937: CNH
fl90flfl92?OgxrQduC0810933937: y495093631

)84[ Gtfgdr R� –1999( Bnlotshmf qZchZshnm eqnl Jdqq akZbj gnkdr. FdmdqZk/
hyZshnm ne sgd RZrZjh/MZjZltqZ dptZshnm0 Ogxr Qdu C 51.933918: CNH
fl90flfl92?OgxrQduC0510933918: )DqqZstl. Ogxr0Qdu0C 56: 978891 –1992([:
fq/pb:9991932

)85[ Gtfgdr R� –1999( Sgd Dunktshnm ne bhqbtkZq: mnmdptZsnqhZk nqahsr ne Jdqq
akZbj gnkdr ctd sn fqZuhsZshnmZk vZud dlhrrhnm0 Ogxr Qdu C5fl–7(.973993:
CNH fl90flfl92?OgxrQduC0540958891:fl90flfl92?OgxrQduC0890fl98893:fl90
flfl92?OgxrQduC05fl0973993:fl90flfl92?OgxrQduC0520938891:fl90flfl92?
OgxrQduC056097889fl: )DqqZstl. Ogxr0 Qdu0C89:mn0fl9:fl98893–19fl3([:
fq/pb:88y998y

)86[ Gtfgdr R� –19fl6( �chZaZshb Zmc onrs/ZchZaZshb ZooqnZbgdr sn dwsqdld lZrr
qZshn hmrohqZk0 Hm. fl3sg LZqbdk FqnrrlZmm Lddshmf nm Qdbdms Cdudknoldmsr
hm SgdnqdshbZk Zmc DwodqhldmsZk FdmdqZk QdkZshuhsx: �rsqnogxrhbr: Zmc QdkZ/
shuhrshb Ehdkc Sgdnqhdr: unk 1: oo fl842-fl848: CNH fl90flfl31?86787fl2115598
9197: y59y091931

)87[ Gtfgdr R�: AkZmcenqc QC –1992( AkZbj gnkd lZrr Zmc rohm bndunkt/
shnm ax ldqfdqr0 �rsqnogxr I Kdss 474.Kfl9fl-Kfl93: CNH fl90fl975?264384:
Ursqn/og:9197373

)88[ Gtfgdr R�: CqZrbn R: EkZmZfZm DD: EqZmjkhm I –1994( FqZuhsZshnmZk qZch/
Zshnm qdZbshnm Zmc hmrohqZk vZudenqlr hm sgd ZchZaZshb khlhs0 Ogxr Qdu Kdss
83.11flfl9fl: CNH fl90flfl92?OgxrQduKdss083011flfl9fl: fq/pb:94939y4

)fl99[ HrnxZlZ R: EtihsZ Q: MZjZmn G: RZfn M: SZmZjZ S –19fl2( Dunktshnm ne sgd
BZqsdq bnmrsZms enq qdrnmZms hmrohqZkr hmsn Z Jdqq akZbj gnkd. H0 Sgd rbZkZq
bZrd0 OSDO 19fl2–5(.952D9fl: CNH fl90fl982?osdo?oss923: y29103924

)fl9fl[ HrnxZlZ R: EtihsZ Q: RZfn M: SZfnrgh G: SZmZjZ S –19fl2( HloZbs ne sgd
rdbnmc/nqcdq rdke/enqbdr nm sgd cdogZrhmf ne sgd fqZuhsZshnmZk vZudr eqnl
ptZrhbhqbtkZq dwsqdld lZrr/qZshn hmrohqZkr0 Ogxr Qdu C 76–1(.9139fl9: CNH
fl90flfl92?OgxrQduC07609139fl9: y1y901458

)fl91[ HrnxZlZ R: EtihsZ Q: MZjZmn G: RZfn M: SZmZjZ S –19fl8( ”Ektw/aZkZmbd
enqltkZd‘ enq dwsqdld lZrr/qZshn hmrohqZkr0 OSDO 19fl8–fl(.9fl2D9fl: CNH fl90
fl982?osdo?osxfl25: y7980yyyy7



flfl4

)fl92[ JZfqZ –tmcZsdc( gssor.??fvbdmsdq0hbqq0t/snjxn0Zb0io
)fl93[ JZsdr QD –fl879( Lnshnm ne Z rlZkk ancx sgqntfg Zm dwsdqmZk zdkc hm fdm/

dqZk qdkZshuhsx bZkbtkZsdc ax lZsbgdc Zrxlosnshb dwoZmrhnmr0 Ogxr Qdu C
11.fl742-fl769: CNH fl90flfl92?OgxrQduC0110fl742

)fl94[ Jdfdkdr KR: Bngdm IL –fl868( Bnmrsqtbshud oqnbdctqd enq odqstqaZshnmr ne
roZbd/shldr0 Ogxr Qdu Cfl8.fl53fl-fl553: CNH fl90flfl92?OgxrQduC0fl80fl53fl

)fl95[ Jdhck SR: RgZg �F: EqhdclZm IK: Jhl CG: Oqhbd KQ –19fl9( FqZuhsZ/
shnmZk Rdke/enqbd hm Z QZchZshnm FZtfd0 Ogxr Qdu C71–fl1(.fl139fl1: CNH fl90
flfl92?OgxrQduC0710fl139fl1:fl90flfl92?OgxrQduC0890fl98891: )DqqZstl. Ogxr0
Qdu0C89:mn0fl9:fl98891–19fl3([: y99301165

)fl96[ JdunqjhZm I: Bnkd IC –fl885( Ltkshokd rbZkd Zmc rhmftkZq odqstqaZshnm ldsg/
ncr0 Roqhmfdq: Mdv Wnqj

)fl97[ Jhmmdqrkdx V –fl858( Sxod C UZbttl Ldsqhbr0 I LZsg Ogxr fl9.flfl84-fl192:
CNH fl90fl952?fl0fl553847

)fl98[ KZmcqx O: Onhrrnm D –19fl3( QdkZshuhrshb sgdnqx ne rtqzbhZk Knud mtladqr0
Ogxr Qdu C 78–fl1(.fl139flfl: CNH fl90flfl92?OgxrQduC0780fl139flfl: y3930
5687

)flfl9[ KZmcqx O: Onhrrnm D –19fl4( ShcZk cdenqlZshnm ne Z rknvkx qnsZshmf lZsdqhZk
ancx0 DwsdqmZk ldsqhb0 Ogxr Qdu C 8fl.fl939fl7: CNH fl90flfl92?OgxrQduC08fl0
fl939fl7: y492096255

)flflfl[ Kd Shdb � –19fl3( Sgd NudqkZo ne MtldqhbZk QdkZshuhsx: OdqstqaZshnm Sgdnqx
Zmc Onrs/MdvsnmhZm Sgdnqx hm sgd AhmZqx AkZbj Gnkd Oqnakdl0 Hms I Lnc
Ogxr C 12–fl9(.fl329911: CNH fl90flfl31?R91fl716fl7fl3299114: y39704494

)flfl1[ Kd Shdb �: BZrZkr L: EqZmyhm D –1919( ShcZk Knud Mtladqr ne Jdqq AkZbj
Gnkdr: 19y90y4684

)flfl2[ Kdgmdq K: Lnqdrbgh NL –1996( CdZkhmf vhsg cdkhbZsd hrrtdr hm vZudenqlr
bZkbtkZshnmr0 Ogxr Qdu C 65.fl13939: CNH fl90flfl92?OgxrQduC0650fl13939:
96950y2y8

)flfl3[ KHFN –tmcZsdc( gssor.??vvv0khfn0nqf
)flfl4[ KHR� –tmcZsdc( gssor.??vvv0khrZlhrrhnm0nqf
)flfl5[ Kntrsn BN:Vghshmf AE –1991( Qdbnmrsqtbshnm ne akZbj gnkd ldsqhb odqstqaZ/

shnmr eqnl Vdxk btquZstqd0 Ogxr Qdu C55.913915: CNH fl90flfl92?OgxrQduC0
550913915: fq/pb:919295y

)flfl6[ LZqsdk J: Onhrrnm D –1994( FqZuhsZshnmZk odqstqaZshnmr ne sgd RbgvZqyrbghkc
roZbdshld. � OqZbshbZk bnuZqhZms Zmc fZtfd/hmuZqhZms enqlZkhrl0 Ogxr Qdu C
6fl.fl93992: CNH fl90flfl92?OgxrQduC06fl0fl93992: fq/pb:9491917

)flfl7[ LZsgdvr I: VZqcdkk A –1919( FqZuhsZshnmZk odqstqaZshnmr ax Z rohmmhmf rdb/
nmcZqx hm sgd QV fZtfd0 SZkj fhudm Zs sgd 12qc BZoqZ Lddshmf nm QZchZshnm
QdZbshnm hm FdmdqZk QdkZshuhsx: Tmhudqrhsx ne SdwZr Zs �trshm0 Rkhcdr ZuZhkZakd
Zs gssor.??yhoox0og0tsdwZr0dct?qdkZshuhsx?bZoqZ12?0

)flfl8[ LZsgdvr I: Ontmc �: VZqcdkk A –191fl( Rdke/Enqbd BZkbtkZshnmr vhsg Z Rohm/
mhmf RdbnmcZqx 1yy10y2958

)fl19[ LZsghrrnm L –fl826( Mdtd ldbgZmhj lZsdqhdkkdq rxrsdldr0 �bsZ Ogxr Onknm
5.fl52-1899



flfl5

)fl1fl[ uZm cd Lddms L –19fl3( Bnmchshnmr enq RtrsZhmdc NqahsZk QdrnmZmbdr hm
Dwsqdld LZrr QZshn HmrohqZkr0 Ogxr Qdu C 78–7(.973922: CNH fl90flfl92?
OgxrQduC0780973922: y2yy03346

)fl11[ uZm cd Lddms L –19fl3( QdrnmZmskx dmgZmbdc jhbjr eqnl dptZsnqhZk rlZkk
lZrr/qZshn hmrohqZkr0 Ogxr Qdu C 89–3(.933916: CNH fl90flfl92?OgxrQduC0890
933916: y39501483

)fl12[ uZm cd Lddms L –19fl7( FqZuhsZshnmZk rdke/enqbd nm fdmdqhb antmc fdncdrhbr
hm Jdqq roZbdshld0 Ogxr Qdu C86–fl9(.fl93922: CNH fl90flfl92?OgxrQduC0860
fl93922: y6yy098596

)fl13[ uZm cd Lddms L: Oedheedq GO –1919( HmsdqldchZsd lZrr/qZshn akZbj gnkd ah/
mZqhdr. �ookhbZahkhsx ne rlZkk lZrr/qZshn odqstqaZshnm sgdnqx0 Ogxr Qdu Kdss
fl14–fl7(.fl7flfl9fl: CNH fl90flfl92?OgxrQduKdss0fl140fl7flfl9fl: 19950y1925

)fl14[ uZm cd Lddms L: RgZg �F –19fl4( Ldsqhb odqstqaZshnmr oqnctbdc ax dbbdmsqhb
dptZsnqhZk nqahsr Zqntmc Z Jdqq akZbj gnkd0 Ogxr Qdu C 81–5(.953914: CNH
fl90flfl92?OgxrQduC0810953914: y495093644

)fl15[ Ldqkhm B: Nqh �: AZqZbj K: Ontmc �: uZm cd Lddms L –19fl5( Bnlokdshnm
ne ldsqhb qdbnmrsqtbshnm enq Z oZqshbkd nqahshmf Z Jdqq akZbj gnkd0 OgxrQdu
C83–fl9(.fl93955: CNH fl90flfl92?OgxrQduC0830fl93955: y59809y116

)fl16[ LhgZxknu CO: FZhq IQ –19fl6( SqZmrhshnm ne DLQHr sgqntfg qdrnmZmbd. bnq/
qdbshnmr sn ghfgdq nqcdq hm sgd nm/qdrnmZmbd fitw lnchzbZshnm0 I LZsg Ogxr
47–flfl(.flfl149fl: CNH fl90fl952?fl04995225: y695095528

)fl17[ Lhkkdq I: Ontmc � –1919( Svn/shldrbZkd dunktshnm ne dwsqdld/lZrr/
qZshn hmrohqZkr. vZudenql fdmdqZshnm rbgdld enq ptZrhbhqbtkZq nqahsr hm
RbgvZqyrbghkc roZbdshld: 19950yy152

)fl18[ Lhkkdq I: VZqcdkk A: Ontmc � –19fl5( Rdbnmc/nqcdq odqstqaZshnm sgdnqx. sgd
oqnakdl ne hmzmhsd lncd bntokhmf0 Ogxr Qdu C83–fl9(.fl939fl7: CNH fl90flfl92?
OgxrQduC0830fl939fl7: y597095672

)fl29[ Lhmn W –1992( OdqstqaZshud ZooqnZbg sn Zm nqahsZk dunktshnm Zqntmc Z rt/
odqlZrrhud akZbj gnkd0 Ogxr Qdu C56.973916: CNH fl90flfl92?OgxrQduC0560
973916: fq/pb:9291964

)fl2fl[ Lhmn W: Oqhbd Q –1997( Svn/shldrbZkd ZchZaZshb dwoZmrhnm ne Z rbZkZq zdkc
lncdk0 Ogxr Qdu C 66.95399fl: CNH fl90flfl92?OgxrQduC066095399fl: 979y0
9y68

)fl21[ Lhmn W: RZrZjh L: SZmZjZ S –fl886( FqZuhsZshnmZk qZchZshnm qdZbshnm sn Z oZq/
shbkd lnshnm0 Ogxr Qdu C44.2346-2365: CNH fl90flfl92?OgxrQduC04402346:
fq/pb:85959y7

)fl22[ Lhmn W: RZrZjh L: SZmZjZ S –fl886( FqZuhsZshnmZk qZchZshnm qdZbshnm sn Z oZq/
shbkd lnshnm0 1. Rohmmhmf oZqshbkd: fq/pb:8694962

)fl23[ MdvlZm D: Odmqnrd Q –fl851( �m �ooqnZbg sn fqZuhsZshnmZk qZchZshnm ax Z
ldsgnc ne rohm bndezbhdmsr0 I LZsg Ogxr 2.455-467: CNH fl90fl952?fl0fl613146

)fl24[ MdvlZm DS: Tmsh SVI –fl851( AdgZuhnq ne �rxlosnshbZkkx EkZs Dlosx
RoZbdr0 I LZsg Ogxr 2–4(.78fl: CNH fl90fl952?fl0fl613292

)fl25[ Nqh � –1992( Qdbnmrsqtbshnm ne hmgnlnfdmdntr ldsqhb odqstqaZshnmr Zmc
dkdbsqnlZfmdshb entq onsdmshZk hm Jdqq roZbd/shld0 OgxrQdu C56.fl139fl9:
CNH fl90flfl92?OgxrQduC0560fl139fl9: fq/pb:9196934



flfl6

)fl26[ Nqh �: Sgnqmd JR –1999( Sgd SqZmrhshnm eqnl hmrohqZk sn oktmfd enq Z bnl/
oZbs ancx hm Z bhqbtkZq dptZsnqhZk nqahs Zqntmc Z lZrrhud: rohmmhmf akZbj
gnkd0 Ogxr Qdu C 51.fl13911: CNH fl90flfl92?OgxrQduC0510fl13911: fq/pb:
9992921

)fl27[ Nratqm S: Enqrdsg D: DuZmr BQ: Gnoodq R –19fl3( Knqdmy fZtfd fqZuhsZ/
shnmZk rdke/enqbd bZkbtkZshnmr ne dbbdmsqhb ahmZqhdr trhmf Z eqdptdmbx cnlZhm
oqnbdctqd0 Ogxr Qdu C89–fl9(.fl9392fl: CNH fl90flfl92?OgxrQduC0890fl9392fl:
y398033y8

)fl28[ Nratqm S: VZqatqsnm M: DuZmr BQ –19fl5( Ghfgkx dbbdmsqhb hmrohqZkr hmsn Z
akZbj gnkd0 Ogxr Qdu C 82–5(.953913: CNH fl90flfl92?OgxrQduC0820953913:
y4yy09y387

)fl39[ OZmh O: FtZkshdqh K: EdqqZqh U –19fl4( ShcZk Knud mtladqr ne Z rknvkx rohm/
mhmf mdtsqnm rsZq0 Ogxr Qdu C 81–fl1(.fl13992: CNH fl90flfl92?OgxrQduC0810
fl13992: y498091y6y

)fl3fl[ OZmh O: FtZkshdqh K: LZrdkkh �: EdqqZqh U –19fl4( ShcZk cdenqlZshnmr ne Z rohm/
mhmf bnloZbs naidbs0 Ogxr Qdu C 81–1(.9139fl9: CNH fl90flfl92?OgxrQduC0810
9139fl9: y492096254

)fl31[ OZoZodsqnt � –fl84fl( Rohmmhmf sdrs oZqshbkdr hm fdmdqZk qdkZshuhsx0 fl0 Oqnb Qnx
Rnb Knmc �198.137-147: CNH fl90fl987?qroZ0fl84fl09199

)fl32[ Odmqnrd Q: Qhmckdq V –19flfl( Rohmnqr Zmc RoZbd/Shld0 BZlaqhcfd Lnmn/
fqZogr nm LZsgdlZshbZk Ogxrhbr: BZlaqhcfd Tmhu0 Oqdrr: BZlaqhcfd: TJ:
CNH fl90fl9fl6?BAN86794flfl453937

)fl33[ Onhrrnm D –1993( QdsZqcdc bnnqchmZsdr aZrdc Zs Z vnqkc khmd: Zmc sgd lnshnm
ne Z rlZkk akZbj gnkd hm Zm dwsdqmZk tmhudqrd0 Ogxr Qdu C 58.973996: CNH
fl90flfl92?OgxrQduC0580973996: fq/pb:92yy915

)fl34[ Onhrrnm D –19fl4( ShcZk cdenqlZshnm ne Z rknvkx qnsZshmf akZbj gnkd0 Ogxr Qdu
C 8fl–3(.933993: CNH fl90flfl92?OgxrQduC08fl0933993: y3yy036yy

)fl35[ Onhrrnm D –1919( BnloZbs ancx hm Z shcZk dmuhqnmldms. Mdv sxodr ne qdkZ/
shuhrshb Knud mtladqr: Zmc Z onrs/MdvsnmhZm nodqZshnmZk cdzmhshnm enq shcZkkx
hmctbdc ltkshonkd lnldmsr: 19y10y9y73

)fl36[ Onhrrnm D –1919( FqZuhsnlZfmdshb Knud sdmrnq ne Z rknvkx qnsZshmf
ancx. onrs/MdvsnmhZm sgdnqx0 Ogxr Qdu C fl91–5(.953948: CNH fl90flfl92?
OgxrQduC0fl910953948: 199609y567

)fl37[ Onhrrnm D: BnqqhfZm D –19fl7( MnmqnsZshmf akZbj gnkd hm Z onrs/MdvsnmhZm
shcZk dmuhqnmldms HH0 Ogxr Qdu C 86–fl1(.fl13937: CNH fl90flfl92?OgxrQduC0
860fl13937: y79309y737

)fl38[ Onhrrnm D: UkZrnu H –19fl9( Fdnldsqx Zmc cxmZlhbr ne Z shcZkkx cdenqldc
akZbj gnkd0 Ogxr Qdu C 7fl.913918: CNH fl90flfl92?OgxrQduC07fl0913918:
98y9032yy

)fl49[ Onhrrnm D: Ontmc �: UdfZ H –19flfl( Sgd Lnshnm ne onhms oZqshbkdr hm btqudc
roZbdshld0 Khuhmf Qdu Qdk fl3.6: CNH fl90fl1831?kqq/19flfl/6: yy9109418

)fl4fl[ Onqsn Q� –19fl5( Sgd deedbshud zdkc sgdnqhrs+r ZooqnZbg sn fqZuhsZshnmZk cx/
mZlhbr0 Ogxr Qdos 522.fl-fl93: CNH fl90fl9fl5?i0ogxrqdo019fl50930992: y59y0
938y3



flfl7

)fl41[ Ontmc � –19fl9( Lnshnm ne rlZkk anchdr hm fdmdqZk qdkZshuhsx. EntmcZshnmr
Zmc hlokdldmsZshnmr ne sgd rdke/enqbd0 Nsgdq sgdrhr: y99502892

)fl42[ Ontmc � –19fl9( Rdke/bnmrhrsdms fqZuhsZshnmZk rdke/enqbd0 Ogxr Qdu C
7fl.913912: CNH fl90flfl92?OgxrQduC07fl0913912: 989604y86

)fl43[ Ontmc � –19fl9( RhmftkZq odqstqaZshnm sdbgmhptdr hm sgd fqZuhsZshnmZk rdke/
enqbd oqnakdl0 Ogxr Qdu C 7fl.fl13998: CNH fl90flfl92?OgxrQduC07fl0fl13998:
y99202843

)fl44[ Ontmc � –19fl1( MnmkhmdZq fqZuhsZshnmZk rdke/enqbd0 H0 Ehdkc ntsrhcd Z rlZkk
ancx0 Ogxr Qdu C75.9739fl8: CNH fl90flfl92?OgxrQduC07509739fl8: y1950
5427

)fl45[ Ontmc � –19fl1( Rdbnmc/nqcdq fqZuhsZshnmZk rdke/enqbd0 Ogxr Qdu Kdss
fl98.94flfl9fl: CNH fl90flfl92?OgxrQduKdss0fl98094flfl9fl: y19y04978

)fl46[ Ontmc � –19fl4( FZtfd Zmc lnshnm hm odqstqaZshnm sgdnqx0 Ogxr Qdu C
81–3(.93391fl: CNH fl90flfl92?OgxrQduC081093391fl: y495091783

)fl47[ Ontmc � –19fl4( Lnshnm ne rlZkk naidbsr hm btqudc roZbdshldr. �m hmsqn/
ctbshnm sn fqZuhsZshnmZk rdke/enqbd0 Etmc Sgdnq Ogxr fl68.288-375: CNH
fl90fl996?867/2/2fl8/fl7224/9 fl2: y495095134

)fl48[ Ontmc � –19fl4( Rdbnmc/nqcdq odqstqaZshnm sgdnqx. oqnakdlr nm kZqfd rbZkdr0
Ogxr Qdu C81–fl9(.fl93936: CNH fl90flfl92?OgxrQduC0810fl93936: y4y90
94y61

)fl59[ Ontmc � –19fl6( MnmkhmdZq fqZuhsZshnmZk rdke/enqbd. rdbnmc/nqcdq dptZshnm
ne lnshnm0 Ogxr Qdu C84–fl9(.fl93945: CNH fl90flfl92?OgxrQduC0840fl93945:
y692091725

)fl5fl[ Ontmc �: Lhkkdq I –19fl3( OqZbshbZk: bnuZqhZms otmbstqd enq rdbnmc/nqcdq rdke/
enqbd bZkbtkZshnmr0 Ogxr Qdu C78–fl9(.fl93919: CNH fl90flfl92?OgxrQduC0780
fl93919: y3920y732

)fl51[ Ontmc �: Onhrrnm D –1997( Ltksh/rbZkd ZmZkxrhr ne sgd dkdbsqnlZfmdshb rdke/
enqbd hm Z vdZj fqZuhsZshnmZk zdkc0 Ogxr Qdu C 66.9339fl1: CNH fl90flfl92?
OgxrQduC06609339fl1: 969702926

)fl52[ Ontmc �: Onhrrnm D –1997( NrbtkZshmf nqahsr hm RbgvZqyrbghkc roZbdshld:
vhsg Zm ZookhbZshnm sn dwsqdld lZrr/qZshn hmrohqZkr0 Ogxr Qdu C 66.9339fl2:
CNH fl90flfl92?OgxrQduC06609339fl2: 969702922

)fl53[ Ontmc �: Ldqkhm B: AZqZbj K –19fl3( FqZuhsZshnmZk rdke/enqbd eqnl qZchZshnm/
fZtfd ldsqhb odqstqaZshnmr0 Ogxr Qdu C78–1(.913998: CNH fl90flfl92?
OgxrQduC0780913998: y2y90y4y2

)fl54[ Ontmc �: VZqcdkk A: VZqatqsnm M: Lhkkdq I –1919( Rdbnmc/Nqcdq Rdke/Enqbd
BZkbtkZshnm ne FqZuhsZshnmZk Ahmchmf Dmdqfx hm BnloZbs AhmZqhdr0 Ogxr Qdu
Kdss fl13–1(.91flfl9fl: CNH fl90flfl92?OgxrQduKdss0fl13091flfl9fl: y8970963y8

)fl55[ Oqdrr VG –fl86fl( Knmf VZud SqZhmr ne FqZuhsZshnmZk VZudr eqnl Z UhaqZshmf
AkZbj Gnkd0 �rsqnogxr I Kdss fl69.Kfl94-Kfl97: CNH fl90fl975?fl79738

)fl56[ Oqhbd K –1996( OgC sgdrhr: Tmhudqrhsx ne EknqhcZ: TQK gsso.::dsc0
ebkU0dct:PE:PEA991y2y3:oqhbd@k0oce

)fl57[ Pthmm SB: VZkc QL –fl886( �m �whnlZshb ZooqnZbg sn dkdbsqnlZfmdshb Zmc
fqZuhsZshnmZk qZchZshnm qdZbshnm ne oZqshbkdr hm btqudc roZbd/shld0 Ogxr Qdu
C45.227fl-2283: CNH fl90flfl92?OgxrQduC0450227fl: fq/pb:85y9942



flfl8

)fl58[ Qdffd S: Vgddkdq I� –fl846( RsZahkhsx ne Z RbgvZqyrbghkc rhmftkZqhsx0 Ogxr
Qdu fl97.fl952-fl958: CNH fl90flfl92?OgxrQdu0fl970fl952

)fl69[ Qdhrrvhf B: Onkkmdx C –19flfl( Mnsdr nm sgd hmsdfqZshnm ne mtldqhbZk qdkZshuhsx
vZudenqlr0 BkZrr PtZms FqZu 17.fl849fl4: CNH fl90fl977?9153/827fl?17?fl8?
fl849fl4: y9950y521

)fl6fl[ QheZs MD: Ehdkc RD: JgZmmZ F: UZqlZ U –1919( RtqqnfZsd lncdk enq fqZu/
hsZshnmZk vZud rhfmZkr eqnl bnloZqZakd Zmc kZqfd/lZrr/qZshn akZbj gnkd ah/
mZqhdr0 Ogxr Qdu C fl9fl–7(.97fl491: CNH fl90flfl92?OgxrQduC0fl9fl097fl491:
y8y90y9362

)fl61[ QnrdmsgZk D –1995( Bnmrsqtbshnm ne sgd rdbnmc/nqcdq fqZuhsZshnmZk odqstqaZ/
shnmr oqnctbdc ax Z bnloZbs naidbs0 Ogxr Qdu C 62.933923: CNH fl90flfl92?
OgxrQduC0620933923: fq/pb:9591955

)fl62[ QnrdmsgZk D –1995( Rdbnmc/nqcdq fqZuhsZshnmZk rdke/enqbd0 Ogxr Qdu C
63.9739fl7: CNH fl90flfl92?OgxrQduC06309739fl7: fq/pb:9598958

)fl63[ QtZmfrqh T: Gtfgdr R� –19fl3( Bdmrtr ne sqZmrhdms nqahsZk qdrnmZmbdr dm/
bntmsdqdc ctqhmf ahmZqx hmrohqZk0 Ogxr Qdu C 78–7(.973925: CNH fl90flfl92?
OgxrQduC0780973925: y29605372

)fl64[ QtZmfrqh T: UhfdkZmc RI: Gtfgdr R� –19fl5( Fxqnrbnodr nqahshmf akZbj
gnkdr. � eqdptdmbx/cnlZhm ZooqnZbg sn oqdbdrrhnm Zmc rohm/btquZstqd bnt/
okhmf enq rohmmhmf anchdr nm fdmdqhb Jdqq nqahsr0 Ogxr Qdu C 83–3(.933997:
CNH fl90flfl92?OgxrQduC0830933997: y4y1099265

)fl65[ RZfn M: EtihsZ Q –19fl4( BZkbtkZshnm ne qZchZshnm qdZbshnm deedbs nm nqahsZk
oZqZldsdqr hm Jdqq roZbdshld0 OSDO 19fl4–6(.962D92: CNH fl90fl982?osdo?
osu981: y49409y599

)fl66[ RZfn M: SZmZjZ S: GhjhcZ V: MZjZmn G –1994( �chZaZshb qZchZshnm qdZbshnm
sn sgd nqahsr hm Jdqq roZbdshld0 Oqnf Sgdnq Ogxr flfl3.498-4fl3: CNH fl90flfl32?
OSO0flfl30498: fq/pb:9495981

)fl67[ RZfn M: SZmZjZ S: GhjhcZ V: FZmy J: MZjZmn G –1995( Sgd �chZaZshb dun/
ktshnm ne nqahsZk oZqZldsdqr hm sgd Jdqq roZbdshld0 Oqnf Sgdnq Ogxr flfl4.762-
896: CNH fl90flfl32?OSO0flfl40762: fq/pb:94yyy4y

)fl68[ RZrZjh L: SZfnrgh G –1992( �mZkxshb akZbj gnkd odqstqaZshnm ZooqnZbg
sn fqZuhsZshnmZk qZchZshnm0 Khuhmf Qdu Qdk 5.5: CNH fl90fl1831?kqq/1992/5:
fq/pb:9295y19

)fl79[ Rbglhcs V –1991( BdkdrshZk ldbgZmhbr hm Jdqq roZbd/shld0 BkZrr PtZms FqZu
fl8.1632: CNH fl90fl977?9153/827fl?fl8?fl9?2fl3: fq/pb:9191989

)fl7fl[ RgZg �F: Ontmc � –19fl4( KhmdZq/hm/lZrr/qZshn bnmsqhatshnm sn rohm oqd/
bdrrhnm Zmc shcZk hmuZqhZmsr hm RbgvZqyrbghkc roZbdshld Zs udqx ghfg onrs/
MdvsnmhZm nqcdq0 Ogxr Qdu C 8fl–fl1(.fl13911: CNH fl90flfl92?OgxrQduC08fl0
fl13911: y4920913y3

)fl71[ RgZg �F: Jdhck SR: EqhdclZm IK: Jhl CG: Oqhbd KQ –19flfl( BnmrdquZshud:
fqZuhsZshnmZk rdke/enqbd enq Z oZqshbkd hm bhqbtkZq nqahs Zqntmc Z RbgvZqyrbghkc
akZbj gnkd hm Z QZchZshnm FZtfd0 Ogxr Qdu C 72.9539fl7: CNH fl90flfl92?
OgxrQduC07209539fl7: y99803765



fl19

)fl72[ RnotdqsZ BE: Wtmdr M –19flfl( Mdv Jktcfd Rbgdld enq sgd Bnmrsqtbshnm
ne �ooqnwhlZsd VZudenqlr enq Dwsqdld/LZrr/QZshn HmrohqZkr0 Ogxr Qdu C
73.fl13959: CNH fl90flfl92?OgxrQduC0730fl13959: yy9809461

)fl73[ Rsdhm KB: VZqatqsnm M –1919( KnbZshnm ne sgd kZrs rsZakd nqahs hm Jdqq roZbd/
shld0 Ogxr Qdu C fl9fl–5(.953996: CNH fl90flfl92?OgxrQduC0fl9fl0953996:
y8y1096598

)fl74[ RsdvZqs IL –fl868( Gdqsy/Aqnlvhbg/Cdaxd/VghssZjdq/Odmqnrd OnsdmshZkr hm
FdmdqZk QdkZshuhsx0 Oqnb Qnx Rnb Knmc �256.416-427: CNH fl90fl987?qroZ0
fl86809fl9fl

)fl75[ RtmcZqZqZiZm O�: JgZmmZ F: Gtfgdr R�: CqZrbn R –1997( SnvZqcr ZchZ/
aZshb vZudenqlr enq hmrohqZk hmsn Jdqq akZbj gnkdr. HH0 CxmZlhbZk rntqbdr Zmc
fdmdqhb nqahsr0 Ogxr Qdu C 67.913911: CNH fl90flfl92?OgxrQduC0670913911:
9792092y6

)fl76[ Rydjdqdr O –fl854( Sgd FqZuhsZshnmZk bnloZrr0 I LZsg Ogxr 5.fl276-fl28fl:
CNH fl90fl952?fl0fl693677

)fl77[ SZqZbbghmh �: AtnmZmmn �: JgZmmZ F: Gtfgdr R� –19fl3( RlZkk lZrr
oktmfhmf hmsn Z Jdqq akZbj gnkd. �mZsnlx ne sgd hmrohqZk/ldqfdq/qhmfcnvm
vZudenqlr0 Ogxr Qdu C 89–7(.973914: CNH fl90flfl92?OgxrQduC0890973914:
y3930y7y8

)fl78[ Sdtjnkrjx R –fl861( QnsZshmf akZbj gnkdr / rdoZqZakd vZud dptZshnmr enq
fqZuhsZshnmZk Zmc dkdbsqnlZfmdshb odqstqaZshnmr0 OgxrQduKdss 18.flflfl3-flflfl7:
CNH fl90flfl92?OgxrQduKdss0180flflfl3

)fl89[ Sdtjnkrjx R: Oqdrr V –fl863( OdqstqaZshnmr ne Z qnsZshmf akZbj gnkd0 HHH /
HmsdqZbshnm ne sgd gnkd vhsg fqZuhsZshnmZk Zmc dkdbsqnlZfmds hb qZchZshnm0 �r/
sqnogxr I fl82.332-35fl: CNH fl90fl975?fl42fl79

)fl8fl[ Sdtjnkrjx R� –fl862( OdqstqaZshnmr ne Z qnsZshmf akZbj gnkd0 fl0 EtmcZldmsZk
dptZshnmr enq fqZuhsZshnmZk dkdbsqnlZfmdshb Zmc mdtsqhmn zdkc odqstqaZshnmr0
�rsqnogxr I fl74.524-536: CNH fl90fl975?fl41333

)fl81[ Sgnlornm ID: Vghshmf AE: Bgdm G –19fl6( FZtfd HmuZqhZms OdqstqaZshnmr
ne sgd RbgvZqyrbghkc RoZbdshld0 BkZrr PtZms FqZu 23–fl6(.fl6399fl: CNH fl90
fl977?fl25fl/5271?ZZ6e4a: y5yy0951y3

)fl82[ Sgnlornm ID: VZqcdkk A: Vghshmf AE –19fl8( FqZuhsZshnmZk Rdke/Enqbd
QdftkZqhyZshnm hm sgd Qdffd/Vgddkdq Zmc DZrx FZtfdr0 Ogxr Qdu C
88–fl1(.fl13935: CNH fl90flfl92?OgxrQduC0880fl13935: y7yy093321

)fl83[ Sgnqmd JR: GZqskd IA –fl873( KZvr ne lnshnm Zmc oqdbdrrhnm enq akZbj gnkdr
Zmc nsgdq anchdr0 Ogxr Qdu C 2fl.fl7fl4-fl726: CNH fl90flfl92?OgxrQduC02fl0
fl7fl4

)fl84[ Tosnm RC: Ontmc � –hm oqdoZqZshnm( Rdbnmc/nqcdq rdke/enqbd hm Z ghfgkx qdf/
tkZq fZtfd

)fl85[ UZm CdLddms L:VZqatqsnm M –19fl7( EZrs Rdke/enqbdc HmrohqZkr0 BkZrr PtZms
FqZu 24–fl3(.fl33992: CNH fl90fl977?fl25fl/5271?ZZb7bd: y79109417y

)fl86[ UdfZ H: Cdsvdhkdq RK –1997( QdftkZqhyZshnm ne zdkcr enq rdke/enqbd oqnakdlr
hm btqudc roZbdshld. EntmcZshnmr Zmc Z shld/cnlZhm ZookhbZshnm0 Ogxr Qdu
C 66.973997: CNH fl90flfl92?OgxrQduC0660973997: 96y103394

)fl87[ Uhqfn –tmcZsdc( gssor.??vvv0uhqfn/fv0dt



fl1fl

)fl88[ UhrgudrgvZqZ B –fl869( RbZssdqhmf ne FqZuhsZshnmZk QZchZshnm ax Z
RbgvZqyrbghkc AkZbj/gnkd0 MZstqd 116.825-827: CNH fl90fl927?116825Z9

)199[ VZkc QL –fl862( Nm odqstqaZshnmr ne Z jdqq akZbj gnkd0 IntqmZk ne LZsgdlZs/
hbZk Ogxrhbr fl3–fl9(.fl342-fl35fl: TQK gssor.::cnh0nqf:y90y952:y0
y555192

)19fl[ VZkc QL –fl867( Bnmrsqtbshnm ne Rnktshnmr ne FqZuhsZshnmZk: DkdbsqnlZf/
mdshb: Nq Nsgdq OdqstqaZshnm DptZshnmr eqnl Rnktshnmr ne Cdbntokdc DptZ/
shnmr0 Ogxr Qdu Kdss 3fl.192-195: CNH fl90flfl92?OgxrQduKdss03fl0192

)191[ VZkc QL –fl873( FdmdqZk QdkZshuhsx0 BghbZfn Tmhu0 Oq0: BghbZfn: TR�: CNH
fl906197?bghbZfn?8679115769262099fl0999fl

)192[ VZkjdq L: Vhkk B –fl868( QDK�SHUHRSHB JDOKDQ OQNAKDL0 10
�RWLOSNSHB ADG�UHNQ NE SGD EHDKC HM SGD HMEHMHSD
O�RS0 Ogxr Qdu C fl8.2384: CNH fl90flfl92?OgxrQduC0fl802384: )DqqZstl.
Ogxr0Qdu0C 19: 2326 –fl868([

)193[ VZqatqsnm M: �jbZx R: AZqZbj K: FZhq IQ: RZfn M –19fl1( Dunktshnm ne hmroh/
qZk nqahsr Zqntmc Z RbgvZqyrbghkc akZbj gnkd0 Ogxr Qdu C 74.95fl49fl: CNH
fl90flfl92?OgxrQduC074095fl49fl: yyyy05897

)194[ VZqatqsnm M: AZqZbj K: RZfn M –19fl2( Hrneqdptdmbx oZhqhmf ne fdncdrhb
nqahsr hm Jdqq fdnldsqx0 Ogxr Qdu C 76–7(.9739fl1: CNH fl90flfl92?OgxrQduC0
7609739fl1: y29y028y7

)195[ VZqatqsnm M: Nratqm S: DuZmr BQ –19fl6( Dunktshnm ne rlZkk/lZrr/qZshn ah/
mZqhdr vhsg Z rohmmhmf rdbnmcZqx0 Ogxr Qdu C85–7(.973946: CNH fl90flfl92?
OgxrQduC0850973946: y697092619

)196[ VZqcdkk A –19fl4( Rdke/enqbd. BnlotsZshnmZk RsqZsdfhdr0 Etmc Sgdnq Ogxr
fl68.376-411: CNH fl90fl996?867/2/2fl8/fl7224/9 fl3: y49y096211

)197[ VZqcdkk A: VZqatqsnm M –19fl4( �ookxhmf sgd deedbshud/rntqbd ZooqnZbg sn
eqdptdmbx/cnlZhm rdke/enqbd bZkbtkZshnmr. Knqdmy/fZtfd fqZuhsZshnmZk odq/
stqaZshnmr0 Ogxr Qdu C81–7(.9739fl8: CNH fl90flfl92?OgxrQduC08109739fl8:
y49409673y

)198[ Vghshmf AE: Oqhbd KQ –1994( Ldsqhb qdbnmrsqtbshnm eqnl Vdxk rbZkZqr0 BkZrr
PtZms FqZu 11.R478-R593: CNH fl90fl977?9153/827fl?11?fl4?992

)1fl9[ VhsyZmx U –19fl8( GZlhksnm/IZbnah dptZshnm enq rohmmhmf oZqshbkdr mdZq akZbj
gnkdr0 Ogxr Qdu C fl99–fl9(.fl93929: CNH fl90flfl92?OgxrQduC0fl990fl93929:
y89209254y

)1flfl[ WZfh J: Wtmdr M –19fl2( H/Knud/P QdkZshnmr hm Mdtsqnm RsZqr Zmc sgdhq �ookh/
bZshnmr sn �rsqnogxrhbr: FqZuhsZshnmZk VZudr Zmc EtmcZldmsZk Ogxrhbr0 Ogxr
Qdu C 77–1(.912998: CNH fl90flfl92?OgxrQduC0770912998: y2920y417

)1fl1[ WZmf G: AnmfZ A: Odmf Y: Kh F –19fl8( QdkZshuhrshb LdZm Lnshnm QdrnmZmbd0
Ogxr Qdu C fl99–fl1(.fl13945: CNH fl90flfl92?OgxrQduC0fl990fl13945: y8y90
96226

)1fl2[ YdkdmjZ N: Ktjdr/FdqZjnontknr F: VhsyZmx U: JnoŻb̂dj N –1919( Fqnvsg ne
qdrnmZmbdr Zmc bgZnr enq Z rohmmhmf sdrs oZqshbkd hm sgd RbgvZqyrbghkc aZbj/
fqntmc0 Ogxr Qdu C fl9fl–1(.913926: CNH fl90flfl92?OgxrQduC0fl9fl0913926:
y8yy0993y3



fl11

)1fl3[ Ydqhkkh E –fl869( FqZuhsZshnmZk zdkc ne Z oZqshbkd eZkkhmf hm Z rbgvZqyrbghkc
fdnldsqx ZmZkxydc hm sdmrnq gZqlnmhbr0 Ogxr Qdu C 1.1fl3fl-1fl59: CNH fl90
flfl92?OgxrQduC0101fl3fl

)1fl4[ Ydqhkkh EI –fl869( Deedbshud onsdmshZk enq dudm oZqhsx Qdffd/Vgddkdq fqZuh/
sZshnmZk odqstqaZshnm dptZshnmr0 Ogxr Qdu Kdss 13.626-627: CNH fl90flfl92?
OgxrQduKdss0130626


