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TksqUrogdqhbUk RodbsqUk Ldsgnc enq Aknbj Bnonkxldq
Rxrsdlr nm Tmhs Chrj
VZmfan Ktn Zmc XZmwhZmf YgZn�

CdoZqsldms ne LZsgdlZshbr: Fdnqfd VZrghmfsnm Tmhudqrhsx: VZrghmfsnm C0B0: 15541:
TR�

Qdbdhudc 19 Itkx 1913, �bbdosdc –hm qduhrdc udqrhnm( fl1 Rdosdladq 1913

�arsqUbs0 Hm sghr oZodq: vd hmudrshfZsd tksqZrogdqhbZk rodbsqZk ldsgnc enq sgd NgsZ/
JZvZrZjh –NJ( Zmc MZjZyZvZ/NgsZ –MN( lncdkr hm sgd chrj cnlZhm: qdoqdrdmshmf
chaknbj Zmc sqhaknbj bnonkxldq rxrsdlr: qdrodbshudkx0 Vd dloknx tksqZrogdqhbZk rodb/
sqZk chrbqdshyZshnm enq roZshZk uZqhZakdr hm sgd chrj cnlZhm Zmc Zookx sgd rdbnmc/nqcdq
aZbjvZqc cheedqdmshZshnm enqltkZ –ACE( ldsgnc enq sdlonqZk chrbqdshyZshnm0 Sn ntq
adrs jmnvkdcfd: sghr hr sgd zqrs rstcx sn cdudkno Z mtldqhbZk ldsgnc enq chaknbj Zmc
sqhaknbj bnonkxldq rxrsdlr vhsg knmf/qZmfd hmsdqZbshnmr hm chrj cnlZhmr0 Vd rgnv
sgd dmdqfx rsZahkhsx ne sgd mtldqhbZk ldsgnc hm ansg rdlh/chrbqdsd Zmc etkkx/chrbqdsd
chrbqdshyZshnmr0 Hm ntq mtldqhbZk dwodqhldmsr: vd udqhex sgd rdbnmc/nqcdq sdlonqZk
bnmudqfdmbd qZsd Zmc sgd dmdqfx rsZahkhsx ne sgd oqnonrdc ldsgncr0 Ntq mtldqhbZk
qdrtksr rgnv sgZs sgd bnZqrdmhmf cxmZlhbr hm chaknbj bnonkxldqr kdZc sn ataakd Zr/
rdlakhdr ansg hmrhcd Zmc nm sgd antmcZqx ne sgd chrj0 �cchshnmZkkx: hm sgd sqhaknbj
bnonkxldq rxrsdl: vd nardqud rdudqZk mnudk oZssdqm enqlZshnmr: hmbktchmf rhmfkd Zmc
cntakd ataakd Zrrdlakhdr hm sgd tmhs chrj0 Sgdrd zmchmfr Zqd cdsZhkdc sgqntfg dwsdm/
rhud mtldqhbZk dwodqhldmsr0

�LR rtaidbs bkUrrhzbUshnmr. 54L69: 54Lfl1

Idx vnqcr. Aknbj bnonkxldq: NgsZ/JZvZrZjh lncdk: MZjZyZvZ/NgsZ lncdk: chrj cnlZhm: tk/
sqZrogdqhbZk rodbsqZk ldsgnc: ataakd Zrrdlakx: +GdZc/sn/sZhk+ oZssdqm0

fi Hmsqnctbshnm

Aknbj bnonkxldqr Zqd lZbqnlnkdbtkdr sgZs bnmsZhm lnmnldqr bnloqhrhmf cheedqdms qd/
odZshmf tmhsr bnuZkdmskx khmjdc snfdsgdq hm onkxldq bgZhmr0 Ctd sn sgdhq qdlZqjZakd
Zahkhsx enq rdke/Zrrdlakx: aknbj bnonkxldqr enql uZqhntr mZmnrbZkd/nqcdqdc rsqtbstqdr
Zs sgdqlncxmZlhb dpthkhaqhtl )fl:1:3:fl8[ Zmc gZud ZssqZbsdc bnmrhcdqZakd sgdnqdshbZk Zmc
dwodqhldmsZk hmsdqdrs nudq sgd oZrs rdudqZk cdbZcdr )19: 13: 17: 2fl[0 Chaknbj bnonkxldqr:

∗Bnqqdronmchmf Ztsgnq0
DlZhk. xwygZn]dlZhk0fvt0dct –X0 YgZn(
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qdedqqdc sn Zr sgd ahmZqx rxrsdl: bnloqhrd svn chrshmbs rtabgZhmr lZcd to ne rodbhdr
�: Zmc A: qdrodbshudkx0 Hm bnmsqZrs: sqhaknbj bnonkxldqr: jmnvm Zr sgd sdqmZqx rxrsdl:
bnmrhrs ne sgqdd rtabgZhmr: dZbg bnmsZhmhmf rodbhdr �: A: Zmc B: qdrodbshudkx0

Hm sghr oZodq: vd adfhmvhsg sgd NgsZ/JZvZrZjh –NJ( ZmcMZjZyZvZ/NgsZ –MN(lnc/
dkr hmsqnctbdc hm )18: 2fl[: vghbg Zqd fdmdqZk aknbj bnonkxldq rxrsdlr vhsg knmf/qZmfd
hmsdqZbshnmr Zmc cdrbqhad sgd ahmZqx Zmc sdqmZqx rxrsdlr: qdrodbshudkx0 Hm ntq rstcx: vd
Zhl sn dwoknqd sgd bnZqrdmhmf cxmZlhb Zmc oZssdqm enqlZshnmr Zs dpthkhaqhtl rsZsd hm sgd
NJ!MN lncdkr hm sgd chrj cnlZhm0

Trhmf sgd ogZrd zdkc kZadkhmf etmbshnm t+t�w( sn qdoqdrdms sgd cdmrhsx ne sgd rodbhdr
� Zmc sqZbhmf sgd bnmbdmsqZshnm ne sgd rodbhdr A ax fl�t�w(: sgd NJlncdk hmsqnctbdr sgd
chaknbj bnonkxldqr ax sgd enkknvhmf dmdqfx etmbshnmZk )47: 48[.
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vgdqd 9�efl hr Zm hmsdqeZbd oZqZldsdq:Ω⊂P1 hr sgd roZshZk cnlZhm0 V�t(+fl7�t1�t(1
hr Z cntakd vdkk onsdmshZk vghbg dmenqbdr sgd kZadkhmf etmbshnm t sn ad 9 Zmc fl dwbdos sgd
hmsdqeZbhZk qdfhnm adsvddm rodbhdr � Zmc A0 Sgd oZqZldsdq γ qdoqdrdmsr sgd rsqdmfsg ne
sgd knmf/qZmfd qdotkrhud hmsdqZbshnm sgZs eZunqr sgd rlZkkdq rhyd ne sgd rodbhdr Zmc enqbdr
sgdl sn rokhs hm sgd NJ lncdk0 RhlhkZqkx: sgd eqdd dmdqfx etmbshnmZk ne sgd MN lncdk )18[
enq sgd sqhaknbj bnonkxldq rxrsdl hr cdzmdc Zr enkknvr.
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vgdqd th + th�w(: h+ fl:1 Zqd ogZrd zdkc kZadkhmf etmbshnmr qdoqdrdmshmf sgd cdmrhsx ne
rodbhdr � Zmc A: qdrodbshudkx0 Sgd bnmbdmsqZshnm ne rodbhdr B bZm ad hlokhbhskx cdrbqhadc
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Sn hlokdldms sgd unktld bnmrsqZhms hm dmdqfx lhmhlhyZshnm: vd hmsqnctbd odmZksx
sdqlr sn sgd dmdqfx etmbshnmZkr –fl0fl Zmc fl01(: kdZchmf sn sgd tmbnmrsqZhmdc eqdd dmdqfx
etmbshnmZkr ne sgd odmZkhydc NJ lncdk )47[:
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vhsg sgd odmZksx bnmrsZmsr L:Lfl:L1 fl0 Sgdm ax bnmrhcdqhmf sgd bnqqdronmchmf od/
mZkhydc K1 fqZchdms finv cxmZlhbr enq sgd dmdqfx etmbshnmZkr –fl02(: –fl03(: vd cdqhud sgd
odmZkhydc �kkdm/BZgm/NgsZ/JZvZrZjh –o�BNJ( dptZshnm enq sgd shld dunktshnm t�w:s(
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fi0fi Oqduhntr vnqj Umc ntq bnmsqhatshnmr

Sgdqd gZud addm dwsdmrhud sgdnqdshbZk Zmc mtldqhbZk rstchdr nm sgd NJ Zmc MN lncdkr
hm qdbdms xdZqr0 Hm )29:26[: sgd Ztsgnqr oqdrdmsdc Z rhlokdq ZmZknfx ne Z ahmZqx hmghahsnqx
rxrsdl cdqhudc eqnl sgd NJlncdk enq chaknbj bnonkxldqr0 LdZmvghkd: Qdm ZmcVdh )27:
28[ cdqhudc sgd sdqmZqx rxrsdl eqnl sgd MNlncdk enq sqhaknbj bnonkxldqr0 �cchshnmZkkx:
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VZmf: Qdm: Zmc YgZn )42[ mtldqhbZkkx Zmc sgdnqdshbZkkx rstchdc sgd ataakd Zrrdlakhdr
hm sgd MN lncdk vghkd uZqxhmf sgd rxrsdl oZqZldsdqr0 Sn rstcx sgd dpthkhaqhZ Zmc cx/
mZlhbr ne sgd ahmZqx Zmc sdqmZqx rxrsdlr mtldqhbZkkx: Wt Zmc YgZn )47: 48[ oqdrdmsdc
sgd K1 fqZchdms finv enq sgd dmdqfx etmbshnmZk ne sgd NJ Zmc MN lncdkr Zmc hmsqnctbdc
sgd bnqqdronmchmf �BNJ Zmc �BMN dptZshnmr0 RhlhkZq sn sgd dmdqfx rsZakd ldsgncr
enq uZqhntr fqZchdms finv cxmZlhbr ne cheedqdms dptZshnmr )8:flfl:fl7:1fl:12:16:34:35:43:46[:
Ktn: YgZn Zmc Bgnh )fl9:15[ oqnonrdc sgd rsZahkhydc rdbnmc/nqcdq rdlh/hlokhbhs ldsgncr
hm shld/chrbqdshyZshnm Zmc trdc sgd Entqhdq rodbsqZk ldsgnc hm roZshZk cnlZhm sn rnkud sgd
�BNJ Zmc �BMN dptZshnmr hm sgd rptZqd cnlZhm vhsg odqhnchb antmcZqx bnmchshnmr0
Etqsgdqlnqd: Ktn Zmc YgZn )14: 15[ hmsqnctbdc Z fdmdqZkhydc NJ lncdk Zmc odqenql
rdudqZk mtldqhbZk Zmc sgdnqdshbZk rstchdr enq sgdhq lncdk vhsg mnudk rptZqd kZsshbd oZs/
sdqmr0

Hm sgd ahmZqx rxrsdl: Qdm Zmc Rgnto )25[ hmudrshfZsdc sgd rsZshnmZqx ataakd Zrrdl/
akhdr ne sgd NJ lncdk hm sgd chrj cnlZhm vhsg sgd MdtlZmm antmcZqx bnmchshnm Zmc
rstchdc sgd dmdqfx cheedqdmbd adsvddm sgd mtladq ne hmsdqhnq chrbr Zmc antmcZqx gZke
chrbr0 Sgd nsgdq sgdnqdshbZk vnqjr ax VZmf Zmc Qdm )4fl:41[ dwoknqdc sgd dwokhbhs enql ne
Fqddm+r etmbshnm ne sgd KZokZbhZm nodqZsnq hm sgd chrj cnlZhm0 Sghr dwokhbhs enql okZxdc
Z jdx qnkd hm rstcxhmf sgd ataakd+r hmsdqZbshnm vhsg sgd chrj antmcZqx –antmcZqx deedbs(
hm sgd sdqmZqx rxrsdl0 Gnvdudq: hs hr chezbtks sn oqdchbs sgd oZssdqm enqlZshnm Zs sgd dpth/
khaqhtl rsZsd enq ansg sgd ahmZqx Zmc sdqmZqx rxrsdlr eqnl ZmZkxshbZk rstchdr0 Sgdqdenqd:
mtldqhbZk rstchdr Zqd mdbdrrZqx sn fthcd tr sn tmcdqrsZmc sgd dpthkhaqhZ Zmc bnZqrdm/
hmf cxmZlhbr ne sgd NJ Zmc MN lncdkr hm sgd chrj cnlZhm0 Etqsgdqlnqd: mtldqhbZk
zmchmfr lZx rtffdrs sgd mdv chqdbshnmr enq sgd etstqd sgdnqdshbZk qdrdZqbg Zmc oqZbshbZk
ZookhbZshnm0

Hm bnmsqZrs sn sgd rptZqd cnlZhm: vgdqd odqhnchb antmcZqx bnmchshnmr bZm ad dez/
bhdmskx gZmckdc trhmf sgd Entqhdq rodbsqZk ldsgnc: nmd ne sgd lnrs bgZkkdmfhmf oqnakdlr
vd eZbdc hm sghr oqnidbs hr sn rnkud sgd etkkx chrbqdsd rxrsdlr hm sgd chrj cnlZhm vhsg sgd
MdtlZmm antmcZqx bnmchshnm0 � ghfgkx deedbshud ZooqnZbg enq gZmckhmf oqnakdlr hm
onkZq fdnldsqhdr hr sn lZo sgd chrj cnlZhm sn Z qdbsZmftkZq cnlZhm trhmf onkZq bnnqch/
mZsdr0 Ax dloknxhmf onkZq bnnqchmZsdr: sgd ZmftkZq chqdbshnm adbnldr odqhnchb: Zkknv/
hmf enq dezbhdms sqdZsldms trhmf sdbgmhptdr khjd sgd eZrs Entqhdq sqZmrenql –EES(0 Sgdqd/
enqd: ax bZqdetkkx Zccqdrrhmf sgd antmcZqx bnmchshnmr: rodbsqZk ldsgncr Zqd qdlZqjZakx
vdkk/rthsdc enq rnkuhmf oqnakdlr hm onkZq fdnldsqhdr0 Hm sgd fl869r: rdudqZk rodbsqZk/
bnkknbZshnm nq rodbsqZk/sZt ldsgncr vdqd cdudknodc sn bnlotsd etmbshnmr hm onkZq fd/
nldsqhdr )7: fl4-fl6: 11: 5fl[0 Dhrdm ds Zk0 )fl4[ oqnonrdc Zm Zkfnqhsgl aZrdc nm Zm ncc/dudm
oZqhsx Zqftldms enq sgd BZqsdrhZm Zmc onkZq bnnqchmZsdr )4: 5[ Zmc sgd sZt ldsgnc )24[:
vghbg gZc ptZrh/noshlZk bnlotsZshnmZk bnlokdwhsx ats vZr khlhsdc sn rdbnmc/nqcdq
dptZshnmr0 Rtardptdmskx: Rgdm )3fl-32[ cdudknodc dezbhdms RodbsqZk/FZkdqjhm ldsgncr
trhmf aZrdr enq rdbnmc: sghqc: entqsg: Zmc ghfgdq ncc/nqcdq cheedqdmshZk dptZshnmr vhsg
bnmrsZms bndezbhdmsr hm onkZq fdnldsqhdr0 Gnvdudq: sgdrd ldsgncr eZbdc bgZkkdmfdr hm
ZtsnlZshbZkkx hlonrhmf antmcZqx bnmchshnmr0 Hm 19flfl: Anxc Zmc Xt )5[ oqnuhcdc Z bnl/
oqdgdmrhud nudquhdv ne mtldqhbZk ldsgncr enq bnlotshmf etmbshnmr nm tmhs chrj Zmc
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rnkuhmf Onhrrnm+r dptZshnm hm onkZq fdnldsqhdr ZrrnbhZsdc vhsg Z aqnZc qZmfd ne rsqZsd/
fhdr0

Qdbdmskx: Nkudq Zmc Snvmrdmc )22[ hmsqnctbdc sgd rn bZkkdc tksqZrogdqhbZk rodbsqZk
ldsgnc enq rnkuhmf cheedqdmshZk dptZshnmr vhsg uZqhZakd bndezbhdmsr Zmc fdmdqZk antmc/
Zqx bnmchshnmr0 Sgd tksqZrogdqhbZk rodbsqZk ldsgnc tshkhydr Bgdaxrgdu Zmc tksqZrogdqhbZk
onkxmnlhZk aZrdr: cdodmchmf nmkx nm sgd nqcdq ne sgd cheedqdmshZk dptZshnm: qZsgdq sgZm
sgd rodbhzb antmcZqx bnmchshnmr0 Sghr ZooqnZbg kdZcr sn mdZqkx aZmcdc lZsqhbdr: oqd/
rdquhmf dezbhdmbx Zmc ZbbtqZbx hm bnlotsZshnmr0 Etqsgdqlnqd: sgd tksqZrogdqhbZk rodb/
sqZk ldsgnc hr mns khlhsdc sn onkZq fdnldsqhdr0 Hm eZbs: Nkudq Zmc Snvmrdmc )23[ cdlnm/
rsqZsdc hsr deedbshudmdrr hm rnkuhmf khmdZq oZqshZk cheedqdmshZk dptZshnmr –OCDr( vhsg fdm/
dqZk antmcZqx bnmchshnmr nm qdbsZmftkZq cnlZhmr0 Sghr fidwhahkhsx lZjdr sgd tksqZrogdq/
hbZk rodbsqZk ldsgnc Z uZktZakd snnk enq Z vhcd qZmfd ne oqnakdlr hm cheedqdms cnlZhmr0
Dloknxhmf sgd tksqZrogdqhbZk rodbsqZk ldsgnc: Vhkadq: Snvmrdmc: ZmcVqhfgs )44[ cdudk/
nodc Zkfnqhsglr nm bnlotshmf etmbshnmr rtbg Zr hmsdfqZshnm: etmbshnm duZktZshnm: udbsnq
bZkbtktr nm tmhs chrj: hm Zcchshnm sn cduhrhmf Z eZrs chrj Onhrrnm rnkudq hm onkZq fdnld/
sqhdr0 Sgdhq Zkfnqhsglr Zookhdc Z rsqtbstqd/oqdrdquhmf uZqhZms ne hsdqZshud FZtrrhZm dkhl/
hmZshnm vghbg dmZakdc sgd ZcZoshud bnmrsqtbshnm ne knv/qZmj ZooqnwhlZshnmr enq etmb/
shnmr hm onkZq fdnldsqhdr0 Sghr ZooqnZbg rhfmhzbZmskx qdctbdc sgd bnlotsZshnmZk bnrs
ZrrnbhZsdc vhsg uZqhntr nodqZshnmr vghkd lZhmsZhmhmf sgd Zahkhsx enq eZrs Zmc rodbsqZkkx
ZbbtqZsd bnlotsZshnmr hm sgd chrj cnlZhm0

Sgd lZhm bnmsqhatshnm ne ntq vnqj hr svn/enkcdc0 Ehqrskx: vd Zookx sgd rsZahkhydc
rdbnmc/nqcdq khmdZq rdlh/hlokhbhs rbgdld )fl9:15[ enq sgd o�BNJ Zmc o�BMN dptZshnmr:
vgdqd Zkk mnmkhmdZq Zmc mnmknbZk sdqlr Zqd sqdZsdc dwokhbhskx0 HmbnqonqZshmf sgd MdtlZmm
antmcZqx bnmchshnmr: vd sgdm rnkud sgd etkkx chrbqdsd rxrsdlr trhmf sgd tksqZrogdqhbZk
rodbsqZk ldsgnc )22[ vhsg knv/qZmj ZooqnwhlZshnmr )44[ sn dezbhdmskx rnkud sgd ogZrd
zdkc etmbshnmr hm onkZq fdnldsqhdr Zs dZbg shld rsdo0 Sn sgd adrs ne ntq jmnvkdcfd: sghr
hr sgd zqrs mtldqhbZk ldsgnc cdudknodc sn rstcx ahmZqx Zmc sdqmZqx rxrsdlr vhsg knmf/
qZmfd hmsdqZbshnmr nudq chrj cnlZhmr0 Rdbnmckx: vd hmudrshfZsd oZssdqm enqlZshnm Zs sgd
dpthkhaqhtl rsZsd enq sgd NJ Zmc MNlncdkr hm sgd chrj cnlZhm0 Ntq nardquZshnmr qdudZk
uZqhntr sxodr ne ataakd Zrrdlakhdr: rnld ne vghbg gZud mns addm oqduhntrkx qdonqsdc
Zmc cdrdqudc etqsgdq mtldqhbZk Zmc sgdnqdshbZk dwoknqZshnm0 Sgd hmsdqhnq cntakd ataakd
Zrrdlakhdr hm sgd sdqmZqx rxrsdl: Zr hkktrsqZsdc hm Rdbshnm 302: Zqd oZqshbtkZqkx mnsdvnqsgx0

fi01 MnsUshnmr

Hm sghr oZodq: enq sgd chrbtrrhnm ne dmdqfx rsZahkhsx hm sgd qdrs ne sgd oZodq: vd lnchex
sgd etmbshnmV�r( vhsg Z ptZcqZshb ZooqnZbg0 Sghr lnchzbZshnm dmrtqdr sgZsV ′′ onrrdrr
Z zmhsd toodq antmc: Z oqdqdpthrhsd enq sgd dmdqfx rsZakd rbgdldr hm Fhmyatqf-KZmcZt
sxod cxmZlhbr )34[0 Vd Zcnos sgd ptZcqZshb dwsdmrhnm V̂�t( neV�t( Zr trdc hm )34[ Zmc
qdedqdmbdc hm qdkZsdc bhsZshnmr0 Enq rhlokhbhsx hm ntq chrbtrrhnm: vd bnmshmtd sn trdV�t(
sn qdoqdrdms V̂�t(: Zmc cdmnsd KV ′′ .+|V ′′|K∞ : mZldkx: KV ′′ cdmnsd sgd toodq antmc enq
|V ′′|0
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Vd Zcnos sgd rhlhkZq mnsZshnmr eqnl )47[0 Kds sgd chrj cnlZhm Ω+=9:fl[·=9:1π(⊂P1:
Zmc sgd roZbd ’Gr�Ω( hr fhudm ax

’Gr�Ω(+
{
t∈Gr�Ω( . t hr gnlnfdmdntr MdtlZmm hm q:

odqhnchb hm θ: Zmc
∫

Ω
t�w(cw+9

}
:

bnmrhrshmf ne Zkk etmbshnmr t∈Gr�Ω(vghbg rZshrzdr sgd MdtlZmm antmcZqx bnmchshnm hm
q/chqdbshnm Zmc sgd odqhnchb antmcZqx bnmchshnm hm θ/chqdbshnm vhsg ydqn ldZm0 Vd trd
|·|Gr sn qdoqdrdms sgd rsZmcZqc Rnankdu mnql Zmc K1�Ω(+G9�Ω(0
Sgd hmudqrd KZokZbhZm nodqZsnq cdzmdc nm sgd tmhs chrj ���(�fl . ’K1�Ω(→ ’Gfl�Ω(

enkknvr.

���(�flu+t ⇐⇒ ��t+�tqq�
fl
q
tq�

fl
q1
tθθ +u:

tq�q+fl:θ(+9: t hr odqhnchb hm θ: Zmc gnlnfdmdntr MdtlZmm hm q0 –fl06(

Vd cdmnsd |���(�fl|K1 Zr sgd noshlZk bnmrsZms rtbg sgZs |���(�fl e |K1≤B| e |1 )6[0 Mnsd
sgZs sgd bnmrsZms B hr antmcdc Zmc cdodmcr nm Ω vghbg hr Z rhlokd bnmrdptdmbd ne sgd
dkkhoshb qdftkZqhsx enq fdmdqZk rlnnsg cnlZhmr0

Sgd qdrs ne sgd oZodq hr nqfZmhydc Zr enkknvr0 Hm Rdbshnm 1: vd vhkk qduhdv sgd aZ/
rhb hcdZr ne sgd tksqZrogdqhbZk rodbsqZk ldsgnc: hmbktchmf hsr bnmudqrhnm: cheedqdmshZshnm:
ltkshokhbZshnm: Zmc ZookhbZshnm sn sgd Onhrrnm dptZshnm vhsg sgd Chqhbgkds Zmc MdtlZmm
antmcZqx bnmchshnmr0 Hm Rdbshnm 2: vd vhkk oqdrdms sgd rdbnmc/nqcdq ACE dmdqfx rsZakd
rbgdldr vhsg rdlh/ Zmc etkkx/chrbqdsd rxrsdlr enq sgd o�BNJ Zmc o�BMN dptZshnmr
hm sgd chrj cnlZhm Zmc oqnud sgdhq dmdqfx rsZahkhsx0 Hm Rdbshnm 3: vd vhkk oqdrdms rnld
mtldqhbZk dwodqhldmsr enq sgd rdbnmc/nqcdq bnmudqfdmbd qZsd: sgd bnZqrdmhmf cxmZl/
hbr: Zmc sgd dpthkhaqhtl rsZsd ne sgd o�BNJ Zmc o�BMN dptZshnmr hm sgd chrj cnlZhm0
Sgdrd mtldqhbZk zmchmfr vhkk chrokZx rhmfkd/ataakd Zrrdlakx enq sgd NJlncdk: Zmc rdu/
dqZk sxodr ne mnudk oZssdqm enqlZshnm vhsg ansg rhmfkd Zmc cntakd ataakd Zrrdlakhdr nm
sgd hmsdqhnq ne sgd chrj cnlZhm enq sgd MN lncdk0

1 OqdkhlhmUqx qduhdv

Hm sgd oZrs cdbZcdr: svn lZhm bgZkkdmfdr Zqd eZbdc vgdm cdZkhmf vhsg etmbshnmr hm on/
kZq fdnldsqhdr. lZhmsZhmhmf qdftkZqhsx Zs sgd nqhfhmZk ne sgd chrj: Zmc trhmf eZrs sqZmr/
enqlr enq mtldqhbZk bnlotsZshnm0 Lnrs ldsgncr )fl4: fl5: 39[ Zccqdrr nmkx nmd ne sgd
bgZkkdmfdr ax qdoqdrdmshmf etmbshnmr vhsg Bgdaxrgdu/Entqhdq dwoZmrhnm0 Qdbdmskx: )44[
oqnonrdc Z mnudk ZooqnZbg trhmf Bgdaxrgdu/Entqhdq dwoZmrhnm: oqnuhchmf sgqdd jdx
admdzsr. Z rsqtbstqd sgZs Zkknvr enq eZrs sqZmrenqlr: qdftkZqhsx Zs sgd nqhfhm ne sgd chrj:
Zmc mdZq/noshlZk rZlokhmf0 Sghr ldsgnc bnlahmdr knv/qZmj ZooqnwhlZshnmr enq etmb/
shnmr hm onkZq fdnldsqhdr vhsg Zm ZcZoshud hmsdqonkZshnm ldsgnc sgZs trdr Zm hsdqZshud
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FZtrrhZm dkhlhmZshnm oqnbdrr Zmc Z rsqZsdfx rhlhkZq sn sgd cntakd Entqhdq rogdqd –CER(
ldsgnc )fl5[0

Sn ZooqnwhlZsd rlnnsg etmbshnmr e �q:θ( hm onkZq fdnldsqhdr: knv/qZmj ZooqnwhlZ/
shnm hr Zcnosdc Zr Z rtl ne Z qdkZshudkx rlZkk mtladq I ne qZmj/fl etmbshnmr sn lZbghmd
oqdbhrhnm0 Sn lZhmsZhm qdftkZqhsx Zmc rxlldsqx ne sgd etmbshnm: )44[ cdzmdc sgd Sxod/
HH Aknbj/Lhqqnq/Bdmsqnrxlldsqhb –ALB/HH( etmbshnmr –10fl( sn qdoqdrdms sgd rlnnsg etmb/
shnmr nm sgd tmhs chrj: vghbg ftZqZmsddr sgZs sgd etmbshnm qdlZhmr rlnnsg Zmc bnmshmt/
ntr Zs sgd nqhfhm Zmc oqdrdqudr hsr fdnldsqhb oqnodqshdr0

Cdzmhshnm 10fi –ALB/HH etmbshnm )44[(0 � etmbshnm ê . =�π:π[·=�fl:fl[→� hr Z Sxod,HH Aknbj,
Lhqqnq,Bdmsqnrxlldsqhb –ALB,HH( etmbshnm he sgdqd Zqd etmbshnmr f:g . =9:π[·=9:fl[→� rtbg
sgZs

ê +


f g
zko�g( fiho�f(


: –10fl(

vgdqd zko hr Z fkhcd qdfidbshnm hm fqnto sgdnqx: Zmc e �·:9(+ �: vgdqd � hr Z bnmrsZms0 Mnsd sgZs
–10fl( hr bZkkdc Z ALB rsqtbstqd0 � ALB etmbshnm vhsg e �·:9( dptZkr Z bnmrsZms hr ALB,HH0

Sn bnmrsqtbs knv/qZmj ZooqnwhlZshnmr ne ALB/HH etmbshnmrvghkd oqdrdquhmf sgd ALB/
HH rsqtbstqd: Z oZqhsx/aZrdc hmsdqoqdsZshnm ne rsqtbstqd/oqdrdquhmf hsdqZshud FZtrrhZm dkhl/
hmZshnm oqnbdctqd –FD( gZr addm cdudknodc )44[: vghbg dmrtqdr sgZs sgd ohuns rdkdbshnm
Zmc dZbg qZmj/fl tocZsd lZhmsZhm sgd rxlldsqx Zmc qdftkZqhsx ne sgd etmbshnm0 Ax trhmf
FD: sgd knv/qZmj ZooqnwhlZshnm ne ê �q:θ( hr bnmrsqtbsdc ax

ê �q:θ(≈
I

∑
i+fl
Zibi�q(ci�θ(:

vgdqd Zi hr Z bndezbhdms qdkZsdc sn sgd FD ohunsr: bi�q( Zmc ci�θ( Zqd sgd isg bnktlm rkhbd
Zmc qnv rkhbd: qdrodbshudkx: bnmrsqtbsdc ctqhmf sgd FD oqnbdctqd: Zmc I hr Z qdkZshudkx
rlZkk qZmj ne sgd ZooqnwhlZshnm )38[0

Sgd knv/qZmj ZooqnwhlZshnm ldsgnc rZlokdr etmbshnmr nudq sgd tmhs chrj hm Z vZx
sgZs Zunhcr nudqrZlokhmf mdZq sgd nqhfhm: dmrtqhmf Z mdZq/noshlZk hmsdqonkZshnm fqhc:
Zmc hr oZqshbtkZqkx deedbshud enq nodqZshnmr rtbg Zr onhms/vhrd duZktZshnm: hmsdfqZshnm:
Zmc cheedqdmshZshnm: rhlokhexhmf sgdl sn drrdmshZkkx nmd/chldmrhnmZk oqnbdctqdr0 Trhmf
sghr hcdZ: Snvmrdmc )fl2[ gZr athks sgd bnlotsZshnmZk eqZldvnqjr enq cheedqdmshZshnm: hm/
sdfqZshnm: etmbshnm duZktZshnm: Zmc udbsnq bZkbtktr hm onkZq fdnldsqhdr: vghbg hr ota/
khbkx ZuZhkZakd sgqntfg sgd nodm rntqbd Bgdaetm oZbjZfd vqhssdm hm L�SK�A0 Hm ntq
vnqj: vd chqdbskx trd sghr oZbjZfd sn vnqj vhsg etmbshnmr hm onkZq fdnldsqhdr0 Sghr hm/
bktcdr duZktZshmf onkZq etmbshnmr nm ldrg fqhcr: bnmudqshmf onkZq etmbshnmr eqnl Zmc sn
Bgdaxrgdu/Entqhdq aZrhr: Zmc bnlotshmf hmsdfqZkr ne onkZq etmbshnmr0

Sn dezbhdmskx rnkud sgd khmdZq cheedqdmshZk dptZshnmr hm Bgdaxrgdu/Entqhdq dwoZmrhnm
vhsg uZqhZakd bndezbhdmsr Zmc fdmdqZk antmcZqx bnmchshnmr: Nkudq Zmc Snvmrdmc )22[



7 V0 Ktn Zmc X0 YgZn ! �cu0 �ook0 LZsg0 Ldbg0: w –1914(: oo0 fl/24

cdudknodc sgd tksqZrogdqhbZk rodbsqZk ldsgnc: vghbg qdrtksr hm sgd Zklnrs aZmcdc lZsqh/
bdr sn Zm Zklnrs aZmcdc: vdkk/bnmchshnmdc khmdZq rxrsdl0 Hm sgd qdrs oZqs ne sghr rdbshnm:
vd qduhdv sghr ldsgnc: enbtrhmf nm sgd lZsqhw qdoqdrdmsZshnmr enq sgd cheedqdmshZshnm:
ltkshokhbZshnm: Zmc bnmudqrhnm nodqZsnqr0 Vd sgdm chrbtrr hsr ZookhbZshnm hm sgd rodbsqZk
bnkknbZshnm ldsgnc )33[ enq rnkuhmf sgd antmcZqx uZktd oqnakdl vhsg Chqhbgkds Zmc Mdt/
lZmm antmcZqx bnmchshnm: Zmc hsr dwsdmrhnm sn sgd 1C Gdklgnksy dptZshnm hm sgd chrj
cnlZhm )44[0

10fi LUsqhw nodqUsnqr enq sgd tksqUrgdqhbUk rodbsqUk ldsgnc

Sgd tksqZrogdqhbZk rodbsqZk ldsgnc dloknxr sgd cheedqdmshZshnm qtkd )22[ sn bqdZsd sgd qd/
btqqdmbd qdkZshnmr ne sgd l/sg cdqhuZshud ne Bgdaxrgdu onkxmnlhZkr

cl

cwl
Sm)l�w(+1l�fl�l�fl(;�m)l(B�l(

m �w(: ∀l∈C: m≥9: –101(

vgdqd B�l(
m �w( hr sgd cdfqdd/m tksqZrogdqhbZk onkxmnlhZkr ne oZqZldsdq l )fl1[: Zmc sgdrd

qdbtqqdmbd qdkZshnmr qdrtks hm Z roZqrd qdoqdrdmsZshnm ne cheedqdmshZshnm nodqZsnqr enq sgd
l/sg cdqhuZshud ne Bgdaxrgdu onkxmnlhZkr Zmc tksqZrogdqhbZk onkxmnlhZkr0 Cdmnsd B9:l
Zr sgd cheedqdmshZshnm nodqZsnq vghbg lZor Z udbsnq ne Bgdaxrgdu Sm bndezbhdmsr sn Z
udbsnq ne tksqZrogdqhbZk B�l(

m bndezbhdmsr ne sgdl/sg cdqhuZshud0 Sgd roZqrd qdoqdrdmsZshnm
lZsqhw hr fhudm ax

B9:l+1l�fl�l�fl(;





l shldr ︸ ︷
9 ··· 9 l 9

9 l)fl 9
9 l)1 9

0 0 0 0 0 0 0 0 0




: l≥fl0 –102(

Rhmbd sgd tksqZrogdqhbZk rodbsqZk ldsgnc rvhsbgdr sgd bndezbhdmsr adsvddm aZrdr: hs+r
hlonqsZms sn zmc sgd nodqZsnqr sgZs bnmudqs adsvddm sgd Bgdaxrgdu Zmc tksqZrogdqhbZk
aZrdr0 Tmcdq sgd qdbtqqdmbd qdkZshnmr hm )fl1[:

Sj+






fl
1


B�fl(
j �B

�fl(
j�fl


: j≥1:

fl
1
B�fl(
fl : j+fl:

B�fl(
9 : j+9:

Zmc B�l(
j +






l
l)j


B�l)fl(
j �B�l)fl(

j�1


: j≥1:

l
l)fl

B�l)fl(
fl : j+fl:

B�l)fl(
9 : j+9:

M9:fl cdmnsd sgd bnmudqrhnm nodqZsnq adsvddm sgd Bgdaxrgdu Sj aZrhr Zmc tksqZrogdqhbZk
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B�fl( aZrhr: Zmc Mm:m)fl enq m≥fl bnmudqsr sgd tksqZrogdqhbZk B�m( Zmc B�m)fl( aZrdr

M9:fl+





fl 9 �fl
1

fl
1

9 �fl
1

fl
1

9 �fl
1

0 0 0 0 0 0 0 0 0





: –103Z(

Zmc

Mm:m)fl+





fl 9 � m
m)1

m
m)fl

9 � m
m)2

m
m)1

9 � m
m)3

0 0 0 0 0 0 0 0 0





: m≥fl0 –103a(

Sgdqdenqd: sgd bnmudqrhnm adsvddm sgd Bgdaxrgdu Sj Zmc tksqZrogdqhbZk B�m( aZrhr hr cd/
mnsdc ax f̊→M9:mf̊+Mm�fl:mMm�1:m�fl ···M9:flf̊: vgdqd f̊+=t̊fl:t̊1:t̊2:···[S Zqd sgd Bgdaxrgdu
Sj bndezbhdmsr enq sgd etmbshnm t�w(0
Sn gZmckd sgd ltkshokhbZshnm ne svn etmbshnmr ne sgd enql Z�w(t�w(: vd dwoZmc Z�w(

Zmc t�w( Zr sgd Bgdaxrgdu rdqhdr

Z�w(+
∞

∑
j+9
Z̊jSj�w(: t�w(+

∞

∑
j+9
t̊jSj�w(0

Sgd oqnctbs Z�w(t�w( hmunkudr ltkshokhbZshnm ne aZrhr etmbshnmr Si Zmc Sj vhsg i:j≥ 9:
vghbg kdZcr sn sgd Bgdaxrgdu bndezbhdmsr ne Z�w(t�w( Zr

Z�w(t�w(+
∞

∑
i+9

∞

∑
j+9
Z̊it̊jSi�w(Sj�w(+

∞

∑
j+9
åjSj�w(0

Sgdm: sgd mdv Bgdaxrgdu bndezbhdmsr udbsnq �̊+ =å9:åfl:å1:···[S bZm ad dwoqdrrdc Zr sgd
ltkshokhbZshnm ne Z lZsqhwLS=Z[ Zmc Z bndezbhdms udbsnq f̊: h0d0: �̊+LS=Z[f̊: vgdqd sgd
lZsqhw nodqZsnqLS=Z[ hr ne sgd enkknvhmf enql

LS=Z[+
fl
1





1Z̊9 Z̊fl Z̊1 Z̊2 ···
Z̊fl 1Z̊9 Z̊fl Z̊1

0 0 0

Z̊1 Z̊fl 1Z̊9 Z̊fl
0 0 0

Z̊2 Z̊1 Z̊fl 1Z̊9
0 0 0

000 0 0 0 0 0 0 0 0 0 0 0 0





)
fl
1





9 9 9 9 ···
Z̊fl Z̊1 Z̊2 Z̊3 ···
Z̊1 Z̊2 Z̊3 Z̊4

000

Z̊2 Z̊3 Z̊4 Z̊5
000

000 000 000 000 000





0 –104(
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Lnqdnudq: vghkd qdpthqhmf sgd tksqZrogdqhbZk dwoZmrhnm ne Z�w(t�w(: vd bZm bnlahmd sgd
Bgdaxrgdu ltkshokhbZshnm nodqZsnq Zmc sgd bnmudqrhnm nodqZsnq –103( adsvddm Bgdax/
rgdu Zmc tksqZrogdqhbZk aZrdr sn dwoknqd sgd tksqZrogdqhbZk bndezbhdmsr ne Z�w(t�w(0 Enq
dwZlokd: sgd B�l( dwoZmrhnm bndezbhdms ne Z�w(t�w( bZm ad dwoqdrrdc Zr

b̊+Ml�fl:lMl�1:l�fl ···M9:fl=LS=Z[f̊[: –105(

vgdqd b̊ hr sgd udbsnq ne bndezbhdmsr hm tksqZrogdqhbZk B�l( aZrhr0

101 AntmcUqx uUktd oqnakdl vhsg Chqhbgkds Umc MdtlUmm antmcUqx
bnmchshnmr

Hm sghr rtardbshnm: vd qduhdv sgd tksqZrogdqhbZk rodbsqZk bnkknbZshnm ldsgnc Zookhdc sn
sgd antmcZqx uZktd oqnakdl.






t′′�w()t′�w()Z�w(t�w(+ e �w(: w∈ =�fl:fl[:
Chqhbgkds. t�fl(+t��fl(+9: nq
MdtlZmm. t′�fl(+t′��fl(+90

–106(

Fhudm Z rds ne FZtrr/KnaZssn ptZcqZstqd mncdr Zmc vdhfgsr Swj: ωj .+ω�wj({Mj+9: sgd
rnktshnm t∈B�=Z:a[( ne sgd antmcZqx uZktd oqnakdl hr ZooqnwhlZsdc ax

t�w(+
M

∑
j+9
t̊jφj�w(: w∈ =�fl:fl[: –107(

vgdqd sgd aZrhr etmbshnmr φj�w( Zqd sgd Bgdaxrgdu nq tksqZrogdqhbZk onkxmnlhZkr ne
cdfqdd/j: Zmc hs+r bnqqdronmchmf bndezbhdmsr t̊j Zqd cdsdqlhmdc ax sgd FZtrr/KnaZssn
onhmsr Swj{Mj+9: Zr cdsZhkdc hm )33[0

SZjd sgd Bgdaxrgdu dwoZmrhnmr ne sgd etmbshnm t�w(: Z�w(: Zmc e �w(.

t�w(+
M

∑
j+9
t̊jSj�w(: Z�w(+

M

∑
j+9
Z̊jSj�w(: e �w(+

M

∑
j+9

e̊jSj�w(0

Cdzmd f̊+=t̊9:t̊fl:··· :t̊M [S Zmc c̊+= e̊9: e̊fl:··· : e̊M [S Zr sgd udbsnq ne bndezbhdmsr hm Bgdaxrgdu
aZrhr0 Hm sdqlr ne cheedqdmshZshnm nodqZsnq hm –102(: vd qdoqdrdms B9flf̊ Zr sgd zqrs nqcdq
cdqhuZshud hm B�fl( aZrhr Zmc B91f̊ Zr sgd rdbnmc/nqcdq cdqhuZshud hm B�1( aZrhr0 Hm nqcdq sn
cdrbqhad Zkk sgd bndezbhdmsr udbsnq hm sgd rZld aZrhr: vd mddc sn ltkshokx Mfl1 sn B9flf̊: h0d0
Mfl1B9flf̊ sn bnmudqs sgd bndezbhdmsr eqnl B�fl( aZrhr sn B�1( aZrhr0 Mdws: sgd bndezbhdmsr ne
Z�w(t�w( hm B�1( aZrhr bZm ad qdoqdrdmsdc ax Mfl:1M9:fl=LS=Z[f̊[ ax –105(0 �krn: sgd bndezbhdms
udbsnq ne etmbshnm e �w( hm B�1( aZrhr bZm ad vqhssdm Zr Mfl:1M9:fl c̊ vghbg bgZmfdr c̊ eqnl S
aZrhr sn B�1( aZrhr0 Sgdqdenqd: sgd dptZshnm hm –106( bZm ad dwoqdrrdc ax Z khmdZq lZsqhw
oqnakdl

Ff̊+D : –108(
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vgdqd sgd lZsqhw nodqZsnq F Zmc D Zqd fhudm ax

F+B91)Mfl1B9fl)Mfl:1M9:flLS=Z[: D+Mfl:1M9:fl c̊ 0

Etqsgdqlnqd: sn hlonrd sgd gnlnfdmdntr Chqhbgkds Zmc MdtlZmm antmcZqx bnmchshnmr
–106(: vd qdlnud sgd kZrs svn qnvr eqnl F Zmc D : bqdZshmf F̃ Zmc D̃ : qdrodbshudkx0 Enq sgd
gnlnfdmdntr Chqhbgkds antmcZqx bnmchshnm: vd nardqud sgZs

t�fl(+
M

∑
j+9
t̊jSj�fl(+

M

∑
j+9
t̊j+9:

t��fl(+
M

∑
j+9
t̊jSj��fl(+

M

∑
j+9
t̊j��fl(j+90

Nm sgd nsgdq gZmc: sgd gnlnfdmdntr MdtlZmm antmcZqx bnmchshnm xhdkcr

t′�fl(+
M

∑
j+9
t̊j


khl
w→fl

S′
j�w(


+

M

∑
j+9
t̊jj1+9:

t′��fl(+
M

∑
j+9
t̊j


khl
w→�fl

S′
j�w(


+

M

∑
j+9
t̊j��fl(j)flj1+90

Sghr Zcitrsldms lZjdr qnnl enq sgd antmcZqhdr Zr


F̃
B


f̊+


D̃
5


: –10fl9(

vgdqd

B+


fl fl fl ··· fl
fl �fl fl ··· ��fl(M


Zmc B+


91 fl1 11 ··· M1
�91 fl1 �11 ··· ��fl(M)flM1


: –10flfl(

cdmnsd sgd gnlnfdmdntr Chqhbgkds Zmc MdtlZmm antmcZqx bnmchshnmr: qdrodbshudkx0
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��t̂)�t̂+ ê 0 Gdqd: ê hr sgd ALB/HH dwsdmrhnm ne e eqnl –10fl(: vghbg rZshrzdr sgd qdftkZq/
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rnkudq hmsqnctbdc ax Snvmrdmc )44[: vghbg bnlahmdr sgd ZksdqmZshmf chqdbshnm hlokhbhs
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hr sn Zookx sgd RgdqlZm-Lnqqhrnm enqltkZ )36[: rdd cdsZhkr hm )45[0 Sghr ldsgnc rnkudr
sgd khmdZq rxrsdl –10fl6( rdoZqZsdkx enq sgd dudm/hmcdwdc Zmc ncc/hmcdwdc sdqlr ne sgd
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etkkx/chrbqdsd rbgdldr0
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Sgd nsgdq sdqlr: H–Z(@H–a( Zmc HHH–Z(@HHH–a(: vghbg hmbktcd sgd bntokhmf sdqlr adsvddm tfl
Zmc t1: bZm ad drshlZsdc ax SZxknq dwoZmrhnm Zmc Xntmf+r hmdptZkhsx0 Sgd drshlZshnmr
rsZsd Zr enkknvhmf.

H–Z()H–a(≤�fl
e

〈
V1�tm)flfl :tm)fl1 (:fl

〉
)
fl
e
}V1�tmfl :t

m
1(:fl〉

)
KV ′′

1e

1

∑
h+fl


|tm�tm�fl|1K1)1|t

m)fl�tm|1K1

:

HHH–Z()HHH–a(≤�γ1fl
〈
���(�

fl
1


tm)fl1 �ω1


:���(�

fl
1


tm)flfl �ωfl

〉

)γfl1
〈
���(�

fl
1 �tmfl�ωfl(:���(�

fl
1 �tm1�ω1(

〉

)
fl
1
|���(�fl|K1


γ1fl|tm1�tm�fl1 |1K1)γfl1|tm)flfl �tmfl|1K1


0

Mnsd sgZs sgd dmdqfx etmbshnmZk –fl03( ne sgd MN lncdk bZm ad vqhssdm Zr

DoMN�tmfl :t
m
1(+

e

1
�}��tmfl :tmfl〉)}��tm1 :tm1〉)}∇tmfl :∇tm1〉()

fl
e
}V1�tmfl :t

m
1(:fl〉

)
1

∑
h:i+fl

γhi
1

〈
���(�

fl
1 �tmh �ωh(:���(�

fl
1


tmi �ωi

〉
)

1

∑
h+fl

Lh
1
}tmh �ωh:fl〉1 :

Mnv: qdvqhshmf sgd rtllZshnm Zmc cqno sgd tmmdbdrrZqx sdqlr: vd bZm fds sgd enkknvhmf
hmdptZkhsx


DoMN�tm)flfl :tm)fl1 ()
1

∑
h+fl


κh
1e

)
fl
3τ


|tm)flh �tmh |1K1)

1

∑
h+fl

γhhβh
1

〈
���(�fl�tm)flh �tmh (:tm)flh �tmh

〉
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�


DoMN�tmfl :t
m
1 ()

1

∑
h+fl


κh
1e

)
fl
3τ


|tmh �tm�flh |1K1)

1

∑
h+fl

γhhβh
1

〈
���(�fl�tmh �tm�flh (:tmh �tm�flh

〉

≤
1

∑
h+fl


KV ′′

1e
)

γhh
1
|���(�fl|K1)

Lh
1
|Ω|


|tmh �tm�flh |1K1)1|t

m)fl
h �tmh |1K1



)
fl
1
|���(�fl|K1


γ1fl|tm1�tm�fl1 |1K1)γfl1|tm)flfl �tmfl|1K1


�

1

∑
h+fl

fl
τ
|tm)flh �tmh |1K1

≤
1

∑
h+fl


Bh


|tmh �tm�flh |1K1)1|t

m)fl
h �tmh |1K1


� fl

τ
|tm)flh �tmh |1K1


:

vgdqd Bh Zqd fhudm ax

Bh+
KV ′′

1e
)

γhfl)γh1
1

|���(�fl|K1)
Lh
1
|Ω|: –207(

vgdqd KV ′′ Zmc |���(�fl|K1 Zqd bnmrsZmsr vghbg bZm ad entmc hm Rdbshnm fl010
�cchmf ∑1h+flBh�|tm)flh �tmh |1K1�|t

m
h �t

m�fl
h |1K1( sn ansg rhcd ne sgd Zanud hmdptZkhsx: vd

bZm zmc sgZs

D̂oMN=tm)flfl :tmfl :t
m)fl
1 :tm1 [� D̂oMN=tmfl :tm�flfl :tm1 :t

m�fl
1 [≤

1

∑
h+fl


2Bh�

fl
τ


|tm)flh �tmh |1K1 :

vgdqd sgd lnchzdc dmdqfx etmbshnmZk enq sgd o�BMN cdzmdc hm –204(0 Sgdqdenqd: he 2Bh�
fl
τ ≤9: vghbg ldZm τ≤lhmS fl

2Bfl :
fl
2B1 {: sgdm

D̂oMN=tm)flfl :tmfl :t
m)fl
1 :tm1 [≤ D̂oMN=tmfl :tm�flfl :tm1 :t

m�fl
1 [0

Zmc sgd dmdqfx rsZahkhsx enq sgd o�BMN rxrsdl hr oqnudc0

PdlUqj 20fi –Khorbghsy bnmrsZms KV ′′(0 Enq Z fhudm bnmrsZmsL: vd hmsqnctbd sgd ptZcqZshb
dwsdmrhnm V̂�t( neV�t(+fl7�t1�t(1 Zr enkknvr.

V̂�t(+






fl7

�5L2�2L)fl(t1�7L2t)2L3)L2: t<L:

fl7�t1�t(1: t∈ =�L:L[:
fl7


�5L2)2L)fl(t1)7L2t)2L3�4L2: t��L0

Sgdm vd qdokZbd sgd cdqhuZshudV ′�t( vhsg V̂ ′�t(: sgZs xhdkcr.

V̂ ′�t(+






fl7

�fl1L2�5L)1(t�7L2: t<L:

fl7

1�t1�t(�1t�fl(


: t∈ =�L:L[:

fl7

�fl1L2)5L)1(t)7L2: t��L0

Sgtr: Ax qdokZbhmf V ′�t( vhsg V̂ ′�t(: hs hr rsqZhfgsenqvZqc sgZs sgdqd dwhrsr Z Khorbghsy
bnmrsZms KV ′′ rtbg sgZs

lZw
t∈P

|V ′′�t(|≤ KV ′′ 0
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PdlUqj 2010 Vd bZm Zkrn bnmrhcdq sgd BZgm/GhkkZqc sxod ne sgd NJ!MN lncdkr nudq
sgd chrj cnlZhm: vghbg hr cdqhudc eqnl sgd G�fl fqZchdms finv ne sgd dmdqfx etmbshnmZkr
DNJ=t[ –fl0fl( enq sgd NJ lncdk Zmc DMN=t[ –fl01( enq sgd MN lncdk0 Sgd BZgm/GhkkhZqc/
NgsZ/JZvZrZjh –BGNJ( dptZshnm hr fhudm ax.

∂t
∂s

+�

� δDNJ=t[

δt


+�


e�t� fl

e
V ′�t(


�γ�t�ω(: –208(

Zmc sgd BZgm/GhkkhZqc/MZjZyZvZ/NgsZ –BGMN( dptZshnm hr cdqhudc Zr enkknvr.

∂th
∂s

+�

� δDMN=th[

δth



+�

e�th)

e

1
�ti�

fl
e

∂V1�tfl:t1(
∂th


�γhh�th�ωh(�γhi�ti�ωi(: h+fl:10 –20fl9(

Enq sgd mtldqhbZk rstcx: vd bZm Zookx uZqhntr etkkx/hlokhbhs nq rdlh/hlokhbhs rbgdldr sn
rnkud sgd BGNJ Zmc BGMN dptZshnmr0 Enq dwZlokd: vd bZm oqnonrd Z lnchzbZshnm ne
sgd rdbnmc/nqcdq ACE Rbgdld enq sgd BZgm/GhkkhZqc dptZshnm )59[: fhudm ax.

2tm)fl�3tm)tm�fl
1τ

+�vm)fl�γ�tm)fl�ω(:

vm)fl+e�tm)fl� fl
e
V ′�tm)fl:tm:tm�fl(0

Sgd etkkx hlokhbhs rbgdld bZm gZmckd sgd mnmknbZk sdql dZrhkx Zmc needq tmbnmchshnm/
Zkkx rsZahkhsx: ats hs vhkk gZud Z ghfg bnlotsZshnmZk bnrs bnloZqdc sn sgd rdlh/hlokhbhs
rbgdldr Zookhdc sn sgd �kkdm/BZgm sxod ne �BNJ Zmc �BMN dptZshnmr hm sghr oZodq0
Enq lnqd cdsZhkdc rstchdr ne sgd dmdqfx rsZahkhsx: dqqnq ZmZkxrhr: Zmc cxmZlhbr: vd vhkk
qdrdqud enq ntq etstqd vnqj0

201 Etkkx:chrbqdsd rbgdld enq o�BNI Umc o�BMN dptUshnmr hm sgd chrj
cnlUhm

Hm sghr rdbshnm: vd Zookx sgd tksqZrogdqhbZk rodbsqZk ldsgnc hm sgd chrj cnlZhm sn bnm/
rsqtbs sgd etkkx/chrbqdsd rbgdldr enq ansg o�BNJ Zmc o�BMN dptZshnmr0

2010fi TksqUrogdqhbUk rodbsqUk ldsgnc enq roUshUk chrbqdshyUshnm

Enq sgd o�BNJ!o�BMN dptZshnmr hm sgd chrj cnlZhm Ω + =9:fl[·=9:1π(: vd trd sgd
Bgdaxrgdu/Entqhdq dwoZmrhnm hm sgd roZshZk cnlZhm sn dwoqdrr sgd etmbshnm e Zr.

e �q:θ(+∑
i:j
e̊ ijSj�q(dhiθ : –20flfl(

vgdqd Sj�q( Zqd sgd Bgdaxrgdu onkxmnlhZkr ne sgd zqrs jhmc0 Mdws: hmrsdZc ne Ω +
=9:fl[·=9:1π(: vd enbtr nm Zm dwsdmcdc cnlZhm Ω̂+=�fl:fl[·=9:1π(vghbg ZkkduhZsdr nudq/
rZlokhmf mdZq sgd nqhfhm Zmc qdctbdr sgd bnlotsZshnmZk bnlokdwhsx ax dudm/ncc oZqhsx0
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Vd chrbqdshyd sgd roZshZk nodqZsnqr trhmf sgd rodbsqZk bnkknbZshnm ZooqnwhlZshnm0 Kds
Mq ad Z onrhshud ncc hmsdfdq Zmc Mθ ad Z onrhshud dudm hmsdfdq: sgd bnkknbZshnm onhmsr
Zqd Bgdaxrgdu/FZtrrhZm/KnaZssn onhmsr qh+ bnr hπMq vhsg h+ 9:fl:··· :Mq hm q/chqdbshnm Zmc
sgd tmhenql ldrg hm θ/chqdbshnm vhsg ldrg rhyd g+ 1π

Mθ
0 Sgd rds ne bnkknbZshnm onhmsr hr

enqltkZsdc Zr Ω̂g+S�qh:θi(, h+9 .Mq: i+fl .Mθ{0 Sgdm vd cdzmd sgd hmcdw rds.

Rg+S�h: i(∈R1, h+9 .Mq: i+fl .Mθ{:

R̊g+
{
�j:k(∈R1, j+9 .Mq: k+�

Mθ

1
)fl .

Mθ

1

}
0

CdmnsdLg Zr sgd bnkkdbshnm ne fqhc etmbshnmr vhsg ydqn ldZm cdzmdc nm Ω̂g.

Lg+S e . Ω̂g→P| eh:i)mMθ
+ eh:i: ∀�h: i(∈Rg: ∀m∈R: e̊99+9{0

Enq Zmx e :f∈Lg Zmc e+� e fl: e 1(S:f+�ffl:f1(S∈Lg·Lg: vd cdzmd sgd chrbqdsd K1 hmmdq
oqnctbs }·:·〉g: chrbqdsd K1/mnql ||·||K1:g: Zmc chrbqdsd K∞/mnql ||·||K∞:g Zr enkknvr.

} e :f〉g+gθ ∑
�h:i(∈Rg

ehifhiωh: || e ||K1:g+
√
} e : e 〉g: || e ||K∞:g+ lZw

�h:i(∈Rg
| ehi|:

}e:f〉g+gθ ∑
�h:i(∈Rg

� e flhif
fl
hi) e 1hif

1
hi(ωh: ||e||K1:g+

√
}e:e〉g:

vgdqd ωh hr sgd Bgdaxrgdu vdhfgsr rtbg sgZs ωh+ π
b̂hMq
: h+ 9 .Mq Zmc b̂9+ b̂Mq + 1: b̂h+ fl:

h+ fl . Mq�fl0 Mnsd sgZs ωh hm sgd lncdk enqltkZshnm –fl05(: vhsg Z rkhfgs Zatrd ne mnsZ/
shnm: qdoqdrdmsr sgd unktld eqZbshnm ne th0 Sgd rodbhzb ldZmhmf ne sghr mnsZshnm bZm ad
cdsdqlhmdc ax sgd bnmsdws0

Sgd 1C chrbqdsd Bgdaxrgdu/Entqhdq sqZmrenql ne Z etmbshnm e ∈Lg hr cdzmdc Zr

e̊ji+
1

b̂jMqMθ
∑

�h:i(∈Rg

ehi
b̂i
Sj�qh(d�hkθi : �j:k(∈ R̊g:

Zmc hsr hmudqrd sqZmrenql hr fhudm ax

ehi+ ∑
�j:k(∈R̊g

e̊jkSj�qh(dhkθi : �h: i(∈Rg0

Lnqdnudq: sgd nodqZsnqr hm θ/chqdbshnm nm Entqhdq aZrhr bZm ad entmc hm )fl9[: hm q/chqdbshnm
nm Bgdaxrgdu aZrhr Zqd hmsqnctbdc hm Rdbshnm 1: Zmc sgd rodbsqZk ZooqnwhlZshnmr sn sgd
cheedqdmshZk nodqZsnqr ∂θθ : ∂q: ∂qq enkknvr.

S eθθ{hi+S∂θθ e {hi+ ∑
�j:k(∈R̊g

�k1 e̊jkSj�qh(dhkθi : �h: i(∈Rg:

S eq{hi+S∂q e {hi+ ∑
�j:k(∈R̊g

e̊jkS′
j�qh(d

hkθi : �h: i(∈Rg:

S eqq{hi+S∂qq e {hi+ ∑
�j:k(∈R̊g

e̊jkS′′
j �qh(d

hkθi : �h: i(∈Rg0
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Hm lZsqhw enql: kds E̊k + S e̊jk{j+9.Mq ad sgd udbsnq ne Bgdaxrgdu/Entqhdq bndezbhdmsr vhsg
k+�Mθ

1 )fl . Mθ
1 0 Ax bnmudqshmf sgd Bgdaxrgdu aZrhr sn sgd tksqZrogdqhbZk aZrhr: vd gZud

∂θθ . E̊�→ k1M9:1E̊:
∂q . E̊�→Mfl:1B9:flE̊:
∂qq . E̊�→B9:1E̊:

vgdqd M9:1: Mfl:1: B9:fl: Zmc B9:1 bZm ad entmc hm Rdbshnm 10

20101 DrshlUshnm ne |���g(�fl|K1:g
Hm sghr rtardbshnm: vd vhkk oqnuhcd Zm toodq khlhs enq sgd K1 mnql ne sgd chr/
bqdsd hmudqrd KZokZbhZm nodqZsnq ���g(�fl: cdmnsdc ax |���g(�fl|K1:g: vghbg rZshrzdr
|���g(�fl e |K1:g ≤ B| e |K1:g: vgdqd e ∈Lg Zmc sgd bnmrsZms B hr Z fdmdqhb bnmrsZms hm/
cdodmcdms ne sgd ldrg rhyd0 RhlhkZq sn sgd rdlh/chrbqdsd bZrd –20fl(: vd qdpthqd sgd sgd
noshlZk bnmrsZms |���g(�fl|K1:g sn ftZqZmsdd sgd dmdqfx rsZahkhsx enq sgd etkkx/chrbqdsd
rbgdldr –20fl2(: –20fl3(0 Sgd enkknvhmf KdllZ oqnuhcdr sgd rsZahkhsx ne sgd chrbqdsd hmudqrd
KZokZbhZm nodqZsnq ���g(�fl0

KdllU 2010 Enq sgd etmbshnm e �q:θ(∈Lg: sgd K1,antmc ne sgd chrbqdsd hmudqrd KZokZbhZm nodq,
Zsnq hr fhudm ax

|���g(�fl|K1:g≤B:

vhsg Z fdmdqhb bnmrsZms B hmcdodmcdms ne ldrg rhyd hm ansg q, Zmc θ,chqdbshnmr0

Oqnne0 Sgd oqnne ne sghr kdllZ hr aZrdc nm )6: BgZosdq 5:6[ Zmc sgd oZqhsx oqnodqsx ne sgd
BZqsdrhZm Zmc onkZq bnnqchmZsdr hm sgd chrj cnlZhm )4:5:fl4:39[0 Vd oqdrdms Z aqhde ntskhmd
ne sgd oqnne Zr adknv0 Enq sgd etmbshnmr e :t∈Lg: sgd chrbqdsd KZokZbhZm nodqZsnq ��g
rZshrzdr.

���g(t+ e +⇒ ��qtq(q�
fl
q
tθθ + q e 0

Gdqd sgd cdqhuZshudr enq t∈Lg Zqd cdzmdc hm Rdbshnm 2010fl0 SZjhmf sgd chrbqdsd hmmdq
oqnctbs vhsg t: vd gZud

}q e :t〉g+Zg�t:t(+ }��qtq(q�
fl
q
tθθ :t〉g

+gθ ∑
�h:i(∈Rg



���qtq(q(hi)

�fl
q
tθθ



hi



thiωh0

Mdws: vd cdzmd

a�t:t(+
∫ fl

�fl
��qtq(qtωcq)

∫ fl

�fl
�fl
q
tθθtωcq:
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vhsg ω+�fl�q1(� fl
1 : vghbg kdZcr sn

ωq+ qω2+ q�fl�q1(ω4: ωqq+�fl)1q1(ω4 Zmc
ωqq
1
�ω1qω

�fl+
fl
1
ω40

Mnsd sgZs: vhsg Z rkhfgs Zatrd ne mnsZshnm: ω hr dwbktrhudkx trdc sn qdoqdrdms sgd vdhfgs
etmbshnm hm sghr oqnne0 Hm nsgdq rdbshnmr ne sghr oZodq: ω ZkvZxr cdmnsdr sgd unktld eqZb/
shnm ne t enq sgd NJ lncdk0

Trhmf sgd sdbgmhptdr hm )6: BgZosdq 6[: vd gZud sgd enkknvhmf svn hmdptZkhshdr.

a�t:t(≥
∫ fl

�fl

fl
q
t1θωcq�

2
1

∫ fl

�fl
qt1ω4cq: –20fl1Z(

a�t:t(≥ fl
1

∫ fl

�fl
qt1ω4cq0 –20fl1a(

Sgtr: sgd hmdptZkhsx –20fl1Z( Zmc –20fl1a( hlokx

a�t:t(≥
∫ fl

�fl

fl
q
t1θωcq�2a�t:t( +⇒

∫ fl

�fl
t1θωcq≤3a�t:t(0

SgZmjr sn sgd bknrdc qdkZshnm hm )6: BgZosdq 1: –1010fl6([

M

∑
i+9
o�wi(ωi+

∫ fl

�fl
o�w(ω�w(cw: ∀o∈N1M�fl:

vgdqd N1M�fl hr sgd rds ne onkxmnlhZkr ne cdfqdd 1M�fl: vd nasZhm

}tθ :tθ〉g+gθ ∑
�h:i(∈Rg

�tθ(
1
hiωh≤3Zg�t:t(0

Enq e :t∈Lg: trhmf sgd chrbqdsd OnhmbZqd hmdptZkhsx enq sgd Entqhdq rdqhdr: vd gZud

|t|K1:g≤B′|tθ|K1:g:

vgdqd B′ hr Z fdmdqhb bnmrsZms hmcdodmcdms ne sgd ldrg rhyd g0 Sgdqdenqd: vd gZud sgd
enkknvhmf hmdptZkhshdr

|t|1K1:g≤B
′|tθ|1K1:g≤3B

′Zg�t:t(≤3B′| e |K1:g|t|K1:g:

vghbg kdZc sn sgd qdrtks

|t|K1:g+|���g(�fl e |K1:g≤B| e |K1:g:

vgdqd B hr Z fdmdqhb bnmrsZms hmcdodmcdms ne sgdldrg rhyd hm ansg q/ Zmc θ/chqdbshnmr0
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20102 Etkkx:chrbqdsd rbgdldr Umc sgdhq dmdqfx rsUahkhsx

Hm sghr rtardbshnm: vd oqdrdms sgd etkkx/chrbqdsd rbgdldr enq sgd o�BNJ Zmc o�BMN
dptZshnmr hm sgd chrj cnlZhm0 Sgd mtldqhbZk rnktshnmr Zqd fhudm ax.

Tm≈t�q:θ,sm(|Ω̂g
: Tmfl ≈tfl�q:θ,sm(|Ω̂g

: Tm1 ≈t1�q:θ,sm(|Ω̂g
0

Sgdm: sgd rdbnmc nqcdq etkkx/chrbqdsd rbgdldr enq sgd o�BNJ dptZshnm enkknvr. fhudm
hmhshZk bnmchshnm

T�fl+T9+t9�q:θ(|Ω̂g:chrj
enq m∈ =C)[:

zmc Tm)fl+�Tm)fl(hi∈Lg rtbg sgZs

2Tm)fl�3Tm)Tm�fl
1τ

+e�gTm)fl�
fl
e

[
1V ′�Tm(�V ′�Tm�fl(

]

� κg
e


Tm)fl�1Tm)Tm�fl


�γβg���(�flg


Tm)fl�1Tm)Tm�fl



�γ���(�flg


1Tm�Tm�fl�ω


�L

[
}1Tm�Tm�fl:fl〉g�ω|Ω̂g|

]
: –20fl2(

vgdqd κg:βg≥9 Zqd rsZahkhyZshnm bnmrsZmsr: sgd rsZahkhydq κg
e

�
Tm)fl�1Tm)Tm�fl


bnmsqnkr

sgd fqnvsg ne V ′: Zmc sgd rsZahkhydq γβg���(�flg
�
Tm)fl�1Tm)Tm�fl


cnlhmZsdr sgd ad/

gZuhnq ne ���(�flg 0
RhlhkZqkx: sgd rdbnmc nqcdq etkkx/chrbqdsd rbgdld enq sgd o�BMN dptZshnmr qdZcr.

fhudm hmhshZk bnmchshnm T�flh +T9h + t9:h�q:θ(|Ω̂g:chrj
: h+ fl:1: vhsg rsZahkhydq �Tm)fl�1Tm)

Tm�fl(: sgd mtldqhbZk rnktshnmr

�Tm)flfl :Tm)fl1 (+

�Tm)flfl (hi:�Tm)fl1 (hi


∈Lg·Lg

enq dZbg m∈ =C)[ Zqd fhudm ax

2Tm)flh �3Tmh )T
m�fl
h

1τ
+e�gTm)flh )

e

1


1�gT

m)lnc�h)fl:1(
i ��gT

m�fl)1·lnc�h)fl:1(
i



� fl
e


1
∂V1

∂th
�Tm)lnc�h)fl:1(fl :Tm1 (�

∂V1

∂th
�Tm�fl)1·lnc�h)fl:1(fl :Tm�fl1 (



� κh:g
e


Tm)flh �1Tmh )Tm�flh


�γhhβh:g���(�flg


Tm)flh �1Tmh )Tm�flh



�γhh���(�flg

[
1Tmh �Tm�flh �ωh

]
�γhi���(�flg

[
1Tm)lnc�h)fl:1(i �Tm�fl)1·lnc�h)fl:1(i �ωi

]

�Lh

[
}1Tmh �Tm�flh :fl〉g�ωh|Ω̂g|

]
: –20fl3(
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enq h+fl:1 Zmc i 6+ h: Zmc rsZahkhyZshnm bnmrsZmsr κfl:g:κ1:g:βfl:g:β1:g≥90
Sn bnmrhcdq sgd dmdqfx rsZahkhsx enq sgd etkkx/chrbqdsd rbgdldr enq sgd o�BNJ –20fl2(

Zmc o�BMN –20fl3( dptZshnmr: vd cdzmd sgd chrbqdsd dmdqfx etmbshnmZk enq sgd NJ lncdk

DoNJg �Tm(+
e

1
|∇gTm|K1:g)

fl
e
}V�Tm(:fl〉g

)
γ

1
|���(

� fl
1

g �Tm�ω(|K1:g)
L
1

�}Tm:fl〉g�ω|Ω|(: –20fl4(

Zmc sgd chrbqdsd dmdqfx etmbshnmZk enq sgd MN lncdk

DoNJg �Tmfl :T
m
1 (+

e

1
�
|∇gTmfl |K1:g)|∇gTm1 |K1:g)}∇gTmfl :∇gTm1 〉



)
fl
e
}V1�Tmfl :T

m
1 (:fl〉g)

1

∑
h:i+fl

γhi
1

〈
���(�flg �Tmh �ω(:


Tmi �ω

〉

g

)
1

∑
h+fl

Lh
1

�}Tmh :fl〉g�ωh|Ω|(0 –20fl5(

Sgdm vd drsZakhrg sgd enkknvhmf dmdqfx rsZahkhsx enq sgd etkkx chrbqdsd rbgdldr –20fl2(:
–20fl3(0 Sgd oqnner ne sgd sgdnqdlr Zqd rhlhkZq sn sgZs ne Sgdnqdl 20fl: sgd nmkx cheedqdmbd
hr sn rtarshstshnm ne ���(�fl vhsg ���(�flg 0 Vd nlhs sgd cdsZhkr enq aqduhsx0

Sgdnqdl 2010 Enq sgd etkkx chrbqdsd rbgdld –20fl2( ne o�BNI dptZshnm: vd cdzmd Z lnchexhmf
dmdqfx etmbshnmZk Zr

D̂oNIg �Tm:Tm�fl(+DoNIg �Tm()

κg
1e

)
fl
3τ

)Bg

|Tm�Tm�fl|1K1:g

)
γβg
1
|���(�

fl
1


Tm�Tm�fl


|1K1:g:

vgdqd STm{Mm+fl hr fdmdqZsdc ax rbgdld –20fl2(0 He
κg
1e)

fl
3τ ≥9: βg≥9: Zmc

fl
τ ≥2Bg: sgdm

D̂oNIg �Tm)fl:Tm(≤ D̂oNIg �Tm:Tm�fl(:

vgdqd Bg hr Z fdmdqhb bnmrsZms hmcdodmcdms ne sgd shld rsdo rhyd τ0
Enq sgd o�BMN rxrsdl –20fl3(: sgd lnchexhmf dmdqfx etmbshnmZk hr cdzmdc ax

D̂oMNg =Tmfl :T
m�fl
fl :Tm1 :T

m�fl
1 [+DoMNg =Tmfl :T

m
1 [)

1

∑
h+fl

[κh:g
1e

)
fl
3τ

)Bh:g

|Tmh �Tm�flh |1K1:g

)
γhhβh:g
1

|���g(�
fl
1 �Tmh �Tm�flh (|1K1:g

]
:

vgdqd STmfl :Tm1 {Mm+fl hr fdmdqZsdc ax rbgdld –20fl3(0 He κh:g:βh:g≥9: h+fl:1: Zmc τ≤lhmS fl
2Bfl:g

: fl
2B1:g

{:
sgdm

D̂oMN=Tm)flfl :Tmfl :T
m)fl
1 :Tm1 [≤ D̂oMN=Tmfl :Tm�flfl :Tm1 :T

m�fl
1 [:

vgdqd Bh:g: h+fl:1 Zqd fdmdqhb bnmrsZmsr hmcdodmcdms ne sgd shld rsdo rhyd τ0
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Sn hlokdldms sgd etkkx/chrbqdsd rbgdld –20fl2(: vd sZjd βg+9 Zmc qdodZs sgd enkknvhmf
Zkfnqhsgl. enq m+fl:1:···:

fl0 DuZktZsd ���g(�fl�1Tm�Tm�fl�ω( trhmf sgd Gdklgnksy rnkudq vhsg �+9 hm Rdbshnm
102,

10 Hmrdqs ���g(�fl�1Tm�Tm�fl�ω( hmsn sgd qhfgs gZmc rhcd ne –20fl2( Zmc rnkud Zmnsgdq
Gdklgnksy dptZshnm


�e�g)

2
1τ

)
κg
e


Tm)fl+Em:m�flg : –20fl6(

vgdqd sgd sdql Em:m�flg bZm ad dwokhbhskx qdoqdrdmsdc ax

Em:m�flg +
1
τ
Tm� fl

1τ
Tm�fl� fl

e

[
1V ′�Tm(�V ′�Tm�fl(

]
)
κg
e


1Tm�Tm�fl



�γ���(�flg


1Tm�Tm�fl�ω


�L

[
}1Tm�Tm�fl:fl〉g�ω|Ω̂g|

]
0 –20fl7(

RhlhkZq Zkfnqhsgl Zookhdr sn rnkuhmf sgd etkkx/chrbqdsd rbgdld –20fl3( enq sgd o�BMN
rxrsdl vhsg βh:g+90

3 MtldqhbUk dwodqhldmsr

Hm sghr rdbshnm: vd oqdrdms rnld mtldqhbZk dwodqhldmsr enq sgd o�BNJ Zmc o�BMN
dptZshnmr hm sgd chrj cnlZhm Ω+ =9:fl[·=9:1π(⊂P10 Ax hlonrhmf gnlnfdmdntr Mdt/
lZmm antmcZqx bnmchshnmr hm qZchZk –q( chqdbshnm Zmc odqhnchb antmcZqx bnmchshnmr hm
ZmftkZq –θ( chqdbshnm: vd Zcnos sgd tksqZrodbsqZk rodbsqZk ldsgnc hm sgd roZshZk cnlZhm
Zmc ACE rbgdldr –20fl2( Zmc –20fl3( vhsg oqnodq rsZahkhydqr sn dwoknqd sgd bnZqrdmhmf cx/
mZlhbr Zmc sgd dpthkhaqhtl rsZsdr ne NJ Zmc MN lncdkr0 Enq sgd chrj cnlZhm: vd sZjd
sgd tmhenql ldrg fqhc vhsg Mθ +18 hm ZmftkZq chqdbshnm Zmc Bgdaxrgdu ldrg fqhc vhsg
Mq+18)fl hm qZchZk chqdbshnm0 Cdmnsd sgd ldrg rhyd g+ 1π

Mθ
0 Sgd rsnoohmf bqhsdqhZ enq sgd

shld hsdqZshnm Zqd rds sn

|Tm)fl�Tm|g:K∞
τ

≤fl9�4

enq o�BNJ dptZshnm vhsg ZooqnwhlZsd rnktshnm Tm Zs m/sg rsdo: Zmc

|Tm)flfl �Tmfl |g:K∞
τ

)
|Tm)fl1 �Tm1 |g:K∞

τ
≤fl9�4

enq o�BMN dptZshnm vhsg ZooqnwhlZsd rnktshnm Tmfl : T
m
1 Zs m/sg rsdo0
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30fi PUsd ne bnmudqfdmbd

Hm sghr rtardbshnm: vd sdrs sgd qZsd ne bnmudqfdmbd ne sgd rdbnmc/nqcdq rdlh/hlokhbhs
rbgdld enq ansg o�BNJ Zmc o�BMN dptZshnmr –fl04(: –fl05( hm sgd chrj cnlZhm0

Enq sgd o�BNJ dptZshnm: vd bgnnrd sgd enkknvhmf hmhshZk bnmchshnm.

T9�w:x(+


fl: he w1)�x�901(1� q19:
9: nsgdqvhrd:

vgdqd q9+
√
ω)90fl0 Vghkd trhmf sgd oZqZldsdq ω+ 90fl4: γ+ fl99: κ+ fl999: β+ 4 Zmc

L+fl999: vd sZjd sgd etkkx chrbqdsd rbgdld –20fl( enq sgd mtldqhbZk dwodqhldmsr0 Sgd sdrs
hr bnmctbsdc enq e uZktdr ne 14g Zmc 19g: to sn shld S+ 909fl0 Sgd admbglZqj rnktshnm
trdc enq bnloZqhrnm gZr Z shld rsdo rhyd ne τ+fl·fl9�50

Vghkd tshkhyhmf sgd rdbnmc/nqcdq rbgdld –20fl( sn rnkud sgd o�BNJ dptZshnm enq sgd
ahmZqx rxrsdl: SZakd fl oqdrdmsr sgd dqqnq Zmc bnqqdronmchmf qZsd ne bnmudqfdmbd Zs Z
zwdc shld S + 909fl0 Hs bZm ad nardqudc sgZs sgd mtldqhbZk qZsdr enq dZbg e + 14g: 19g
Zqd ZooqnwhlZsdkx dptZk sn 1 enq rlZkk shld rsdo rhyd τ: vghbg hr hm ZbbnqcZmbd vhsg sgd
sgdnqdshbZk oqdchbshnm0

Enq sgd o�BMN dptZshnmr: vd trd svn rdoZqZsd chrjr Zr sgd hmhshZk cZsZ.

T9fl�w:x(+


fl: he �w�903(1)�x)902(1� q1fl:
9: nsgdqvhrd:

T91�w:x(+


fl: he �w)903(1)�x�902(1� q11:
9: nsgdqvhrd:

vgdqd qfl +
√
ωfl)9094 Zmc q1 +

√
ω1)90940 Hm sgd mtldqhbZk rhltkZshnm: vd sZjd sgd

oZqZldsdqr ωfl+ω1+ 9098: γflfl+γ11+ 499: γfl1+γ1fl+ 9: κfl+ κ1+ fl999: βfl+ β1+ 9 Zmc
Lfl+L1+fl999 Zmc trd sgd etkkx chrbqdsd rbgdld –201(0 Sgd sdrs hr Zkrn odqenqldc to sn
S+909fl enq e+14g Zmc 19g: Zmc sgd admbglZqj rnktshnm hr bZkbtkZsdc vhsg sgd shld rsdo
rhyd ne τ+fl·fl9�50

RTakd .4 OTsd ne bnmudqfdmbd enq sgd o:ANF dptTshnm hm sgd ahmTqw rwrsdl vhsg oTqTldsdqr ω+90fl4) γ+fl99)
κ+fl999) β+4 Tmc L+fl999,

τ
e+14g e+19g

Dqqnq QZsd Dqqnq QZsd
40999d/3 fl026fl21d/fl / fl058621d/fl /
10499d/3 3098348d/1 fl063266 4075876d/1 fl042fl75
fl0149d/3 fl0fl2946d/1 fl074556 fl051329d/1 fl07424fl
50149d/4 2016543d/2 fl067579 3053fl83d/2 fl079691
20fl14d/4 8047646d/3 fl066183 fl022575d/2 fl068476

fld/5 –admbglZqj( / / / /
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RTakd 14 OTsd ne bnmudqfdmbd enq sgd o:AKN dptTshnm hm sgd sdqmTqw rwrsdl vhsg oTqTldsdqr ωfl+ω1+9098)
γflfl+γ11+499) γfl1+γ1fl+9) κfl+κ1+fl999) βfl+ β1+9 Tmc Lfl+L1+fl999,

e+14g e+19g
τ Dqqnq QZsd Dqqnq QZsd

40999d/3 fl02fl496d/fl / fl0487fl2d/fl /
10499d/3 2077432d/1 fl064899 4012567d/1 fl059852
fl0149d/3 fl095729d/1 fl075165 fl0342fl2d/1 fl073841
50149d/4 20fl7fl57d/2 fl063634 3014612d/2 fl066flfl6
20fl14d/4 fl093186d/2 fl059897 fl024367d/2 fl054fl74

fld/5 –admbglZqj( / / / /

SZakd 1 rgnvr sgd dqqnqr Zmc sgd bnmudqfdmbd qZsdr enq sgd o�BMN dptZshnmr hm sgd
sdqmZqx rxrsdl rnkudc trhmf sgd rdbnmc/nqcdq rbgdld –201( Zs Z zwdc shld S+909fl0 RhlhkZq
sn sgd o�BNJ dptZshnm: sgd mtldqhbZk qZsdr bknrdkx lZsbg sgd sgdnqdshbZk uZktd ne 1 enq
dZbg e uZktd ne 14g Zmc 19g: Zr vdkk Zr enq Z rlZkk shld rsdo rhyd τ0

301 BnUqrdmhmf cxmUlhbr ne NI lncdk

Hm sghr rtardbshnm: vd enbtr nm sgd cxmZlhbr ne sgd o�BNJ dptZshnm vhsg sgd rbgdld
–20fl2(0 Vgdm sgd qdkZshud unktld ω ne nmd ogZrd –rodbhdr �( hr rlZkk bnloZqdc sn sgd
snsZk unktld: Zmc sgd rsqdmfsg γ ne knmf/qZmfd hmsdqZbshnmr hr qdkZshudkx kZqfd: h0d0: ωfl
Zmc γ fl: sgd o�BNJ dptZshnm qdrtksr hm Zm dpthkhaqhtl ne ataakd Zrrdlakx hm vghbg
nmd ogZrd –rodbhdr �( hr dladccdc hmsn sgd nsgdq nmd –rodbhdr A(0

Sgd hmhshZk cZsZ hr qZmcnlkx fhudm ax sgd tmhenql ldrg ne sgd chrj cnlZhm Ω +
=9:fl[·=9:1π( vhsg sgd ldrg rhyd 21g hm q/chqdbshnm Zmc 7g hm θ/chqdbshnm0 Hm L�SK�A:
sgd qZmcnl hmhshZkr Zqd dZrhkx fdmdqZsdc ax sgd bnllZmc


pdodidl�p=ma��Mq�fl(!p=ren:Msg!�p=ren!3((:p=ren:p=ren!3(S

pdodidl�p=ma�Msg!�p=ren:fl((:p=ren:fl(S

S

vhsg p=ren 3 2� hm sgd mtldqhbZk dwodqhldmsr enq o�BNJ dptZshnm0 �s kZrs: sgd oZqZl/
dsdq uZktdr Zqd bgnrdm Zr τ+4·fl9�3: ω+90fl4: κ+1999: β+9 Zmc L+19990

Sgd bnZqrdmhmf cxmZlhbr ne sgd o�BNJ dptZshnm Zmc sgd dpthkhaqhZ hm sgd ahmZqx
rxrsdl Zqd rgnvm hm Ehf0 fl vhsg γ+1499: 2499: Zmc 3999 qdrodbshudkx0 Enq dZbg rtazftqd:
vd hmrdqs sgd rmZorgnsr sZjdm Zs entq cheedqdms shldr s: vhsg bnknqdc shskdr bnqqdronmchmf
sn sgd bnknqdc lZqjdq nm sgd lnmnsnmd/cdbqdZrhmf dmdqfx btqud0 Vhsg sgd uZktd ne γ
hmbqdZrhmf Zmc nsgdq oZqZldsdqr zwdc: vd nardqud sgZs sgd rsqnmfdq knmf/qZmfd qdotkrhud
enqbd kdZcr sn Zm hmbqdZrd hm sgd mtladq ne ataakdr0 Sgd qdrtksr rgnv hm Ehf0 fl–sno( vhsg
γ+ 1499: Ehf0 fl–lhcckd( vhsg γ+ 2499 Zmc Ehf0 fl–anssnl( vhsg γ+ 39990 Hm Ehf0 fl–sno(:
rsZqshmf eqnl sgd qZmcnl hmhshZk: sgd ogZrd rdoZqZshnm Zqhrdr hm Z udqx rgnqs shld odqhnc
Zmc Z fqnto ne ataakdr vhsg cheedqdms rhydr ZoodZq Zr rgnvm hm s+ 904: sgdm sgd rlZkk
ataakdr chrZoodZq Zmc nsgdq ataakdr hm sgd hmsdqhnq ne sgd chrj fqnv hmsn sgd rZld rhyd
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Chftqd .4 AnTqrdmhmf cwmTlhbr hm ahmTqw rwrsdl nm T tmhs chri vhsg γ+ 1499 (sno() γ+ 2499 (lhcckd() Tmc
γ+3999 (anssnl(,

vghbg hr rgnvm hm s+ 2:fl9:49: rhlhkZq sn sgnrd hm sgd rptZqd cnlZhm )fl9[0 Hmsdqdrshmfkx:
cheedqdms eqnl sgd rptZqd cnlZhm: vd bZm nardqud gZke ataakdr ZoodZqhmf Zr Zm hmsdqZb/
shnm vhsg sgd antmcZqx ne sgd chrj: vghbg bZm Zkrn ad entmc eqnl Qdm Zmc Rgnto+r qdbdms
vnqj )25[0

302 BnUqrdmhmf cxmUlhbr ne MN lncdk

Hm sghr rtardbshnm: vd mtldqhbZkkx rstcx sgd cxmZlhbr Zmc dpthkhaqhtl ne sgd o�BMN
dptZshnmr0 Vghkd trhmf sgd rtffdrsdc rbgdld –20fl3( Zmc sZjhmf ω  fl Zmc qdkZshudkx
kZqfd γ: vd bZm nardqud sgd cxmZlhbr Zmc dpthkhaqhZ Zr rdudqZk sxodr ne cntakd ataakd
Zrrdlakhdr ax bgnnrhmf cheedqdms knmf/qZmfd rsqdmfsgr �γhi(h:i+fl:1 hm o�BMN dptZshnmr0 Hm
ntq mtldqhbZk dwodqhldmsr: vd sZjd sgd knmf/qZmfd qdotkrhud enqbd γflfl+γ11 Zmc γfl1+γ1fl0
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Vghkd bgnnrhmf sgd qZmcnl hmhshZk rhlhkZq sn sgd ahmZqx rxrsdl: sgd ogZrd rdoZqZshnm
ne sgd sdqmZqx rxrsdl bnrsr rdudqZk cZxr hm sgd dwodqhldmsr0 Sgdqdenqd: sn Zunhc sgd knmf
shld bnmrtloshnm Zmc rstcx sgd dpthkhaqhtl ne sgd oZssdqm enqlZshnm nm sgd hmsdqhnq
ne sgd cnlZhm: vd bnmrsqtbs sgd hmhshZk bnmzftqZshnm hm sgd sdqmZqx rxrsdl hm sgd chrj
cnlZhm ax qZmcnl bhqbkdr nm sgd hmsdqhnq ne sgd chrj vhsg qZmcnl bdmsdqr Zmc qZchtr:
dZbg qZmcnl bhqbkd hr Zkknvdc nudqkZoohmf vhsg nsgdqr0 Vd bZkk hs Z +rdlh/qZmcnl hmhshZk+
hm ntq enkknvhmf vnqj0 Lnqdnudq: vd zw shld rsdo τ+4·fl9�3: qdkZshud ZqdZωfl+ω1+9098:
rsZahkhydc bnmrsZmsr κfl+κ1+1999: βfl+ β1+9 Zmc Lfl+L1+19990

3020fi BnUqrdmhmf cxmUlhbr Umc oUssdqm enqlUshnm hm sgd chrj cnlUhm

Sgd bnZqrdmhmf cxmZlhbr ne sgd sdqmZqx rxrsdl hm sgd chrj cnlZhm Zqd rgnvm hm Ehf0 10
RhlhkZq sn sgd ahmZqx rxrsdl: sgd hmrdsr Zqd rmZorgnsr sZjdm Zs entq cheedqdms shldr s0 Hm
Ehf0 1–sno(: vd sZjd γflfl+γ11+5999: γfl1+γ1fl+90 RsZqshmf eqnl sgd hmhshZk fdmdqZsdc ax
qZmcnl bhqbkdr: hm Z udqx rgnqs odqhnc ne shld: sgd ogZrd rdoZqZshnm sZjdr okZbd: kdZchmf
sn sgd bndwhrsdmbd ne cntakd/ataakdr Zmc rhmfkd/ataakd oZssdqmr �s+ 904(0 Mdws: rnld
shmx rhmfkd ataakdr chrZoodZq �s+fl4( Zmc nsgdqr adfhm ldqfhmf hmsn sgd cntakd/ataakdr

Chftqd 14 AnTqrdmhmf cwmTlhbr hm sdqmTqw rwrsdl nm T tmhs chri vhsg γflfl+γ11+5999: γfl1+γ1fl+9 (sno() Tmc
γflfl+γ11+fl4999: γfl1+γ1fl+9 (anssnl(,



29 V0 Ktn Zmc X0 YgZn ! �cu0 �ook0 LZsg0 Ldbg0: w –1914(: oo0 fl/24

oZssdqm �s+39(0 EhmZkkx: Z oZssdqm ne Zkk cntakd ataakdr hr enqldc Zmc bnlonrdc ne svn
bhqbtkZq kZxdqr: hm vghbg svn cntakd ataakdr rsZx hm sgd lhcckd kZxdq: rtqqntmcdc ax Z
kZxdq ne mhmd cntakd ataakdr: dZbg vhsg sgd gdZc onhmshmf sn sgd sZhk ne Zmnsgdq: enqlhmf
Z bhqbkd: vghbg vd bZkk sgd +gdZc/sn/sZhk+ oZssdqm �s+89(0

Vghkd hmbqdZrhmf sgd qdotkrhud enqbd γflfl+γ11+fl4999: Zmc zwhmf nsgdq oZqZldsdqr: sgd
qdotkrhud hmsdqZbshnm adsvddm sgd rZld bnlonmdms adbnldr rsqnmfdq Zmc kdZcr sn lnqd
cntakd/ataakdr Zr rgnvm hm Ehf0 1–anssnl(0 Lnqdnudq: sgd kZqfdq qdotkrhud enqbd hmctbdr
sgqdd bhqbtkZq kZxdqr: hm vghbg nmd cntakd ataakd khdr vhsghm sgd hmmdq kZxdq –sgd bdmsdq
ne sgd chrj cnlZhm(: rtqqntmc ax rhw cntakd ataakdr enqlhmf Z +gdZc/sn/sZhk+ bhqbkd hm sgd
lhcckd kZxdq: Zmc sgd ntsrhcd kZxdq bnmsZhmr sghqsddm cntakd ataakdr vhsg sgd +gdZc/sn/
sZhk+ bhqbkd0

Sghr hr sgd lnrs hlonqsZms mtldqhbZk zmchmf eqnl ntq lncdk rxrsdl0 Sn ntq adrs
jmnvkdcfd: hs hr sgd zqrs shld sgZs sgd +gdZc/sn/sZhk+ oZssdqm hr mtldqhbZkkx chrbnudqdc hm
sgd rstcx ne sgd o�BMN dptZshnmr hm sgd chrj cnlZhm0

30201 Sgd deedbs ne γfl1
Sgd deedbs ne γfl1+γ1fl bZm ad entmc hm Ehfr0 1 Zmc 20 Vghkd sgd knmf/qZmfd enqbd γflfl –γ11:
qdrodbshudkx( hr cdchbZsdc sn rokhsshmf sgd rZld bnlonmdms –qdc Zmc xdkknv qdrodbshudkx(:
sgd qdotkrhud rsqdmfsg γfl1 + γ1fl bZm ad uhdvdc Zr sgd rokhsshmf enqbd adsvddm qdc Zmc
xdkknv bnlonmdmsr: mZldkx: enq zwdc γflfl+γ11: sgd hmbqdZrd ne γfl1 sdmcr sn rdoZqZsd sgd
qdc Zmc xdkknv bnmrshstdmsr0

Vghkd sZjhmf γflfl+γ11+5999: vd hmbqdZrd sgd uZktd ne γfl1 eqnl 9 –Ehf0 1–sno(( sn 2999
–Ehf0 2–sno((: 5999 –Ehf0 2–lhcckd(( Zmc 7999 –Ehf0 2–anssnl((0 Ax sZjhmf γfl1 + γ1fl + 9
hm Ehf0 1–sno(: sgdqd hr mn rsqdmfsg sn rdoZqZsd sgd qdc Zmc xdkknv bnlonmdmsr: sgtr
sgdx Zcgdqd snfdsgdq vghbg qdrtksr hm Zkk/cntakd/ataakd Zrrdlakx0 Vghkd hmbqdZrhmf
γfl1+γ1fl+2999: rnld ne sgd cntakd ataakdr rdoZqZsd hmsn rhmfkd qdc Zmc xdkknv ataakdr:
vghbg kdZc sn sgd bndwhrsdmbd ne cntakd/ataakdr Zmc rhmfkd/ataakd oZssdqmr Zr rgnvm hm
Ehf0 2–sno(0 Hm Ehf0 2–lhcckd(: sgd rsqdmfsgr γfl1 + γ1fl + 5999 adbnld kZqfdq Zmc aqdZj
Zkk cntakd ataakdr: sgdqdenqd sgd ataakd Zrrdlakx sdmcr sn ad otqdkx rhmfkd ataakdr0
Ehf0 2–anssnl( rgnvr sgZs vhsg dudm kZqfdq qdotkrhud rsqdmfsg γfl1+ γ1fl+ 7999: sgd qdc
ataakdr Zqd bnlokdsdkx rdoZqZsdc ZvZx eqnl xdkknv ataakdr0 �ksgntfg sgdqd Zqd mn sgd/
nqdshbZk rstchdr ne sgd MN lncdk hm sgd chrj cnlZhm: ntq mtldqhbZk qdrtksr Zqd bnmrhrsdms
vhsg sgd dwodqhldmsr hm sgd rptZqd cnlZhm eqnl VZmf: Qdm: Zmc YgZn+r vnqj )42[0

30202 Dpthkhaqhtl ne sgd sdqmUqx rxrsdl. -FdUc:sn:sUhk- oUssdqm

Ctd sn sgd mnmbnmudwhsx ne sgd dmdqfx etmbshnmZk ne sgd MN lncdk: o�BMN rxrsdl lZx
chrokZx ltkshokd dpthkhaqZ vhsg sgd rZld oZqZldsdq uZktdr0 Enq sgd dwodqhldms Zr rgnvm
hm Ehf0 3: vd sZjd γflfl + γ11 + 5999 Zmc γfl1 + γ1fl + 9 enq dZbg rtazftqd0 RsZqshmf eqnl
rdudqZk cheedqdms rdlh/qZmcnl hmhshZkr: vd nardqud svn dpthkhaqhZ Zr rgnvm hm Ehf0 30 Hm
Ehf0 3–sno(: sgd dpthkhaqhtl gZr svn +gdZc/sn/sZhk+ bhqbkdr: vhsg svn cntakd ataakdr hm sgd
hmrhcd bhqbkd: Zmc mhmd cntakd ataakdr hm sgd ntsrhcd bhqbkd Zmc hsr dmdqfx hr ZooqnwhlZsdkx
D�Z( + fl4065340 Vhsg Zmnsgdq rdlh/qZmcnl hmhshZk: vd bZm Zkrn nardqud svn +gdZc/sn/sZhk+
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Chftqd 24 AnTqrdmhmf cwmTlhbr hm sdqmTqw rwrsdl nm T tmhs chri vhsg γflfl+γ11+5999: γfl1+γ1fl+2999 (sno()
γflfl+γ11+5999: γfl1+γ1fl+5999 (lhcckd() Tmc γflfl+γ11+5999: γfl1+γ1fl+7999 (anssnl(,

bhqbkdr Zr sgd dpthkhaqhtl hm Ehf0 3–anssnl(: ats cheedqdms eqnl sgd sno nmd: sgd hmrhcd
bhqbkd gZr sgqdd cntakd ataakdr Zmc sgd ntsrhcd bhqbkd gZr mhmd cntakd ataakdr: Zmc sgd
dmdqfx ZooqnwhlZsdkx hr D�a( +fl407fl450 BnloZqhmf sgd dpthkhaqhtl dmdqfx enq dZbg rta/
zftqd: hs+r dZrx sn rdd sgZs D�Z(�D�a(: vghbg hmchbZsdr sgZs sgd dpthkhaqhtl nm sno hr lnqd
dmdqfdshbZkkx eZunqZakd sgZm sgd nmd Zs anssnl0
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Chftqd 34 ch�dqdms dpthkhaqhtl hm sgd sdqmTqw rwrsdl nm T tmhs chri vhsg γflfl+γ11+5999: γfl1+γ1fl+9) Tmc sgd
dpthkhaqhtl dmdqfw4 D�)(�D�a(,

4 Bnmbktchmf qdlUqjr

Hm sghr oZodq: vd hmsqnctbd Z mtldqhbZk ldsgnc enq rstcxhmf sgd cxmZlhbr Zmc dpthkha/
qhtl rsZsdr ne sgd NJ Zmc MN lncdkr hm sgd chrj cnlZhm0 Vghkd Zookxhmf sgd rdbnmc/
nqcdq ACE rbgdld hm shld Zmc sgd tksqZrogdqhbZk rodbsqZk bnkknbZshnm ldsgnc enq roZshZk
uZqhZakdr: vd cdudkno Zm dmdqfx rsZakd rbgdld enq sgd o�BNJ Zmc o�BMN dptZshnmr hm
sgd chrj cnlZhm vhsg sgd MdtlZmm antmcZqx bnmchshnm0

Hm sgd mtldqhbZk dwodqhldmsr: vd mnshbd sgd ogZrd rdoZqZshnm Zmc rhmfkd ataakd enq/
lZshnm nm ansg sgd hmsdqhnq Zmc antmcZqx ne sgd chrj ax o�BNJ cxmZlhbr enq sgd ahmZqx
rxrsdl vgdm nmd rodbhdr gZr Z ltbg rlZkkdq unktld sgZm sgd nsgdq0 Vhsg sgd o�BMN
cxmZlhbr hm sgd chrj cnlZhm: sgd qdotkrhud enqbd adsvddm cheedqdms rodbhdr kdZcr sn uZqh/
ntr sxodr ne ataakd Zrrdlakx nm sgd hmsdqhnq ne sgd tmhs chrj: sgd lnrs hlonqsZms nardquZ/
shnm eqnl sgd dwodqhldmsr hr sgd Zkk/cntakd/ataakdr oZssdqm vhsg sgd +gdZc/sn/sZhk+ bhqbkdr
enq sgd sdqmZqx rxrsdl nm tmhs chrj0

Hm sgd etqstqd vnqj: vd vhkk enbtr nm Z rxrsdlZshb rstcx ne sgd ataakd Zrrdlakhdr
enq sgd ahmZqx rxrsdl nudq chrj cnlZhm0 Lnqd rodbhzbZkkx: vd vhkk dwoknqd Zkk onrrhakd
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dpthkhaqhZ: dZbg ne vghbg bnmsZhmr hmsdqhnq ataakdr Zmc antmcZqx gZke/ataakdr0 Sghr mt/
ldqhbZk hmudrshfZshnm vhkk ad bnloZqdc sn sgd sgdnqdshbZk zmchmfr hm Qdm Zmc Rgnto+r
vnqj )25[0 Enq sgd sdqmZqx rxrsdl: sghr vnqj bZm ad dwsdmcdc sn sgd cntakd/ataakd oZs/
sdqmr ansg hm sgd hmsdqhnq Zmc nm sgd antmcZqx ne sgd chrj0 �mnsgdq onrrhakd chqdbshnm hr
sn sgnqdshbZkkx ZmZkxyd sgd +gdZc/sn/sZhk+ oZssdqm Zmc rstcx sgd oZqZldsdq cdodmcdmbd ne
sgd oZssdqmr0

�bjmnvkdcfdldmsr

Sghr vnqj hr rtoonqsdc ax Z fqZms eqnl sgd Rhlnmr EntmcZshnm sgqntfg FqZms Mn0 246852
Zmc MRE fqZms CLR/1fl314990

Pdedqdmbdr

)fl[ E0 R0 A�SDR �MC F0 G0 EQDCQHBJRNM: Aknbj bnonkxldq sgdqlncxmZlhbr. Sgdnqx Zmc dwodqh,
ldms: �mmt0 Qdu0 Ogxr0 Bgdl0: 3fl –fl889(: oo0 414-4460

)1[ E0 R0 A�SR: F0 G0 EQDCQHBJRNM: Aknbj bnonkxldqr, cdrhfmdq rnes lZsdqhZkr: Ogxr0 SncZx: 41–1(
–fl888(: 210

)2[ �0 AQDRR�M: Kdbstqd mnsdr nm EtmbshnmZk �mZkxrhr vhsg �ookhbZshnmr sn KhmdZq OZqshZk CheedqdmshZk
DptZshnmr: FqZctZsd Rstchdr hm LZsgdlZshbr: Unktld fl32: �LR0

)3[ H0 ANSHY: R0 C�QKHMF: Nosndkdbsqnmhbr trhmf aknbj bnonkxldqr: LZsdq0 SncZx fl2–4( –19fl9(: oo0
31-4fl0

)4[ I0 O0 ANXC: Bgdaxrgdu Zmc Entqhdq RodbsqZk Ldsgncr: 1mc dchshnm: Cnudq: 199fl0
)5[ I0 O0 ANXC �MC E0 XT: BnloZqhmf rdudm rodbsqZk ldsgncr enq hmsdqonkZshnm Zmc enq rnkuhmf sgd

Onhrrnm dptZshnm hm Z chrj. Wdqmhjd onkxmnlhZkr: KnfZm,Rgdoo qhcfd onkxmnlhZkr: Bgdaxrgdu,Entqhdq
rdqhdr: bxkhmcqhbZk Qnadqs etmbshnmr: Adrrdk,Entqhdq dwoZmrhnmr: rptZqd,sn,chrj bnmenqlZk lZoohmf
Zmc qZchZk aZrhr etmbshnmr: I0 Bnlots0 Ogxr0: 129 –19flfl(: oo0 fl397-fl3270

)6[ B0 B�MTSN: RodbsqZk Ldsgncr. EtmcZldmsZkr hm Rhmfkd CnlZhmr: Roqhmfdq: Adqkhm: 19950
)7[ B0 B�MTSN: L0 X0 GTRR�HMH: �0 PT�QSDQNMH: �MC S0 �0 Y�MF: RodbsqZk Ldsgncr hm

Ekthc CxmZlhbr: Roqhmfdq/UdqkZf: Adqkhm: MdvXnqj: fl8760
)8[ V0 BGDM: R0 BNMCD: B0 V�MF: W0 V�MF �MC R0 VHRD: � khmdZq dmdqfx rsZakd rbgdld enq Z

sghm zkl lncdk vhsgnts rknod rdkdbshnm: I0 Rbh0 Bnlots0: 41 –19fl1(: oo0 435-4510
)fl9[ G0 BGNH �MC X0 YG�N: Rdbnmc,nqcdq rsZahkhydc rdlh,hlokhbhs dmdqfx rsZakd rbgdldr enq ataakd

Zrrdlakhdr hm ahmZqx Zmc sdqmZqx rxrsdlr: Chrbqdsd Bnmshm0 Cxm0 Rxrs0 Rdq0 A: –191fl(0
)flfl[ W0 BGDM: W0 PH�M: �MC R0 RNMF: Entqsg,Nqcdq Rsqtbstqd,Oqdrdquhmf Ldsgnc enq sgd BnmrdquZ,

shud �kkdm,BZgm DptZshnm: �cu0 �ook0 LZsg0 Ldbg0: fl4 –1912(: oo0 fl48-fl7fl0
)fl1[ G0 R0 BNGK: B0 L�BJDMYHD �MC G0 UNKJLDQ: FdmdqZkhyZshnmr ne fdmdqZshmf etmbshnmr enq

gxodqfdnldsqhb nqsgnfnmZk onkxmnlhZkr vhsg cdzmhsd hmsdfqZkr: I0 LZsg0 �mZk0: 396 –19fl2(: oo0 1flfl-
1140

)fl2[ S0 �0 CQHRBNKK: M0 G�KD: �MC K0 M0 SQDEDSGDM: DCR0: Bgdaetm Fthcd: OZemtsx: Nwenqc:
19fl30

)fl3[ K0 DU�MR: OZqshZk CheedqdmshZk DptZshnmr: FqZctZsd Rstchdr hm LZsgdlZshbr: Unktld fl8:
�LR0

)fl4[ G0 DHRDM: V0 GDHMQHBGR: �MC J0 VHSRBG: RodbsqZk bnkknbZshnm ldsgncr Zmc onkZq bnnqchmZsd
rhmftkZqhshdr: I0 Bnlots0 Ogxr0: 85 –fl88fl(: oo0 13fl-1460
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)fl5[ A0 ENQMADQF: � ordtcnrodbsqZk ZooqnZbg enq onkZq Zmc rogdqhbZk fdnldsqhdr: RH�L I0 Rbh0 Bnl/
ots0: fl5 –fl884(: oo0 fl96fl-fl97fl0

)fl6[ C0 FNSSKHDA�MCR: �MC �0 NQRY�F: MtldqhbZk �mZkxrhr ne RodbsqZk Ldsgncr. Sgdnqx Zmc
�ookhbZshnmr: RH�L/BALR: OghkZcdkoghZ: O�: fl8660

)fl7[ R0 FDMF: S0 KH: P0 XD: �MC W0 X�MF: � Mdv BnmrdquZshud �kkdm,BZgm Sxod NgsZ,IZvZrjh
OgZrd,Ehdkc Lncdk enq Chaknbj Bnonkxldqr Zmc Hsr MtldqhbZk �ooqnwhlZshnmr: �cu0 �ook0 LZsg0
Ldbg0: fl3 –1911(: oo0 fl9fl-fl130

)fl8[ H0 G�LKDX: Cdudknoldmsr hm Aknbj Bnonkxldq Rbhdmbd Zmc Sdbgmnknfx: Vhkdx: Mdv Xnqj:
19930

)19[ D0 GDKE�MC �MC Y0 Q0 V�RRDQL�M: Aknbj bnonkxldq sgdnqx0 20 mZqqnv hmsdqogZrd ZooqnwhlZ,
shnm: LZbqnlnkdbtkdr: 8 –fl865(: oo0 768-7770

)1fl[ Y0 GT: R0 VHRD: B0 V�MF �MC I0 KNVDMFQTA: RsZakd Zmc dezbhdms zmhsd,cheedqdmbd mnmkhmdZq,
ltkshfqhc rbgdld enq sgd ogZrd zdkc bqxrsZk dptZshnm: I0 Bnlots0 Ogxr0: 117 –1998(: oo0 4212-42280

)11[ V0 GT�MF�MCC: L0 RKN�M: Onkd bnmchshnm enq rhmftkZq oqnakdlr. sgd ordtcnrodbsqZk Zooqnwh,
lZshnm: I0 Bnlots0 Ogxr0: fl96 –fl882(: oo0 143-15fl0

)12[ C0 GNT: K0 IT: �MC Y0 PH�N: � KhmdZq Cntakx RsZahkhydc BqZmj,Mhbnkrnm Rbgdld enq sgd
�kkdm-BZgm DptZshnm vhsg Z FdmdqZk Lnahkhsx: �cu0 �ook0 LZsg0 Ldbg0: fl5 –1913(: oo0 fl998-
fl9270

)13[ K0 KDHAKDQ: Sgdnqx ne lhbqnogZrd rdoZqZshnm hm aknbj bnonkxldqr: LZbqnlnkdbtkdr: fl2 –fl879(: oo0
fl591-fl5fl60

)14[ V0 KTN �MC X0 YG�N: MnmknbZk Deedbsr nm Z flC FdmdqZkhydc NgsZ,IZvZrZjh Lncdk: OgxrhbZ C.
MnmkhmdZq OgdmnldmZ: 347 –1913(: fl228780

)15[ V0 KTN �MC X0 YG�N: �rxlosnshbZkkx BnloZshakd Rbgdldr enq mnmknbZk NgsZ-IZvZrZjh Lncdk:
ZqWhu.12flfl0fl4fl75: 19130

)16[ B0 KH: K0 S�MF: �MC I0 YGNT: MtldqhbZk ZmZkxrhr ne rsZahkhydc rdbnmc nqcdq rdlh,hlokhbhs zmhsd
dkdldms ldsgncr enq sgd ogZrd,zdkc dptZshnmr: �cu0 �ook0 LZsg0 Ldbg0: fl5 –1913(: oo0 556-58fl0

)17[ C0 I0 LDHDQ: Sgdnqx ne aknbj bnonkxldqr0 H0 CnlZhm enqlZshnm hm �,A aknbj bnonkxldqr: I0 Onkxl0
Rbh0: OZqs B. Onkxl0 Rxlo0: 15 –fl858(: oo0 7fl-870

)18[ G0 M�J�Y�V�: �MC S0 NGS�: LhbqnogZrd rdoZqZshnm ne �AB,sxod sqhaknbj bnonkxldqr: LZbqn/
lnkdbtkdr: 15–19( –fl882(: oo0 4492-44flfl0

)29[ X0 MHRGHTQ� �MC H0 NGMHRGH: Rnld lZsgdlZshbZk Zrodbsr ne sgd lhbqnogZrd rdoZqZshnm hm chaknbj
bnonkxldqr: Ogxr0 C: 73–fl/1( –fl884(: oo0 2fl-280

)2fl[ S0 NGS� �MC J0 J�V�R�JH: Dpthkhaqhtl lnqognknfx ne aknbj bnonkxldq ldksr: LZbqn/
lnkdbtkdr: fl8 –fl875(: oo0 151fl-15210

)21[ E0 V0 I0 NKUDQ: C0 V0 KNYHDQ: Q0 E0 ANHRUDQS: �MC B0 V0 BK�QJ: MHRS GZmcannj ne
LZsgdlZshbZk Etmbshnmr: BZlaqhcfd Tmhudqrhsx Oqdrr: BZlaqhcfd: TJ: 19fl90

)22[ R0 NKUDQ: �MC �0 SNVMRDMC: � eZrs Zmc vdkk,bnmchshnmdc rodbsqZk ldsgnc: RH�L Qdu0: 44
–19fl2(: oo0 351-3780

)23[ R0 NKUDQ: �MC �0 SNVMRDMC: Sgd ZtsnlZshbr rnktshnm ne oZqshZk cheedqdmshZk dptZshnmr trhmf Z
fknaZk rodbsqZk ldsgnc: I0 Bnlots0 Ogxr0: 188 –19fl4(: oo0 fl95-fl120

)24[ D0 K0 NQSHY: Sgd sZt ldsgnc: RH�L I0 Mtldq0 �mZk0: 5 –fl858(: oo0 379-3810
)25[ W0 QDM �MC C0 RGNTO: Sgd hloZbs ne sgd cnlZhm antmcZqx nm Zm hmghahsnqx rxrsdl. hmsdqhnq chrbr

Zmc antmcZqx gZke chrbr: Chrbqdsd Bnmshm0 Cxm0 Rxrs0 Rdq0 �: 39–5( –1919(: oo0 2846-28680
)26[ W0 QDM �MC I0 VDH: Nm sgd ltkshokhbhsx ne rnktshnmr ne svn mnmknbZk uZqhZshnmZk oqnakdlr: RH�L

I0 LZsg0 �mZk0: 2fl–3( –1999(: oo0 898-8130
)27[ W0 QDM �MC I0 VDH: Sqhaknbj bnonkxldq sgdnqx. Eqdd dmdqfx: chrnqcdqdc ogZrd Zmc vdZj rdfqdfZshnm:

Ogxr0 C: fl67–fl/1( –1992(: oo0 fl92-flfl60
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)28[ W0 QDM �MC I0 VDH: Sqhaknbj bnonkxldq sgdnqx. Nqcdqdc �AB kZldkkZq ogZrd: I0 MnmkhmdZq Rbh0:
fl2–1( –1992(: oo0 fl64-1970

)39[ I0 RGDM: � mdv eZrs Bgdaxrgdu,Entqhdq Zkfnqhsgl enq Onhrrnm,sxod dptZshnmr hm onkZq fdnldsqhdr:
�ook0 Mtldq0 LZsg0: 22 –1999(: oo0 fl72-fl890

)3fl[ I0 RGDM: Dezbhdms rodbsqZk,FZkdqjhm ldsgnc HH0 Chqdbs rnkudqr ne rdbnmc, Zmc entqsg,nqcdq dptZshnmr
trhmf Bgdaxrgdu onkxmnlhZkr: RH�L I0 Rbh0 Bnlots0: fl5 –fl884(: oo0 63-760

)31[ I0 RGDM: � mdv ctZk,Odsqnu-FZkdqjhm ldsgnc enq sghqc Zmc ghfgdq ncc,nqcdq cheedqdmshZk dptZshnmr.
�ookhbZshnm sn sgd IcU dptZshnm: RH�L I0 Mtldq0 �mZk0: 3fl –1992(: oo0 fl484-fl5fl80

)32[ I0 RGDM �MC K0 K0 V�MF: Kdfdmcqd Zmc Bgdaxrgdu ctZk,Odsqnu-FZkdqjhm ldsgncr enq gxodqankhb
dptZshnmr: Bnlots0 Ldsgncr �ook0 Ldbg0 Dmf0: fl85 –1996(: oo0 2674-26860

)33[ I0 RGDM: S0 S�MF �MC0 K0/K0 V�MF: RodbsqZk Ldsgncr. �kfnqhsglr: �mZkxrhr Zmc �ookhbZ/
shnmr: Roqhmfdq Rbhdmbd Zmc Atrhmdrr LdchZ: 19flfl0

)34[ I0 RGDM �MC W0 X�MF: MtldqhbZk ZooqnwhlZshnmr ne �kkdm,BZgm Zmc BZgm,GhkkhZqc dptZshnmr:
Chr0 Bnms0 Cxm0 Rxrs0 �: 17 –19fl9(: oo0 fl558-fl58fl0

)35[ I0 RGDM: B0 V�MF: W0 V�MF �MC R0 VHRD: Rdbnmc,nqcdq bnmudw rokhsshmf rbgdldr enq fqZchdms
finvr vhsg Dgqkhbg,Rbgvndadk sxod dmdqfx. �ookhbZshnm sn sghm zkl dohsZwx: RH�L I0 Mtldq0 �mZk0:
49 –19fl1(: oo0 fl94-fl140

)36[ I0 RGDQL�M �MC V0 I0 LNQQHRNM: �citrsldms ne Zm hmudqrd lZsqhw bnqqdronmchmf sn Z bgZmfd
hm nmd dkdldms ne Z fhudm lZsqhw: �mm0 LZsg0 RsZs0: 1fl –fl849(: oo0 fl13-fl160

)37[ K0 M0 SQDEDSGDM: RodbsqZk Ldsgncr hm L�SK�A: RH�L: OghkZcdkoghZ: 19990
)38[ �0 SNVMRDMC �MC K0 M0 SQDEDSGDM: �m dwsdmrhnm ne Bgdaetm sn svn chldmrhnmr: RH�L I0

Rbh0 Bnlots0: 24 –19fl2(: oo0 B384-B4fl70
)49[ �0 SNVMRDMC: G0 VHKADQ: �MC F0 A0 VQHFGS: Bnlotshmf vhsg etmbshnmr hm rogdqhbZk Zmc

onkZq fdnldsqhdr H0 Sgd rogdqd: RH�L I0 Rbh0 Bnlots0: 24 –19fl2(: oo0 B384-B4fl70
)4fl[ B0 V�MF: �MC W0 QDM: � rsZshnmZqx bnqd,rgdkk Zrrdlakx hm Z sdqmZqx hmghahsnqx rxrsdl: Chrbqdsd

Zmc Bnmshmtntr CxmZlhbZk Rxrsdlr-Rdqhdr �: 26–1( –19fl6(: oo0 872-fl9fl10
)41[ B0 V�MF: �MC W0 QDM: RsZshnmZqx chrj Zrrdlakhdr hm Z sdqmZqx rxrsdl vhsg knmf qZmfd hmsdqZbshnm:

Bnlltm0 Bnmsdlo0 LZsg0: 1fl–95( –19fl8(: fl7499350
)42[ B0 V�MF: W0 QDM �MC X0 YG�N: Ataakd Zrrdlakhdr hm sdqmZqx rxrsdlr vhsg knmf qZmfd hmsdqZb,

shnm: Bnll0 LZsg0 Rbh0: fl6 –19fl8(: oo0 1298-12130
)43[ B0 V�MF �MC R0 VHRD: �m dmdqfx rsZakd Zmc bnmudqfdms zmhsd,cheedqdmbd rbgdld enq sgd lnchzdc

ogZrd zdkc bqxrsZk dptZshnm: RH�L I0 Mtldq0 �mZk0: 38 –19flfl(: oo0 834-8580
)44[ G0 VHKADQ: �0 SNVMRDMC: �MC F0 A0 VQHFGS: Bnlotshmf vhsg etmbshnmr hm rogdqhbZk Zmc

onkZq fdnldsqhdr HH0 Sgd chrj: RH�L I0 Rbh0 Bnlots0: 28–2( –19fl6(: oo0 B127-B1510
)45[ G0 VHKADQ: MtldqhbZk Bnlotshmf vhsg Etmbshnmr nm sgd Rogdqd Zmc Chrj: Sgdrhr: Anhrd

RsZsd Tmhudqrhsx: 19fl5
)46[ R0 VHRD: B0 V�MF: �MC I0 KNVDMFQTA: �m dmdqfx rsZakd Zmc bnmudqfdms zmhsd cheedqdmbd

rbgdld enq sgd ogZrd zdkc bqxrsZk dptZshnm: RH�L I0 Mtldq0 �mZk0: 36 –1998(: oo0 1158-11770
)47[ W0 WT �MC X0 YG�N: Dmdqfx rsZakd rdlh,hlokhbhs rbgdldr enq �kkdm-BZgm-NgsZ-IZvZrZjh lncdk

hm ahmZqx rxrsdl: I0 Rbh0 Bnlots0: 79 –19fl8(: oo0 fl545-fl5790
)48[ W0 WT �MC X0 YG�N: LZwhltl oqhmbhokd oqdrdquhmf rbgdldr enq ahmZqx rxrsdlr vhsg knmf,qZmfd

hmsdqZbshnm: I0 Rbh0 Bnlots0: 73 –1919(0
)59[ X0 X�M: V0 BGDM: B0 V�MF: �MC R0 VHRD: � Rdbnmc,Nqcdq Dmdqfx RsZakd ACE MtldqhbZk

Rbgdld enq sgd BZgm,GhkkhZqc DptZshnm: Bnlltm0 Bnlots0 Ogxr0: –19fl7(0
)5fl[ G0 YG�QEH: �ookhbZshnm ne 1,C FCP ldsgnc sn ZmZkxrhr Z sghbj EF qnsZshmf chrj vhsg ZqahsqZqhkx

uZqhZakd sghbjmdrr Zmc mnm,tmhenql antmcZqx bnmchshnmr : �cu0 �ook0 LZsg0 Ldbg0: fl5 –1913(: oo0
oo0 262-2860


