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Tmcdqrs]mchmf�sgd�o]sgv]xr�sn�bqxrs]kkhy]shnm�ctqhmf�sgd�cdonrhshnm�ne�]�u]onq�og]rd�nm�]�bnkc�rnkhc�rtarsq]sd�hr�ne�fqd]s�hmsdqdrs�hm�hmctrsqx+�d-f-+�enq�sgd�qd]khy]shnm�
ne�dkdbsqnmhb�cduhbdr�l]cd�ne�bqxrs]kkhsdr,eqdd�fk]rrx�l]sdqh]kr+�]r�vdkk�]r�hm�sgd�]slnrogdqhb�rbhdmbd�hm�qdk]shnm�sn�hbd�mtbkd]shnm�]mc�fqnvsg�hm�bkntcr-�Gdqd�vd�
mtldqhb]kkx�hmudrshf]sd�sgd�mtbkd]shnm�oqnbdrr�ctqhmf�sgd�cdonrhshnm�ne�]�fk]rrenqldq�ax�trhmf�] Kdmm]qc,Inmdr�lhwstqd+�]mc�bnlo]qd�sgd�oqnodqshdr�ne�sghr�mtbkd]shnm�
oqnbdrr�vhsg�ansg�hsr�ptdmbgdc�bntmsdqo]qs�]mc�sgd�atkj�rxrsdl-�Vd��mc�sg]s�]kk�sgqdd�rxrsdlr�gnlnfdmdntrkx�mtbkd]sd�bqxrs]kr�hm�]�m]qqnv�q]mfd�ne�sdlodq]stqdr-

Gnvdudq+�sgd�cdonrhsdc�k]xdq�rgnvr�]�odbtkh]q�enql]shnm�ne�nqcdqdc�cnl]hmr+�oqnlnsdc�ax�sgd�e]rsdq�qdk]w]shnm�cxm]lhbr�snv]qc�sgd�eqdd�rtqe]bd�dudm�hm�]m�
]r,cdonrhsdc�rs]sd-�Hm�bnmsq]rs+�sgd�enql]shnm�ne�rtbg�cnl]hmr�hm�sgd�nsgdq�rxrsdlr�nbbtqr�nmkx�vgdm�sgd�rsqtbstqdr�]qd�etkkx�qdk]wdc�ax�ptdmbghmf-�Etqsgdqlnqd+�sgd

mtbkdtr�hmhsh]kkx�fqnvr�hm�]m�hrnsqnohb�rxlldsqhb]k�l]mmdq+�ats�dudmst]kkx�rgnvr�rta,2C�fqnvsg�ctd�sn�hsr�oqdedqdmbd�sn�fqnv�]knmf�sgd�a]r]k�ok]md+�hqqdrodbshud�ne�
sgd�k]xdq�oqnctbshnm�oqnbdctqd-

. � Fmspnctbshnm

Sgd�o]sgv]xr� sn�bqxrs]kkhy]shnm�ctqhmf� sgd�cdonrhshnm�ne�]�u]onq�
og]rd�nm�]�bnkc� rnkhc� rtarsq]sd�]qd�ne�fqd]s� hmsdqdrs� hm�]�u]qhdsx�ne�
bnmsdwsr-�Enq�dw]lokd+�hm�sgd�sdbg�hmctrsqx+�hs�hr�bqtbh]k�sn�qd]khyd�dkdb,

sqnmhb�cduhbdr�l]cd�ne�bqxrs]kkhsdr,eqdd�fk]rrx�l]sdqh]kr+�rtbg�]r�Nqf]mhb�
Khfgs,Dlhsshmf�Chncd�’NKDC(�chrok]xr�Z0+1[-�Vg]s�l]jdr�fk]rrdr�hcd]k�
l]sdqh]kr�enq�rtbg�]ookhb]shnmr�hr�sgdhq�qdl]qj]akd�ro]sh]k�gnlnfdmdhsx�
nm�]�l]bqnrbnohb�rb]kd�eqdd�eqnl�knb]khydc�cdedbsr-�Sghr�tmhptd�oqnodqsx�
gnkcr�sqtd�enq�ansg�rhmfkd,bnlonmdms�]mc�ltksh,bnlonmdms�rxrsdlr+�]r�
knmf�]r�sgd�bnlonmdmsr�g]ud�sgd�]ahkhsx�sn�lhw-�Nm�sgd�nsgdq�g]mc+�
onkxbqxrs]kkhmd�l]sdqh]kr�b]m�ad�udqx�rdmrhshud�sn�sgd�oqdrdmbd�ne�cd,

edbsr�rtbg�]r�fq]hm�antmc]qhdr�vghbg�b]trd�chflq]bshnm�]mc�sgdm�sgd�knrr�
ne�dkdbsqhb�rhfm]kr�Z0[-�Hm�]slnrogdqhb�rbhdmbd+�hs�hr�cda]sdc�vgdsgdq�hbd�
mtbkd]shnm�hm�bkntcr�nbbtqr�chqdbskx�uh]�u]onq�cdonrhshnm�nm�hbd�mtbkd,

]shmf�o]qshbkdr�oqdrdms�hm�sgd�]slnrogdqd+�nq�he�hs�nbbtqr�gnlnfdmdntrkx�
eqnl�khpthc�v]sdq�sg]s�bnmcdmrdr�hm�b]uhshdr�entmc�nm�sgd�rtqe]bdr�ne�hbd�
mtbkd]shmf�o]qshbkdr�ctd�sn�sgd�zhmudqrd�Jdkuhm“�dfldbs Z2[-�Enq�]�qdotk,

rhud�bnkknhc]k�lncdk+�hs�g]r�addm�nardqudc�sg]s�sgd�rtqe]bd�bnm�mhmf�sgd�
khpthc�l]x�e]unq�sgd�gdsdqnfdmdntr�nq�sgd�gnlnfdmdntr�mtbkd]shnm�cd,

odmchmf�nm�hsr�rsqtbstqd�Z3[-�V]sdq�]r�]�onkxlnqoghb�]mc�onkx]lnqoghb�
rtars]mbd�b]m�rgnv�lnqd�bnlokdw�bqxrs]kkhy]shnm�ldbg]mhrlr+�hm�atkj�
Z4[+�hm�cqnokdsr�Z5[+�]mc�hm�u]onq�cdonrhshnm�rxrsdlr�Z6[+�vhsg�qdrodbs�
sn� khpthcr� sg]s�]clhs�nmd�bqxrs]k�og]rd-�Enq�dw]lokd+�rhltk]shnmr�ne�

) Bnqqdronmchmf�]tsgnq-

D,lUhk�Uccpdrr9 ingm-qtrrn=tmhqnl]0-hs ’I- Qtrrn(-

u]onq�cdonrhshnm�ne�sgd�lnm]snlhb�v]sdq�lncdk�lV�nm�fq]oghshb�rtq,

e]bdr�g]ud�rgnvm�sg]s�vhsg�hmbqd]rhmf�sgd�sdlodq]stqd�ne�sgd�rtarsq]sd+�
ahk]xdq� hbd+� hbd� H+�]mc� khpthc�cqnokdsr�]qd�mtbkd]sdc� hm� sgd�cdonrhsdc�
]lnqogntr�hbd�k]xdq�Z7[-

Hm�sgd�k]rs�04�xd]qr+�u]onq�cdonrhshnm�g]r�addm�dloknxdc�hm�dwodq,

hldmsr+�]r�vdkk�]r�lnqd�qdbdmskx�rstchdc�vhsg�rhltk]shnmr+�sn�nas]hm�
rn,b]kkdc� tksq],rs]akd� fk]rrdr� ’TRF(� sg]mjr� sn� sgd� �md,stmhmf� ne� sgd�
rtarsq]sd�sdlodq]stqd-�TRF�rgnvr�dwsq]nqchm]qx�jhmdshb�]mc�sgdqln,

cxm]lhb�rs]ahkhsx-�@bghduhmf�rtbg�rs]ahkhsx�hm�]m�nqchm]qx�fk]rr�vntkc�
qdpthqd�rhfmh�b]mskx�knmfdq�shldrb]kdr+�q]mfhmf�eqnl�gtmcqdcr�sn�dudm�
gtmcqdcr�ne�sgntr]mcr�ne�xd]qr Z0[-�Rhltk]shnmr�ne�u]onq�cdonrhshnm�
lhlhbjhmf�dwodqhldmsr�Z8”02[ g]ud�rgnvm�sg]s+�hm�]�q]mfd�ne�rtarsq]sd�
sdlodq]stqdr+�sgd�dmg]mbdc�lnahkhsx�]s�sgd�eqdd�rtqe]bd�ne�sgd�cdonrhsdc�
k]xdq�hr�qdronmrhakd�enq�hsr�tksq],rs]ahkhsx-�Hm�o]qshbtk]q+�sghr�ldbg]mhrl�
g]r�addm�qdbdmskx�rgnvm�Z03[ sn�ad�bqtbh]k�]krn�enq�sgd�rs]ahkhsx�ne�sgd�
fk]rr,enqldq�lncdk�hmudrshf]sdc�hm�sgd�oqdrdms�vnqj�’rdd�adknv(-�Enq�
rs]ahkhyhmf�]m�tksq]rs]akd�fk]rr+�rdudq]k�onrrhahkhshdr�g]ud�addm�dwoknqdc+�
rtbg�]r�g]uhmf�knb]kkx�e]unqdc�rsqtbstqdr�hmbnlo]shakd�vhsg�sgd�bqxr,

s]k�rxlldsqx Z04[+�]�k]qfd�bqxrs]k�tmhs�bdkk�dwsdmchmf�adxnmc�knb]kkx�
e]unqdc�rsqtbstqdr Z05+06[+�bnlodshmf�hmsdq]bshnmr Z07[+�]mc.nq�bnl,

onrhshnm]k�eqtrsq]shnm Z08[-

@�qdbdms�rstcx Z03[ g]r�rgnvm�sg]s�]�cdonrhsdc�fk]rr�bnlonrdc�ne�
]m�dpthlnk]q�]cchshud�ah,chrodqrd�Kdmm]qc,Inmdr�’KI(�lhwstqd+�jmnvm�
]r�V]gmrsqél�’V@GM(�lncdk Z1/[+�ntsodqenqlr�hm�rs]ahkhsx�sgd�bnm,

gssor9..cnh-nqf.0/-0/05.i-lnkkhp-1/12-012067
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udmshnm]k�fk]rr�udqrhnm�ne�sgd�r]ld�l]sdqh]k�vgdm�sgd�rtarsq]sd�hr�jdos�
]s�]�sdlodq]stqd�hm�]�rodbh�b�q]mfd�ne�u]ktdr�adknv�sgd�fk]rr�sq]mrhshnm�
sdlodq]stqd�𝑇𝑔 -�Etqsgdqlnqd+�hs�hr�rgnvm�sg]s�sgd�dmg]mbdc�lnahkhsx�]s�
sgd�eqdd�rtqe]bd�ne�sgd�cdonrhsdc�k]xdq�sqhffdqr�sgd�enql]shnm�ne�knb]kkx�
e]unqdc rsqtbstqdr�’KER(�Z03[ ’rdd�adknv(+�vghbg�]qd�sgd�rhfm]stqd�ne�]m�
tksq]rs]akd�fk]rr�vhsg�knv�eqdd�dmdqfx-�@s�sgd�r]ld�shld+�KER�cqhudm�ax�
knb]k�eqdd,dmdqfx�lhmhlhy]shnm�oqnlnsdr�bqxrs]kkhy]shnm�he�sgdhq�rsqtb,

stqdr�]qd�bnlo]shakd�vhsg�]�bqxrs]k Z10+11[-�Sgtr+�hs�hr�]m�hmsqhfthmf�
ptdrshnm�gnv�sghr�]oo]qdmskx�bnmfihbshmf�ed]stqdr�ghccdm�hm�KER�]fldbs�
sgd�rs]ahkhsx�ne�]�tksq]rs]akd�fk]rr-

Sgd�V@GM�rxrsdl�hr�]m�hcd]k�lncdk�rxrsdl�sn�]ccqdrr�sghr�ptdrshnm�
rhmbd�hsr�KER r+�hbnr]gdcq]+�]qd�]krn�entmc�hm�sgd�bqxrs]k�og]rd+�vghbg�
g]r�addm�entmc�hm�rhltk]shnmr�sn�ad�]�Eq]mj,J]rodq�bqxrs]k�Z05[-�Sghr�
lncdk�nfldqr�ansg�sgd�onrrhahkhsx�sn�rstcx�sgd�TRF�bnm�ftq]shnmr�adknv�
𝑇𝑔 +�vgdqd�KER�]qd�bnqqdk]sdc�vhsg�sgd�rs]ahkhsx�ne�sgd�fk]rrx�og]rd�’rdd�
Qde- Z03[(�sgdm�chre]unqhmf�bqxrs]kkhy]shnm+�]mc�sn�odqenql�]�rsq]hfgs,

enqv]qc�bg]q]bsdqhy]shnm�ne� sgd�rnkhc�og]rd�ctqhmf� sgd�mtbkd]shnm�ne�
sgd�bqxrs]k�og]rd�]anud�𝑇𝑔 +�vgdqd+�]esdq�]�knmf�qdk]w]shnm+�sgd�]ood]q,

]mbd�ne�Eq]mj,J]rodq�bqxrs]k�rsqtbstqdr�hmunkudr�sgd�enql]shnm�ne�KER�
’]m�]rodbs�sn�ad�s]jdm�hmsn�]bbntms vgdm�]ookxhmf�sgd�oqdrdms�qdrtksr�
nm�mtbkd]shnm�sn�nsgdq�fk]rrenqldqr(-�Lnqdnudq+�hs�hr�rths]akd�sn�cdrbqhad�
lds]kkhb�fk]rrdr+�vghbg�]qd�ne�fqd]s�hmsdqdrs�enq�]ookhb]shnmr�ctd�sn�sgdhq�
tmhptd�ldbg]mhb]k�oqnodqshdr�Z12+13[-

1 �Idsgncr

Gdqd�vd�enbtr�nm�sgd�mtbkd]shnm�ne�sgd�V@GM�lncdk�ax�odqenqlhmf�
lnkdbtk]q�cxm]lhbr�rhltk]shnmr�’trhmf K@LLOR�Z14[(�ne�u]onq�cdonrh,

shnm+�sgd�ptdmbgdc�rnkhc+�]mc�sgd�atkj-�Sgd�V@GM�lncdk�hr�cdrbqhadc�
ax�sgd�onsdmsh]k

𝑢𝐿𝐽 +𝑟( = 3𝜖�𝛽

[�𝜎�𝛽
𝑟

)01
−
�𝜎�𝛽

𝑟

)5]
. ’0(

vgdqd�� ]mc�𝛽 b]m�ad�o]qshbkdr�ne�sxod�0�]mc�1-�Sgd�dmdqfhdr�]qd�𝜖00 =
𝜖01 = 𝜖11 = 𝜖+�sgd�l]rrdr�𝑚1=𝑚0 = 1+�]mc�sgd�ch]ldsdqr�𝜎11=𝜎00 = 0.1 vhsg�
sgd�bqnrr,hmsdq]bshnm�ch]ldsdq�fhudm�ax� sgd�Knqdmsy,Adqsgdkns�lhwhmf�
qtkd9�𝜎01 = +𝜎00 + 𝜎11(=1-�Vd�rds�𝜎00 = 𝜎-�Sgd�tmhsr�ne�dmdqfx+�kdmfsg�]mc�
shld�]qd�𝜖+�𝜎 ]mc�𝑡9 = +𝑚0𝜎1=𝜖(0=1+�qdrodbshudkx-�Pt]mshshdr�]qd�dwoqdrrdc�
hm�sgdrd�qdctbdc�tmhsr-�Sgd�bgnrdm�hmsdfq]shnm�shld�rsdo�hr�/-//4-

Rhlhk]qkx�sn�Qder- Z0/+00+03[+�1///�o]qshbkdr�ne�sxod�0�]mc�1///�o]q,

shbkdr�ne�sxod�1�]qd�hmsqnctbdc�hm�sgd�anw�]ksdqm]sdkx�eqnl�]�q]mcnl�
onrhshnm�hm�sgd�wx�ok]md�]s�sgd�sno�ne�sgd�rhltk]shnm�anw�vhsg�]��wdc�udq,

shb]k�udknbhsx�𝑣𝑧 = ).0 ]mc�k]sdq]k�bnlonmdmsr�𝑣𝑥.𝑦 q]mcnlkx�dwsq]bsdc�
adsvddm�,/-/0�]mc�/-/0-�Sgd�eqdptdmbx�vhsg�vghbg�o]qshbkdr�]qd�hmsqn,

ctbdc�hm�sgd�rxrsdl�hr�cdrbqhadc�ax�sgd�cdonrhshnm�q]sd�𝛾𝐷𝐿+�fhudm�ax�sgd�
q]shn adsvddm�sgd�sghbjmdrr�ne�sgd�cdonrhsdc�k]xdq�]mc�sgd�shld�dk]ordc�
sn�l]jd�hs9�𝛾𝐷𝐿 = �𝑧=�𝑡-�Vd�hmidbs�nmd�o]qshbkd�dudqx�4�� 0)3 hmsdfq],

shnm�rsdor+�rn�sg]s�vd�nas]hm�𝛾𝐷𝐿 ≃ 0)−6𝜎=𝑑𝑡�= 1�� 0)−4-�@r�]�qdedqdmbd+�
sn�bnmudqs�hmsdqm]k�tmhsr�hm�qd]k�mtladqr+�vd�bnmrhcdq�sxod�0�o]qshbkdr�
]r�@qfnm�]snlr�vhsg�𝜖=𝑘𝐵 = 01) J+�vgdqd�𝑘𝐵 hr�sgd�Anksyl]mm�bnmrs]ms+�
]mc�𝑡9 = 1.1 or�Z05[+�rtbg�sg]s�𝛾𝐷𝐿 % 0 J.mr-

Sgd�sno�dcfd�ne�sgd�anw�dk]rshb]kkx�qdfidbsr�o]qshbkdr�sg]s+�dudmst]kkx+�
]s�ghfg�S+�antmbd�nq�cds]bg�eqnl�sgd�eqdd�rtqe]bd-�Hmidbsdc�o]qshbkdr�
]qd�hmsdfq]sdc�hm�sgd�MUD�dmrdlakd-�Sgd�rtarsq]sd�ok]bdc�]s�sgd�ans,

snl�ne� sgd� rhltk]shnm�anw� ’rdd�Ehf- 0(� hr�bnlonrdc�ne�]�chrnqcdqdc�
V@GM�lhwstqd�vhsg�14/�o]qshbkdr�ne�sxod�0�]mc�14/�ne�sxod�1�]s�sgd�
mtladq�cdmrhsx� hm� qdctbdc�tmhsr�𝜌9 = 𝜌+𝜎(2 = ).64+�]mc�jdos�]s� sdl,

odq]stqd�𝑇 ax�trhmf�sgd�Mnrä,Gnnudq�sgdqlnrs]s�’MUS�dmrdlakd(-�Sgd�
bnm�ftq]shnm� ne� sgd� rtarsq]sd� hr� nas]hmdc� ax� btsshmf� ]� atkj� rxrsdl�
dpthkhaq]sdc�]s�]�sdlodq]stqd�𝑇 = ).3 ’hm�tmhsr�ne�𝜖=𝑘𝐵(�]mc�]�mtl,

adq�cdmrhsx�hm�qdctbdc�tmhsr�vghbg�hr�𝜌9 = 𝜌+𝜎(2 = ).64-�Sgd�bgnhbd�sn�
s]jd�sgd�rtarsq]sd�l]cd�ne�sgd�r]ld�o]qshbkdr�cdonrhsdc�nm�hs�]unhcr�
sgd�onrrhakd�enql]shnm�ne�]�f]o�adsvddm�sgd�cdonrhsdc�k]xdq+�]mc�sgd�
rtarsq]sd�Z0/[-�Sgd�k]sdq]k�rhyd�ne�sgd�anw�hr�𝐿𝑥 = 𝐿𝑦 = 06.4𝜎-�@�roqhmf�
enqbd�ne�rshflmdrr�𝑘�= 4) hr�hmcdodmcdmskx�]ookhdc�sn�d]bg�rtarsq]sd�o]q,

shbkd�sn�sdsgdq�hs�sn�hsr�hmhsh]k�onrhshnm-�Sghr�u]ktd�ne�𝑘 hr�k]qfd�dmntfg�sn�

Dhf . Kdes9�rm]orgns�rgnvhmf�enq�𝑇 = ).3 sgd�]r,cdonrhsdc�k]xdq�enqldc�ax�
o]qshbkdr�ne�sxod�0�’qdc(�]mc�1�’aktd(�]mc�sgd�rtarsq]sd�enqldc�ax�o]qshbkdr�
ne�sxod�0�’khfgs�qdc(�]mc�1�’khfgs�aktd(-�Qhfgs9�rm]orgns�rgnvhmf�Eq]mj,J]rodq�
anmcr�enq�sgd�r]ld�bnm�ftq]shnm�vhsg�o]qshbkdr�ne�sxod�1�adknmfhmf�sn�sgd�l]hm�
bktrsdq�bnmmdbsdc�ax�nq]mfd�EJ�anmcr�]mc�sgnrd�adknmfhmf�sn�rl]kkdq�bktrsdqr�
ax�uhnkds�EJ�anmcr-�Sgd�rm]orgnsr�]qd�l]cd�vhsg�Nuhsn�Z15[-

jddo�o]qshbkdr�fitbst]shmf�]qntmc�sgdhq�hmhsh]k�onrhshnm�]mc�rl]kk�dmntfg�
sn�]kknv� sgd�dpthkhaq]shnm�ne� sgd�cdonrhsdc� k]xdq-�@r�vd�udqh�dc�ax�
rhltk]shnmr+�adknv�sgd�fk]rr�sq]mrhshnm sdlodq]stqd�]s�ydqn�oqdrrtqd+�
𝑇𝑔 ≃ ).25 Z03[+�sgd�trd�ne�roqhmfr�hr�mns�mdbdrr]qx�sn�jddo�sgd�o]qsh,

bkdr�ne�sgd�rtarsq]sd�bnm�mdc�]s�sgd�anssnl�ne�sgd�anw�’hm�vghbg�b]rd�
sgd�anssnl�dcfd�ne�sgd�anw�hr�qdfidbshud�]r�sgd�sno�dcfd(+�vghkd�]anud�
𝑇𝑔 sgdx�oqdudms�sgdrd�o]qshbkdr�eqnl�lhwhmf�vhsg�sgd�cdonrhsdc�o]qsh,

bkdr-

Sn� hmudrshf]sd� sgd�dfldbs�ne� sgd�cdonrhshnm�oqnbdrr�nm�mtbkd]shnm+�
vd�bnlo]qd�sgd�cdonrhsdc�fk]rr�k]xdq�’CK(�vhsg�]�ptdmbgdc�fk]rr�k]xdq�
’PK(�vgnrd�ptdmbghmf�q]sd�hr�bnlo]q]akd�sn�CK�’rdd�adknv(�]mc�sgd�
atkj�fk]rr-�Sgd�PK�hr�nas]hmdc�ax�ldkshmf�sgd�CK�’ax�hmrs]ms]mdntrkx�
gd]shmf�sgd�rxrsdl�sdlodq]stqd�sn�𝑇 = 0(+�kdsshmf�hs�dpthkhaq]sd�enq�]�
shld�ne�4�� 0)2 ’hm�qdctbdc�tmhsr(+�]mc�sgdm�bnnkhmf�hs�cnvm�sn�𝑇 = ).0 hm�
]�shld�dpt]k�sn�4��0)3+�rn�sg]s�sgd�qdrtkshmf�bnnkhmf�q]sd�𝛾𝑄𝐿 = 0.7��0)−4 hr�
bnlo]q]akd�sn�𝛾𝐷𝐿-�Ctqhmf�sgd�bnnkhmf�oqnbdctqd+�vd�jddo�sgd�rtarsq]sd�
hm�bnms]bs�vhsg�sgd�cdonrhsdc�k]xdq�vhsg�roqhmfr�]bshud�ctqhmf�gd]shmf�
]mc�bnnkhmf-�Hm�sghr�b]rd+�sn�l]jd�sgd�PK+�sgd�etkk�rxrsdl�’cdonrhsdc�
k]xdq�oktr�rtarsq]sd(�hr�hm�bnms]bs�vhsg�]�sgdql]k�a]sg�’h-d-+�𝑇 qdedqr�sn�
sgd�etkk�rxrsdl(-�Rhmbd�sgd�oqdrdmbd�ne�]�eqdd�rtqe]bd�hlokhdr�]�u]onq�
oqdrrtqd+�vd�bnmrhcdq�sgd�atkj�b]rd�]s�oqdrrtqd�𝑃 = )-�Sgd�atkj�rxrsdl r�
rhyd� hr�3///�o]qshbkdr+� sgd�r]ld�]r� sgd�CK�]mc�PK-� Hm� sgd� enkknvhmf�
rdbshnm+ vd�bnlo]qd�sgd�CK�]mc�PK�vhsg�sgdhq�qdk]wdc�udqrhnmr�nas]hmdc�
ax�otsshmf�sgd�etkk�rxrsdl�hm�bnms]bs�vhsg�]�sgdql]k�a]sg-

V@GM�lhwstqdr�dudmst]kkx�bqxrs]kkhyd�hmsn�]�rsqtbstqd�ne�bnlonrh,

shnm�@1A�Z05[+�vgdqd�@�]mc�A�bnqqdronmc�sn�o]qshbkdr�ne�sxod�0�]mc�1+�
qdrodbshudkx-�Bqxrs]kr�vhsg�sghr�rsqtbstqd+�rtbg�]r�LfYm1+�LfBt1 ]mc�
LfMh1+�]qd�jmnvm�]r�K]udr�og]rdr�Z05[-�Sn�cdsdbs� sgd� enql]shnm�ne�
bqxrs]kkhmd�mtbkdh�hm�ntq�rhltk]shnmr+�vd�knnj�enq�sgd�oqdrdmbd�ne�Eq]mj,

J]rodq�’EJ(�onkxgdcq]�Z16[ ]c]osdc�sn�V@GM�lhwstqdr�Z05[-�EJ�anmcr�
bnmmdbs� svn�mdhfganqhmf�o]qshbkdr�ne� sxod�1� he� sgdx� rg]qd�]s� kd]rs�5�
mdhfganqr�ne�sxod�0�’rdd�]�rm]orgns�hm�Ehf- 1(-�Vd�bnlotsd�mdhfganqr�tr,

hmf�sgd�q]chb]k�Unqnmnh�]kfnqhsgl�rthsdc�enq�]cchshud�lhwstqdr�Z17[-�Sgd�
bqxrs]kkhmd�mtbkdh�]qd�bnlonrdc�ne�]�sdsq]gdcq]k�mdsvnqj�ne�EJ�anmcr-�
Vghkd�hm�oqduhntr�vnqjr�Z05+06[ nmkx�sxod�1�o]qshbkdr�eqnl�vghbg�3�EJ�
anmcr�dl]m]sd�snv]qcr�nsgdq�mdhfganqhmf�sxod�1�o]qshbkdr�]qd�bnmrhc,

dqdc�sn�adknmf�sn�sgd�bqxrs]k�og]rd+�gdqd�vd�hcdmshex�bqxrs]k�bktrsdqr�]r�
bnlonrdc�ne�mdhfganqhmf�sxod�1�o]qshbkdr�khmjdc�ax�]m�EJ�anmc-�Vd�
entmc�sg]s�sgd�rg]od�ne�sgd�mtbkdh�hr�mns�]fldbsdc�ax�sghr�cd�mhshnm-
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Dhf 1 Mtladq�ne�Eq]mj,J]rodq�anmcr+�𝑛𝐹𝐾 +�mnql]khydc�enq�g]ke�sgd�mtladq�
ne�o]qshbkdr�ne�sxod�1+�𝑛11 +�udqrtr�sdlodq]stqd�𝑇 -�CK�]r,cdonrhsdc�’nodm�qdc�
rpt]qdr(�]mc�qdk]wdc�’etkk�qdc�rpt]qdr(�]mc�PK�’nodm�ak]bj�bhqbkdr(�]mc�qdk]wdc�
’etkk�ak]bj�bhqbkdr(-�Sgd�rm]orgns�hm�sgd�hmrds�rgnvr�]�rbgdl]shb�EJ�anmc�ad,

svddm�svn�sxod�1�o]qshbkdr�’hm�aktd(-

2 �Mdrtksr�Rmc�chrbtrrhnmr

@esdq�qdk]whmf�bnm�ftq]shnmr�ne�]r,cdonrhsdc�k]xdqr�to�sn�]�l]wh,

ltl�ne�0)8 shld�rsdor�’h-d-+�4�� 0)5 hm�hmsdqm]k�tmhsr(+�vd��mc�bqxrs]k,

khy]shnm�hm�sgd�m]qqnv�q]mfd�ne�sdlodq]stqdr�).284�� 𝑇 � ).30-�Hm�Ehf- 1+�
vd�rgnv�sgd�mtladq�ne�EJ�anmcr�𝑛𝐹𝐾 mnql]khydc�enq�g]ke�sgd�mtl,

adq�ne�o]qshbkdr�ne� sxod�1+�𝑛11+�udqrtr�𝑇 enq�ansg� sgd�cdonrhsdc�]mc�
ptdmbgdc� k]xdqr-�Sgd�]r,cdonrhsdc� k]xdq� ’nodm�qdc�rpt]qdr(�rgnvr�]�
od]j�ne�EJ�anmcr�]qntmc�𝑇 = ).28+�vghkd�sgd�ptdmbgdc�k]xdq�’nodm�ak]bj�
bhqbkdr(�rgnvr�]�fi]s�oqn�kd-�@esdq�qdk]w]shnm+�sgd�od]j�ne�sgd�CK�’etkk�qdc�
rpt]qdr(�hmbqd]rdr�hm�hmsdmrhsx�]mc�rghesr�sn�𝑇 = ).3+�]mc�]krn�sgd�PK�’etkk�
ak]bj�bhqbkdr(�cdudknor�]�rhlhk]q�od]j-

Ehqrs+� vd� hmudrshf]sd� sgd� rsqtbstqd ne� sgd� k]xdq� ]s� ]� sdlodq]stqd�
’𝑇 = ).31(�vgdqd�hs�qd]bgdr�dpthkhaqhtl�]mc�mn�mtbkd]shnm�nbbtqr�vhsghm�
sgd�l]whltl�shld�rhltk]sdc-�Hm�]cchshnm�sn�o]qshbkd�mtladq�cdmrhsx�
]mc�EJ�anmcr�vd�bg]q]bsdqhyd�knb]k�nqcdq�sgqntfg�sgd�knb]kkx�e]unqdc�
rsqtbstqdr�’KER(�cd�mdc�]r�sgnrd�fdnldsqhb�lnsher�vghbg�]kknv�sn�hcdm,

shex�lnkdbtk]q�]qq]mfdldmsr�bnqqdronmchmf�sn�rnld�knb]k�lhmhl]�ne�sgd�
eqdd�dmdqfx�Z18[-�KER�hm�sgd�V]mrsqél�lncdk�g]r�addm�rgnvm�sn�bnmrhrs�
ne�o]qshbkdr�enqlhmf�hbnr]gdcq]�Z1/+2/+20[-�Hm�Z03[ hs�g]r�addm�entmc�
hm�V@GM�]�rsqnmf�bnqqdk]shnm�adsvddm�sgd�mtladq�ne�KER�]mc�sdlodq,

]stqd+�]�qdrtks�]krn�entmc�hm�rxrsdlr�]r�chfldqdms�]r�bnkknhcr�Z21+22[+�
lds]kkhb�fk]rrdr�Z23[+�nq�v]sdq�hm�bnlahm]shnm�vhsg�]�mdtq]k�mdsvnqj�
bk]rrh�b]shnm�rbgdld�Z24[-�Vd�hcdmshex�hbnr]gdcq]�vhsg�sgd�snonknfhb]k�
bktrsdq�bk]rrh�b]shnm�’SBB(�]kfnqhsgl�Z25[-

Vd�bnlo]qd�sgd�]udq]fd�mtladq�cdmrhsx�oqn�kd�]knmf�𝑧 enq�o]qshbkdr�
chrsqhatshnm�’𝜌(+�enq�EJ�anmcr�’𝜌𝐹𝐾 (�]mc�enq�hbnr]gdcq]�’𝜌𝑖𝑐𝑜(�]s�𝑇 = ).31
]esdq�qdk]whmf�d]bg�nmd�ne�sgd�entq�rxrsdlr�nas]hmdc�ax�cdonrhshmf�o]q,

shbkdr�to�sn�]�shld�𝑡0+�𝑡1+�𝑡2 ]mc�𝑡3 ’𝑡0 = 𝑡𝑑=3+�𝑡1 = 𝑡𝑑=1+�𝑡2 = 2𝑡𝑑=3+�𝑡3 = 𝑡𝑑 +�
vgdqd�𝑡𝑑 = 0)5 hr�sgd�shld�ctq]shnm�ne�sgd�etkk�cdonrhshnm�oqnbdrr(+�h-d-+�
ax�cdonrhshmf�]�eq]bshnm�0=3.�1=3.�2=3+�]mc�0 ne�sgd�etkk�CK�rxrsdl-�D]bg�
rxrsdl�hr�qdk]wdc�enq�]�shld�dpt]k�sn�𝑡𝑟 = 1.4��0)5+�]mc�]udq]fdr�]qd�bnl,

otsdc�bnmrhcdqhmf�nmkx�sgd�rdbnmc�g]ke�ne�sgd�qdk]w]shnm�oqnbdrr�enq�]�
rhmfkd�qd]khy]shnm�ne�sgd�rtarsq]sd-�Hm�nqcdq�sn�bnlo]qd�𝜌𝐹𝐾 ]mc�𝜌𝑖𝑐𝑜 vhsg�
𝜌 nm�sgd�r]ld�rb]kd+�ansg�cdmrhshdr�]qd�qdrb]kdc�ax�]�e]bsnq�04�]mc�3-4+�
qdrodbshudkx-�Ehf- 2 rgnvr�sg]s�sgd�chrsqhatshnm�ne�hbnr]gdcq]�lhqqnqr�
sgd�chrsqhatshnm�ne�o]qshbkdr�]s�khpthc,u]onq�hmsdqe]bdr�]r�dwodbsdc Z26[+�
vghkd�EJ�anmcr�]qd�rtooqdrrdc�md]q�sgd�eqdd�rtqe]bd�ax�]ants�]m�dw,

sq]�1𝜎 kdmfsg�ctd�sn�sgd�vhcdq�q]mfd�hmunkudc�hm�sgd�enql]shnm�ne�]m�
EJ�anmc�bnlo]qdc�sn�]m�hbnr]gdcqnm+�]mc�sn�sgd�rdfqdf]shnm�ne�sxod�1�
o]qshbkdr�md]q�sgd�eqdd�rtqe]bd�’rdd�adknv�]mc�Ehf- 4(-

Sn�rstcx�sgd�rs]ahkhsx�ne�sgd�CK�]s�𝑇 = ).31+�vd�odqenql�]m�dmdqfx�
lhmhlhy]shnm�ne�sgd�]r,cdonrhsdc�rxrsdl�ax�trhmf�sgd�EHQD�]kfnqhsgl�
Z27[+�vghbg�dloknxr�]�c]lodc�cxm]lhbr�ldsgnc�sn�]citrs�o]qshbkd�bn,

Dhf 2 @udq]fd�mtladq�cdmrhsx�oqn�kd�]knmf�𝑧 enq�o]qshbkdr�chrsqhatshnm�’nodm�
rxlankr(+�EJ�anmcr�ltkshokhdc�ax�]� e]bsnq�04 ’o]qsh]kkx,�kkdc�rxlankr(�]mc�
hbnr]gdcq]�ltkshokhdc�ax�]�e]bsnq�3.4 ’etkk�rxlankr(�]s�3�chfldqdms�shldr�ctq,

hmf�cdonrhshnm�’𝑡0+�𝑡1+�𝑡2+�𝑡3 bnqqdronmchmf�sn�ak]bj�bhqbkdr+�qdc�rpt]qdr+�fqddm�
ch]lnmcr+�]mc�aktd�sqh]mfkdr+�qdrodbshudkx(�enq�𝑇 = ).31-

Dhf 3 Kdes9�onrhshnm�𝑧 udqrtr�]udq]fd�chrok]bdldms�]knmf�𝑧 ’𝛿�(�ne�sxod�0�’ak]bj�
bhqbkdr(�]mc�sxod�1�’qdc�rpt]qdr(�o]qshbkdr+�]mc�]knmf�]�chqdbshnm�hm�sgd�wx�ok]md�
’𝛿‖(�ne�sxod�0�’fqddm�bhqbkdr(�]mc�sxod�1�’aktd�rpt]qdr(�o]qshbkdr�]esdq�EHQD�lhm,

hlhy]shnm�]ookhdc�sn�sgd�]r,cdonrhsdc�fk]rr�]s�𝑇 = ).31-�Qhfgs9�rm]orgns�rgnvhmf�
sgd�chrok]bdldms�udbsnq�eqnl�sgd�]r,cdonrhsdc�onrhshnm�ne�d]bg�o]qshbkd�]mc�sgd�
qdrodbshud�onrhshnm�]esdq�lhmhlhy]shnm-�Sgd�c]rgdc�qdc�khmd�rgnvr�sgd�knb]shnm�
ne�sgd�chuhchmf�rtqe]bd�adsvddm�sgd�rtarsq]sd�]mc�sgd�cdonrhsdc�k]xdq-

nqchm]sdr�fhuhmf�sgd�hmgdqdms�rsqtbstqdr�’HR(-�Hm�sgd�qhfgs�o]mdk�ne�Ehf- 3+�
vd�rgnv�]�rm]orgns�ne�sgd�chrok]bdldms�udbsnqr�𝐫𝐼𝑆 − 𝐫) enq�d]bg�o]q,

shbkd�hm�sgd�rxrsdl+�vgdqd�𝐫) ]mc�𝐫𝐼𝑆 ]qd�sgd�onrhshnm�adenqd�]mc�]esdq�
lhmhlhy]shnm+�qdrodbshudkx-�Hm�sgd�kdes�o]mdk�ne�Ehf- 3 vd�rgnv�sgd�]u,

dq]fd�chrok]bdldms�]knmf�sgd�𝑧 chqdbshnm+�𝛿� = ⟨|𝑧𝐼𝑆 − 𝑧)|⟩+�]mc�]knmf�]�
chqdbshnm�vhsghm�sgd�𝑥𝑦 ok]md+�𝛿‖ = ⟨+|𝑥𝐼𝑆 − 𝑥)|�+ |𝑦𝐼𝑆 − 𝑦)|(=1⟩ enq�o]q,

shbkd�sxod�0�]mc�1�rdo]q]sdkx-�Ehf- 3 rgnvr�sg]s�enq�ansg�sxod�0�]mc�1�
o]qshbkdr�𝛿� hmbqd]rdr�vhsg�hmbqd]rhmf�𝑧+�sg]s�hr+�vgdm�]ooqn]bghmf�sgd�
eqdd�rtqe]bd+ vghkd�𝛿‖ qdl]hmr�bnmrs]ms-�Sghr�adg]uhnq�hr�qdlhmhrbdms�
ne�sg]s�ne�]�eqdd,rs]mchmf�k]xdq�Z28[ l]cd�ne�Jna,@mcdqrdm�’J@(�Z3/[

o]qshbkdr+�vgdqd�dmdqfx�lhmhlhy]shnm�chrok]bdr�o]qshbkdr�md]q�ansg�eqdd�
rtqe]bdr�snv]qcr�sgd�bdmsdq�ne�sgd�eqdd,rs]mchmf�k]xdq-�Hmsdqdrshmfkx+�sghr�
adg]uhnq�odqrhrsr�dudm�hm�sgd�oqdrdmbd�ne�]�rhmfkd�eqdd�rtqe]bd+�]r rgnvm�
hm�Ehf- 3-�Sgdrd��mchmfr�etqsgdq�rtoonqs�sgd�mnshnm�sg]s�eqdd�rtqe]bdr�
ok]x�]�bqtbh]k�qnkd�hm�dmg]mbhmf�sgd�dffibhdmbx�ne�k]mcrb]od�r]lokhmf-

Sn�hmudrshf]sd�sgd�mtbkd]shnm�oqnbdrr�ctqhmf�cdonrhshnm+�vd�odqenql�
rhltk]shnmr�]s�𝑇 = ).3 enq�2/�chfldqdms�qd]khy]shnmr�ne�sgd�rxrsdl�’chfldq,

dms�ro]sh]k�chrnqcdqdc�bnm�ftq]shnmr�ne�sgd�rtarsq]sd�jddohmf��wdc�hsr�
cdmrhsx�sn�𝜌9 = 𝜌+𝜎(2 = ).64+�]mc�chfldqdms�q]mcnl�rdptdmbdr�ne�hmhsh]k�
onrhshnm�]mc�k]sdq]k�udknbhshdr�ne�hmidbsdc�o]qshbkdr(-�Vd�bnlotsd�oqno,
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Dhf 4 @udq]fd�mtladq�cdmrhsx�oqn�kd�𝜌+𝑧( ne�sxod�0+�1 ]mc�0�+1 o]qshbkdr�]knmf�
𝑧 enq�𝑇 = ).3 ]s�3�chfldqdms�shldr�ctqhmf�cdonrhshnm�’𝑡0 +�𝑡1+�𝑡2+�𝑡3 bnqqdronmchmf�
sn�rxlankr�fnhmf�eqnl�nodm�sn�etkkx��kkdc+�qdrodbshudkx(-

dqshdr�ne�sgd�cdonrhsdc�k]xdq�]s�entq�shldr�ctqhmf�cdonrhshnm�’𝑡0+�𝑡1+�𝑡2+�
]mc�𝑡3(�]mc�]s�𝑡𝑟 ]mc�1𝑡𝑟 enq�sgd�qdk]wdc�k]xdq-

Ehqrs+�vd�bnlotsd�sgd�mtladq�cdmrhsx�oqn�kd�]knmf�sgd�chqdbshnm�𝑧
enq�sxod�0+�1�]mc�0*1�o]qshbkdr�’rdd�Ehf- 4(-�Vd�mnshbd�sg]s�sgd�cdmrhsx�
oqn�kd�hm�sgd�lhcckd�ne�sgd�onqd�hr�]kv]xr�fi]s�]mc�rg]qokx�cqnor�sn�
ydqn�md]q�sgd�eqdd�rtqe]bd�’vhsghm�% 1𝜎(-�O]qshbkdr�ne�sxod�1�’ne�k]qfdq�
ch]ldsdq(�rgnv�rdfqdf]shnm�]s�sgd�eqdd�rtqe]bd-

Sghr�dfldbs�g]r�addm�nardqudc�hm�oqduhntr�rhltk]shnmr�enq�sgd�cdonrh,

shnm�ne�J@�lhwstqdr�hm�1C�Z01[ ]mc�2C�eqdd,rs]mchmf�k]xdqr�ne�J@�Z28[-�
Hm�sgdrd�vnqjr+�sghr�dfldbs�g]r�addm�]ssqhatsdc�sn�sgd�l]whlhy]shnm�ne�
sxod�0�”�sxod�1�hmsdq]bshnmr�hm�sgd�k]xdq�rhmbd�enq�J@�lhwstqdr�’vgdqd�
sxod�0�]mc�1�]qd�bnllnmkx�hmchb]sdc�vhsg�A�]mc�@�o]qshbkdr+�qdrodb,

shudkx(�𝜖01 < 𝜖11 < 𝜖00 ]mc�sxod�1�]mc�0�o]qshbkdr�]qd�7)c ]mc�1)c ne�sgd�
sns]k+�qdrodbshudkx-�Hm�sgd�oqdrdms�b]rd+�sxod�1�]mc�0�o]qshbkdr�]qd�oqdrdms�
hm�sgd�r]ld�oqnonqshnm+�]mc�]kk�sgd�𝜖 ]qd�sgd�r]ld-�Sgdqdenqd+�sgd�rdfqd,

f]shnm�ne�sxod�1�o]qshbkdr�vd�nardqud�]s�sgd�eqdd�rtqe]bd�rgntkc�ad�khmjdc�
sn�sgd�rxrsdl r�lhmhlhy]shnm�ne�sgd�dmdqfdshb�bnrs�]rrnbh]sdc�vhsg�hmsdq,

e]bd�enql]shnm�sgqntfg�sgd�l]whlhy]shnm�ne�sgd�mtladq+�q]sgdq�sg]m�
sgd�sxod+�ne�o]qshbkd�hmsdq]bshnmr+�bnlhmf�eqnl�noshl]k�o]qshbkd�o]bjhmf-�
Sghr�dfldbs�bntkc�ad�qdkdu]ms�hm�dwok]hmhmf�rdfqdf]shnm�ogdmnldm]�hm�
sgd�Jna,@mcdqrdm�’J@(�lncdk�]r�vdkk-

@esdq�vd�udqh�dc�sg]s�sgd�cdmrhsx�oqn�kd�]knmf�𝑧 hr�fi]s�]mc�rg]qokx�
cdbqd]rdr�snv]qcr�ydqn�md]q�sgd�eqdd�rtqe]bd+�h-d-+�hs�cndr�mns�rgnv�]�
od]j�sg]s�vntkc�e]unq�sgd�enql]shnm�ne�bqxrs]kkhsdr+�vd�bnlotsd�sgd�]u,

dq]fd�cdmrhsx�oqn�kd�ne�EJ�anmcr�ctqhmf�cdonrhshnm�]mc�]esdq�qdk]w]shnm�
’rdd�Ehf- 5(-�Eqnl�hs+�vd�b]m�mnshbd�sgd�enql]shnm�ne�]�aqn]c�od]j�hm�
⟨𝜌𝐹𝐾 ⟩ vhsg�shld�bnqqdronmchmf�sn�sgd�enql]shnm�ne�]�bqhshb]k�mtbkdtr�
’rs]qshmf�nm�]udq]fd�]s�𝑡�< 𝑡1(+�]r�vd�udqh�dc�ax�bnlotshmf�sgd�]udq]fd�
rhyd�ne�sgd�l]hm�bktrsdq�vhsg�shld�’mns�rgnvm(-�Snfdsgdq�vhsg�sgd�⟨𝜌𝐹𝐾 ⟩
enq�sgd�CK+�hm�Ehf- 5+�vd�rgnv�hsr�adg]uhnq�enq�sgd�PK�]s�svn�shldr+�𝑡�= 𝑡𝑟
]mc�1𝑡𝑟-�Vd�b]m�mnshbd�sg]s�]esdq�]�shld�𝑡𝑟+�sgd�PK rgnvr�]�knvdq�bnmbdm,

sq]shnm�ne�EJ�anmcr�bnlo]qdc�sn�sgd�CK�qdk]wdc�enq�sgd�r]ld�ctq]shnm�
𝑡𝑟+�]mc�sgd�chrsqhatshnm�hm�𝑧 hr�]rxlldsqhb�vhsg�]�od]j�dldqfhmf�md]q�
sgd�eqdd�rtqe]bd-�Sghr�chfldqdmbd�adsvddm�sgd�CK�]mc�PK�hr�ctd�sn�sgd�
ghfgdq�rs]ahkhsx�qd]bgdc�ax�sgd�CK�ctqhmf�sgd�cdonrhshnm�oqnbdrr�bnl,

o]qdc�sn�sgd�PK-�@r�rgnvm�hm�Qde- Z03[+�sgd�hmsdqm]k�onsdmsh]k�dmdqfx�
]mc�sgd�rodbh�b�unktld�hm�sgd�CK�]qd�knvdq�bnlo]qdc�sn�sgd�PK+�vghkd�
sgd�bnmbdmsq]shnm�ne�KER�hr�bnqqdronmchmfkx�ghfgdq�hm�]�q]mfd�ne�sdl,

odq]stqdr�]qntmc�𝑇𝑔 -�Hmcddc+�sgd�rxlldsqhb]k�rg]od�ne�⟨𝜌𝐹𝐾 +𝑧(⟩ enq�sgd�
CK�rgnvm�hm�Ehf- 5 hr�ctd�sn�sgd�e]bs�sg]s�]kk�sgd�o]qshbkdr�enqlhmf�sgd�
CK�vdqd�md]q�sgd�eqdd�rtqe]bd�]s�rnld�onhms�ctqhmf�sgd�cdonrhshnm�oqn,

bdrr+�vghkd�enq�sgd�PK�o]qshbkdr�md]q�sgd�rtarsq]sd�mdudq�bnld�bknrd�sn�
sgd�eqdd�rtqe]bd�ctqhmf�sgd�ptdmbg�oqnbdrr�vgdm�𝑇 , 𝑇𝑔 -�@esdq�]�qdk]w,

]shnm�ne�1𝑡𝑟+�sgd�od]j�hm�⟨𝜌𝐹𝐾⟩ rgnvm�ax�sgd�PK�md]q�sgd�eqdd�rtqe]bd�
nudqbnldr�sgd�u]ktd�ne�sgd�CK�’vghbg�g]r�addm�qdk]wdc�enq�]�shld�dpt]k�
sn�𝑡𝑟(+�vghkd�hs�rshkk�cndr�mns�jddo�to�vhsg�hs�md]q�sgd�rtarsq]sd-

Dhf 5 @udq]fd�EJ�anmcr�cdmrhsx�oqn�kd�𝜌𝐹𝐾 +𝑧( ]knmf�𝑧 enq�𝑇 = ).3 ]s�3�chfldqdms�
shldr�ctqhmf�cdonrhshnm�enq�CK�’𝑡0 +�𝑡1 +�𝑡2+�𝑡3 bnqqdronmchmf�sn�etkk�ak]bj�bhqbkdr+�
qdc�rpt]qdr+�fqddm�ch]lnmcr+�]mc�aktd�tov]qc�sqh]mfkdr+�qdrodbshudkx(+�]esdq�]�
qdk]w]shnm�shld�𝑡𝑟 ’nq]mfd�cnvmv]qc�sqh]mfkdr�enq�CK+�]mc�aqnvm�qhfgsv]qc�
sqh]mfkdr�enq�PK(+�]mc�]esdq�1𝑡𝑟 ’fqddm�kdesv]qc�sqh]mfkd�enq�PK(-�Udqshb]k�a]mcr�
rgnv�sgd�]udq]fd�onrhshnm�ne�sgd�eqdd�rtqe]bd�]s�shldr�𝑡0 +�𝑡1 +�𝑡2+�𝑡3 enkknvhmf�sgd�
r]ld�bnknq�bncd�ne�sgd�CK-

Dhf 6 Ld]m��qrs�o]rr]fd�shld�⟨𝜏𝑓𝑝𝑡⟩ udqrtr�l]hm�bktrsdq�rhyd�𝑛𝑐 enq�2/�rddcr�
’ak]bj�khmdr(�]mc�enq�sgd�]udq]fd�’qdc�bhqbkdr(�snfdsgdq�vhsg�sgd�gxodqankhb�s]m,

fdms��s�’aktd�c]rgdc�khmd(�]s�𝑇 = ).3-

Trt]kkx+�sn�drshl]sd�sgd�rhyd�ne�sgd�bqhshb]k�mtbkdtr�𝑛9𝑐 +�nmd�b]m�bnl,

otsd� sgd�ld]m��qrs�o]rr]fd� shld� ⟨𝜏𝑓𝑝𝑡⟩ cd�mdc�]r� sgd�]udq]fd� shld�
dk]ordc�tmshk�sgd�]ood]q]mbd�ne�]�mtbkdtr�ne�rhyd�𝑛𝑐 hm�sgd�rxrsdl-�Hm�
Ehf- 6+�vd�rgnv�⟨𝜏𝑓𝑝𝑡⟩ enq�dudqx�rhmfkd�qd]khy]shnm�ne�sgd�rxrsdl�’ak]bj�
khmdr(�snfdsgdq�vhsg�sgd�]udq]fd�btqud�’qdc�bhqbkdr(-�Sgd�ld]m��qrs�o]r,

r]fd�sgdnqx�Z30+31[ vntkc�oqdchbs�]�bqhshb]k�mtbkdtr�bnqqdronmchmf�sn�
sgd�hmfidbshnm�onhms�ne�⟨𝜏𝑓𝑝𝑡⟩+�vghbg�hm�ntq�b]rd�fhudr�𝑛9𝑐 ≃ 06-�@�lnqd�
qd�mdc�udqrhnm�ne�sgd�ld]m��qrs�o]rr]fd�sgdnqx+�hmbktchmf�ro]bd, ]mc�
shld,cdodmcdms�chfltrhuhsx+�bntkc�fhud�]�lnqd�oqdbhrd�drshl]shnm�ne�𝑛9𝑐 -

Sn�hmudrshf]sd�sgd�rsqtbstq]k�oqnodqshdr�ne�mtbkdh+�vd�bnlotsd�sgdhq�
lnldms� ne� hmdqsh]� vhsg� qdrodbs� sn� sgd� ]whr� o]rrhmf� sgqntfg� sgdhq�
a]qxbdmsdq�]mc�o]q]kkdk�sn�nmd�ne�sgd�bnnqchm]sd�]whr�𝑥.�𝑦.�𝑧 ’𝐼𝑥𝑥+�𝐼𝑦𝑦+�
𝐼𝑧𝑧+�qdrodbshudkx(-�Ctd�sn�sgd�bxkhmcqhb]k�rxlldsqx�ne�sgd�rxrsdl+ vd�
bnlotsd�𝐼� = 𝐼𝑧𝑧 ]mc�𝐼‖ = +𝐼𝑥𝑥 + 𝐼𝑦𝑦(=1-�Hm�o]mdk�’](�ne�Ehf- 7+�vd�rgnv�
sg]s�enq�ansg�sgd�CK�]mc�PK+�sgd�lnldms�ne�hmdqsh]�]knmf�chfldqdms�ch,

qdbshnmr�enkknvr�sgd�sxohb]k�𝑛4=2𝑐 rb]khmf�gnkchmf�enq�mtbkdh�vghbg�]qd�
rxlldsqhb�nm�]udq]fd-�Lnqd�rodbh�b�hmenql]shnm�nm�sgd�fdnldsqhb]k�
oqnodqshdr�ne�mtbkdh�b]m�ad�nas]hmdc�eqnl�sgd�q]chtr�ne�fxq]shnm�𝑅𝑔 ]mc�
sgd�]rogdqhbhsx�>𝑠 ]r�]�etmbshnm�ne�sgdhq�rhyd�𝑛𝑐 -�Vd�nas]hm�𝑅𝑔 ]mc�>𝑠
eqnl�sgd�fxq]shnm�sdmrnq+�rn�cd�mdc9

𝑆�𝛽 =
0
1𝑛1𝑐

𝑛𝑐∑
𝑖=0

𝑛𝑐∑
𝑗=0
+𝑟𝑖� − 𝑟𝑗�(+𝑟

𝑖
𝛽 − 𝑟𝑗𝛽 ( ’1(
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Dhf 7 ’](�@udq]fd�lnldmsr�ne�hmdqsh]�]knmf�𝑧 ’𝐼� = 𝐼𝑧𝑧(�]mc�]knmf�]�chqdbshnm�
hm�sgd�wx,ok]md�’𝐼‖ = +𝐼𝑥𝑥 + 𝐼𝑦𝑦(=1(�udqrtr�𝑛𝑐 enq�sgd�CK�’qdc�]mc�aktd�rpt]qdr+�
qdrodbshudkx(�]mc�PK�’ak]bj�]mc�fqddm�bhqbkdr+�qdrodbshudkx(-�’a(�@rogdqhbhsx�>𝑠
udqrtr�𝑛𝑐 -�’b(�Mtbkdtr�rhyd�𝑛𝑐 udqrtr�]udq]fd�q]chtr�ne�fxq]shnm�𝑅𝑔 enq�sgd�CK�
’qdc�rpt]qdr(+�PK�’ak]bj�bhqbkdr(+�]mc�sgd�atkj�]s�svn�chfldqdms�rxrsdl�rhyd�’fqddm�
tov]qc,e]bhmf�sqh]mfkdr�enq�𝑁 = 3))) ]mc�aqnvm�cnvmv]qc,e]bhmf�sqh]mfkdr�enq�
𝑁 = 05)))(-�Hm�sgd�hmrds�ne�o]mdk�’b(�]qd�rgnvm�sxohb]k�mtbkdh�ne�sxod�1�o]qshbkdr�
rhyd�24�’kdes(�]mc�14/�’qhfgs(�bnlonrdc�ne�]�rs]jhmf�ne�svn�sdsq]gdcq]k�mdsvnqjr-

vgdqd��.�𝛽 = 𝑥.�𝑦.�𝑧+�]mc�𝑟𝑖� hr�sgd�� bnlonmdms�ne�sgd�onrhshnm�udbsnq�ne�
o]qshbkd�𝑖 adknmfhmf�sn�sgd�bktrsdq-�Sgd�dhfdmu]ktdr�ne�𝑆�𝛽 ]qd�]krn�b]kkdc�
oqhmbho]k�lnldmsr�]mc�b]m�ad�vqhssdm�]r�sgd�nqcdqdc�dkdldmsr�𝜆1𝑥 � 𝜆1𝑦 �
𝜆1𝑧-�Sgd�q]chtr�ne�fxq]shnm�hr�cd�mdc�]r�𝑅𝑔 =


𝑇 𝑟+�( =

√
𝜆1𝑥 + 𝜆1𝑦 + 𝜆1𝑧+�

]mc�sgd�]rogdqhbhsx�]r�>𝑠 = 𝜆1𝑧 − +𝜆
1
𝑥 +𝜆1𝑦(=1-�Sgd�]rogdqhbhsx�hr�>𝑠 = ) enq�

]�odqedbs�rogdqd�]mc�>𝑠 < ) nsgdqvhrd-�Sgd�adg]uhnq�ne�>𝑠 ’Ehf- 7’a((�
rgnvr�]m�hmbqd]rhmf�]rxlldsqhb�bg]q]bsdq�ne�mtbkdh�vhsg�sgd�hmbqd]rhmf�
ne�sgdhq�rhyd+�rtffdrshmf�]m�]rxlldsqhb�fqnvsg�]knmf�sgd�oqhmbho]k�]whr�
ne�hmdqsh]-�Hmcddc+�eqnl�Ehf- 7’b(�vd�b]m�rdd�sg]s�sgd�rhyd�ne�]�mtbkdtr�
fqnvr�vhsg�𝑅𝑔 ]r�𝑛𝑐 %𝑅2𝑔 enq�rl]kk�rhyd+�hm�]fqddldms�vhsg�sgd�adg]uhnq�
ne�]m�hrnsqnohb�2C�naidbs+�vghkd�hs�fqnvr�]r�𝑛𝑐 % 𝑅1.2𝑔 enq�k]qfd�mtbkdtr�
rhyd+�rtffdrshmf�dhsgdq�]�rta,2C�fqnvsg�hm�sghr�qdfhld�nq�]�cdudknohmf�
eq]bs]k�nq�ronmfx�lnqognknfx-

Bnmrhcdqhmf�]kk�sgd�qdrtksr�rgnvm�hm�Ehf- 7’](+’a(+’b(+�snfdsgdq�vhsg�
rm]orgnsr�hmrodbshnm�]r�sgnrd�rgnvm�hm�sgd�hmrds�ne�o]mdk�’b(+�vd�bnm,

bktcd�sg]s�mtbkdh�fqnv�enkknvhmf�]�rta,2C�adg]uhnq�]esdq�]m�hmhsh]k�2C�
fqnvsg-�Hmbktchmf�sxod�0�o]qshbkdr�hm�sgd�bktrsdq�]m]kxrhr�vntkc�fhud�etq,

sgdq�hmrhfgsr�hmsn�sgd�mtbkdh�fqnvsg�adg]uhnq�vhsg�sgdhq�rhyd-�Gdqd�vd�
mnshbd�sg]s�sgd�fqnvsg�ne�mtbkdh�rgnvhmf�ltkshokd�etkkx�enqldc�naknmf�
sdsq]gdcq]k�mdsvnqjr�’h-d-+�gdw]fnm]k�qhmfr�ne�EJ�anmcr�enqlhmf�]�bnl,

o]bs�mdsvnqj(�rs]bjhmf�nmsn�d]bg�nsgdq�’]r�enq�sgd�qhfgs�rm]orgns�rgnvm�
hm�o]mdk�’b(�ne�Ehf- 7(�rtffdrsr�sg]s�dudm�bnmrhcdqhmf�sxod�0�o]qshbkdr�
vntkc�fhud�]�rta,2C�fqnvsg�adg]uhnq�]mc�sg]s�sgd�rs]mc]qc�2C�fqnvsg�
bntkc�s]jd�nudq�enq�k]qfdq�bktrsdqr�’h-d-+�enq�𝑛𝑐 < 2))(-�Ctqhmf�sgd�enq,

l]shnm�ne�bqxrs]kkhmd�bktrsdqr+�ctd�sn�sgdhq�>1𝐵 rsqtbstq]k�bnlonrhshnm�
vhsg�@�]mc�A�bnqqdronmchmf�sn�o]qshbkdr�ne sxod�0�]mc�1+�qdrodbshudkx�
’]r�cdrbqhadc�hm�Rdb- 1(+�o]qshbkdr�ne�sxod�0�]qd�cdokdsdc-�Hm�Ehf- 7’b(+�
]knmfrhcd�sgd�qdrtksr�enq�sgd�rxrsdlr�ne�rhyd�M;3///�o]qshbkdr+�vd�]krn�
bnmrhcdq�]�k]qfdq�atkj�rxrsdl�’𝑁 = 05)))(�sn�bgdbj�vgdsgdq�sghr�cd,

okdshnm�]fldbsr�sgd�rs]shrshbr�ne�mtbkdh�to�sn�sgd�rhyd�vd�bnmrhcdqdc�hm�

Dhf 8 @udq]fd�mtladq�cdmrhsx�oqn�kd�⟨𝜌+|𝐫−𝐫𝑐.𝑚.|(⟩ ne�mtbkdh�bnlonrdc�ne�sxod�
1�o]qshbkdr�enqlhmf�EJ�anmcr�]r�]�etmbshnm�ne�sgd�chrs]mbd�eqnl�sgd�bdmsdq�ne�
l]rr�|𝐫 − 𝐫𝑐.𝑚.| enq�chfldqdms�q]mfd�ne�mtbkdtr�rhydr�𝑛-

sghr�vnqj-�Eqnl�rhltk]shnmr�ne�1/�hmcdodmcdms�sq]idbsnqhdr+�vd��mc�sgd�
r]ld�rb]khmf�k]vr�enq�𝑛𝑐 ur�𝑅𝑔 rgnvm�enq�ansg�rxrsdl�rhydr-�Vghkd�sgd�
rs]ahkhsx+�]mc�sgdm�sgd�rsqtbstqd+�ne�rnkhc�bktrsdqr�b]m�ad�rhyd,cdodmcdms�
enq�rl]kk�bktrsdq�rhyd�’]r�nardqudc�enq�rxrsdlr�]r�chfldqdms�]r�rhlokd�
nmd,bnlonmdms�khpthcr�Z32[ nq�]�bn]qrd,fq]hmdc�v]sdq�lncdk�Z33[(+�sgd�
adg]uhnq�ne�V@GM�bktrsdqr�enq�k]qfd�bktrsdq�rhyd�hr�qdk]sdc�sn�sgd�oqde,

dqdmbd�ne�K]udr�og]rdr�rtbg�]r�sgd�LfYm1 sn�fqnv�]knmf�sgd�chqdbshnm�
mnql]k�sn�sgd�a]r]k�ok]md�Z34[-

Sn�etqsgdq�bg]q]bsdqhyd�sgd�rsqtbstqd�ne�mtbkdh+�vd�bnlotsdc�sgdhq�
]udq]fd�q]ch]k�mtladq�cdmrhsx�oqn�kd�⟨𝜌+|𝐫 − 𝐫𝑐.𝑚.|(⟩ ]r�]�etmbshnm�ne�
sgd�chrs]mbd�eqnl�sgd�bdmsdq�ne�l]rr�|𝐫 − 𝐫𝑐.𝑚.| enq�chfldqdms�q]mfd�ne�
mtbkdtr�rhydr�’rdd�Ehf- 8(-�To�sn�mtbkdh�ne�rhyd�% 3)�− 4)+�sgd�cdmrhsx�
oqn�kd�rgnvr�]�2C�fqnvsg�’oqn�kdr�sq]mrk]sd�sn�k]qfdq�u]ktdr�ne�|𝐫 −
𝐫𝑐.𝑚.| enq�hmbqd]rhmf�mtbkdtr�rhyd�𝑛𝑐(+�vghkd�etqsgdq�hmbqd]rhmf�sgd�mtbkdtr

rhyd� sgd�cdmrhsx�oqn�kd�rgnvr�]�rta,2C�fqnvsg�’oqn�kdr� sq]mrk]sd� sn�
k]qfdq�u]ktdr�ne� |𝐫 − 𝐫𝑐.𝑚.| enq� hmbqd]rhmf�𝑛𝑐 nmkx� hm� sgdhq� s]hkr(-�Sghr�
qdrtks�bnm�qlr�sgd�bg]mfd�hm�sgd�fqnvsg�adg]uhnq�ne�mtbkdh�𝑛𝑐 vhsg�𝑅𝑔
enq�𝑛𝑐 < 3)�− 4) ’rdd�Ehf- 7(-�Vd�mnshbd�sg]s�sgd�rb]khmf�ne�sgd�]udq]fd�
lnldms�ne�hmdqsh]�ne�sgd�mtbkdh�vhsg�sgdhq�rhyd�’qhfgs�hmrds�ne�Ehf- 7(�
hr�sgd�r]ld�]knmf�sgd�]whr�o]q]kkdk�]mc�odqodmchbtk]q�sn�sgd�hmsdqe]bd+�
h-d-�sgd�mtbkdh�cn�mns�g]ud�]�oqdedqdmsh]k�nqhdms]shnm�nm�]udq]fd-�Sghr�
ld]mr�sg]s�sgd�oqdrdmbd�ne�]�eqdd�rtqe]bd�cndr�mns�]fldbs�sgd�nqhdms]shnm�
ne�mtbkdh-

3 �Anmbktrhnmr

Hm�bnmbktrhnm+�vd�hmudrshf]sdc�sgd�mtbkd]shnm�oqnbdrr�hm�]�onotk]q�
lds]kkhb�fk]rrenqldq�’V]gmrsqél�lhwstqd(�ctqhmf�sgd�k]xdq�enql]shnm�
ax�u]onq�cdonrhshnm�nm�]�bnkc�rtarsq]sd�]mc�bnlo]qdc�hs�vhsg�sgd�bnm,

udmshnm]k�ptdmbgdc�rnkhc�hm�sgd�r]ld�fdnldsqx�]mc�sgd�atkj-�Vd�entmc�
sg]s�sgd�]r,cdonrhsdc�k]xdq�rgnvr�sgd�rhfmh�b]ms�dmg]mbdldms�ne�odbt,

kh]q�knb]k�nqcdqdc�rsqtbstqdr�’EJ�anmcr(�bnlo]qdc�sn�sgd�PK�’nodm�qdc�
rpt]qdr�hm�Ehf- 1(�]mc�sgd�atkj+�dudm�adenqd�qdk]whmf�sgd�rxrsdl�’etkk�
rxlankr�hm�Ehf- 1(-�Rhmbd�sgd�enql]shnm�ne�sgdrd�knb]k�rsqtbstqdr�hr�sqhf,

fdqdc�ax�sgd�dmg]mbdc�lnahkhsx�]s�sgd�rtqe]bd�Z03[+�sgd�e]bs�sg]s�]kk�sgd�
o]qshbkdr�ne�sgd�cdonrhsdc�k]xdq�]qd�o]qs�ne�sgd�eqdd�rtqe]bd�]s�rnld�onhms�
ctqhmf�sgd�cdonrhshnm�oqnbdrr�dwok]hmr�vgx�sgd�CK�rgnvr�]�k]qfdq�bnm,

sdms�ne�EJ�anmcr�bnlo]qdc�sn�sgd�PK�’rdd�Ehf- 5(�]mc�sgd�atkj�adenqd�
sgd�qdk]w]shnm�oqnbdrr�s]jdr�ok]bd-�Nm�sgd�nsgdq�g]mc+�vd�nardqud�gn,

lnfdmdntr�mtbkd]shnm�hm�]kk�sgd�rxrsdlr�rstchdc�gdqd�]mc��mc�sg]s�sgd�
mtbkdh�rg]qd�sgd�r]ld�fqnvsg�adg]uhnq+�2C,khjd�to�sn�]�rhyd�ne�3/,4/�
sxod�1�o]qshbkdr�]mc�rta,2C�enq�k]qfdq�rhyd�ctd�sn�sgd�oqdedqdmbd�ne�bktr,

sdqr�sn�fqnv�]knmf�sgd�a]r]k�ok]md-�Hs�hr�vnqsg�mnshmf�sg]s�hs�g]r�qdbdmskx�
addm�rgnvm Z35[ sg]s�mtbkd]shnm�ne�v]sdq�hm��kl�fdnldsqhdr�qdl]hmr�
atkj,khjd�dudm�enq��klr�rhyd�ne�sgd�nqcdq�ne�sgd�bqhshb]k�mtbkdtr-�Sgdrd�
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�mchmfr�oqnuhcd�etqsgdq�hmrhfgsr�hmsn�mtbkd]shnm�adg]uhnq�hm�bnm�mdc�
dmuhqnmldmsr�enq�rxrsdlr�sg]s�]qd�oqnmd�sn�bqxrs]kkhy]shnm+�rtbg�]r�rhl,

okd�lds]kkhb�fk]rrdr+�]mc�rl]kk�lnkdbtk]q�rxrsdlr+�rtbg�]r�v]sdq+�enq�
vghbg�mtbkd]shnm�ctqhmf�u]onq�cdonrhshnm�hr�bnllnmkx�nardqudc-

CdbkRpRshnm�ne�bnlodshmf�hmsdpdrs

Sgd�]tsgnqr�cdbk]qd�sg]s�sgdx�g]ud�mn�jmnvm�bnlodshmf��m]mbh]k�
hmsdqdrsr�nq�odqrnm]k�qdk]shnmrghor�sg]s�bntkc�g]ud�]ood]qdc�sn�hmfitdmbd�
sgd�vnqj�qdonqsdc�hm�sghr�o]odq-

CRsR�RuRhkRahkhsw

C]s]�vhkk�ad�l]cd�]u]hk]akd�nm�qdptdrs-

9bimnvkdcfdldmsr

Sghr�vnqj�hr�cdchb]sdc�sn�sgd�7/sg�ahqsgc]x�ne�Lxqnrk]u�Gnknujn+�]m�
ntsrs]mchmf�rbhdmshrs�hm�sgd�sgdnqx�ne�sgd�khpthc�rs]sd-�Vd�]krn�vhrg�sn�
dwoqdrr�rnkhc]qhsx�vhsg�nsgdq�Tjq]hmh]m�rbhdmshrsr�hm�sgdrd�chffibtks�shldr-�
E-K-�]mc�I-Q-�]bjmnvkdcfd�rtoonqs�eqnl�sgd�Dtqnod]m�Qdrd]qbg�Bntm,

bhk�Fq]ms�CKU,648076+�o]qsh]k�rtoonqs�ax�HBRB�”�Bdmsqn�M]yhnm]kd�ch�
Qhbdqb]�hm�Ghfg�Odqenql]mbd�Bnlotshmf+�Ahf�C]s]�]mc�Pt]mstl�Bnl,
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