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:gghlZpby

B\Zgh\ K�<�� E_[_^_\ H�I� Bkke_^h\Zgb_ \hafh`ghklb klhoZklbq_kdh]h f_^e_ggh]h \u\h^Z imqdZ ba

kbgojhljhgZ M±��� Ij_ijbgl BN<W ����±��� ² Ijhl\bgh� ����� ² �� k�� �� jbk�� � lZ[e�� [b[ebh]j�� ��

BaeZ]Zxlky j_amevlZlu bamq_gby \hafh`ghklb kha^Zgby kbkl_fu klhoZklbq_kdh]h f_^e_ggh]h \u\h^Z
imqdZ ba ijhlhggh]h kbgojhljhgZ M±��� < dZq_kl\_ ijh^hevgh]h lhedZl_ey ij_^iheZ]Z_lky bkihevah\Zlv

m`_ bf_xsmxky <Q�kbkl_fm qZklhlu ��� F=p� HgZ [m^_l \ha[m`^Zlvky kmffhc ^_l_jfbgbjh\Zggh]h

g_kms_]h <Q�dhe_[Zgby b Z^^blb\gh]h rmfh\h]h Zfieblm^gh�fh^mebjh\Zggh]h kb]gZeZ ² d\Z^jZlmj�

gh]h beb kbgnZagh]h� eb[h h[hbo kjZam� Qlh[u m^h\e_l\hjblv l_ogbq_kdbf h]jZgbq_gbyf� bf_xsbfky \

M±��� \ ko_f_ ijh^hevghc rmfh\hc ^bnnmabb� gZ\h^ys_c ijhlhgu gZ ihi_j_qguc \u\h^ghc j_ahgZgk

��]h ihjy^dZ� ij_^mkfhlj_gh ijbf_g_gb_ jy^Z gh\uo j_r_gbc� H`b^Z_lky� qlh k ihfhsvx jZkkfZljb�
\Z_fhc kbkl_fu m^Zklky ihemqblv bfimevku \u\h^Z� ^eysb_ky g_kdhevdh k_dmg^ b h[eZ^Zxsb_ ohjh�

rbf dZq_kl\hf�

$EVWUDFW

,YDQRY 6�9�� /HEHGHY 2�3� $ )HDVLELOLW\ 6WXG\ IRU 6WRFKDVWLF 6ORZ ([WUDFWLRQ RI %HDP IURP 8�� 6\QFKUR�
WURQ� ,+(3 3UHSULQW ����±��� ² 3URWYLQR� ����� ² S� ��� ILJV� ��� WDEOHV �� UHIV�� ��

2XWFRPHV RI D VWXG\ IRU D VWRFKDVWLF VORZ H[WUDFWLRQ V\VWHP LQ WKH 8�� SURWRQ V\QFKURWURQ DUH UHSRUWHG� 7KH

H[LVWLQJ ��� 0+] VSLOO FDYLW\ LV WR EH HPSOR\HG DV D ORQJLWXGLQDO NLFNHU� GULYHQ E\ D VXP RI D QRQ�UDQGRP 5)

FDUULHU SOXV DQ DGGLWLYH UDQGRP DPSOLWXGH�PRGXODWHG VLJQDO ² HLWKHU TXDGUDWXUH RU LQ�SKDVH� RU ERWK FRQFXU�

UHQWO\� $ IHZ QRYHO VROXWLRQV WR EH LPSOHPHQWHG LQ WKH ORQJLWXGLQDO GLIIXVLRQ WHFKQLTXH WKDW IRUFHV SURWRQV LQWR

WKH ��UG RUGHU WUDQVYHUVH H[WUDFWLRQ UHVRQDQFH DUH IRUHVHHQ VR DV WR FRPSO\ ZLWK WKH WHFKQLFDO FRQVWUDLQWV LQKHU�
HQW LQ 8��� *HWWLQJ D�IHZ�VHFRQGV�ORQJ DQG KLJK�TXDOLW\ VSLOOV LV DVVHVVHG DV EHLQJ YLDEOH ZLWK WKH V\VWHP LQ

TXHVWLRQ�

� =hkm^Zjkl\_gguc gZmqguc p_glj

Jhkkbckdhc N_^_jZpbb

Bgklblml nbabdb \ukhdbo wg_j]bc� ����
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KlZlvy y\ey_lky nbabq_kdbf h[hkgh\Zgb_f ko_fu klhoZklbq_kdh]h �rmfh\h]h� f_^e_g�

gh]h \u\h^Z imqdZ ba mkdhjbl_ey M±��� J_ZebaZpby wlh]h ij_^eh`_gby iha\hebl�

�� M\_ebqblv ^ebl_evghklv f_^e_ggh]h \u\h^Z imqdZ�

�� AZf_lgh memqrblv _]h \j_f_ggmx kljmdlmjm�

< j_amevlZl_ jZkrbjylky \hafh`ghklb bkihevah\Zgby imqdZ M±�� ^ey wdki_jbf_glZevguo bk�

ke_^h\Zgbc� HklZg_lky \hafh`ghklv ijbf_g_gby b \k_o m`_ bf_xsboky kbkl_f \u\h^Z imqdZ�

JZajZ[hldZ b \\h^ \ kljhc kbkl_fu rmfh\h]h \u\h^Z g_ ihlj_[m_l [hevrbo fZl_jbZev�

guo aZljZl� < hkgh\ghf [m^_l bkihevah\Zlvky m`_ kms_kl\mxs__ fhsgh_ h[hjm^h\Zgb_ mkdh�

jbl_ey� WdkiemZlZpbhggu_ j_`bfu kbkl_f iblZgby dhevp_\h]h we_dljhfZ]gblZ b kbkl_f dhj�

j_dpbb fZ]gblgh]h ihey [m^ml agZqbl_evgh h[e_]q_gu ² bo bklhqgbdb iblZgby i_j_\h^ylky \

j_`bf klZ[bebaZpbb lhdh\� =eZ\gmx qZklv mkbebc ihlj_[m_lky gZijZ\blv gZ fh^_jgbaZpbx

hdhg_qguo dZkdZ^h\ mkbe_gby \ mkdhjyxs_c kbkl_f_ ��� F=p� gZ jZajZ[hldm b h[gh\e_gb_

kbkl_f we_dljhgbdb gbadh]h mjh\gy fhsghklb�

������������� ���!���������"�#�$#%�

B^_y klhoZklbq_kdh]h �rmfh\h]h� f_^e_ggh]h \u\h^Z imqdZ ba ijhlhggh]h kbgojhljhgZ

ij_^eh`_gZ \ >�@� Wdki_jbf_glZevgZy ijh\_jdZ ijbgpbiZ mki_rgh ijh\_^_gZ gZ kbgojhljhg_

&(51 36 >�@� Ijh^_fhgkljbjh\Zg \u\h^ k ^ebl_evghklvx � k_dmg^ �wg_j]by ijhlhgh\ �� =w<��

Ijb wlhf gZ[ex^ZeZkv aZf_lgh memqr_ggZy \j_f_ggZy kljmdlmjZ \u\_^_ggh]h imqdZ� Ihem�

q_gguc hiul iha\hebe hkms_kl\blv hq_gv f_^e_gguc \u\h^ Zglbijhlhgh\ ba gZdhibl_evgh]h

dhevpZ /($5 >�@� ]^_ ^ebl_evghklv \u\h^Z ^h\_^_gZ ^h �±� qZkh\ b [he__�

Ko_fZ �ijh^hevgh]h� rmfh\h]h gZ\_^_gby imqdZ gZ �ihi_j_qguc� \u\h^ghc j_ahgZgk

bf__l k\hb ij_bfms_kl\Z� Hgb ihgylgu kh \j_f_gb im[ebdZpbb jZ[hl >�@� >�@�

<h�i_j\uo� baf_gy_lky kZf nbabq_kdbc ijbgpbi ^habjh\Zgby \u\_^_ggh]h ihlhdZ� ;h�

e__ g_l \aZbfgh]h i_j_f_s_gby �ih bfimevkm� imqdZ \ p_ehf b \u\h^gh]h j_ahgZgkZ� Ihwlhfm

]jZgbpZ ihehku j_ahgZgkZ ij_klZ_l b]jZlv jhev ]jm[h]h kdj_i_jZ� kj_aZxs_]h imqhd \ khhl\_l�

kl\bb k ij_^ibkZgguf aZdhghf gZ\_^_gby� <aZf_g nhjfbjmxlky dhgljhebjm_fu_ ba\g_ ^bn�

nmabhggu_ ihlhdb qZklbp� gZijZ\e_ggu_ hl y^jZ imqdZ d klZpbhgZjghfm j_ahgZgkm� H^gh\j_�

f_ggh ihy\ey_lky \hafh`ghklv mijZ\e_gby _s_ b \b^hf nmgdpbb jZkij_^_e_gby imqdZ ih bf�

imevkm� Ihwlhfm� mf_gvrb\ iehlghklv qZklbp \ hdj_klghklb j_ahgZgkZ �b khhl\_lkl\_ggh m\_�

ebqb\ kdhjhklv ^bnnmabb�� m^Z_lky kgbablv imevkZpbb \u\h^gh]h ihlhdZ� \uau\Z_fu_ g_klZ�

[bevghklvx \aZbfgh]h iheh`_gby imqdZ b j_ahgZgkZ�

<h�\lhjuo� lj_[m_lky h[_ki_qblv klZpbhgZjghklv lhdh\ \ha[m`^_gby \k_o we_f_glh\

fZ]gblghc hilbdb �\_^ms__ ihe_� d\Z^jmihevgu_ p_ib� p_ib \ha[m`^_gby j_ahgZgkghc ]Zjfh�

gbdb b dhjj_dpbb fZ]gblgh]h ihey�� KlZ[bebaZpbx fhsgh]h bklhqgbdZ iblZgby ]hjZa^h e_]q_

hkms_kl\blv l_ogbq_kdb� q_f j_rblv ijh[e_fm f_^e_ggh]h b lhqgh]h baf_g_gby _]h \uoh^gh�

]h lhdZ ih aZ^Zgghfm aZdhgm�
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<�lj_lvbo� lhevdh rmfh\h_ gZ\_^_gb_ iha\hey_l ihemqblv ^ebl_evghklv \u\h^Z fZk�

rlZ[Z ^_kyldZ k_dmg^ b [he__ ijb jZamfguo lj_[h\Zgbyo d imevkZpbyf lhdh\ bklhqgbdh\ iblZ�

gby fZ]gblghc hilbdb�

< jZ[hlZo >�@� >�@ h[km`^Z_lky l_ogbq_kdZy j_ZebaZpby deZkkbq_kdh]h \ZjbZglZ ko_fu

rmfh\h]h \u\h^Z� \ dhlhjhf�

�� Imqhd y\ey_lky h^ghjh^guf \^hev ZabfmlZ dhevp_\h]h mkdhjbl_ey� ?]h nZah\u_ ljZ_d�

lhjbb gZ iehkdhklb �Zabfml� bfimevk� bf_xl ijhkl_crbc \b^ ² wlh ijyfu_� iZjZe�

e_evgu_ hkb Z[kpbkk� ?klv h^ghagZqgh_ khhl\_lkl\b_ f_`^m qZklhlhc \g_rg_c rmfh�

\hc jZkdZqdb� k h^ghc klhjhgu� b ]Zjfhgbdhc qZklhlu h[jZs_gby� bfimevkhf b [_lZ�

ljhgghc qZklhlhc qZklbpu� \ha[m`^Z_fhc j_ahgZgkguf h[jZahf� ² k ^jm]hc�

�� MijZ\e_gb_ ijhp_kkhf rmfh\hc ^bnnmabb hkms_kl\ey_lky iml_f baf_g_gby ]jZgbqghc

qZklhlu ki_dljZevghc iehlghklb fhsghklb rmfZ� HgZ ihkl_i_ggh gZ^\b]Z_lky gZ im�

qhd�

�� EhdZevgh_ m\_ebq_gb_ kdhjhklb ^bnnmabb \[ebab \u\h^gh]h j_ahgZgkZ ^hklb]Z_lky k

ihfhsvx ^hihegbl_evgh]h bklhqgbdZ rmfZ� bf_xs_]h \ujZ`_gguc j_ahgZgkguc

ki_dlj �lZd gZau\Z_fuc FKLPQH\ >�@� ³ljm[Z� ^ufhoh^´��

���� #&�'�(!�)�(����#%�������

Ih l_ogbq_kdbf ijbqbgZf fZdkbfZevgZy ^ebl_evghklv \_jog_]h ieZlh fZ]gblgh]h ihey

\ M±�� ihdZ g_ fh`_l ij_\urZlv �±�±� k_dmg^ �wg_j]by ��±��±�� =w< khhl\_lkl\_ggh�� Ihwlh�

fm rmfh\hc \u\h^ j_Zebam_lky gZ ij_^_e_ \hafh`ghklb f_lh^Z� Wlh gZdeZ^u\Z_l k\hc hli_qZ�

lhd gZ \u[hj l_ogbq_kdbo j_r_gbc�

RlZlgZy mkdhjyxsZy kbkl_fZ qZklhlu � F=p fh]eZ [u hkms_kl\blv [uklju_ �\ lhf

qbke_ b rmfh\u_� fZgbimeypbb k imqdhf� H^gZdh lh]^Z g_ba[_`gh ihy\e_gb_ kljmdlmju

�F=p ijb \u\h^_� qlh g_ijb_fe_fh ^ey ihlj_[bl_e_c imqdZ� Wlhl imlv aZdjul�

HklZ_lky bkihevah\Zlv \ dZq_kl\_ ijh^hevgh]h lhedZl_ey bf_xsmxky klZgpbx i_j_�

]jmiibjh\db imqdZ gZ qZklhlm ��� F=p� Lh]^Z ijboh^blky mqblu\Zlv ke_^mxsb_ h[klhyl_ev�

kl\Z�

�� Ijb ^hklmiguo Zfieblm^Zo gZijy`_gby qZklhlu ��� F=p \hafh`ghklb \ha^_ckl\by gZ

imqhd h]jZgbq_gu� >ey khdjZs_gby \j_f_gb ^bnnmabb imqhd b \u\h^ghc j_ahgZgk

^he`gu [ulv jZaf_s_gu dZd fh`gh [eb`_ ^jm] d ^jm]m gZ ijh^hevghc nZah\hc iehk�

dhklb�

�� Ih l_ogbq_kdbf ijbqbgZf g_\hafh`gZ ]_g_jZpby rmfh\h]h gZijy`_gby ijb ihegh�

klvx ih^Z\e_gghf ^_l_jfbgbjh\Zgghf �g_kemqZcghf� g_kms_f dhe_[Zgbb qZklhlu

���F=p� Ijhs_ j_Zebah\Zlv j_`bf� \ dhlhjhf ijb ihklhygghc Zfieblm^_ gZijy`_gby

95)  ���±��� d< ^h[Z\e_gb_ kemqZcgh]h kb]gZeZ ijb\h^bl d j_^dbf b [ukljuf \u[jh�

kZf� g_ ij_\urZxsbf �SHDN�WR�SHDN� δϕ5)  ±� jZ^ ih nZa_ b δ95)�95)  ±� ih Zfieb�
lm^_� Ijb wlhf kj_^gyy ihlj_[ey_fZy fhsghklv <Q�iblZgby m\_ebqb\Z_lky ijbf_jgh

gZ ����

�� H]jZgbq_ggZy ihehkZ ijhimkdZgby j_ahgZlhjh\ iha\hey_l jZ[hlZlv lhevdh k hlghkb�

l_evgh gbadhqZklhlgufb �nZah\ufb b�beb Zfieblm^gufb� fh^mebjmxsbfb kemqZcgu�

fb kb]gZeZfb \ ihehk_ hl � ^h ±�� d=p� Iheguc g_dh]_j_glguc jZa[jhk ih qZklhlZf

imqdZ \ hdj_klghklb ����c ]Zjfhgbdb qZklhlu h[jZs_gby ����F=p� ^hklb]Z_l �±� d=p�

Ihwlhfm qZklhlguc ihjlj_l imqdZ ^he`_g gZoh^blvky jy^hf k ebgb_c ��� F=p� Z gZ

ijh^hevghc nZah\hc iehkdhklb imqhd \ugm`^_g hdZaZlvky \[ebab k_iZjZljbk ���F=p�

Ih wlbf ijbqbgZf ij_^eZ]Z_fZy a^_kv ko_fZ rmfh\h]h \u\h^Z imqdZ ba M±�� aZf_lgh

moh^bl hl deZkkbq_kdh]h \ZjbZglZ >�@±>�@� =eZ\gh_ hlebqb_ khklhbl \ lhf� qlh ^bnnmaby ih bf�

imevkZf ijhoh^bl \ h[eZklb kbevgh g_ebg_cgh]h ijh^hevgh]h ^\b`_gby \ g_ihkj_^kl\_gghc



�

�

[ebahklb hl k_iZjZljbk mkdhjyxs_]h ihey� <u\h^bfuc imqhd m`_ g_ h^ghjh^_g ih Zabfmlm� gh

_s_ g_ k]jmiibjh\Zg� Ijhqb_ hlebqbl_evgu_ hkh[_gghklb f_lh^Z h[km`^Zxlky ih oh^m baeh�

`_gby�

< hkgh\_ ij_^eh`_gby e_`bl pbde jZ[hl ih ijh[e_fZf ijh^hevghc rmfh\hc ^bnnm�

abb� F_lh^bdZ jZkq_lZ dhwnnbpb_glZ ^bnnmabb \gmljb b \g_ k_iZjZljbk baeh`_gZ \ >�@� >�@�

LZf `_ ij_^klZ\e_gZ ijh]jZffZ qbke_ggh]h j_r_gby djZ_\hc aZ^Zqb ^ey mjZ\g_gby ^bnnmabb

f_lh^hf dhg_qguo we_f_glh\� >hklh\_jghklv ihemqZ_fuo qbke_gguo j_r_gbc ih^l\_j`^_gZ k

ihfhsvx f_lh^h\ fZdjhqZklbp b Fhgl_�DZjeh >�@� Ijh\_^_gZ wdki_jbf_glZevgZy ijh\_jdZ

j_amevlZlh\ jZkq_lh\ ijb rmfh\hc jZkdZqd_ k]mkldh\ gZ ieZlh \\h^Z \ M±�� >�@� GZdhie_g

ijZdlbq_kdbc hiul jZ[hlu k bklhqgbdZfb [_eh]h rmfZ b p_iyfb nhjfbjh\Zgby ki_dljZ rmfZ�

< qZklb ijh^hevghc rmfh\hc ^bnnmabb �jZkq_lu b wdki_jbf_gl� ij_^eh`_gb_ h[hkgh\Zgh

^hklZlhqgh gZ^_`gh�

������"&� �!%*"�#�� ��!"�#��+#,-��-��$!�

Imklv S ± bfimevk qZklbpu� S� ± bfimevk gZ p_gljZevghc hj[bl_� ω�S� ± m]eh\Zy kdh�
jhklv qZklbpu k bfimevkhf S� ω�  ω�S�� ± qZklhlZ h[jZs_gby jZ\gh\_kghc qZklbpu� $[ ± Zf�

ieblm^Z ]hjbahglZevguo [_lZljhgguo dhe_[Zgbc� 4[ ± bo qZklhlZ� Imklv jZ\gh\_kgu_ qZklbpu

imkluo k_iZjZljbk h[jZsZxlky ih p_gljZevghc hj[bl_�

IjbgpbibZevgZy ko_fZ rmfh\h]h \u\h^Z ba M±�� ij_^klZ\e_gZ gZ jbk� �� Pbnjh\u_

h[hagZq_gby d g_fm h[tykg_gu \ lZ[e� �� Dhgp_gljbq_kdb_ djb\u_ y\eyxlky ebgbyfb mjh\gy

nmgdpbb jZkij_^_e_gby imqdZ gZ iehkdhklb �$[� �S±S���S��� σ[ h[hagZqZ_l kj_^g_d\Z^jZlbqgmx

Zfieblm^m ]hjbahglZevguo [_lZljhgguo dhe_[Zgbc� >ey \u\h^Z bkihevam_lky ihi_j_qguc j_�

ahgZgk �4[  �� >�@�

<u\h^ghc j_ahgZgk �±� \k_]^Z jZaf_sZ_lky \ur_ p_gljZevghc hj[blu �� I_j_^ gZqZ�

ehf \u\h^Z imqhd ih^\h^blky kgbam d ebgbb �� g_ i_j_k_dZy __� L_f kZfuf hklZ_lky g_dhlhjuc

aZiZk ih hlghr_gbx d gb`g_c \_l\b � k_iZjZljbku� KZfZ klZpbhgZjgZy k_iZjZljbkZ jZa[b\Z_l

iehkdhklv �$[� �S±S���S�� gZ ^\_ g_i_j_k_dZxsb_ky ihemiehkdhklb� QZklbpu bkoh^gh]h imqdZ

^\b`mlky ih gb`gbf �g_aZfdgmluf� nZah\uf ljZ_dlhjbyf b g_ bf_xl \hafh`ghklb i_j_clb \

\_jogxx ihemiehkdhklv �$[� �S±S���S��� Wlh bkdexqZ_l \hafh`ghklv ij_`^_\j_f_ggh]h gZqZeZ

\u\h^Z ba�aZ g_dhgljhebjm_fuo imevkZpbc \aZbfgh]h iheh`_gby p_gljZ imqdZ � b j_ahgZgkZ �

_s_ ^h aZimkdZ ijhp_kkZ rmfh\hc jZkdZqdb�

JZ[hqZy ihemrbjbgZ \u\h^gh]h j_ahgZgkZ �±� iheghklvx jZaf_sZ_lky \ \_jog_c iheh�

\bg_ k_iZjZljbku �±�� Baf_g_gb_ jZkklhygby �±� j_]mebjm_l f_jm \hafh`gh]h \uoh^Z qZklbp

\ g_jZ[hqmx ihemrbjbgm j_ahgZgkZ� < g_c 4[ � ����� b nZah\u_ khhlghr_gby f_`^m j_ahgZgk�

ghc ]Zjfhgbdhc k_dklmihevgh]h ihey b we_dljhklZlbq_kdbf ^_ne_dlhjhf g_ hilbfZevgu� LZf

qZklbpu fh]ml [ulv ihl_jygu� gh hlgx^v g_ gZijZ\e_gu gZ ljZkkm \u\h^Z�

Ijhp_kk rmfh\h]h gZ\_^_gby g_ \eby_l gZ jZkij_^_e_gb_ qZklbp ih $[� >bnnmabhggu_

ihlhdb gZijZ\e_gu kljh]h \\_jo gZ iehkdhklb �$[� �S±S���S��� jbk� �� Bf_xlky ljb ahgu k jZa�

ebqgufb f_oZgbafZfb ljZgkihjlZ qZklbp�

�� GZ mqZkld_ �±� b^_l f_^e_ggZy ^bnnmaby� Ihimlgh hgZ nhjfbjm_l �k]eZ`b\Z_l b mgb�

nbpbjm_l� bfimevkguc ijhnbev y^jZ imqdZ�

�� < [mn_jghf keh_ �±� kdhjhklv ^bnnmabb j_adh m\_ebq_gZ� Khhl\_lkl\_ggh iehlghklv

jZkij_^_e_gby qZklbp ih bfimevkm g_\_ebdZ� Wlh mf_gvrZ_l imevkZpbb \u\h^Z ba�aZ

\hafh`ghc g_klZ[bevghklb \aZbfgh]h iheh`_gby p_gljZ y^jZ imqdZ � b j_ahgZgkZ ��

�� Ihke_ i_j_k_q_gby ]jZgbpu � qZklbpu hq_gv [ukljh� f_g__ q_f aZ h^bg i_jbh^ ijh�

^hevguo dhe_[Zgbc� ihiZ^Zxl \ \_jogxx ihemiehkdhklv �$[� �S±S���S��� LZf hgb hdZau�

\Zxlky \ ahg_ ^_ckl\by j_ahgZgkZ �±� b \u\h^ylky ba mkdhjbl_ey�

Ijb g_[eZ]hijbylghf kl_q_gbb h[klhyl_evkl\ pbdebq_kdh_ ijh^hevgh_ ^\b`_gb_ \

keh_ �±� iha\hey_l ih\lhjblv ijhoh`^_gb_ q_j_a j_ahgZgk \ dZ`^hf i_jbh^_ kbgojhljhgguo



�

�

dhe_[Zgbc� <gmlj_ggyy h[eZklv k_iZjZljbku �dZd b __ [eb`gbc \_jogbc kehc� klZgh\ylky eh�

\mrdhc ^ey qZklbp� aZ^_j`b\Zxs_c bo \ ahg_ ^_ckl\by \u\h^gh]h j_ahgZgkZ� Ihimlgh aZ^_c�

kl\h\Zgu ^\Z f_oZgbafZ i_j_f_rb\Zgby qZklbp i_j_^ \u\h^hf� kihkh[kl\mxsb_ mf_gvr_gbx

_]h imevkZpbc� ² kemqZcgZy \_ebqbgZ gZqZevghc nZau kbgojhljhggh]h ^\b`_gby� ijb dhlhjhc

i_j_k_dZ_lky gb`gyy \_l\v � k_iZjZljbku� b _kl_kl\_gguc jZa[jhk ih qZklhlZf g_ebg_cguo

kbgojhljhgguo dhe_[Zgbc�

Jbk� �� >bZ]jZffZ Kl_cg[ZoZ ^ey j_`bfZ klhoZklbq_kdh]h f_^e_ggh]h \u\h^Z imqdZ ba M±���

LZ[ebpZ �� E_]_g^Z d jbk� � b ��

Ghf_j Ihykg_gb_

� P_glj j_ahgZgkZ �4
[
 ��� <u\h^ qZklbp k $

[
 ��

�� � <u\h^ qZklbp k PD[$
[
�

�±�� �±� >\_ ihemrbjbgu j_ahgZgkZ�

�±� JZ[hqZy ihemrbjbgZ j_ahgZgkZ k 4
[
! �����

� Bfimevk jZ\gh\_kghc qZklbpu k_iZjZljbku ���F=p� P_gljZevgZy hj[blZ�

�±� Bfimevkguc jZaf_j k_iZjZljbku ���F=p�

� P_glj imqdZ�

�±� Y^jh imqdZ�F_^e_gguc ^bnnmabhgguc ljZgkihjl�

�±� ;mn_jguc kehc �]Zeh imqdZ�� ;ukljuc ^bnnmabhgguc ljZgkihjl�FZeZy iehlghklv�

�±� ��� Hq_gv [ukljuc ljZgkihjl aZ kq_l kbgojhljhgguo dhe_[Zgbc�

� Ih]ehsZxsZy kl_gdZ ^ey djZ_\hc aZ^Zqb ^bnnmabb ih bfimevkm�



�

�

OZjZdl_jguc fZkrlZ[ \j_f_gb ^bnnmabhggh]h ljZgkihjlZ \ kehyo �±� b �±� kjZ\gbf k

^ebl_evghklvx kZfh]h \u\h^Z �k_dmg^u� ^heb k_dmg^�� Kbgojhljhggh_ ^\b`_gb_ \ keh_ �±� b

kh[kl\_ggh \u\h^ qZklbpu \ ihehk_ �±� ijhoh^yl kh \j_f_gZfb ihjy^dZ �±� fbeebk_dmg^ >�@�

Klhev [hevrZy jZagbpZ \j_f_gguo fZkrlZ[h\ iha\hey_l jZkkfZljb\Zlv ebgbx � dZd ih]eh�

sZxsmx kl_gdm ^ey djZ_\hc aZ^Zqb ^bnnmabb� <Z`gh� qlh iheh`_gb_ wlhc kl_gdb g_ aZ\bkbl

hl $[� H^gh j_r_gb_ mjZ\g_gby ^bnnmabb [m^_l ij_^klZ\eylv \k_ [_lZljhggu_ Zfieblm^u \

imqd_� MijhsZ_lky g_ lhevdh jZkq_l oZjZdl_jbklbd rmfh\h]h gZ\_^_gby� gh kZf ijhp_kk

mijZ\e_gby ihlhdhf qZklbp gZ \u\h^� Wlhl ihlhd i_j_klZ_l aZ\bk_lv hl \b^Z nmgdpbb jZkij_�

^_e_gby qZklbp ih $[�

< g_dhlhjhf kfuke_ h[km`^Z_fh_ ij_^eh`_gb_ aZbfkl\m_l emqrb_ klhjhgu ^jm]bo ba�

\_klguo ko_f \u\h^Z�

K h^ghc klhjhgu� hgh gZihfbgZ_l ko_fm \u\h^Z imqdZ� k]jmiibjh\Zggh]h gZ qZklhl_

��� F=p� JZagbpZ \ lhf� qlh a^_kv \aZbfgh_ iheh`_gb_ p_gljZ k]mkldZ b j_ahgZgkZ klZpbhgZj�

gh�FZehgZk_e_ggu_ k]mkldb k nZah\hc ijhly`_gghklvx �π j_]_g_jbjmxlky aZ kq_l ihklhygghc
ih^ibldb qZklbpZfb� ^bnnmg^bjmxsbfb ba\g_ kd\hav k_iZjZljbkm�

K ^jm]hc klhjhgu� k lhqdb aj_gby \aZbfgh]h jZkiheh`_gby b hlghkbl_evguo jZaf_jh\

k_iZjZljbku� imqdZ b rbjbgu j_ahgZgkZ� ko_fZ jbk� � gZihfbgZ_l gZqZeh \u\h^Z imqdZ k ijb�

f_g_gb_f f_lh^Z ijh^Z\eb\Zgby qZklbp q_j_a maeu k_iZjZljbk k bkihevah\Zgb_f kiZ^Z �gZdeh�

gZ� \_^ms_]h fZ]gblgh]h ihey� WlZ ko_fZ \u\h^Z ba M±�� bkihevam_lky \ gZklhys__ \j_fy�

<ijhq_f� kjZam h[gZjm`b\Zxlky b hlebqby�

�� <hafh`ghklv ih\lhjgh]h b fgh]hdjZlgh]h ijhoh`^_gby qZklbp q_j_a j_ahgZgk�

�� ;he__ ihegh_ bkihevah\Zgb_ qZklb ijh^hevghc nZah\hc iehkdhklb� kbevgh \hafms_g�

ghc mkdhjyxsbf ihe_f ��� F=p� L_i_jv \ p_eyo \u\h^Z aZ^_ckl\h\ZgZ _s_ b h[eZklv

\gmljb k_iZjZljbk� >\b`_gb_ qZklbp \^hev aZfdgmluo b �\hafms_gguo� g_aZfdgmluo

nZah\uo ljZ_dlhjbc� dZd b \ f_lh^_ ijh^Z\eb\Zgby� m\_ebqb\Z_l ehdZevgmx kdhjhklv

\oh`^_gby \ j_ahgZgk�

�� B� ]eZ\gh_� [he__ g_l gm`^u ijbf_gylv ijb \u\h^_ bg_jpbhggmx kbkl_fm iblZgby

dhevp_\h]h we_dljhfZ]gblZ� WlZ kbkl_fZ b p_ib d\Z^jmihevghc dhjj_dpbb ijhklh

i_j_\h^ylky \ j_`bf klZ[bebaZpbb ihey b _]h ]jZ^b_glZ�

	���#�!%�� �#$%�.#"���

>ey ihykg_gby jy^Z kms_kl\_gguo ^_lZe_c ko_fu \u\h^Z ijb\_^_f j_amevlZlu jZkq_�

lh\ ijh^hevghc ^bgZfbdb imqdZ�

��� NZah\Zy iehkdhklv

JZkkfhljbf j_`bf gZdhie_gby imqdZ gZ ieZlh fZ]gblgh]h ihey� Imklv 95) ± Zfieblm^Z

mkdhjyxs_]h gZijy`_gby djZlghklb T  ���� ϕ  T�ω�S� ± ω��W ± nZaZ qZklbpu \ ihe_ ]Zjfhgbdb

T� ξ  ±Gϕ�GW ± h[h[s_gguc bfimevk� W ± \j_fy� Bkihevah\Zgb_ agZdZ ³fbgmk´ \ hij_^_e_gbb
i_j_f_gghc ξ ^_eZ_l __ agZd kh\iZ^Zxsbf k �S ± S���S� aZ djblbq_kdhc wg_j]b_c �\u\h^ imqdZ

ba M±���� IZjZ i_j_f_gguo �ϕ� ξ� h[jZam_l ijh^hevgmx nZah\mx iehkdhklv�

Kh\f_klbf gZqZeh hlkq_lZ ϕ  � k jZ\gh\_kghc qZklbp_c� H[hagZqbf Ω� pbdebq_kdmx

qZklhlm fZeuo ijh^hevguo dhe_[Zgbc� Bfimevkguc jZaf_j k_iZjZljbku jZ\_g ±�Ω�� Z __ ma�

eu jZkiheZ]Zxlky \ lhqdZo ϕ  ±π� >Ze__ dZjlbgZ ih\lhjy_lky i_jbh^bq_kdb ih nZa_ ϕ�
Ijb dhebq_kl\_gghf hibkZgbb ijhp_kkZ ^bnnmabb ijh\h^blky mkj_^g_gb_ ih nZa_ ψ

ijh^hevgh]h ^\b`_gby� G_aZ\bkbfhc i_j_f_gghc y\ey_lky ijh^hevgh_ ^_ckl\b_ - ≥ �� WlZ i_�

j_f_ggZy ijhihjpbhgZevgZ iehsZ^b� h]jZgbq_gghc nZah\hc ljZ_dlhjb_c gZ iehkdhklb �ϕ� ξ��
?kl_kl\_gghc _^bgbp_c baf_j_gby i_j_f_gghc - y\ey_lky \_ebqbgZ ^_ckl\by gZ k_iZjZljbk_�

h[hagZq_ggZy -6� HgZ jZ\gZ

πΩ=
�

�
6

� � ���
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Jbk� �� NZah\uc ihjlj_l imqdZ \ W  � �gb`gyy e_glZ� b k_iZjZljbku ��� F=p�
GZijZ\e_gb_ d p_gljm mkdhjbl_ey² \gba�

GZ jbk� � ihdZaZg kj_a ^bZ]jZffu jbk� � \^hev nZah\hc iehkdhklb �ϕ� ξ�� Wlh h[uqguc
nZah\uc ihjlj_l imqdZ b k_iZjZljbku \ gZqZevguc fhf_gl \j_f_gb W  �� IjZ\Zy dhehgdZ pbn�

jh\uo h[hagZq_gbc jZkrbnjh\ZgZ jZg__ \ lZ[e� �� >ey gZ]ey^ghklb ihkljh_gu nZah\u_ ljZ_d�

lhjbb k -�-6  ���� � b �� >ey kijZ\db� gb`gyy djhfdZ imqdZ � ijhoh^bl ih dhhj^bgZl_ -�-6  ����

?^\Z aZf_lgZy hkpbeeypby wlhc ]jZgbqghc nZah\hc ljZ_dlhjbb ]h\hjbl h lhf� qlh gZ g_c ihqlb

ihemq_gh ijb[eb`_gb_ imqdZ� h^ghjh^gh]h ih Zabfmlm�

AZ[_]Zy \i_j_^� hlf_lbf� qlh ^ey ihkljh_gby jbk� �� dZd b \k_o ihke_^mxsbo ]jZnbdh\�

bkihevamxlky gZ[hj ^Zgguo ba lZ[e� � �kf� klj� ���� Hg ij_^klZ\ey_l kh[hc kibkhd l_ogbq_kdbo

oZjZdl_jbklbd \iheg_ jZ[hlhkihkh[gh]h \ZjbZglZ ko_fu rmfh\h]h \u\h^Z imqdZ ba M±���

��� MjZ\g_gb_ ^bnnmabb

JZkij_^_e_gb_ qZklbp ij_^klZ\ey_lky nmgdpb_c I�-� W�  G1�G-�-� W�� GZqZevguc ijhnbev

imqdZ I�-� W  �� ghjfbjh\Zg gZ �� Hg nhjfbjm_lky ihke_ \udexq_gby mkdhjyxs_]h ihey qZklh�

lu � F=p \ j_amevlZl_ ihke_^mxs_c jZa]jmiibjh\db imqdZ b i_j_oh^Z d nZah\hfm ihjlj_lm

jbk� �� >Ze__ w\hexpby I�-� W� mijZ\ey_lky mjZ\g_gb_f ^bnnmabb

( ) ( ) ( ) [ ) ����
�� ≥∞∈
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]^_ W ± \j_fy� '�-� ! � ± dhwnnbpb_gl ^bnnmabb� aZ\bkysbc hl ki_dljZ rmfZ� =jZgbqgu_ mkeh�

\by ^ey djZ_\hc aZ^Zqb bf_xl \b^

( ) �� == ����
6

� ( ) �� =∞= ��� � ���

Hlghkbl_evgh_ qbkeh qZklbp 1�W�� hklZxsboky \ imqd_ dh \j_f_gb W� gZoh^blky dZd

( ) ( ) ( ) 
��� == ∫
∞

��������
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� ���

M[uev bgl_gkb\ghklb imqdZ b^_l ih aZdhgm
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]^_ 4�-6� W� _klv ^bnnmabhgguc ihlhd qZklbp q_j_a k_iZjZljbkm� Hg gZijZ\e_g \ klhjhgm

mf_gvr_gby dhhj^bgZlu -� Ihwlhfm \_ebqbgZ 4�-6� W� � �� Ihlhd qZklbp gZ \u\h^ h[hagZq_g

Φ�W�  ±4�-6� W� ! ��

Ki_dljZevgu_ iehlghklb fhsghklb rmfZ 3�Ω� jZkkfZljb\Zxlky dZd ^\mklhjhggb_

nmgdpbb� hij_^_e_ggu_ ^ey iheh`bl_evguo b hljbpZl_evguo qZklhl Ω� Wlh q_lgu_ \_s_kl�

\_ggu_ nmgdpbb qZklhlu� ?^bgbp_c baf_j_gby 3�Ω� y\ey_lky ���=p� A^_kv ih^ � ke_^m_l ihgb�

fZlv jZ^bZg ^ey nZah\h]h �d\Z^jZlmjgh]h� rmfZ beb _^bgbpu hlghkbl_evgh]h baf_g_gby Zf�

ieblm^u ^ey Zfieblm^gh]h �kbgnZagh]h� rmfZ� >bki_jkby kemqZcgh]h gZijy`_gby X�W� k gme_�

\uf fZl_fZlbq_kdbf h`b^Zgb_f \uqbkey_lky ih nhjfme_

( ) πΩΩ=σ ∫
∞

��

�

�� ��	
5)X

� ���

>Ze__ ³ki_dljZevgZy iehlghklv fhsghklb rmfZ´ ^ey djZldhklb qZklh gZau\Z_lky ijhklh ³ki_d�

ljhf rmfZ´�

Ibdh\u_ hldehg_gby kemqZcgh]h kb]gZeZ X�W� h[uqgh gZoh^ylky \ ^bZiZahg_ ±��±��σX�

:iiZjZlgu_ h]jZgbq_gby gZ ^himklbfuc jZafZo \ j_ZebaZpbyo rmfZ mklZgZ\eb\Zxl ij_^_e

\hafh`ghkl_c f_lh^Z rmfh\hc jZkdZqdb ijb dhjhldbo \j_f_gZo \u\h^Z�

Kj_^gyy ihlj_[ey_fZy fhsghklv <Q�iblZgby \hajZklZ_l ∝ �95)

� � σX

��� Wlh m\_ebq_gb_

khklZ\ey_l \k_]h ��� ijb mkeh\bb 95)  ��±��σX� khhl\_lkl\mxs_f kemqZcghc fh^meypbb

�SHDN�WR�SHDN� δϕ5)  ±��±��° ih nZa_ b δ95)�95)  ±� ih Zfieblm^_�
< ijZdlbq_kdbo jZkq_lZo bkihevam_lky ghjfZebah\Zggh_ mjZ\g_gb_ ^bnnmabb� >ey _]h

aZibkb ijbf_g_gu [_ajZaf_jgu_ \_ebqbgu�

dhhj^bgZlZ
6

�� �

qZklhlZ
�

ΩΩ �

ki_dlj rmfZ ( )
��

��� ���� ihjy^dZ ��

^bnnmabhggh_ \j_fy
�

�

��
��� ⋅Ω⋅= � ���

< khhl\_lkl\bb k wlbf \u[hjhf ghjfZebam_lky b dhwnnbpb_gl '�-�� < lZdhf bf_ggh \b^_ hg

ijb\h^blky ^Ze__ gZ ]jZnbdZo�


�����,#���#/#"���

G_dhlhju_ hkh[_gghklb ij_^eZ]Z_fh]h f_lh^Z ijhs_ \k_]h h[tykgblv gZ hkgh\_ dhg�

dj_lgh]h ijbf_jZ j_r_gby mjZ\g_gby ^bnnmabb�

Djb\Zy � gZ jbk� � ihdZau\Z_l ij_^iheZ]Z_fuc ki_dlj rmfZ� L_ogbq_kdb hg fh`_l

[ulv ihemq_g ihke_ nbevljZpbb [_eh]h rmfZ q_j_a nbevlj gb`gbo qZklhl �NGQ� ;Zll_j\hjlZ

ihjy^dZ Q  �� LZdhc nbevlj e_]dh kha^Zlv gZ hkgh\_ dZkdZ^gh]h kh_^bg_gby � Zdlb\guo 5&

nbevljh\ ��]h ihjy^dZ� Djb\Zy � gZ jbk� � ihdZau\Z_l khhl\_lkl\mxsbc dhwnnbpb_gl ^bnnm�

abb ^ey \ZjbZglZ nZah\hc jZkdZqdb� QZklhlZ kj_aZ 3�Ω� \u[jZgZ lZd� qlh[u hkgh\Zgb_ '�-� g_

\uoh^beh aZ gZjm`gmx ]jZgbpm ijhnbey imqdZ �djb\Zy � gZ jbk� �� ijb W  ��



�

�

Jbk� �� Ki_dlj rmfZ� Jbk� �� Dhwnnbpb_gl ^bnnmabb b gZqZevguc

ijhnbev imqdZ�

Bkihevah\Zgb_ NGQ lbiZ ;Zll_j\hjlZ ^ey nhjfbjh\Zgby ki_dljZ rmfZ ijb\e_dZl_evgh

l_f� qlh \ wlhf kemqZ_ hq_gv ijhklh mklZgh\blv ^bki_jkbx kemqZcgh]h kb]gZeZ� >_ckl\bl_evgh�

bgl_]jbjh\Zgb_ \ ��� ijb\h^bl d

( )
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]^_ Q ± ihjy^hd nbevljZ� I��� ± qZklhlZ kj_aZ ih mjh\gx ±� ^; �g_ djm]h\Zy��

Dhwnnbpb_gl ^bnnmabb bf__l bgl_]jbjm_fmx hkh[_gghklv gZ k_iZjZljbk_� HgZ h[tyk�

gy_lky hkh[hc jhevx \ukrbo ]Zjfhgbd qZklhlu ijh^hevguo dhe_[Zgbc \ khklZ\_ '�-�� LZdbf

h[jZahf� ^Z`_ \ hlkmlkl\b_ ^hihegbl_evgh]h bklhqgbdZ rmfZ �lbiZ ³FKLPQH\´ ba >�@� fu kjZam

`_ ihemqZ_f ehdZevgh_ m\_ebq_gb_ dhwnnbpb_glZ ^bnnmabb \[ebab ih]ehsZxs_c kl_gdb

�nZdlbq_kdb ² \[ebab j_ahgZgkZ \u\h^Z�� KdZau\Z_lky kbevgZy _kl_kl\_ggZy g_ebg_cghklv

ijh^hevgh]h ^\b`_gby \[ebab -�-6  ��

< ibd_ '�-� ^ey -�-6  � Zddmfmebjmxlky \deZ^u \k_o rmfh\ k qZklhlZfb kj_aZ ki_dljZ

_Ω_��Ω�� ohly bo \ebygb_ gZ ]eh[Zevgh_ ih\_^_gb_ '�-� fh`_l hdZaZlvky b g_aZf_lguf� Wlh

hagZqZ_l� qlh \ jZkkfZljb\Z_fhc ko_f_ \u\h^Z g_mkljZgbfh_ \hajZklZgb_ rmfh\ ih f_j_ ijb�

[eb`_gby d ^bkdj_lghc ebgbb g_kms_]h dhe_[Zgby b]jZ_l kdhj__ ihe_agmx jhev� Wlb rmfu

m\_ebqb\Zxl ehdZevgmx kdhjhklv gZ\_^_gby gZ ih]ehsZxsmx kl_gdm �j_ahgZgk \u\h^Z��

RbjbgZ ibdZ '�-� \ lhqd_ -�-6  � g_ hq_gv \_ebdZ� >ey ih^t_fZ dhwnnbpb_glZ ^bnnm�

abb \h \k_f [mn_jghf keh_ �kf� jbk� �� fh`_l ihlj_[h\Zlvky fh^bnbdZpby ki_dljZ rmfZ� Ijb�

f_j lZdhc fh^bnbdZpbb ihdZaZg nmgdpb_c � gZ jbk� �� >ey hij_^_e_gghklb� iehsZ^b ih^ djb�

\ufb � b � hlghkylky dZd � d �� Ihwlhfm ^bki_jkby kemqZcgh]h kb]gZeZ l_i_jv m^\hbeZkv�

kf� ���� Baf_gb\rbcky dhwnnbpb_gl ^bnnmabb ihdZaZg djb\hc � gZ jbk� �� Kdhjhklv ^bnnmabb

\ [mn_jghf keh_ m\_ebqbeZkv \ �±� jZaZ� <h klhevdh `_ jZa ^he`_g mf_gvrblvky jZafZo imev�

kZpbc \u\h^Z�

>bnnmaby qZklbp ^ey -�-6 � � \uau\Z_lky l_f `_ bklhqgbdhf rmfZ� qlh b \ h[eZklb

-�-6 ≥ �� Wlhl wnn_dl ihe_a_g l_f� qlh qZklbpu� hdZaZ\rb_ky \gmljb k_iZjZljbk� [ukljh m\h�

^ylky ba hdj_klghklb maeh\uo lhq_d� ]^_ hgb fh]eb [u aZ^_j`Zlvky� g_ ^hc^y ^h j_ahgZgkZ� GZ�

ihfgbf� qlh qZklhlZ g_ebg_cguo ijh^hevguo dhe_[Zgbc ΩV�-�  � ^ey -�-6  �� H^gZdh m`_ ^ey

-�-6 � ���� qZklhlZ ΩV�-� ! ���Ω��



�
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<u[hj lbiZ rmfZ �nZah\h]h beb Zfieblm^gh]h� ^ey \u\h^Z g_ ijbgpbibZe_g� Ijb h^b�

gZdh\uo ki_dljZo 3�Ω� h[Z hgb hdZau\Zxl hq_gv ihoh`__ \ha^_ckl\b_ gZ g_aZo\Zq_gguc im�

qhd� ^\b`msbcky ijb -�-6 ≥ �� Fh`gh jZa^_eblv dZgZeu mijZ\e_gby� GZijbf_j� bkihevah\Zlv

nZah\uc rmf �ki_dlj � gZ jbk� �� \ p_eyo dhgljhey gZ^ ihklhygghc qZklvx \u\h^gh]h ihlhdZ� Z

Zfieblm^guc rmf �ki_dlj � aZ \uq_lhf � gZ jbk� �� ^ey ih^Z\e_gby imevkZpbc \u\h^Z�

J_amevlZlu j_r_gby mjZ\g_gby ^bnnmabb ^ey nZah\h]h rmfZ kh ki_dljhf � �jbk� �� ih�

dZaZgu jbk� �� Bgl_j\Ze baf_g_gby [_ajZaf_jgh]h \j_f_gb ^bnnmabb W� ��� khklZ\ey_l �±����

Rmfh\Zy jZkdZqdZ g_ \ khklhygbb kha^Zlv lhevdh h^ghgZijZ\e_ggu_ ihlhdb� QZklv imq�

dZ klj_fblky mclb \ klhjhgm hl p_gljZevghc hj[blu� \aZbfh^_ckl\my k o\hklhf '�-�� >hey m[_�

]Zxsbo qZklbp mf_gvrZ_lky ijb \u[hj_ [he__ djmlh]h kiZ^Z 3�Ω� \[ebab \_jog_c ]jZgbqghc

qZklhlu ki_dljZ rmfZ �jbk� ��� H^gZdh l_ogbq_kdb lZdhc \u[hj fh`_l hdZaZlvky b g_hijZ\^Zg�

guf�

NhjfZ ijhnbey imqdZ I�-� W� kh \j_f_g_f ihqlb i_j_klZ_l baf_gylvky� < hkgh\ghf m[u�

\Z_l iehsZ^v ih^ djb\hc I�-� W�� Ijb W� > ��±�� j_r_gby I�-� W� djZcg_ keZ[h aZ\bkyl hl gZqZev�

gh]h ijhnbey I�-� W  ���Rmf klbjZ_l iZfylv h ij_^uklhjbb imqdZ�

GZ jbk� � ihdZaZgZ w\hexpby bgl_gkb\ghklb 1�W� pbjdmebjmxs_]h imqdZ b \u\h^gh]h

ihlhdZ Φ�W�� khhl\_lkl\mxsZy j_r_gbyf jbk� �� Jbk� � ihdZau\Z_l gZqZeh ijhp_kkZ gZ\_^_gby�

IehsZ^v ih^ djb\hc � \ ij_^_eZo W�  �� ∞ jZ\gZ ��

���� �!�%#"�#� �����""�0�����!�%�12#0��-��$"�3�� ���(!�

< deZkkbq_kdhf \ZjbZgl_ ko_fu rmfh\h]h \u\h^Z >�@� >�@ ^ey mijZ\e_gby ihklhygghc

khklZ\eyxs_c \u\h^gh]h ihlhdZ baf_gy_lky ]jZgbqgZy qZklhlZ ki_dljZ rmfZ� HgZ ihkl_i_ggh

gZ^\b]Z_lky gZ imqhd�

< M±�� ij_^eZ]Z_lky bkihevah\Zlv ^jm]mx ko_fm mijZ\e_gby� < g_c ki_dlj rmfZ bf__l

\b^� kdZ`_f� nmgdpbb � gZ jbk� �� ?]h \_jogyy ]jZgbqgZy qZklhlZ nbdkbjh\ZgZ� HgZ ^he`gZ

[ulv kh]eZkh\ZgZ k qZklhlhc h[jZs_gby qZklbp gZ ]jZgbp_ imqdZ� ^Zevg_c hl p_gljZevghc hj�

[blu� kf� jbk� �� >ey mijZ\e_gby \u\h^guf ihlhdhf Φ�W� baf_gy_lky mjh\_gv fhsghklb rmfZ

3�Ω�� LZdbf h[jZahf� ^hklb]Zxlky ^\_ p_eb�

�� J_adh mijhsZ_lky l_ogbq_kdZy j_ZebaZpby f_lh^Z�

�� Rmf ^_ckl\m_l kjZam gZ \_kv pbjdmebjmxsbc imqhd� h`b^Zxsbc \u\h^Z� L_f kZfuf

ihimlgh nhjfbjm_lky ijhnbev imqdZ� keZ[h aZ\bkysbc hl ij_^uklhjbb mkdhj_gby \

^Zgghf fZ]gblghf pbde_� Ihwlhfm \b^ aZdhgZ baf_g_gby fhsghklb rmfZ [m^_l ih\lh�

jylvky hl pbdeZ d pbdem gZ [hevr_c qZklb \j_f_gb \u\h^Z�

Ih kms_kl\m� lZdhc kihkh[ mijZ\e_gby ki_dljhf rmfZ hagZqZ_l \ha\jZl d ko_f_ hjb]bgZevgh�

]h ij_^eh`_gby >�@�

Ba mjZ\g_gby ��� \b^gh� qlh kdZqdhh[jZaguc i_j_oh^ hl 3� d [hevr_c fhsghklb rmfZ

.3� k . ! � baf_gy_l lhevdh fZkrlZ[ oZjZdl_jgh]h \j_f_gb W jZa\blby ijhp_kkZ ^bnnmabb� LZd�

bgl_gkb\ghklv imqdZ gZqbgZ_l m[u\Zlv ih aZdhgm 1�.W��� Z \u\h^ghc ihlhd ijbgbfZ_l \b^

.Φ�.W��� NmgdpbhgZevguc \b^ djb\uo �� � gZ jbk� � b � gbdZd g_ baf_gy_lky� Hgb bf_xl mgb�

\_jkZevguc oZjZdl_j ijb g_baf_gghc nhjf_ ghjfbjh\Zgghc qZklhlghc aZ\bkbfhklb 3�Ω��3����
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Jbk� �� Dhwnnbpb_gl ^bnnmabb� djb\Zy �� Ijhnbev imqdZ \ � jZ\ghm^Z�
e_gguo lhqdZo [_ajZaf_jgh]h \j_f_gb W�  ��������� k_f_ckl\h djb\uo ��

Jbk� �� Bgl_gkb\ghklv imqdZ� djb\Zy ��

Ihlhd qZklbp gZ \u\h^� djb\Zy ��

Jbk� �� GZqZeh ijhp_kkZ ^bnnmabb� H[hagZ�

q_gby kf� \ ih^ibkb d jbk� ��

Wlbf k\hckl\hf j_r_gbc mjZ\g_gby ^bnnmabb fh`gh \hkihevah\Zlvky� qlh[u ijh^_�

fhgkljbjh\Zlv kZfm \hafh`ghklv mijZ\e_gby nhjfhc bfimevkZ \u\_^_ggh]h ihlhdZ� Ihlj_[b�

l_eyf imqdZ gm`_g jZ\ghf_jguc \u\h^ qZklbp� IhdZ`_f� dZd knhjfbjh\Zlv bfimevk \u\h^Z k

miehs_gghc \_jrbghc� bf_y \ k\h_f jZkihjy`_gbb jZkq_lgmx nmgdpbx �� ihdZaZggmx gZ

jbk� � b ��
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Jbk� �� >bkdj_lguc Ze]hjblf \ujZ\gb\Zgby

ihlhdZ� Ijbf_j ^ey � rZ]h\ dhjj_dpbb�

Jbk� �� Klmi_gqZlh_ baf_g_gb_ mjh\gy fhs�

ghklb rmfZ� Blh]h\uc nZdlhj nhjkbjh\Z�

gby ��� Qbkeh rZ]h\ ��

Imklv ^ey hij_^_e_gghklb bf__lky \hafh`ghklv ^bkdj_lghc dhjj_dpbb mjh\gy fhsgh�

klb rmfZ \ 0  � lhqdZo ih W� Imklv nZdlhj nhjkbjh\Zgby rmfZ \ dhgp_ \u\h^Z g_ ^he`_g ij_�

\ukblv ��� Lh]^Z fu fh`_f ih^gbfZlv mjh\_gv rmfZ \ ]_hf_ljbq_kdhc ijh]j_kkbb kh agZf_gZ�

l_e_f .  ��
��0

 ������Fhf_glu lZdhc dhjj_dpbb ^he`gu [ulv ih^h[jZgu gZ^e_`Zsbf h[jZ�

ahf�

Jbk� � ihdZau\Z_l j_amevlZl 0  � ihke_^h\Zl_evguo hi_jZpbc .�djZlgh]h k`Zlby ih

Z[kpbkk_ b jZkly`_gby ih hj^bgZl_ njZ]f_glh\ nmgdpbb �� \aylhc k jbk� �� P_evx ij_h[jZah�

\Zgby y\ey_lky ihkljh_gb_ iehkdhc \_jrbgu� Khhl\_lkl\mxsbc aZdhg baf_g_gby mjh\gy rmfZ

ihdZaZg \ \b^_ klmi_gqZlhc djb\hc gZ jbk� ��

Ihgylgh� qlh ^bkdj_lguc Ze]hjblf gZ\_^_gby g_kh\_jr_g_g� Ihwlhfm \_jrbgZ bf�

imevkZ� ihdZaZggh]h gZ jbk� �� b bf__l ibehh[jZaguc \b^� I_j_oh^ d g_ij_ju\ghfm mijZ\e_�

gbx fhsghklvx rmfZ �kf� ]eZ^dmx djb\mx gZ jbk� �� ijb\_^_l d h[jZah\Zgbx bklbggh ieh�

kdhc \_jrbgu \ bfimevk_ \u\h^gh]h ihlhdZ�

:e]hjblf jZkq_lZ g_ij_ju\gh]h aZdhgZ gZ\_^_gby _kl_kl\_ggh h[h[sZ_l ^bkdj_lgmx

fh^_ev�

Imklv ijhbkoh^bl f_^e_ggh_ Z^bZ[Zlbq_kdh_ baf_g_gb_ mjh\gy fhsghklb rmfZ� ijb

dhlhjhf bkoh^guc ki_dlj 3�Ω� ijbh[j_lZ_l ^hihegbl_evguc nZdlhj 3�Ω�⋅*�W�� ]^_ nmgdpby
*�W� ≥ � h[hagZqZ_l bkdhfuc aZdhg rmfh\h]h gZ\_^_gby� < wlhf kemqZ_ ijhkljZgkl\_ggZy b \j_�

f_ggZy dhhj^bgZlu \ dhwnnbpb_gl_ ^bnnmabb mjZ\g_gby ��� jZa^_eyxlky� Lh]^Z� i_j_c^y d

gh\hc \j_f_gghc i_j_f_gghc τ kh]eZkgh

( ) ������ =τ ( ) ( )∫ ′′=τ
W

�����
�

� ����

fu \gh\v ihemqbf mjZ\g_gb_ ^bnnmabb ^ey bkoh^gh]h ki_dljZ rmfZ 3�Ω�� Ihwlhfm \\_^_gb_

nZdlhjZ *�W� ijb\h^bl d lhfm� qlh bgl_gkb\ghklv imqdZ [m^_l m[u\Zlv ih aZdhgm 1�τ�W��� Z \u�
\h^ghc ihlhd klZg_l jZ\guf *�W�⋅Φ�τ�W��� KZfb `_ nmgdpbb 1�τ�� b Φ�τ�� khojZgyxl k\hc \b^�

ihdZaZgguc gZ jbk� � b �� <_ebqbgu τ b τ� k\yaZgu f_`^m kh[hc ih nhjfme_ ��� ih^h[gh W b W��

HklZ_lky mklZgh\blv \b^ aZdhgZ gZ\_^_gby *�W�� kha^Zxs_]h ijyfhm]hevguc bfimevk \u\h^gh�

]h ihlhdZ� >Ze__ qbkeh\u_ agZq_gby i_j_f_gguo hlghkylky lhevdh d jZkkfZljb\Z_fhfm ijbf_�

jm j_r_gby�
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Ijb gZ\_^_gbb k ihklhygguf mjh\g_f fhsghklb rmfZ b *�W��  � fZdkbfmf \u\h^gh]h

ihlhdZ jZ\_g Φ0  ������ b ^hklb]Z_lky \ W�0  ���� �kf� jbk� � b ��� >hey qZklbp� hklZxsboky \

imqd_ d wlhfm \j_f_gb� khklZ\ey_l 1�W�0�  ������ Ihlj_[m_f� qlh[u iehkdZy \_jrbgZ bfimevkZ

\u\h^Z bf_eZ ihklhyggmx \_ebqbgm� jZ\gmx Φ0� Lh]^Z lj_[m_fuc aZdhg m[ueb bgl_gkb\ghklb

imqdZ ebg__g b aZibku\Z_lky \ \b^_

( ) ( ) ( ) ������
0/

�
����
��

=Φ−= ����

JZ\_gkl\h 1/�W��  � �\u\h^ \k_]h imqdZ� aZ^Z_l ij_^_evgmx ^ebgm bfimevkZ rmfh\h]h \u\h^Z k

iehkdhc \_jrbghc� jZ\gmx

( ) �����
�

≅Φ=
06

�� ����

\ _^bgbpZo [_ajZaf_jgh]h \j_f_gb W� ����

MjZ\g_gb_

( ) ( ) ( )
���

�� �����
0/

Φ−==τ ����

hij_^_ey_l g_y\gmx nmgdpbx τ�  τ��W��� aZ^Zggmx gZ hlj_ad_ � ≤ W� ≤ W�6� Ba g__ \ kbem ���� kjZ�

am gZoh^blky bkdhfuc aZdhg rmfh\h]h gZ\_^_gby�

( ) ( ) ( )( ) 6

0 ����
�

�
��
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�

�

�

�
�������� ≤≤

τΦ
Φ=τ= � ����

DZd \b^gh ba mjZ\g_gby ����� \u[hj \_ebqbgu Φ0 \ dZq_kl\_ lj_[m_fhc Zfieblm^u iehkdhc

\_jrbgu bfimevkZ \u\h^Z ijb\h^bl d lhfm� qlh *�W�� ≥ �� Kms_kl\m_l ebrv h^bg fhf_gl \j_�

f_gb W�  �� ± 1�W�0���Φ0  ����� \ dhlhjuc ^hklb]Z_lky PLQ*�W��  �� Wlh ^_ckl\bl_evgh iha\h�

ey_l bgl_jij_lbjh\Zlv nmgdpbx *�W�� dZd nZdlhj nhjkbjh\Zgby mjh\gy fhsghklb rmfZ ih hl�

ghr_gbx d dZeb[jh\hqghc \_ebqbg_ 3�� mqZkl\mxs_c \ hij_^_e_gbb ����

Ba mjZ\g_gbc ���� b ���� \b^gh� qlh ]eZ^dbc aZdhg gZ\_^_gby h^ghagZqgh k\yaZg k \b^hf

nmgdpbc 1�W�� b Φ�W�� ^ey ihklhygghc fhsghklb rmfZ� Bo fh`gh ihemqblv qbke_ggh �kf� jbk� �

b �� eb[h wdki_jbf_glZevgh�

>ey jZkq_lZ aZdhgZ gZ\_^_gby *�W� ih ^Zgguf wdki_jbf_glZevguo baf_j_gbc \u\_^_g�

gh]h ihlhdZ Φ�W� ijZdlbq_kdbc bgl_j_k fh`_l ij_^klZ\blv j_dmjj_glguc Ze]hjblf� Hg hij_^_�

e_g gZ ^hklZlhqgh f_edhc jZ\ghf_jghc k_ld_ WN ih \j_f_gb W k rZ]hf ∆W� ]^_ N  �� �� «.� W�  �

b W. ≤ W6�

( ) ( )���
�

�� τΦ
Φ==τ 0��

( ) ( ) ( ) �
��
��

≥
τΦ

Φ=∆+τ=τ −− �����
N

0

NNNN

����

Jbk� �� ihdZau\Z_l j_amevlZlu ijbf_g_gby baeh`_gghc ijhp_^mju \ujZ\gb\Zgby \u�

\h^gh]h ihlhdZ� Lhgdb_ ebgbb ij_^klZ\eyxl w\hexpbx imqdZ ijb *�W��  �� =eZ^dbc aZdhg gZ�

\_^_gby �jbk� ��k� g_fhghlhg_g b bf__l hkh[_gghklb ijb W�  � b W�6�

Nhjkbjh\Zgb_ rmfZ \ gZqZe_ \u\h^Z gm`gh ^ey mdhjhq_gby i_j_^g_]h njhglZ bfimev�

kZ \u\h^Z� M`_ ijb *���  �±� wlhl njhgl klZgh\blky ij_g_[j_`bfh fZeuf ih kjZ\g_gbx k

h[s_c ^ebl_evghklvx \u\h^Z�

>ey ihemq_gby b^_Zevgh]h bfimevkZ \u\h^Z k gme_\uf aZ^gbf njhglhf �jbk� ��E� ih�

lj_[m_lky kdhev m]h^gh [hevrh_ m\_ebq_gb_ mjh\gy rmfZ dh \j_f_gb W�6� Wlh g_^hklb`bfh

l_ogbq_kdb� Hlkx^Z ke_^m_l� qlh \u\h^ ���� imqdZ �dZd \hh[s_� lZd b ih^ iehkdhc \_j�
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rbghc bfimevkZ� k ihfhsvx lhevdh rmfh\h]h gZ\_^_gby g_\hafh`_g� HklZlhd imqdZ \k_�

]^Z ijb^_lky \u\h^blv ^jm]bfb kihkh[Zfb�

JZaf_j wlh]h hklZldZ� dZd b ^ebgZ iehkdhc \_jrbgu bfimevkZ W�)7� aZ\bkbl hl fZdkb�

fZevgh ijb_fe_fh]h nZdlhjZ *0 nhjkbjh\Zgby rmfZ ijb W� → W�6� Ihke_ ^hklb`_gby wlh]h

ij_^_eZ nmgdpby *�W�� gZkusZ_lky b nhjfbjm_lky aZ^gbc njhgl bfimevkZ� < g_f \u\h^ b^_l

ih _kl_kl\_gguf aZdhgZf ^ey ihklhyggh]h mjh\gy fhsghklb rmfZ� jZ\gh]h 3�*0� Wlb aZdhgu

ij_^klZ\e_gu nmgdpbyfb �� ihdZaZggufb gZ jbk� �� �� Hgb ^he`gu [ulv khhl\_lkl\_ggh fZk�

rlZ[bjh\Zgu ih Z[kpbkk_ �k`Zlb_ \ *0 jZa� b hj^bgZl_ �jZkly`_gb_ \ l_ `_ *0 jZa��

Jbk� ��� <ujZ\gb\Zgb_ \u\h^gh]h ihlhdZ ijb g_ij_ju\ghf gZ\_^_gbb�

LZ[ebpZ �� OZjZdl_jbklbdb bfimevkh\ \u\_^_ggh]h imqdZ�

NZdlhj nhjkbjh\Zgby mjh\gy rmfZ \ dhg�
p_ iehkdhc \_jrbgu bfimevkZ� *0

�� �� �� �� �� ∞

>ebl_evghklv iehkdhc \_jrbgu� W�)7 ���� ���� ���� ���� ���� ����  W�6

>hey qZklbp \ iehkdhc qZklb bfimevkZ

\u\h^Z� � ���� ���� ���� ���� ���� ���

JZkq_lgu_ oZjZdl_jbklbdb bfimevkh\ \u\h^Z i_j_qbke_gu \ lZ[e� �� Ba g__ \b^gh� qlh

\ jZkkfZljb\Z_fhc ko_f_ oZjZdl_jgu_ agZq_gby W�)7 khklZ\eyxl ijbf_jgh ��±�� _^bgbp [_a�

jZaf_jgh]h \j_f_gb W�� �>ey i_j_oh^Z d h[uqghfm \j_f_gb W gZ^h \hkihevah\Zlvky nhjfm�

ehc ���� GZijbf_j� qZklhl_ kbgojhljhgguo dhe_[Zgbc Ω���π  � d=p� mjh\gx fhsghklb rmfZ

3�  ��
±�
�
�
�=p b \j_f_gb W  � k khhl\_lkl\m_l W�  �π� ≅ ���� Bkihevah\Zgb_ *0 ! �� g_ hijZ\�

^Zgh l_ogbq_kdb� Ba lZ[e� � klZgh\ylky ihgylgufb l_ogbq_kdb_ h]jZgbq_gby gZ ^hklb`bfh_

\j_fy \u\h^Z�

Ij_^_e ^ebl_evghklb \u\h^Z \ _^bgbpZo W kh klhjhgu [hevrbo \j_f_g aZ^Zg fbgb�

fZevgh ^himklbfhc \_ebqbghc [Zah\h]h mjh\gy rmfZ 3�� Hg ^he`_g gZ^_`gh ij_\urZlv
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kh[kl\_gguc mjh\_gv rmfh\ ijhqbo kbkl_f mkdhjbl_ey �h[uqgh hgb gZoh^ylky gZ mjh\g_

��
±��

±��
±�
�
�
�=p�� >hklb`_gb_ wlh]h ij_^_eZ g_ ZdlmZevgh ^ey M±���

Ij_^_e ^ebl_evghklb \u\h^Z ih W kh klhjhgu fZeuo \j_f_g aZ\bkbl hl \_ebqbgu fZd�

kbfZevgh ijb_fe_fhc ^bki_jkbb kemqZcgh]h kb]gZeZ ��� ijb mjh\g_ fhsghklb rmfZ 3�*0�

nhjkbjh\Zgghf \ dhgp_ iehkdhc \_jrbgu bfimevkZ \u\h^Z� Bf_ggh wlhl kemqZc bgl_j_k_g ^ey

M±�� b j_Zebam_f l_ogbq_kdb� NZdlbq_kdb� ^ey M±�� \_jog__ h]jZgbq_gb_ gZ \j_fy rmfh\h]h

\u\h^Z [m^_l gZdeZ^u\Zlvky lhevdh ^ebl_evghklvx ieZlh fZ]gblgh]h ihey b \hafh`ghklyfb

bklhqgbdh\ iblZgby ijhqbo kbkl_f fZ]gblghc hilbdb �^ebgZ jZ[hq_]h pbdeZ b imevkZpbb��

;Zah\uc aZdhg gZ\_^_gby� ihdZaZgguc gZ jbk� ��k� fh`_l [ulv ihemq_g k ihfhsvx ]_�

g_jZlhjZ nmgdpbc� Hldehg_gby hl _]h oh^Z fh]ml dhjj_dlbjh\Zlvky p_ivx h[jZlghc k\yab ih

kb]gZem lhdZ \u\_^_ggh]h imqdZ�

Wdki_jbf_glZevgh_ baf_j_gb_ fbgbfZevgh \hafh`gh]h \j_f_gb rmfh\h]h \u\h^Z

imqdZ ba M±�� fh`gh ijh\_klb ^h kha^Zgby iheghc ko_fu gZ\_^_gby� >ey wlh]h gm`gh h^gh�

\j_f_ggh aZj_]bkljbjh\Zlv kb]gZeu bgl_gkb\ghklb pbjdmebjmxs_]h imqdZ 1�W� b \u\_^_ggh]h

ihlhdZ Φ�W� ijb ihklhygghc fhsghklb rmfZ 3�� G_aZ\bkbfh hl wlh]h ihlj_[m_lky mklZgh\blv

ZiiZjZlgh ^himklbfuc mjh\_gv nhjkbjh\Zggh]h rmfZ 3�*0� >Zevg_crZy h[jZ[hldZ wdki_jb�

f_glZevguo ^Zgguo ^he`gZ ke_^h\Zlv ijhp_^mjZf ����� ���� beb �����

����#+"�4#�(�#�(�"�)�-�����#,-�

��� LZ[ebpZ iZjZf_ljh\

<k_ ijb\_^_ggu_ \ur_ jZkq_lu� hp_gdb b ]jZnbdb bf_xl aZ kh[hc \iheg_ hij_^_e_g�

guc \ZjbZgl ko_fu \u\h^Z� ?_ l_ogbq_kdb_ oZjZdl_jbklbdb k\_^_gu \ lZ[e� �� Wlh \iheg_ j_Z�

ebam_fuc \ZjbZgl kbkl_fu klhoZklbq_kdh]h f_^e_ggh]h \u\h^Z imqdZ ba mkdhjbl_ey M±���

��� Bg`_g_jguc jZkq_l

Qlh[u \uy\blv k\yav f_`^m kms_kl\_ggufb l_ogbq_kdbfb iZjZf_ljZfb kbkl_fu \u\h�

^Z b ihemqblv hp_ghqgu_ nhjfmeu� ijb]h^gu_ ^ey [ukljuo bg`_g_jguo jZkq_lh\� jZkkfhljbf

mijhs_ggmx aZ^Zqm ^bnnmabb�

G_ [m^_f mqblu\Zlv wnn_dlu� h[mkeh\e_ggu_ g_h^ghjh^ghklvx imqdZ ih Zabfmlm�

Imklv [ ± dhhj^bgZlZ� ijhihjpbhgZevgZy �S ± S���S�� Kh\f_klbf gZqZeh hlkq_lZ [  � k ih]eh�

sZxs_c kl_gdhc �k_iZjZljbkhc�� ?_ i_j_k_dZ_l ihlhd Φ�W� \u\h^bfuo qZklbp� Iehlghklv imqdZ

I�[� W�  � ^ey [ � �� H[hagZqbf $ ij_^_evguc jZaf_j imqdZ ih dhhj^bgZl_ [� Ko_fZ� beexkljb�

jmxsZy ihklZgh\dm mijhs_gghc aZ^Zqb ^bnnmabb� ihdZaZgZ gZ jbk� ���

Jbk� ��� Ko_fZ ihklZgh\db mijhs_gghc aZ^Zqb ^bnnmabb�



�

��

LZ[ebpZ �� L_ogbq_kdb_ iZjZf_lju�

Wg_j]by imqdZ �dbg_lbq_kdZy�� 7 �� =w<

J_eylb\bklkdbc nZdlhj� γ �����

NZdlhj kdhev`_gby qZklhlu� η ������

QZklhlZ h[jZs_gby imqdZ� I� ������� d=p

:fieblm^Z gZijy`_gby ���F=p ��� d<

DjZlghklv ]Zjfhgbdb gZijy`_gby ���F=p� T ��⋅��  ���
QZklhlZ fZeuo kbgojhljhgguo dhe_[Zgbc� Ω���π ��� =p

Bfimevkguc jZaf_j k_iZjZljbku ±���� ⋅��±�
Lhqgh_ agZq_gb_ jZ^bhqZklhlu ���F=p ijb \u\h^_ ���������� F=p

Lhqgh_ agZq_gb_ jZ^bhqZklhlu �F=p i_j_^ __ \udexq_gb_f �������� F=p
Bfimevkguc jZaf_j pbjdmebjmxs_]h imqdZ ^h \dexq_gby gZijy`_gby

���F=p ±��� ⋅��±�
G_dh]_j_glguc jZa[jhk ih qZklhlZf h[jZs_gby imqdZ \ hdj_klghklb ]Zjfh�

gbdb T  ��� ����F=p� i_j_^ gZqZehf \u\h^Z

�������±

������ d=p

=hjbahglZevgZy ojhfZlbqghklv mkdhjbl_ey� χ[ ±��

IhemrbjbgZ j_ahgZgkZ ba�aZ $[ ≠ �

ih [_lZljhgghc qZklhl_ ��� ⋅��±�

ih bfimevkm ���� ⋅��±�
Iheh`_gb_ ih bfimevkm \ k_q_gbyo $�% jbk� �

\_jogyy djhfdZ k_iZjZljbku ��������� ⋅��±�

p_glj j_ahgZgkZ �4[  �� ��������� ⋅��±�

gb`gyy ]jZgbpZ j_ahgZgkZ �4[  �� ����������� ⋅��±�
jZ\gh\_kgZy qZklbpZ�ma_e k_iZjZljbku ���F=p �������

gb`gyy djhfdZ k_iZjZljbku ±�������� ⋅��±�

\_jogyy ]jZgbpZ imqdZ ±�����±���� ⋅��±�

p_glj imqdZ ±�����±���� ⋅��±�

gb`gyy ]jZgbpZ imqdZ ±�����±���� ⋅��±�
;_lZljhggZy qZklhlZ gZ jZ\gh\_kghc hj[bl_ ����F=p� �����

;_lZljhggZy qZklhlZ \ p_glj_ imqdZ� 4[ �����±�����

Lbi rmfZ nZah\uc

Kihkh[ nbevljZpbb² NGQ ;Zll_j\hjlZ ��]h ihjy^dZ

Gb`gyy qZklhlZ rmfZ '&

<_jogyy ]jZgbqgZy qZklhlZ rmfZ gZ mjh\g_ ±� ^; ����� d=p

beb ��� ⋅Ω���π
Ki_dljZevgZy iehlghklv fhsghklb rmfZ ijb \u\h^_� 3�* ����±���⋅��±� jZ^

�
�=p

NZdlhj nhjkbjh\Zgby rmfZ� *0 ��

JZafZo rmfh\h]h kb]gZeZ \ dhgp_ \u\h^Z� gZ mjh\g_ ±�σ ± ���� jZ^

beb ± ���� ]jZ^

>ebl_evghklv ieZlh fZ]gblgh]h ihey ��� k

>ebl_evghklv ieZlh fZ]gblgh]h ihey \ _^bgbpZo >W�@ ����

>ebl_evghklv iehkdhc \_jrbgu bfimevkZ \u\h^Z� W)7 ���� k

>hey imqdZ� \u\_^_ggZy \ iehkdhc qZklb bfimevkZ� ���� �

JZkkfhljbf ijhp_kk ijh^hevghc ^bnnmabb imqdZ� h^ghjh^gh]h ih Zabfmlm� ih^ ^_ckl�

\b_f kemqZcgh]h gZijy`_gby \b^Z

( ) ϕ����� beb ( ) ϕ����� � ����

]^_ X�W� h[hagZqZ_l gbadhqZklhlguc klZpbhgZjguc rmf k gme_\uf fZl_fZlbq_kdbf h`b^Zgb_f�

Imklv ghjfbjh\Zgguc kb]gZe X�W��95) bf__l ijyfhm]hevguc ki_dlj



�

��

( )


 Ω≤Ω

=Ω
����������	
��	����

������
���

��
� ����

A^_kv Ω���  �πI��� ± djm]h\Zy qZklhlZ kj_aZ ki_dljZ� * ± nZdlhj nhjkbjh\Zgby rmfZ ijb \u\h�

^_� � ≤ * ≤ *0� Kb]gZe kh ki_dljhf ���� fh`gh jZkkfZljb\Zlv dZd j_amevlZl nbevljZpbb [_eh]h

rmfZ q_j_a NGQ lbiZ ;Zll_j\hjlZ k ihjy^dhf Q → ∞� Lh]^Z ba ��� kjZam ihemqbf

��

��

�

� �

	
�� 5)X

σ= b
( )

��

��

�

�

��

�

	
�� 5)X

0

σ= � ����

Ijb gZ^e_`Zs_f \u[hj_ qZklhlu Ω��� dhwnnbpb_gl ^bnnmabb ih [ hdZau\Z_lky dmkhq�

gh�ihklhygguf b hlebqguf hl gmey \ ij_^_eZo imqdZ� ]^_ hg jZ\_g >�@

�

�

�

�

�

�

��

��
� �

��

	
���� 5)







γπβ

ω== � ����

A^_kv β b γ ± j_eylb\bklkdb_ nZdlhju� (� ± wg_j]by ihdhy qZklbp� H ± we_f_glZjguc aZjy^�

Imklv gZqZevguc ijhnbev imqdZ I�[� W  �� ≠ � ^ey [ ∈ >�� $@ b bf__l \b^ i_j_\_jgmlhc

iZjZ[heu k \_jrbghc \ [  $��� KqblZ_f� qlh kbkl_fZ rmfh\h]h gZ\_^_gby ih^^_j`b\Z_l ih�

klhygguc ihlhd Φ�W�  Φ���� Lh]^Z ij_^_evgmx �^ey *0 → ∞� ^ebl_evghklv bfimevkZ \u\h^Z
fh`gh hp_gblv dZd

( )
( )

( )
( )
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�

�
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�

�����

�����

�

��
�

W

$
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=

Φ
≅

=
=

∫
� ����

]^_ 1�W� ± qbkeh qZklbp \ imqd_� '� ± dhwnnbpb_gl ^bnnmabb ���� \ fhf_gl W  �� dh]^Z *  � ih

ij_^iheh`_gbx�

>ey dhg_qguo \_ebqbg *0 ^ebl_evghklv iehkdhc \_jrbgu bfimevkZ \u\h^Z W)7  

W)7�*0� � W6� >hey qZklbp� gZoh^ysboky \ iehkdhc qZklb bfimevkZ� jZ\gZ hlghr_gbx W)7�W6� K\yav

f_`^m W)7 b W6 fh`gh ]jm[h hp_gblv dZd




 <−≅

0

0

6)7

�

�
�� � ����

WlZ nhjfmeZ lhqgZ \ lhf kemqZ_� dh]^Z _kl_kl\_ggZy �^ey *�W�  �� m[uev imqdZ b^_l ih wdkih�

g_gpbZevghfm aZdhgm 1�W�  1���H[S�±W�W6�� IjZdlbq_kdbc bgl_j_k ij_^klZ\eyxl *0 ≥ ��±���

Ihwlhfm ijb ^Zevg_crbo hp_gdZo g_l kfukeZ jZaebqZlv W)7 b W6�

Ih^klZ\bf ���� \ ���� b \hkihevam_fky \ujZ`_gb_f ���� ^ey jZkq_lZ mjh\gy fhsghklb

rmfZ� < j_amevlZl_ ihemqbf
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�

�

��
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�
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 γβ
ω

Ω
σ

≅
5)5)X
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�� � ����

]^_ 7�  �π�ω� _klv i_jbh^ h[jZs_gby imqdZ ih hj[bl_� Ijb kh\f_klghf \ha[m`^_gbb g_dhjj_�

ebjh\Zgguo d\Z^jZlmjgh]h b kbgnZagh]h rmfh\ \b^Z ���� bo ^bki_jkbb σX

� kdeZ^u\Zxlky�

Qlh[u kha^Zlv h^ghgZijZ\e_ggu_ ihlhdb qZklbp d j_ahgZgkm \u\h^Z� ]jZgbqgZy qZklhlZ

ki_dljZ rmfZ Ω��� g_ ^he`gZ \uoh^blv aZ ij_^_eu qZklhlgh]h ihjlj_lZ imqdZ \[ebab jZ[hq_c



�

��

]Zjfhgbdb T  ��� qZklhlu h[jZs_gby� GZ ]jZgbp_ imqdZ [  $� Ihwlhfm k ^hklZlhqghc lhqgh�

klvx iheZ]Z_f
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]^_ ∆S6�S� ± bfimevkguc ihemjZaf_j k_iZjZljbku� η  α ± ��γ�� α  ������� ± dhwnnbpb_gl

jZkrbj_gby hj[bl� KZf `_ jZaf_j imqdZ $ jZ\_g kmff_

��

�
�

�

�

�
� %

∆+∆= � ����

]^_ ∆S%�S� ± rbjbgZ [mn_jgh]h kehy �h[eZklb \u\h^Z� b �∆S�S� ± iheguc bfimevkguc jZa[jhk

imqdZ \ W  ��

Ijb bkihevah\Zgbb rmfh\h]h \u\h^Z gZ ij_^_e_ \hafh`ghkl_c f_lh^Z \_ebqbgZ

PD[�σX

��95)

�� g_ fh`_l ij_\urZlv ���� Lh]^Z ^ey γ !! � ba ����±���� ke_^m_l
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���� � ����

Hlkx^Z ihgylgh� ihq_fm gm`gh mf_gvrZlv bfimevkguc jZaf_j imqdZ b jZaf_sZlv _]h [eb`_ d

imkluf k_iZjZljbkZf i_j_^ \u\h^hf� Kgb`_gb_ Zfieblm^u mkdhjyxs_]h gZijy`_gby g_`_eZ�

l_evgh� Ij_^ihqlbl_evgu [he__ gbadb_ wg_j]bb imqdZ�

Hp_gdZ ���� ih^l\_j`^Z_l� qlh ijb *0  �� ^hklb`bfh fbgbfZevgh_ \j_fy rmfh\h]h

\u\h^Z imqdZ ba M±��� jZ\gh_ ijbf_jgh �±��� k�

��� ImevkZpbb b ^himkdb

Qlh[u ihemqblv khihklZ\bfu_ nhjfmeu ^ey hp_ghd imevkZpbc \u\h^Z b ijh\_klb gm`�

gu_ nbabq_kdb_ ZgZeh]bb� [m^_f h^gh\j_f_ggh jZkkfZljb\Zlv ^\Z f_lh^Z gZ\_^_gby ² h[uq�

guc �gZah\_f _]h ^j_cnh\uc� b ^bnnmabhgguc�

Imklv [ ± dhhj^bgZlZ� ijhihjpbhgZevgZy� kdZ`_f� �S ± S���S� beb -�-6� GZqZeh hlkq_lZ

[  � kh\f_s_gh k iheh`_gb_f j_ahgZgkZ \u\h^Z� ]^_ gZoh^blky ih]ehsZxsZy kl_gdZ� Bf_ggh

hgZ \hkijbgbfZ_l g_\hafms_gguc ihlhd Φ�W� qZklbp gZ \u\h^� Iehlghklv qZklbp I�[� W�  � ^ey

[ � �� JZaebqZ_f h[eZklv \u\h^Z ² madbc [mn_jguc kehc� jZkiheh`_gguc \[ebab ih]ehsZx�

s_c kl_gdb� b kh[kl\_ggh y^jh imqdZ� ]^_ gZoh^blky hkgh\gZy ^hey qZklbp�

ImevkZpbb \u\h^Z ² wlh ijhp_kk� [ukljuc \ fZkrlZ[_ \j_f_gb kbkl_fZlbq_kdh]h

mf_gvr_gby iehlghklb qZklbp I�[� W� b khhl\_lkl\_ggh]h m\_ebq_gby dhwnnbpb_glZ ^bnnmabb

'�[� W� ijb rmfh\hf \u\h^_� Ihwlhfm f_^e_gguf baf_g_gb_f I�[� W� b '�[� W� fh`gh ihdZ ij_�

g_[j_qv� jZkkfZljb\Zy ³f]gh\_ggu_´ nmgdpbb I�[� b '�[��

ImevkZpbb \u\h^Z aZ\bkyl� ]eZ\guf h[jZahf� hl ^bgZfbdb qZklbp \ [mn_jghf keh_ �h[�

eZklb \u\h^Z�� KqblZ_f� qlh \ wlhf keh_�

�� ijb ^j_cnh\hf gZ\_^_gbb ihklhyggu iehlghklv qZklbp I�[� b kdhjhklv bo ^\b`_gby

9 \ gZijZ\e_gbb d [  ��

�� ijb ^bnnmabhgghf gZ\_^_gbb ihklhyggu dhwnnbpb_gl ^bnnmabb ' b ]jZ^b_gl Φ�'

iehlghklb qZklbp I�[�� ijbq_f I�[  ��  ��

Wlh mijhs_ggu_ fh^_eb� ^hklZlhqgu_ ^ey j_r_gby ihklZ\e_gghc aZ^Zqb� Ko_fu� be�

exkljbjmxsb_ h[Z kihkh[Z gZ\_^_gby� ihdZaZgu gZ jbk� �� b ��� <_ebqbgZ Γ h[hagZqZ_l nZd�

lhj ehdZevgh]h m\_ebq_gby l_fiZ gZ\_^_gby� ihykgy_fuc gb`_ \ dhff_glZjbyo d mjZ\g_�

gbx �����



�

��

Jbk� ��� Ko_fZ ^j_cnh\h]h gZ\_^_gby� Jbk� ��� Ko_fZ ^bnnmabhggh]h gZ\_^_gby�

Nhjfmeu k [md\_ggufb bg^_dkZfb �Z� b �[� hlghkylky d ^j_cnh\hfm b ^bnnmabhgghfm

f_oZgbafZf gZ\_^_gby khhl\_lkl\_ggh�

JZaf_klbf gZ dhhj^bgZl_ [: ! � \hh[jZ`Z_fmx ijh[gmx kl_gdm� Imklv hgZ ijhajZqgZ

^ey qZklbp b g_ \hafmsZ_l I� 9 b '� J_]bkljbjm_f ihlhd qZklbp� \oh^ysbo \ wlm kl_gdm kijZ\Z�

b hlh`^_kl\ey_f _]h k �\hafh`guf� ihlhdhf Φ qZklbp gZ \u\h^�

Nmgdpby jZkij_^_e_gby ^ey [ ≥ � \ h[eZklb \u\h^Z bf__l \b^

( ) �����=Φ=
	

�� � �Z�

( ) ( ) ������ =Φ=Φ=
�

�
��

��
�

�
�� � �[�

����

Ij_^iheh`bf� qlh g_\hafms_gguc ihlhd qZklbp \ k_q_gbb [  [: h^bgZdh\� gh ih^^_j`b\Z_lky

jZagufb f_oZgbafZfb ljZgkihjlZ qZklbp² i_j_ghkhf �^j_cnhf� beb ^bnnmab_c� Ihwlhfm

( )	��
:

=Φ � �Z�

( )
:
�

��

��
�=Φ � �[�

����

< h[hbo kemqZyo \hafms_gb_ ihlhdZ qZklbp ijb k^\b]_ dhhj^bgZlu ijh[ghc kl_gdb gZ G[:
h[tykgy_lky __ \hafh`guf kdj_ibjmxsbf ^_ckl\b_f� Ba�aZ g_]h aZ \j_fy GW j_]bkljbjm_lky

^h[Z\dZ G1  I�[:� G[: d qbkem \u\h^bfuo qZklbp� Ihwlhfm
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��
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Φ==Φδ � �Z�

( )
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��
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:

�

�

Φ==Φδ � �[�
����

Ihf_oZ gZ k_l_\hc ]Zjfhgbd_ \ kbkl_f_ iblZgby fZ]gblghc hilbdb \uau\Z_l kbgmkhb�

^Zevgh_ ^\b`_gb_
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ω+= ���
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� ����

A^_kv D ± Zfieblm^Z ihf_ob� i_j_kqblZggZy d _^bgbpZf >[@� ω ± __ djm]h\Zy qZklhlZ� [� ± ihklh�

yggh_ kf_s_gb_� <ihke_^kl\bb [� → �� Ih ij_^iheh`_gbx� i_jbh^ ihf_ob �π�ω �� W6� ]^_ W6 ±

^ebl_evghklv \u\h^Z� Ih^klZgh\dZ ���� \ ���� ijb\h^bl d

( ) ( ) ( )�
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���� ωωΦ=ωω=Φδ ������

�
� �Z�

( ) ( ) ( )�
�

�
���� ωωΦ+ωω=Φδ ����
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�

�
� �[�

����

I_j\h_ keZ]Z_fh_ nhjfmeu ���[� bf__l lm `_ ijbjh^m� qlh b \ky hrb[dZ ���Z�� H^gZdh ijb

^bnnmabhgghf gZ\_^_gbb ijhnbev imqdZ I�[�� → � ih f_j_ ijb[eb`_gby d j_ahgZgkm \u\h^Z

�ih]ehsZxs_c kl_gd_� b [� → �� < wlhf ij_^_e_ hklZ_lky lhevdh \lhjh_ keZ]Z_fh_ kmffu ���[��

Ihwlhfm hlghkbl_evgmx imevkZpbx \u\h^guo ihlhdh\ fh`gh aZibkZlv dZd

( )�
	

� ωω=ΦΦδ ��� � �Z�

( )�
�

� ωω=ΦΦδ ����
�

�

� �[�

����

LZdbf h[jZahf� ijb ^bnnmabhgghf gZ\_^_gbb imevkZpbb \u\h^Z \uklmiZxl dZd wnn_dl

\lhjh]h ihjy^dZ ih D� K wlbf k\yaZgh b m^\h_gb_ qZklhlu imevkZpbc \u\h^Z� Bo ibdh\u_ agZ�

q_gby kmlv

5
�

	

� ω=ω≤ΦΦδ � �Z�
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�

� ω=ω≤ΦΦδ
�

�

� �[�
����

A^_kv W5  W5�D� bf__l nbabq_kdbc kfuke oZjZdl_jgh]h \j_f_gb j_eZdkZpbb ihlhdZ qZklbp ijb

_]h \hafms_gbyo k ijhkljZgkl\_gguf fZkrlZ[hf� jZ\guf Zfieblm^_ D \g_rg_c ihf_ob� Kh\�

iZ^_gb_ ijZ\uo qZkl_c \ ���� ]h\hjbl h koh^ghc dZjlbg_ k]eZ`b\Zgby imevkZpbc \u\h^Z� H^�

gZdh f_oZgbaf ljZgkihjlZ qZklbp \ jZkkfZljb\Z_fuo kemqZyo jZaebq_g� b ihlhfm
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J_r_gb_ mjZ\g_gby ^bnnmabb ^ey mijhs_gghc djZ_\hc aZ^Zqb h \hkklZgh\e_gbb deb�

ghh[jZagh]h ijhnbey I�[� ihke_ f]gh\_ggh]h kdZqdZ gZ ±D dhhj^bgZlu ih]ehsZxs_c kl_gdb

b ijb aZ^Zgghf ihlhd_ Φ kijZ\Z �kf� jbk� ��� ih^l\_j`^Z_l gZebqb_ lbibqgh]h ^bnnmabhggh]h

\j_f_ggh]h fZkrlZ[Z ���[�� Nbabq_kdbc kfuke ���Z� hq_\b^_g ² wlh h[uqgh_ ijhe_lgh_

\j_fy�

H[_ mijhs_ggu_ fh^_eb� jZkkfZljb\Z_fu_ a^_kv� ij_^iheZ]Zxl \uiheg_gb_ g_jZ\_g�

kl\Z W5 �� �π�ω� Ba�aZ g_]h aZly]b\Zxlky jZaju\u \ \u\h^guo ihlhdZo�



�

��

DZd ko_fZlbq_kdb ihdZaZgh gZ jbk� �� b ��� kdhjhklv gZ\_^_gby 9 beb dhwnnbpb_gl

^bnnmabb ' \[ebab j_ahgZgkZ \u\h^Z fh]ml hlebqZlvky� khhl\_lkl\_ggh� hl kdhjhklb i_j_ghkZ

qZklbp 9& beb hl dhwnnbpb_glZ bo ^bnnmabb '& \ y^j_ imqdZ� LZd ijhbkoh^bl� kdZ`_f� ijb

bkihevah\Zgbb f_oZgbafZ ijh^Z\eb\Zgby imqdZ q_j_a maeu k_iZjZljbk� eb[h ijb ehdZevghf

m\_ebq_gbb dhwnnbpb_glZ ^bnnmabb� Mql_f \hafh`ghklv lZdhc fh^bnbdZpbb ko_fu \u\h^Z�

\\_^y nZdlhj ehdZevgh]h m\_ebq_gby l_fiZ gZ\_^_gby


≥=Γ
&

		 � �Z�



��

≥==Γ
&&

���� � �[�
����

]^_ '  '�*� '&  '&�*� * ± nZdlhj nhjkbjh\Zgby rmfZ ijb \u\h^_� � ≤ * ≤ *0 b *  � ^ey

W  ��

H[hagZqbf $ ij_^_evguc jZaf_j imqdZ ih dhhj^bgZl_ [� Lh]^Z \j_fy W6 \u\h^Z \k_o qZk�

lbp fh`gh hp_gblv dZd �kjZ\gb k ���� b �����

&
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�
� ≅ � �Z�

�

�

	
&

6

�

�
� ≅ � �[�

����

Hlkx^Z e_]dh i_j_clb d hdhgqZl_evguf hp_gdZf jZafZoZ imevkZpbc \u\h^Z \ hl\_l gZ kbgm�

khb^Zevgmx ihf_om ���� k m]eh\hc qZklhlhc ω b ihklhygghc khklZ\eyxs_c [� → ��

ω
Γ






ω≤ΦΦδ ���	�����
	�




�

�
�
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� �Z�

ωωδ ������
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�

�

�

��

�
�
6 Γ






≤ΦΦ � �[�

����

>ey gZ]ey^ghklb jZkkfhljbf qbkeh\hc ijbf_j� Imklv [ ∝ �S ± S���S�� Γ  � b *  ��

<havf_f lbibqgu_ ^ey M±�� iZjZf_lju ω  �π × ��� =p� W6  � F� $  �∆S�S�  �⋅��±�� >ey ijh�
klhlu kqblZ_f� qlh ijb_fe_fh_ dZq_kl\h \u\h^Z ^hklb]Z_lky ijb _δΦ�Φ_ ≤ �� Lh]^Z ba ���� ih�

emqbf ^himkd gZ Zfieblm^m imevkZpbc jZkklhygby ih bfimevkm f_`^m imqdhf b j_ahgZgkhf�

�

�


−⋅≤� � �Z�

�

��

−⋅≤� � �[�
����

>ey χ[  ±�� b 4[  ��� ba g_jZ\_gkl\Z ���Z� hp_gbf ^himkd gZ Zfieblm^m imevkZpbc [_�

lZljhgghc qZklhlu _δ4[_ ≤ �⋅��±� beb _δ4[�4[_ ≤ �⋅��±�� Wlh gZoh^blky aZ ij_^_eZfb l_ogbq_kdbo
\hafh`ghkl_c bklhqgbdh\ iblZgby d\Z^jmihevguo p_i_c� Hgb ijb\h^yl d imevkZpbyf gZ mjh\�

g_ _δ4[�4[_ ≤ �⋅��±� >�@� Bkihevah\Zgb_ f_lh^Z ijh^Z\eb\Zgby imqdZ q_j_a maeu k_iZjZljbk ijb�

\h^bl d wnn_dlb\guf agZq_gbyf nZdlhjZ Γ� jZ\guf ijbf_jgh �±�� Ihwlhfm ^j_cnh\uc f_oZ�

gbaf gZ\_^_gby \ M±�� ijZdlbq_kdb bkq_jiZe k\hb \hafh`ghklb \ ieZg_ m\_ebq_gby ^ebl_ev�

ghklb \u\h^Z ijb khojZg_gbb _]h dZq_kl\Z�

KblmZpby k ^bnnmabhgguf gZ\_^_gb_f aZf_lgh emqr_� >_ckl\bl_evgh� imklv hlghkb�

l_evgu_ hrb[db fZ]gblgh]h ihey δ%�% b jZ^bhqZklhlu δω5)�ω5) nmgdpbhgZevgh g_aZ\bkbfu�

Lh]^Z hrb[dZ \h \aZbfghf iheh`_gbb p_gljZevghc hj[blu �Z k g_x b k_iZjZljbku� b p_gljZ

ly`_klb imqdZ khklZ\bl \_ebqbgm >�@
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��

��
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ω
δω+





 δα

η
≤δ

5)

5)

�

�

�

�
� ����

]^_ α  ������� ± dhwnnbpb_gl jZkrbj_gby hj[bl� η  α ± ��γ�� γ ± j_eylb\bklkdbc nZdlhj� Ijb
hldexq_gguo Zdlb\guo nbevljZo \ bklhqgbd_ iblZgby dhevp_\h]h we_dljhfZ]gblZ M±�� hlgh�

kbl_evguc jZafZo imevkZpbc _]h \uoh^gh]h gZijy`_gby δ9�9 g_ ij_\urZ_l ±�⋅��±�� :dlb\gh_
khijhlb\e_gb_ dhevp_\h]h we_dljhfZ]gblZ 5  ��� Hf� Z _]h bg^mdlb\ghklv /  ��� =g� Ihwlhfm

hlghkbl_evgZy \_ebqbgZ hrb[db fZ]gblgh]h ihey gZ qZklhl_ ω khklZ\bl

�

��

−⋅≅δ
ω

≤δ
	

	

�

�

�

�
� ����

< kh\j_f_gguo dhff_jq_kdb ^hklmiguo aZ^Zxsbo ]_g_jZlhjZo hlghkbl_evgZy \_ebqb�

gZ ]Zjfhgbq_kdhc g_klZ[bevghklb qZklhlu δω5)�ω5) g_ om`_ ±�⋅��±�� Ih wlhc ijbqbg_ i_j\h_

keZ]Z_fh_ ih^ jZ^bdZehf \ ���� ^hfbgbjm_l� Lh]^Z k mq_lhf γ !! � wlZ nhjfmeZ ijbgbfZ_l \b^

�

�


��
−⋅≤δ≅δ

η
α≤δ

�

�

�

�

�

�
� ����

< blh]_� \ W  � ^himkd gZ imevkZpbb ���[� [m^_l \uihegylvky k ���djZlguf aZiZkhf� Ih

oh^m \u\h^Z nZdlhj * jZkl_l k � ^h *0 ≅ ��� Ihwlhfm d dhgpm \u\h^Z wlhl ^himkd [m^_l \u�

ihegylvky m`_ kh ����djZlguf aZiZkhf�

< jZkihjy`_gbb jZajZ[hlqbdZ hklZxlky _s_ ^\_ \hafh`ghklb ^ey ^Zevg_cr_]h ih^Z\�

e_gby imevkZpbc \u\h^Z�

�� <\_^_gb_ dhjj_dpbb δω5) \ hl\_l gZ kb]gZe hrb[db δ%� Wlh iha\hebl kdhfi_gkbjh�
\Zlv ihke_^kl\by g_klZ[bevghklb fZ]gblgh]h ihey gZ ieZlh \u\h^Z� Lh]^Z j_amevlbjmxsZy

Zfieblm^Z imevkZpbc bfimevkghc dhhj^bgZlu p_gljZevghc hj[blu k\_^_lky d \_ebqbg_

�

�









ω
δω−δα

η
≤δ

5)

5)

�

�

�

�
� ����

H`b^Z_lky� qlh lZdbf kihkh[hf hklZlhqgZy hrb[dZ ih bfimevkm ���� [m^_l mf_gvr_gZ ijb�

f_jgh \ �� jZa ih kjZ\g_gbx k ���� b �����

�� Bkihevah\Zgb_ f_oZgbafZ ehdZevgh]h m\_ebq_gby l_fiZ gZ\_^_gby b \u[hj nZdlhjZ

Γ ! �� ���[�� GZ ijZdlbd_ ^hklZlhqgh ihemqblv Γ fZkrlZ[Z �±��

< p_ehf� kbkl_fZ ^himkdh\ gZ imevkZpbb ^ey ko_fu klhoZklbq_kdh]h f_^e_ggh]h \u\h�

^Z imqdZ ba M±�� \uihegbfZ l_ogbq_kdb�

�!(%14#"�#�

Ijb\_^_ggu_ a^_kv hibkZgb_ b jZkq_l ko_fu klhoZklbq_kdh]h �rmfh\h]h� f_^e_ggh]h

j_ahgZgkgh]h \u\h^Z imqdZ ba mkdhjbl_ey M±�� k\b^_l_evkl\mxl h \hafh`ghklb l_ogbq_kdhc

j_ZebaZpbb wlhc kbkl_fu� Ih^l\_j`^Z_lky b ^hklb`bfhklv ihklZ\e_gguo p_e_c ² m\_ebq_gb_

^ebl_evghklb \u\h^Z b memqr_gb_ _]h dZq_kl\Z�

:\lhju ijbagZl_evgu ijhn_kkhjm D�I� Fuagbdh\m� dhlhjuc ijb\e_d bo \gbfZgb_ d

aZ^Zq_ rmfh\h]h \u\h^Z ba M±�� b gZklhye gZ __ ^_lZevghf bamq_gbb�



�

��

� ���(�%��#�!�)�-�

>�@ 6� YDQ GHU 0HHU� 6WRFKDVWLF ([WUDFWLRQ� D /RZ�5LSSOH 9HUVLRQ RI 5HVRQDQW ([WUDFWLRQ�

&(51�36�$$ 1RWH ��±�� 0DUFK �����

>�@ 5� &DSSL� :� +DUGW� &K� 6WHLQEDFK� 8OWUDVORZ ([WUDFWLRQ ZLWK *RRG 4XDOLW\ )DFWRU� ± ,Q� 3URFHHG�

RI WKH ��
WK ,QWHUQ� &RQI� RQ +LJK�(QHUJ\ $FFHOHUDWRUV� ± *HQHYD� -XO\ ����� SS� ���±����

>�@ *� 0ROLQDUL� +� 0XOGHU� 7KH ,PSURYHG 8OWUD 6ORZ ([WUDFWLRQ 1RLVH 6\VWHP DW /($5� ± ,Q�

3URFHHG� RI WKH �
WK (3$&±�� ± /RQGRQ� -XO\ ����� YRO� �� SS� ����±�����

>�@ K�<� B\Zgh\� Ijh^hevgZy ^bnnmaby k]mkldZ ijhlhgh\ ih^ ^_ckl\b_f \g_rg_]h rmfZ�

Ij_ijbgl BN<W ��±��� ± Ijhl\bgh� �����

>�@ K�<� B\Zgh\� Ijh^hevgZy ^bnnmaby k]mkldZ ijhlhgh\ ih^ ^_ckl\b_f \g_rg_]h rmfZ �rbjh�

dhihehkguc rmf�� Ij_ijbgl BN<W ��±��� ± Ijhl\bgh� �����

>�@ 6� ,YDQRY� 2� /HEHGHY� &RDVWLQJ %HDP LQ +(5$�S 5LQJ� 5HSRUW '(6< +(5$ ��±��� ± +DP�

EXUJ� �����

>�@ K�<� B\Zgh\� H�I� E_[_^_\� Baf_g_gb_ ijh^hevghc nhjfu k]mkldh\ \ mkdhjbl_e_ M±��

k ihfhsvx rmfh\hc <Q�]bfgZklbdb� >hdeZ^ K�±��� ���y Dhgn_j_gpby ih mkdhjbl_eyf aZ�

jy`_gguo qZklbp 583$&������ ± H[gbgkd� ����� :W� l� ��� \ui� �� ����� k� ���±����

>�@ D�I� Fuagbdh\� H[ahj j_amevlZlh\ ih jZajZ[hld_ \ukhdhwnn_dlb\guo kbkl_f \u\h^Z mkdh�

jbl_e_c gZ \ukhdb_ wg_j]bb� Ljm^u ��]h <k_khxagh]h kh\_sZgby ih mkdhjbl_eyf aZjy`_g�

guo qZklbp� ± >m[gZ� ����� l� �� k� ��±���

>�@ :�:� Dhehf_gkdbc� :�G� E_[_^_\� L_hjby pbdebq_kdbo mkdhjbl_e_c� ± F�� NbafZl]ba�

�����

Jmdhibkv ihklmibeZ �� fZy ���� ]�
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K�<� B\Zgh\� H�I� E_[_^_\�

Bkke_^h\Zgb_ \hafh`ghklb klhoZklbq_kdh]h f_^e_ggh]h \u\h^Z imqdZ ba kbgojhljhgZ M±���

Hjb]bgZe�fZd_l ih^]hlh\e_g k ihfhsvx kbkl_fu:RUG�

J_^Zdlhj G�<� ?`_eZ�

Ih^ibkZgh d i_qZlb ���������� NhjfZl ��o������ Hnk_lgZy i_qZlv�

I_q�e� ����� Mq��ba^�e� ���� LbjZ` ���� AZdZa ���� Bg^_dk �����

EJ ������� ���������

=GP JN Bgklblml nbabdb \ukhdbo wg_j]bc�

������� Ijhl\bgh Fhkdh\kdhc h[e�



Bg^_dk ����

I J ? I J B G L ����±��� BN<W� ����


