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41 <\_^_gb_
DeZkl_j ² kbkl_fZ k\yaZgguo Zlhfh\ b fhe_dme1 DeZkl_j/ khklhysbc ba

[hevrh]h qbkeZ Zlhfguo qZklbp/ \hh[s_ ]h\hjy/ g_ y\ey_lky fZdjhkdhibq_-
kdhc kbkl_fhc1 Wlh hagZqZ_l/ qlh iZjZf_lju deZkl_jZ g_ \k_]^Z y\eyxlky fh-
ghlhgghc nmgdpb_c qbkeZ qZklbp \ g_f1 GZb[he__ j_adh_ baf_g_gb_ iZjZ0
f_ljh\ deZkl_jZ bf__l f_klh ijb ijhoh`^_gbb lZd gZau\Z_fuo fZ]bq_kdbo
qbk_e >4 ² 8@1 FZ]bq_kdbf qbkeZf hl\_qZxl gZb[he__ mklhcqb\u_ dhgnb]m-
jZpbb/ b ihwlhfm ijb ba\e_q_gbb deZkl_jh\ ba bklhqgbdZ deZkl_ju k fZ]b0
q_kdbf qbkehf Zlhfh\ \ g_f [m^ml oZjZdl_jbah\Zlvky [he__ \ukhdbfb lhdZfb/
q_f deZkl_ju k [ebadbfb agZq_gbyfb qbk_e Zlhfh\1

Ijbgylh kqblZlv/ qlh ih\_joghklgu_ Zlhfu deZkl_jZ h[jZamxl h[hehqdm/
b fZ]bq_kdb_ qbkeZ Zlhfh\ \ deZkl_j_ khhl\_lkl\mxl hdhgqZgbx aZiheg_gby
hij_^_e_gghc h[hehqdb1 Ijb lZdhf jZkkfhlj_gbb jZaebqgu_ iZjZf_lju deZ-
kl_jZ dZd nmgdpby qbkeZ qZklbp \ g_f ^he`gu bf_lv kdZqhd ijb fZ]bq_kdhf
qbke_ Zlhfh\ \ deZkl_j_ b fhghlhggh baf_gylvky ih f_j_ aZiheg_gby h[h0
ehqdb1 Wlh ih^l\_j`^Z_lky jZaebqgufb wdki_jbf_glZevgufb bkke_^h\Zgby0
fb >9 ² <@1 < lZdhf kemqZ_ fh`gh kqblZlv/ qlh ih\_joghklgu_ k\hckl\Z deZ-
kl_jZ hij_^_eyxlky ihke_^g_c h[hehqdhc Zlhfh\1 >ey ihgbfZgby kl_i_gb
kijZ\_^eb\hklb wlh]h ml\_j`^_gby g_h[oh^bfh ijhZgZebabjh\Zlv ih\_jogh-
klgu_ k\hckl\Z deZkl_jh\ \ jZfdZo jZaebqguo fh^_e_c1 < ^Zgghc klZlv_ lZdh_
kjZ\g_gb_ ijh\h^blky ^ey deZkl_jh\/ f_`^m ZlhfZfb beb fhe_dmeZfb dhlh-
jh]h bf__l f_klh dhjhldh^_ckl\mxs__ \aZbfh^_ckl\b_1

51 Ih\_joghklgZy wg_j]by deZkl_jZ
Hij_^_ebf ih\_joghklgmx wg_j]bx deZkl_jZ1 JZkkfhljbf kgZqZeZ fZd0

jhkdhibq_kdmx dhg^_gkbjh\Zggmx kbkl_fm/ ba dhlhjhc fh`_l [ulv \uj_aZg
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deZkl_j1 >Ze__ j_amevlZlu/ ihemq_ggu_ ^ey fZdjhkdhibq_kdhc kbkl_fu/ bk-
ihevam_f ^ey deZkl_jZ1

<\_^_f ih\_joghklgmx wg_j]bx fZdjhkdhibq_kdhc kbkl_fu dZd wg_j]bx/
dhlhjZy aZljZqb\Z_lky gZ _^bgbpm iehsZ^b ijb jZaj_aZgbb we_f_glZ dhg0
^_gkbjh\Zgghc kbkl_fu1 Imklv N — iehlghklv fhe_dme +beb Zlhfh\, \ dhg0
^_gkbjh\Zgghc kbkl_f_/ ∆Η ² wg_j]by/ aZljZqb\Z_fZy gZ ij_\jZs_gb_ dhg0
^_gkbjh\Zggh]h l_eZ \ ]Za +iZj, \ jZkq_l_ gZ h^gm fhe_dmem1 Ih^kqblZ_f wlm
\_ebqbgm ^ey jZaguo fh^_e_c/ iheZ]Zy dhjhldh^_ckl\mxsbc oZjZdl_j \aZb
fh^_ckl\by f_`^m fhe_dmeZfb \ kbkl_f_1 >jm]h_ kms_kl\_ggh_ ij_^iheh`_-
gb_ k\yaZgh k l_f/ qlh \ ijhp_kk_ jZaj_aZgby oZjZdl_j jZkij_^_e_gby fhe_dme
gZ h[jZam_fuo ih\_joghklyo g_ f_gy_lky/ qlh \uihegy_lky ^ey jZkkfZljb0
\Z_fhc kbkl_fu k dhjhldh^_ckl\mxsbf \aZbfh^_ckl\b_f fhe_dme1

Bkihevam_f kgZqZeZ kemqZcgmx fh^_ev/ iheZ]Zy kemqZcguc oZjZdl_j jZk0
ij_^_e_gby fhe_dme \gmljb kbkl_fu1 Lh]^Z gZ ih\_joghklb iehsZ^b S gZ0
oh^blky k dZ`^hc klhjhgu ih SN2/3 fhe_dme1 M dZ`^hc ba wlbo fhe_dme jZ-
ahj\ZgZ iheh\bgZ k\ya_c/ l1_1 wg_j]by/ aZiZk_ggZy \ h^ghc fhe_dme_/ gZoh0
^ys_cky gZ ih\_joghklb/ jZ\gZ ∆Η/21 Hlkx^Z gZoh^bf ih\_joghklgmx wg_j0
]bx/ ijboh^ysmxky gZ _^bgbpm iehsZ^b ^ey ^Zgghc fh^_eb=

JZkkfhljbf l_i_jv [he__ j_Zebklbqgmx fh^_ev/ dh]^Z Zlhfu beb fhe_0
dmeu kbkl_fu h[jZamxl h^bg ba djbklZeeh\ k iehlghc miZdh\dhc/ bf_xsbc
dm[bq_kdmx ]jZg_p_gljbjh\Zggmx j_r_ldm >43 ² 47@1 < wlhf djbklZee_ dZ`-
^Zy ba fhe_dme bf__l 45 [eb`Zcrbo khk_^_c/ k dhlhjufb hgZ b \aZbfh^_c0
kl\m_l1 Dm[bq_kdZy ]jZg_p_gljbjh\ZggZy j_r_ldZ fh`_l [ulv khklZ\e_gZ ba
^\mo j_r_lhd/ \klZ\e_gguo h^gZ \ ^jm]mx1 M dZ`^hc ba wlbo j_r_lhd fhe_0
dmeu gZoh^ylky gZ iZjZee_evguo iehkdhklyo/ h[jZamy gZ gbo d\Z^jZlgmx
k_ldm kh klhjhghc d\Z^jZlZ Z +Z ² jZkklhygb_ f_`^m khk_^gbfb fhe_dmeZfb
kljmdlmju,1 JZkklhygb_ f_`^m khk_^gbfb iehkdhklyfb ^ey dZ`^hc ba j_r_lhd
jZ\gh 5Z , b hgb kf_s_gu ^jm] hlghkbl_evgh ^jm]Z lZdbf h[jZahf/ qlh dZ`^Zy
ba fhe_dme h^ghc j_r_ldb gZoh^blky \ p_glj_ iZjZee_e_ibi_^Z +kh klhjhghc
d\Z^jZlZ Z b \ukhlhc 5Z ), y\eyxsbfky we_f_glZjghc yq_cdhc ^jm]hc djb0
klZeebq_kdhc j_r_ldb1

Hij_^_ebf m^_evgmx ih\_joghklgmx wg_j]bx j_r_ldb/ kqblZy/ qlh jZa0
j_a ijh\_^_g f_`^m ^\mfy iehkdhklyfb j_r_ldb1 <\h^y D —wg_j]bx jZaju\Z
k\yab f_`^m dZ`^hc iZjhc [eb`Zcrbo khk_^_c/ gZoh^bf ∆Η=6D, b[h dZ`^Zy
fhe_dmeZ bf__l 45 khk_^_c1 DZ`^Zy fhe_dmeZ ih\_joghklgh]h kehy bf__l ;
khk_^_c/ dZ`^Zy fhe_dmeZ ke_^mxs_]h kehy bf__l 45 khk_^_c1 Ihkdhevdm iehl0
ghklv fhe_dme gZ ih\_joghklb jZ\gZ 42Z2/ bf__f ?ih\ = 2D2Z2. Ihkdhevdm
iehlghklv fhe_dme \ ]jZg_p_gljbjh\Zgghc j_r_ld_ jZ\gZ 625 Z , bf__f hl0
kx^Z

DZd \b^gh/ ^ZggZy fh^_ev ^Z_l j_amevlZl/ [ebadbc d j_amevlZlm kemqZcghc
fh^_eb1 <b^bfh/ \ujZ`_gb_ ^ey m^_evghc ih\_joghklghc wg_j]bb g_qm\kl-
\bl_evgh d fh^_eb1

Bkihevam_f ihemq_ggu_ j_amevlZlu ^ey deZkl_jZ/ kqblZy _]h fZdjhkdh-
ibq_kdhc kbkl_fhc1 ;m^_f kqblZlv/ qlh deZkl_j ih^h[_g dZie_ b bf__l kljmd-
lmjm dm[bq_kdhc ]jZg_p_gljbjh\Zgghc j_r_ldb1 AZf_lbf/ qlh lZdZy dZi_ev0
gZy fh^_ev g_y\gh ih^jZamf_\Z_l/ qlh deZkl_j bf__l aZfdgmlmx h[hehqdm1
IhegZy wg_j]by deZkl_jZ/ khklhys_]h ba i fhe_dme b bf_xs_]h jZ^bmk r +wlZ
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wg_j]by aZljZqb\Z_lky gZ ij_\jZs_gb_ deZkl_jZ \ ]Za/ khklhysbc ba k\h[h^guo
fhe_dme,/ jZ\gZ

Bkihevamy k\yav f_`^m qbkehf fhe_dme \ deZkl_j_ b _]h jZ^bmkhf
62,2+57 5DUQ π= / bf__f

Hlkx^Z gZoh^bf wg_j]bx k\yab n-c fhe_dmeu
4,/;8/34+ 624

4 >>−∆=−=∆ −
− QQÇQQQ εεε . (4)

DZd \b^gh ba wlhc nhjfmeu/ \deZ^ ih\_joghklghc wg_j]bb \ wg_j]bx k\yab
fhe_dmeu kms_kl\_g_g ^Z`_ ijb [hevrhf qbke_ fhe_dme \ deZkl_j_1 Hlf_lbf/
qlh \ khhl\_lkl\bb k bkihevah\Zgghc fh^_evx ^Zgguc j_amevlZl mqblu\Z_l
kljmdlmjm h[hehqdb deZkl_jZ b y\ey_lky g_dhlhjhc mkj_^g_gghc oZjZdl_jb-
klbdhc1 J_Zevgh wg_j]by k\yab fhe_dmeu k deZkl_jhf aZ\bkbl hl kl_i_gb aZ0
iheg_gby ^Zgghc b ^jm]bo h[hehq_d deZkl_jZ/ Z lZd`_ hl ijbjh^u kZfhc h[h0
ehqdb1

61 DeZkl_j kh kljmdlmjhc ]jZg_p_gljbjh\Zgghc j_r_ldb

>ey \uykg_gby jheb jZaebqguo nZdlhjh\ \ deZkl_j_ k g_aZiheg_gghc
h[hehqdhc jZkkfhljbf ih\_joghklgu_ wnn_dlu ^ey deZkl_jZ k iehlghc miZ-
dh\dhc/ dhlhjuc fh`_l [ulv \uj_aZg ba dm[bq_kdhc ]jZg_p_gljbjh\Zgghc
j_r_ldb1 Ijh^_eZ_f wlm hi_jZpbx k[hjdb deZkl_jZ k ihfhsvx ]jZg_p_gljb-
jh\Zgghc j_r_ldb ke_^mxsbf h[jZahf1 <u[_j_f h^gm ba fhe_dme j_r_ldb
\ dZq_kl\_ p_gljZ deZkl_jZ1 >Ze__ \dexqbf \ deZkl_j lhevdh l_ fhe_dmeu
j_r_ldb/ jZkklhygb_ hl dhlhjuo ^h p_gljZ deZkl_jZ g_ ij_\urZ_l hij_^_-
e_gghc \_ebqbgu1 LZdhc deZkl_j fh`_l \hagbdgmlv/ gZijbf_j/ \ kemqZ_ \aZ-
bfh^_ckl\by bhgZ k ZlhfZfb bg_jlgh]h ]ZaZ1 Lh]^Z bhg y\ey_lky p_gljhf deZ-
kl_jZ/ Z Zlhfu \aZbfh^_ckl\mxl lhevdh k [eb`Zcrbf khk_^hf/ b \h \gmlj_gg_c
h[eZklb deZkl_jZ dZ`^uc Zlhf bf__l 45 [eb`Zcrbo khk_^_c1

Ihkljhbf jZkkfZljb\Z_fuc deZkl_j1 Ijb wlhf \u[_j_f \ dZq_kl\_ hkb
z — gZijZ\e_gb_/ i_ji_g^bdmeyjgh_ iehkdhklyf j_r_ldb/ Z \ dZq_kl\_ hk_c
o b m ² gZijZ\e_gby hl p_gljZevgh]h ZlhfZ d [eb`Zcrbf d g_fm ZlhfZf gZ
iehkdhklb j_r_ldb1 JZkkfZljb\Z_fuc deZkl_j bf__l fgh]h iehkdhkl_c kbf0
f_ljbb1 JZa^_ebf \hafh`gu_ lbiu kbff_ljbb gZ ^\_ ]jmiiu1 D i_j\hc ba
gbo hlg_k_f kbff_ljbx hlghkbl_evgh ij_h[jZah\Zgby ]\o ←← →→ / dh \lhjhc ²

hlghkbl_evgh ij_h[jZah\Zgbc ]]\\[o −→−→−→ ←←← // 1 <u[_j_f \ dZq_kl\_ _^b-

gbpu baf_j_gby jZkklhygb_ f_`^m khk_^gbfb iehkdhklyfb j_r_ldb 52D +\
wlbo _^bgbpZo jZkklhygb_ f_`^m [eb`Zcrbfb khk_^yfb jZ\gh 5 ). < kbem
mdZaZgguo kbff_ljbb ]jmiiu fhe_dme \ deZkl_j_ h[jZamxl h[hehqdb/ lZd
qlh \k_ fhe_dmeu khhl\_lkl\mxs_c h[hehqdb gZoh^ylky gZ h^bgZdh\hf jZk0
klhygbb b i_j_oh^yl ^jm] \ ^jm]Z ijb jZg__ mdZaZgguo ij_h[jZah\Zgbyo1

< lZ[e1 , ijb\_^_gu dhhj^bgZlu fhe_dme khhl\_lkl\mxs_c h[hehqdb deZ-
kl_jZ \ ihjy^d_ \hajZklZgby jZ^bmkZ h[hehqdb1 Ijb wlhf mdZaZgu dhhj^bgZlu
lhc fhe_dmeu/ m dhlhjhc z<x<y b \k_ dhhj^bgZlu iheh`bl_evgu1 Dhhj^b0
gZlu ^jm]bo fhe_dme fh]ml [ulv ihemq_gu ba wlbo khhl\_lkl\mxsbfb ij_0
h[jZah\Zgbyfb ,//>+ ]]\\[[]\[ −→−→−→

←
→

←
→

Mkeh\gh fh`gh jZa^_eblv h[hehqdb gZ g_dhlhju_ lbiu1 H[hehqdZf h^gh]h
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lbiZ hl\_qZ_l h^bgZdh\Zy kbff_ljby/ Z lZd`_ h^bgZdh\uc oZjZdl_j aZihe-
g_gby/ \ lhf qbke_ b dhebq_kl\h [eb`Zcrbo khk_^_c \ ijhp_kk_ aZiheg_gby
h[hehqdb1 Qbkeh [eb`Zcrbo khk_^_c ^ey fhe_dme khhl\_lkl\mxs_c h[hehqdb/
Z lZd`_ ih\_joghklgZy wg_j]by deZkl_jZ ihke_ aZiheg_gby wlhc h[hehqdb kh0
^_j`blky \ lZ[e1 ,1 ?keb [eb`Zcrbfb khk_^yfb y\eyxlky fhe_dmeu ba lhc
`_ h[hehqdb/ lh qbkeh [eb`Zcrbo khk_^_c ^ey fhe_dme ^Zgghc h[hehqdb f_-
gy_lky \ ijhp_kk_ __ aZiheg_gby1 Wlh hlf_q_gh \ lZ[e1 ,1

LZ[ebpZ ,1 IZjZf_lju h[hehq_d deZkl_jZ kh kljmdlmjhc ]jZg_p_gljbjh\Zgghc dm[bq_kdhc j_0
r_ldb

Ba ZgZebaZ ^Zgguo lZ[e1 , ke_^m_l/ qlh ihgylb_ h[hehqdb [hevrh]h deZ-
kl_jZ g_ ghkbl klhev dZl_]hjbqgh]h oZjZdl_jZ/ dhlhjuc fu g_y\gh \ g_]h
\deZ^u\Z_f1 >_ckl\bl_evgh/ \ wlhf kemqZ_ fu jZkkqblu\Z_f gZ ZgZeh]bx k
ZlhfZfb/ hibkZgb_ kljmdlmju dhlhjuo hkgh\Zgh gZ h[hehq_qghc dhgp_ipbb1
Baf_g_gb_ kljmdlmju ZlhfZ ih f_j_ m\_ebq_gby aZjy^Z y^jZ k\yaZgh k aZ0
iheg_gb_f hij_^_e_gghc h[hehqdb1 >ey ly`_euo Zlhfh\ \hafh`gZ dhgdm0
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j_gpby ^\mo h[hehq_d ih f_j_ m\_ebq_gby aZjy^Z bo y^_j1 Ijb wlhf qbkeh
we_dljhgguo h[hehq_d/ mqZkl\mxsbo \ kljmdlmj_ j_Zevguo Zlhfh\/ ^hoh^bl
^h 4;1

?keb \aylv deZkl_j k qbkehf fhe_dme \ ^_kyldb beb khlgb/ lh bf__lky
g_kdhevdh h[hehq_d/ ^ey dhlhjuo jZkklhygby hl p_gljZ g_ kbevgh hlebqZxlky/
Z wg_j]bb k\yab k fhe_dmeZfb deZkl_jZ fhe_dme wlbo h[hehq_d ijb bo aZ0
iheg_gbb lZd`_ [ebadb1 L_f kZfuf/ ij_^klZ\e_ggu_ j_amevlZlu/ ih^l\_j`-
^Zy h[hehq_qgmx dhgp_ipbx deZkl_jZ/ k\b^_l_evkl\mxl h ki_pbnbd_ wlhc
dhgp_ipbb \ kemqZ_ deZkl_jZ1 K h^ghc klhjhgu/ \ jZkkfZljb\Z_fhc kljmdlmj_/
dZd b \ ex[hc h[hehq_qghc kbkl_f_/ __ bkke_^m_fuc iZjZf_lj ² wg_j]by
k\yab ihke_^g_c fhe_dmeu/ f_gy_lky kdZqdhf ijb aZiheg_gbb h^ghc h[hehqdb
b ijb i_j_oh^_ d aZiheg_gbx ke_^mxs_c1 K ^jm]hc klhjhgu/ \hafh`gZ dhg0
dmj_gpby kjZam fgh]bo h[hehq_d1 Ihke_^g__ hagZqZ_l/ qlh bf__l f_klh ih0
ke_^h\Zl_evgh_ aZiheg_gb_ hl^_evguo h[hehq_d \ ijhp_kk_ jhklZ deZkl_jZ/
gh \u[hj hij_^_e_gghc h[hehqdb ba jy^Z \hafh`guo fh`_l baf_gblvky \
aZ\bkbfhklb hl g_dhlhjuo nZdlhjh\1

Ijb ihkljh_gbb jZkkfZljb\Z_fh]h deZkl_jZ fu bkoh^beb ba gZebqby p_g0
ljZ/ kqblZy/ qlh \aZbfh^_ckl\b_ k p_gljhf \u[bjZ_l ihke_^h\Zl_evghklv h[h0
ehq_d Zlhfh\1 Ijb gZebqbb ^jm]bo nZdlhjh\ wlZ ihke_^h\Zl_evghklv fh`_l
baf_gblvky1 GZijbf_j/ \ kemqZ_ deZkl_jZ +

Q$U gZb[he__ ih^oh^ys_c kljmd-
lmjhc kqblZ_lky kljmdlmjZ bdhkZw^jZ >43@/ dhlhjuc bf__l fZ]bq_kdb_ qbkeZ
46/ 88/ 47:/ 63< b 8941 Wlh gZoh^blky \ kh]eZkbb k wdki_jbf_glhf ><@ ^ey
i_j\uo lj_o fZ]bq_kdbo qbk_e1 >ey jZkkfZljb\Z_fh]h deZkl_jZ k iehlghc
miZdh\dhc b \u^_e_gguf p_gljhf oZjZdl_jgu lhevdh i_j\u_ ba mdZaZgguo
fZ]bq_kdbo qbk_e/ ^Z b l_ hl\_qZxl h[hehqdZf deZkl_jZ/ k\yav fhe_dme dh0
lhjuo k hklh\hf deZkl_jZ g_ y\ey_lky fZdkbfZevghc1 LZdbf h[jZahf/ fu ijb0
oh^bf d \u\h^m/ qlh \ jZkkfZljb\Z_fhf deZkl_j_/ kh^_j`Zs_f ^_kyldb b khlgb
fhe_dme/ bf__l f_klh dhgdmj_gpby fgh]bo h[hehq_d1

71 Ih\_joghklgu_ k\hckl\Z deZkl_jZ k iehlghc miZdh\dhc

Ij_^klZ\e_ggu_ \ lZ[e1 , j_amevlZlu ^Zxl ihegmx bgnhjfZpbx h[ wg_j-
]_lbd_ jZkkfZljb\Z_fh]h deZkl_jZ/ \ujZ`Z_fhc q_j_a wg_j]_lbdm fhe_dme/
dhlhju_ gZoh^ylky gZ _]h ih\_joghklb1 Wlh iha\hey_l ihgylv ijb_fe_fhklv
jZg__ jZkkfhlj_gguo ijhkluo fh^_e_c b/ _keb wlh \hafh`gh/ \g_klb \ gbo
dhjj_dlb\u1 Hlf_lbf jZaebqby k fh^_evx/ \ dhlhjhc \ dZq_kl\_ ih\_joghklb
deZkl_jZ \u[bjZeky kehc dm[bq_kdhc ]jZg_p_gljbjh\Zgghc j_r_ldb1 Ihkdhev-
dm hkgh\Z h[_bo fh^_e_c h^bgZdh\Z/ wlb jZaebqby hkh[h bgl_j_kgu1

<h0i_j\uo/ \u[jZ\ kehc ]jZg_p_gljbjh\Zgghc j_r_ldb \ dZq_kl\_ ih\_j-
oghklb deZkl_jZ/ fu Z\lhfZlbq_kdb ihemqbeb/ qlh \k_ fhe_dmeu \gmlj_ggbo
keh_\ bf_xl ih 45 khk_^_c/ l1_1 \ nhjfbjh\Zgbb ih\_joghklguo k\hckl\ deZ0
kl_jZ mqZkl\m_l lhevdh ih\_joghklguc kehc1 < kemqZ_ deZkl_jZ k p_gljhf
fgh]h h[hehq_d h^gh\j_f_ggh hij_^_eyxl _]h ih\_joghklgu_ k\hckl\Z1 GZ0
ijbf_j/ ^ey kZfh]h [hevrh]h deZkl_jZ ba lZ[e1 ,/ kh^_j`Zs_]h :<4 fhe_dmem/
lZdbfb h[hehqdZfb y\eyxlky 379/ 388/ 678/ 34:/ 777/ 469/ 559/ 478/ 359/ 449/
568 b 5771 Fhe_dmeu dZ`^hc ba wlbo h[hehq_d bf_xl f_g__ 45 khk_^_c +gh
g_ f_g__ 9,1

>jm]h_ jZaebqb_ jZkkfZljb\Z_fuo deZkl_jh\ k\yaZgh k \_ebqbghc wg_j]bb
k\yab ijbkh_^bgy_fhc fhe_dmeu1 Ijb aZiheg_gbb kehy ]jZg_p_gljbjh\Zgghc
j_r_ldb ijbkh_^bgy_fZy fhe_dmeZ bf__l hl 7 ^h ; [eb`Zcrbo khk_^_c1 Dh]^Z
kehc aZiheg_g/ dZ`^Zy fhe_dmeZ ih\_joghklgh]h kehy bf__l ; [eb`Zcrbo
khk_^_c1 Wlh h[klhyl_evkl\h [ueh bkihevah\Zgh \ \ujZ`_gbb ^ey ih\_jogh-
klghc wg_j]bb deZkl_jZ1 >ey jZkkfZljb\Z_fh]h deZkl_jZ k p_gljhf fZdkb0
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fZevgh_ qbkeh [eb`Zcrbo khk_^_c jZ\gh 9/ qlh k\yaZgh k ]_hf_ljb_c ihkljh-
_gby deZkl_jZ1

MqZklb_ fgh]bo h[hehq_d \ kha^Zgbb ih\_joghklguo k\hckl\ deZkl_jZ aZ0
ljm^gy_l \hafh`ghklv \u^_eblv deZkl_ju k aZfdgmlhc h[hehqdhc1 LZdhc deZ-
kl_j ^he`_g [ue [u h[eZ^Zlv fZdkbfZevghc klZ[bevghklvx1 < jZfdZo fh^_eb/
]^_ ih\_joghklvx deZkl_jZ y\ey_lky kehc ]jZg_p_gljbjh\Zgghc j_r_ldb/ ijb
aZfdgmlhc h[hehqd_ wlhl kehc iheghklvx aZihegy_lky1 QbkeZ fhe_dme \ deZkl_j_
k aZfdgmlhc h[hehqdhc ^he`gu [ulv gZb[he__ \u^_e_ggufb fZ]bq_-
kdbfb qbkeZfb deZkl_jZ1

DZaZehkv [u/ aZfdgmlZy h[hehqdZ ^he`gZ oZjZdl_jbah\Zlvky fZdkbfZev-
ghc wg_j]b_c k\yab ih\_joghklguo fhe_dme1 <\_^_f __ lZdbf kihkh[hf/ qlh
wg_j]by k\yab ihke_^gbo fhe_dme/ \dexq_gguo \ deZkl_j/ jZ\gZ 6D +l1_1 hgb
bf_xl 9 [eb`Zcrbo khk_^_c,1 Hlf_lbf mkeh\ghklv bkihevah\Zggh]h hij_^_-
e_gby1 GZijbf_j/ m deZkl_jZ k ihke_^g_c h[hehqdhc 368 +75< fhe_dme,/ ih0
iZ^Zxs_c ih^ wlh hij_^_e_gb_/ fhe_dmeu ij_^u^ms_c h[hehqdb 667 bf_xl
ih 8 [eb`Zcrbo khk_^_c> \ kemqZ_ deZkl_jZ k ihke_^g_c h[hehqdhc 379 +:<4
fhe_dmeZ, ex[Zy fhe_dmeZ deZkl_jZ bf__l g_ f_g__ 9 [eb`Zcrbo khk_^_c1

Kh]eZkgh lZ[e1 , wg_j]by k\yab ijbkh_^bgy_fhc fhe_dmeu y\ey_lky g_0
j_]meyjghc nmgdpb_c qbkeZ fhe_dme \ deZkl_j_ ^Z`_ ijb [hevrbo agZq_gbyo
wlbo qbk_e1 ;m^mqb mkj_^g_gghc ih g_kdhevdbf h[hehqdZf \ ij_^_eZo h^ghc
aZfdgmlhc h[hehqdb/ wlZ \_ebqbgZ bf__l hlghkbl_evgh [hevrmx Zfieblm^m
dhe_[Zgbc/ qlh g_ iha\hey_l bkihevah\Zlv ^ey g__ fhghlhggu_ aZ\bkbfhklb
dZd nmgdpbb qbkeZ fhe_dme/ qlh bf__l f_klh \ mijhs_gguo fh^_eyo +kf1
nhjfmem +7,,1 ?kl_kl\_ggh/ qlh wlZ \_ebqbgZ ^he`gZ jZklb k jhklhf qbkeZ
fhe_dme \ deZkl_j_1 H^gZdh/ gZijbf_j ^ey :0c aZfdgmlhc h[hehqdb 458 kj_^0
gyy wg_j]by k\yab ijbkh_^bgy_fhc fhe_dmeu jZ\gZ 8/85,/ Z ^ey 450c h[hehqdb/
\dexqZxs_c h[hehqdb 777/ 388/ 34:/ dh]^Z deZkl_j kh^_j`bl \^\h_ [hevr_
fhe_dme/ wlZ \_ebqbgZ jZ\gZ 4,64D. JZaghklv wlbo agZq_gbc [ebadZ d Zfi-
eblm^_ baf_g_gby kj_^g_c wg_j]bb k\yab fhe_dmeu ^ey jZkkfZljb\Z_fuo qb0
k_e aZiheg_gby +_kl_kl\_ggh/ [_a mq_lZ i_j\hc h[hehqdb,1

Ihemq_gguc \u\h^ ih^l\_j`^Z_l l_abk/ qlh deZkl_j/ kh^_j`Zsbc ^Z`_
[hevrh_ qbkeh fhe_dme/ g_ y\ey_lky fZdjhkdhibq_kdhc kbkl_fhc1 ?]h iZjZ0
f_lju dZd nmgdpby qbk_e aZiheg_gby y\eyxlky kdZqdhh[jZagufb nmgdpbyfb/
agZq_gby dhlhjuo ghkyl g_j_]meyjguc oZjZdl_j1 Ihwlhfm g_l kfukeZ
ij_^klZ\eylv wlb iZjZf_lju \ \b^_ fhghlhgghc nmgdpbb qbk_e aZiheg_gby/
dZd wlh bf_eh [u f_klh ^ey fZdjhkdhibq_kdhc kbkl_fu1 HklZ_lky ]h\hjblv
lhevdh h g_dhlhjhf kj_^g_f agZq_gbb khhl\_lkl\mxs_]h iZjZf_ljZ1 LZd/ ^ey
jZkkfZljb\Z_fh]h deZkl_jZ kj_^g__ agZq_gb_ wg_j]bb k\yab ihke_^g_c fhe_0
dmeu khklZ\ey_l 7/; � 3/6D/ _keb qbkeh fhe_dme \ g_f f_g__ 75</ b jZ\gh
5,1 ± 0,4D, _keb hg kh^_j`bl f_g__ :<4 fhe_dmeu1 Ijh\h^y wlh mkj_^g_gb_
fu g_ mqblu\Zeb i_j\mx h[hehqdm deZkl_jZ1

Ijb wlhf fh`gh h`b^Zlv/ qlh ih\_joghklgZy wg_j]by deZkl_jZ k g_dh-
lhjhc lhqghklvx y\ey_lky j_]meyjghc nmgdpb_c qbkeZ fhe_dme \ g_f/ b[h \
g__ \ghkbl \deZ^ [hevrh_ qbkeh fhe_dme/ ijbgZ^e_`Zsbo jZaguf h[hehqdZf
deZkl_jZ1 LZd ^ey deZkl_jZ k \g_rg_c h[hehqdhc 379/ dhlhjuc kh^_j`bl :<4
fhe_dmem/ \ nhjfbjh\Zgbb ih\_joghklghc wg_j]bb mqZkl\m_l 45 h[hehq_d deZ-
kl_jZ/ kh^_j`Zsbo 689 fhe_dme/ l1_1 qmlv eb g_ iheh\bgZ fhe_dme deZkl_jZ1
< lZ[e1 , ij_^klZ\e_gu agZq_gby ih\_joghklghc wg_j]bb deZkl_jh\ k aZfdgm0
lufb h[hehqdZfb1 Wlb agZq_gby Ziijhdkbfbjmxlky nhjfmehc

625,5/35/;+ Q± / ]^_ n ² qbkeh fhe_dme \ deZkl_j_ b ih\_joghklgZy wg_j]by
\ujZ`_gZ \ _^bgbpZo wg_j]bb k\yab f_`^m ^\mfy [eb`Zcrbfb khk_^yfb1 Hl0
f_lbf/ qlh nhjfmeZ +6, ^ey fh^_eb ]jZg_p_gljbjh\Zgghc j_r_ldb ^Z_l \
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wlbo _^bgbpZo ^ey ih\_joghklghc wg_j]bb \ujZ`_gb_ :/:n2/3/ wlh kh\iZ^Z_l
k ij_^u^msbf j_amevlZlhf \ ij_^_eZo _]h lhqghklb1 < jZfdZo kemqZcghc fh-
^_eb \ khhl\_lkl\bb k nhjfmehc +4, ih\_joghklgZy wg_j]by deZkl_jZ jZ\gZ

6255 1+U ⋅∆⋅π / ]^_ r ² jZ^bmk deZkl_jZ/ N — iehlghklv fhe_dme \ g_f1 <
bkihevah\Zgguo jZg__ _^bgbpZo ihemqbf ^ey ih\_joghklghc wg_j]bb deZkl_jZ
7,2n2/3/ qlh kh]eZkm_lky k j_amevlZlZfb ^jm]bo fh^_e_c1

81 DeZkl_j k ^jm]bfb kljmdlmjZfb

Hkgh\guf ^hklhbgkl\hf jZkkfZljb\Z_fh]h f_lh^Z y\ey_lky _]h ijhklhlZ1
DZaZehkv [u/ qlh ZgZeba deZkl_jZ/ kh^_j`Zs_]h ^_kyldb beb khlgb fhe_dme/
\hafh`_g lhevdh gZ hkgh\_ qbke_gguo f_lh^h\ k bkihevah\Zgb_f dhfivxl_j0
ghc l_ogbdb1 H^gZdh/ dZd \b^gh ba ij_^klZ\e_ggh]h fZl_jbZeZ/ deZkl_j/ kh0
^_j`Zsbc khlgb fhe_dme k iZjguf \aZbfh^_ckl\b_f b bf_xsbc aZ^Zggmx
djbklZeebq_kdmx kljmdlmjm/ fh`gh ihkljhblv [he__ ijhklufb fZl_fZlbq_0
kdbfb f_lh^Zfb1 Wlh kha^Z_l ijhklu_ \hafh`ghklb %ihljh]Zlv% deZkl_j b
\uykgblv _]h hl^_evgu_ k\hckl\Z/ qlh iha\hebl ihgylv h[sb_ aZdhghf_jghklb
nbabdb deZkl_jh\1 < qZklghklb/ h^bg ba ijbgpbibZevguo \hijhkh\ nbabdb
deZkl_jh\/ dhlhjuc jZkkfZljb\Z_lky a^_kv ² y\ey_lky eb deZkl_j/ \dexqZ-
xsbc \ k_[y ^_kyldb b khlgb fhe_dme/ fZdjhkdhibq_kdhc qZklbp_c/ beb g_l1
Ykgh/ qlh \u\h^u ba ZgZebaZ lZdh]h deZkl_jZ [m^ml m[_^bl_evg__/ _keb hgb
hlghkylky d jZaguf kljmdlmjZf deZkl_jZ1

Ij_^klZ\e_ggZy \ur_ f_lh^bdZ iha\hey_l ihkljhblv deZkl_ju k jZaghc
djbklZeebq_kdhc kljmdlmjhc1 >Ze__ ijh^_eZ_f wlb hi_jZpbb ^ey deZkl_jZ k
h[t_fghp_gljbjh\Zgghc j_r_ldhc >44 ² 47@1 WlZ j_r_ldZ fh`_l [ulv kh0
klZ\e_gZ ba ^\mo dm[bq_kdbo j_r_lhd/ \klZ\e_gguo ^jm] \ ^jm]Z lZd/ qlh
dZ`^Zy fhe_dmeZ h^ghc ba gbo hdZau\Z_lky \ p_glj_ dm[Z/ h[jZah\Zggh]h
^jm]hc j_r_ldhc +jbk1 4,1 DZ`^Zy fhe_dmeZ bf__l ; [eb`Zcrbo khk_^_c1

< dZq_kl\_ _^bgbpu baf_j_gby ^ebgu m^h[gh \u[jZlv iheh\bgm ihklh-
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ygghc dZ`^hc ba dm[bq_kdbo j_r_lhd1 < wlbo _^bgbpZo jZkklhygb_ f_`^m
[eb`Zcrbfb khk_^yfb jZ\gh 6 . M^h[kl\h lZdbo _^bgbp aZdexqZ_lky \ lhf/
qlh \ gbo ljb dhhj^bgZlu dZ`^hc fhe_dmeu y\eyxlky p_eufb qbkeZfb/ ijb0
q_f \k_ hgb eb[h q_lgu_/ eb[h g_q_lgu_1 Wlh mijhsZ_l ijhp_^mjm ihkljh_gby
deZkl_jZ/ \ dhlhjuc \dexqZxlky h[hehqdb \ ihke_^h\Zl_evghklb bo m^Ze_gby
hl p_gljZ1 IZjZf_lju jy^Z h[hehq_d deZkl_jZ ij_^klZ\e_gu \ lZ[e1 ,,1 MdZ0
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aZggh_ \ lZ[e1 ,, qbkeh [eb`Zcrbo khk_^_c fhe_dmeu \ h[hehqd_ h^ghagZqgh
hij_^_ey_l wg_j]bx k\yab fhe_dme ijb ijbkh_^bg_gbb d deZkl_jm1 DZd b jZ-
g__/ kqblZ_f/ qlh kms_kl\_ggh lhevdh dhjhldh^_ckl\mxs__ \aZbfh^_ckl\b_
f_`^m [eb`Zcrbfb khk_^yfb1 Ihwlhfm wg_j]by k\yab fhe_dmeu jZ\gZ ijh0
ba\_^_gbx qbkeZ [eb`Zcrbo khk_^_c/ k dhlhjufb hgZ mklZgZ\eb\Z_l k\yav/
gZ wg_j]bx k\yab \ ^bf_j_ D. DZd \b^gh/ qbkeh [eb`Zcrbo khk_^_c ijb ijb0
kh_^bg_gbb fhe_dmeu g_ ij_\urZ_l 71

GZ jbk1 5 ij_^klZ\e_gZ ih\_joghklgZy wg_j]by deZkl_jZ jZkkfZljb\Z_fhc
kljmdlmju k qbkehf fhe_dme 733 ² ;331 Kj_^g__ agZq_gb_ ih\_joghklghc
wg_j]bb \ _^bgbpZo D khklZ\ey_l +8/6 � 3/5,n2/3/ ]^_ i ² qbkeh fhe_dme \
deZkl_j_1 WlZ nhjfmeZ ijbf_gbfZ/ gZqbgZy k ^_kyldh\ fhe_dme \ deZkl_j_1

Ij_^klZ\e_ggu_ j_amevlZlu ih^l\_j`^Zxl h[sbc \u\h^1 G_ bf__l kfuk-
eZ kljhblv bg^b\b^mZevgu_ iZjZf_lju fhe_dme deZkl_jZ dZd nmgdpbx qbk_e
aZiheg_gby/ \ qZklghklb/ wg_j]bx k\yab ijbkh_^bgy_fhc fhe_dmeu1 WlZ \_-
ebqbgZ bkiulu\Z_l kdZqdb ihke_ aZiheg_gby khhl\_lkl\mxs_c h[hehqdb1 Qlh
`_ dZkZ_lky ih\_joghklghc wg_j]bb/ lh hgZ hij_^_ey_lky ^ey deZkl_jZ dZd b
^ey fZdjhkdhibq_kdhc qZklbpu1

>ey ZgZebaZ \ujZ`_gby ^ey ih\_joghklghc wg_j]bb deZkl_jZ jZkkfhljbf
_s_ h^gm kljmdlmjm iehlghc miZdh\db ² ]_dkZ]hgZevgmx j_r_ldm >44 ²
47@1 ?keb \u^_eblv fhe_dmeu wlhc kljmdlmju/ gZoh^ysb_ky gZ h^ghc ba ieh-
kdhkl_c/ lh dZ`^Zy ba fhe_dme iehkdhklb bf__l 6 [eb`Zcrbo khk_^_c/ h[jZ0
amxsbo ijZ\bevguc r_klbm]hevgbd1 Fhe_dmeu gZoh^ylky gZ iZjZee_evguo
ebgbyo/ lZd qlh jZkklhygb_ f_`^m gbfb gZ ebgbb jZ\gh Z ² jZkklhygbx
f_`^m [eb`Zcrbfb khk_^yfb/ jZkklhygb_ f_`^m ebgbyfb jZ\gh 526D / b
fhe_dmeu ihke_^mxs_c ebgbb kf_s_gu hlghkbl_evgh fhe_dme ij_^u^ms_c
ebgbb gZ jZkklhygb_ Z251 Fhe_dmeu ke_^mxs_c iehkdhklb gZoh^ylky \h \iZ-
^bgZo ij_^u^ms_c/ Z fhe_dmeu lj_lv_]h kehy gZoh^ylky gZ^ fhe_dmeZfb
lj_lv_]h kehy1 ?keb fh^_ebjh\Zlv fhe_dmeu rZjZfb jZ^bmkZ Z25/ lh dZ`^uc
ba rZjh\ dZkZ_lky 45 ^jm]bo/ r_klv ba dhlhjuo gZoh^ylky \ lhf `_ keh_/ ljb
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\ e_`Zs_f gZ^ gbf b ljb \ e_`Zs_f ih^ gbf keh_1 Ijb wlhf jZkklhygb_
f_`^m kehyfb jZ\gh 526D .

DeZkl_j/ \uj_aZgguc ba jZkkfZljb\Z_fhc j_r_ldb/ h[eZ^Z_l kbff_ljb_c
ijb ih\hjhl_ gZ m]he 5π/6 hlghkbl_evgh hkb/ i_ji_g^bdmeyjghc iehkdhklyf
gZoh`^_gby fhe_dme/ Z lZd`_ hljZ`_gbx hlghkbl_evgh lhc ba wlbo iehkdh0
kl_c/ \ dhlhjhc gZoh^blky p_glj/ b i_ji_g^bdmeyjghc _c iehkdhklb/ ijhoh0
^ys_c q_j_a p_glj1 GZ jbk1 6/Z — \ mdZaZgu iheh`_gby fhe_dme \ deZkl_j_/
kh^_j`Zs_f 67: fhe_dme/ Z lZd`_ d\Z^jZl jZkklhygby hl wlbo fhe_dme ^h
p_gljZ +\ _^bgbpZo Z,1 <u^_e_gu kehb/ gZoh^ysb_ky gZ^ l_f keh_f/ \ dhlhjhf
gZoh^blky p_glj b dhlhjuc ijbgyl gme_\uf keh_f1 Ba bah[jZ`_gby kbff_l-
jbb lZdh_ `_ jZkiheh`_gb_ fhe_dme bf__l f_klh \ q_luj_o kehyo deZkl_jZ/
gZoh^ysboky gb`_ gme_\h]h1 Qbkeh fhe_dme khhl\_lkl\mxs_c h[hehqdb deZ-
kl_jZ b qbkeh fhe_dme \ deZkl_j_/ _keb wlZ h[hehqdZ y\ey_lky ihke_^g_c/
mdZaZgu \ lZ[e1 ,,,1

Ih^kqblZ\ qbkeh [eb`Zcrbo khk_^_c m dZ`^hc fhe_dmeu/ hij_^_ebf ih0
\_joghklgmx wg_j]bx deZkl_jZ1 >ey deZkl_jZ/ kh^_j`Zs_]h i  67: fhe_dme/
ihemqZ_f/ qlh 4<7 fhe_dmeu/ \oh^ysb_ \ 4; h[hehq_d/ bf_xl f_g__ 45 [eb
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`Zcrbo khk_^_c1 < _^bgbpZo wg_j]bb
k\yab ^bf_jZ D ih\_joghklgZy wg_j]by
jZ\gZ εih\  6<71 >ey deZkl_jZ/ khklh0
ys_]h ba i  58: fhe_dme/ gZ ih\_j0
oghklb +l1_1 k g_aZiheg_ggufb k\yay0
fb, gZoh^ylky 497 fhe_dmeu/ ijbgZ^0
e_`Zsb_ 49 h[hehqdZf1 Ih\_joghkl-
gZy wg_j]by jZ\gZ εih\ = 338.
:iijhdkbfbjmy ih\_joghklgmx wg_j0
]bx klZg^Zjlguf kihkh[hf/ bf__f

625,4;/349/;+ Qih\ ±=ε .
GZibr_f h[s__ \ujZ`_gb_ ^ey

ih\_joghklghc wg_j]bb deZkl_jZ/ hib0
jZykv gZ j_amevlZlu/ ihemq_ggu_ ^ey
lj_o lbih\ kljmdlmj1 Ij_^klZ\bf ih0
\_joghklgmx wg_j]bx deZkl_jZ \ \b^_
      625

ih\å QÇ: ⋅∆=

AgZq_gby dhwnnbpb_glZ :/ ihemq_g0
gu_ ^ey deZkl_jh\ jZkkfZljb\Z_fuo
kljmdlmj/ ij_^klZ\e_gu \ lZ[e1 ,91

Kmffbjmy wlb j_amevlZlu/ bf__f ke_0
^mxs__ \ujZ`_gb_ ^ey ih\_joghkl-
ghc wg_j]bb=

Wlm nhjfmem m^h[gh bkihevah\Zlv ^ey
deZkl_jZ beb dZieb/ oZjZdl_j \aZbfh0
^_ckl\by fhe_dme dhlhjuo gZ ih\_jo0
ghklb lZdhc `_, dZd b \gmljb1

Hlf_lbf _s_ h^gm hkh[_gghklv/ hlghkysmxky d ih\_joghklghc wg_j]bb
deZkl_jZ1 Ykgh/ qlh j_Zevguc deZkl_j/ bf_xsbc h^gm ba jZkkfZljb\Z_fuo
kljmdlmj/ fh`_l kh^_j`Zlv g_[hevrh_ qbkeh \ZdZgkbc beb ijbf_kguo fhe_0
dme1 Wlh hljZablky gZ iZjZf_ljZo bg^b\b^mZevguo fhe_dme/ gZoh^ysboky
\[ebab gbo1 Khhl\_lkl\_ggh \ZdZgkbb b ijbf_kb fh]ml hij_^_eylv lZdb_ iZ0
jZf_lju deZkl_jZ/ dZd ihl_gpbZe bhgbaZpbb/ wg_j]bx kjh^kl\Z/ j_ahgZgkgmx
wg_j]bx nhlhgh\ b l1^1 H^gZdh ih\_joghklgZy wg_j]by hij_^_ey_lky [hevrbf
qbkehf fhe_dme/ lZd qlh \ebygb_ wlbo nZdlhjh\ gZ ih\_joghklgmx wg_j]bx
deZkl_jZ g_\_ebdh1

5MNG/ l1 495/� 4
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?s_ h^gh aZf_qZgb_ hlghkblky d ijbgpbim/ ih dhlhjhfm kh[bjZeky deZ-
kl_j1 Bf_ggh/ \ g_]h \dexqZebkv fhe_dmeu/ jZkklhygb_ dhlhjuo ^h p_gljZ
g_ ij_\urZ_l g_dhlhjmx \_ebqbgm1 L_f kZfuf aZdeZ^u\ZeZkv nhjfZ deZkl_jZ/
[ebadZy d kn_jbq_kdhc1 GZebqb_ ih\_joghklgh]h gZly`_gby m deZkl_jZ hi0
jZ\^u\Z_l _]h kn_jbq_kdmx nhjfm/ Z l_f kZfuf b kihkh[ _]h ihkljh_gby1 K
lhqdb aj_gby h[hehq_qghc kljmdlmju deZkl_jZ lZdhc kihkh[ ihkljh_gby deZ-
kl_jZ h[_ki_qb\Z_l _]h hilbfZevgmx wg_j]_lbdm/ khhl\_lkl\mxsmx fbgbfZev0
ghc ih\_joghklghc wg_j]bb deZkl_jZ/ kh^_j`Zs_]h ^Zggh_ qbkeh fhe_dme1 Wlh
hlghkblky d gme_\hc l_fi_jZlmj_/ dh]^Z ihke_^h\Zl_evghklv aZiheg_gby h[h0
ehq_d ijb ijbkh_^bg_gbb fhe_dme d deZkl_jm hij_^_ey_lky wg_j]b_c k\yab
fhe_dme/ lZd qlh aZihegyxlky l_ h[hehqdb/ m dhlhjuo wg_j]by k\yab \ur_1
Ijb dhg_qghc l_fi_jZlmj_ \h \gmlj_ggbo h[hehqdZo h[jZamxlky ^ujdb/ gh
wlh g_ f_gy_l h[s_]h oZjZdl_jZ kljmdlmju deZkl_jZ1

91 Ih\_joghklgZy wg_j]by dZieb

Ijh\_^_gguc ZgZeba deZkl_jh\ k iehlghc miZdh\dhc ihdZau\Z_l/ qlh ih0
\_joghklv deZkl_jZ bf__l keh`guc j_ev_n1 Ih f_j_ jhklZ deZkl_jZ iZjZf_lju/
k\yaZggu_ k hl^_evgufb we_f_glZfb wlh]h j_ev_nZ/ lZdb_/ dZd wg_j]by k\yab
hl^_evghc fhe_dmeu/ ihl_gpbZe bhgbaZpbb/ wg_j]by kjh^kl\Z d we_dljhgm b
l1^1 baf_gyxlky g_j_]meyjguf h[jZahf/ bkiulu\Zy kdZqdb ihke_ aZiheg_gby
khhl\_lkl\mxs_c h[hehqdb1 Wlh g_ iha\hey_l gZ^_`gh hij_^_eblv aZ\bkbfh0
klb wlbo iZjZf_ljh\ hl qbkeZ qZklbp \ deZkl_j_/ fh`gh ebrv k g_dhlhjhc
ih]j_rghklvx hij_^_eblv bo kj_^gb_ agZq_gby1 GZh[hjhl/ ih\_joghklgZy
wg_j]by/ dhlhjZy kha^Z_lky \k_fb fhe_dmeZfb/ bf_xsbfb \uoh^ gZ ih\_jo0
ghklv deZkl_jZ/ g_qm\kl\bl_evgZ d j_ev_nm ih\_joghklb deZkl_jZ1 Ihwlhfm
ijb hij_^_e_gbb ih\_joghklghc wg_j]bb deZkl_jZ fh`gh jZkkfZljb\Zlv _]h
dZd fZdjhkdhibq_kdmx qZklbpm/ b gZh[hjhl/ ijb ZgZeba_ fZdjhkdhibq_kdhc
qZklbpu bkihevah\Zlv j_amevlZlu/ ihemq_ggu_ ^ey deZkl_jZ1 Hkgh\u\Zykv gZ
wlhf/ fu bkihevam_f jZg__ ihemq_ggu_ j_amevlZlu ^ey ZgZebaZ fZdjhkdh-
ibq_kdhc dZieb1

Bkihevamy nhjfmem +8, ^ey ih\_joghklghc wg_j]bb/ hij_^_ebf ih\_jo0
ghklgh_ gZly`_gb_ ?ih\ dZd hlghr_gb_ ih\_joghklghc wg_j]bb d iehsZ^b
ih\_joghklb deZkl_jZ1 Ihemqbf nhjfmem/ [ebadmx d +4,=

]^_ ∆Η — wg_j]by ]ZabnbdZpbb fZdjhkdhibq_kdhc kbkl_fu/ ijboh^ysZyky
gZ h^gm fhe_dmem/ N — iehlghklv fhe_dme \ wlhc dhg^_gkbjh\Zgghc kbkl_f_/
dhlhjmx fu kqblZ_f bahljhighc1 Bkihevam_f wlm nhjfmem ^ey kbkl_f k ijh0
ba\hevghc kljmdlmjhc1 Bf__f gZ hkgh\Zgbb wlhc nhjfmeu ^ey ih\_joghklgh]h
gZly`_gby jlmlb b \h^u khhl\_lkl\_ggh 3/69 b 3/56 >`2f21 J_Zevgu_ agZq_gby
wlbo \_ebqbg khklZ\eyxl khhl\_lkl\_ggh 3/7; b 3/3: >`2f21 H[sbc \u\h^
ba wlh]h kjZ\g_gby b h[sbo khh[jZ`_gbc khklhbl \ lhf/ qlh ihemq_ggu_ kh0
hlghr_gby g_ ih^oh^yl ^ey kbkl_f/ m dhlhjuo \aZbfh^_ckl\b_ fhe_dme gZ
ih\_joghklb hlebqZ_lky hl bo \aZbfh^_ckl\by \gmljb kbkl_fu1 < qZklghklb/
ij_^klZ\e_ggu_ nhjfmeu g_ ]h^ylky ^ey iheyjguo `b^dhkl_c b jZkl\hjh\1
Wlb j_amevlZlu fh`gh bkihevah\Zlv ^ey kbkl_f k kbevguf \aZbfh^_ckl\b_f
Zlhfh\ b fhe_dme/ \ dhlhjuo \aZbfh^_ckl\mxsb_ qZklbpu \ dZdhc0lh kl_i_gb
khojZgyxl k\hx bg^b\b^mZevghklv1 < qZklghklb/ wlh hlghkblky d f_lZeeZf b
hdbkeZf1 Ijb wlhf ke_^m_l jZkkqblu\Zlv gZ lhqghklv/ dhlhjmx fu ihemqbeb
^ey ih\_joghklgh]h gZly`_gby jlmlb1
FZdjhkdhibq_kdb_ qZklbpu(1*) g_[hevrbo jZaf_jh\ h[eZ^Zxl \ukhdhc
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ih\_joghklghc wg_j]b_c1 Bkihevam_f \ujZ`_gb_ +8, ^ey ih\_joghklghc wg_j-
]bb/ ihemq_ggh_ ^ey deZkl_jh\ jZkkfhlj_gguo iehlghc miZdh\dhc/ dhlhju_
kh^_j`Zl i fhe_dme=

<\_^_f m^_evgmx iehsZ^v ih\_joghklb qZklbpu S/ dhlhjZy y\ey_lky hlgh-
r_gb_f iehsZ^b ih\_joghklb qZklbpu d __ fZkk_=

]^_ r ² jZ^bmk qZklbpu/ ρ — iehlghklv \_s_kl\Z \ g_c1 Hlkx^Z gZoh^bf ^ey
m^_evghc ih\_joghklghc wg_j]bb=

]^_ l² fZkkZ qZklbpu/ l0 —fZkkZ hl^_evghc fhe_dmeu1
Wlm nhjfmem m^h[gh bkihevah\Zlv ^ey ihjbkluo kbkl_f1 < qZklghklb/

ij_^klZ\eyy Zwjh]_ev SiO2, \ \b^_ kh\hdmighklb k\yaZgguo rZjbdh\/ gZoh^bf/
qlh _]h m^_evgZy \gmlj_ggyy wg_j]by jZ\gZ 5

Pih\ 5d>`2f2 =6ε (m ² fZkkZ
hl^_evghc qZklbpu> bkihevah\Zgh ∆Η 466 ddZe2fhev >48@,1 Hlkx^Z/ \ qZ-
klghklb/ ke_^m_l/ qlh ^ey Zwjh]_ey k lbibqguf agZq_gb_f m^_evghc iehsZ^b
\gmlj_gg_c ih\_joghklb S  4333 f22] m^_evgZy \gmlj_ggyy wg_j]by jZ\gZ
2 d>`2]1 WlZ wg_j]by kjZ\gbfZ k m^_evghc wg_j]b_c ihjhoZ +5/8² 8 d>`2],1

JZkkfhljbf \u^_e_gb_ wg_j]bb ijb h[t_^bg_gbb ^\mo dZi_ev beb deZ-
kl_jh\1 Lh]^Z hgb h[jZamxl gh\mx dZiex k f_gvr_c ih\_joghklghc wg_j]b_c1
;m^_f kqblZlv/ qlh kebygb_ dZi_ev ijhbkoh^bl hlghkbl_evgh [ukljh/ b ba0
[ulhd wg_j]bb ljZlblky gZ bkiZj_gb_ qZklb fhe_dme \ dZie_1 Imklv h[t_^b-
gyxlky ^\_ dZieb ih i fhe_dme/ Z bkiZjy_lky o fhe_dme1 Lh]^Z \ khhl\_lkl\bb
k nhjfmehc +:, bf__f ke_^mxs__ mjZ\g_gb_ [ZeZgkZ wg_j]bc=

DZd \b^gh/ wlh mjZ\g_gb_ g_ aZ\bkbl hl wg_j]bb k\yab \gmlj_gg_c fhe_dmeu
b fh`_l [ulv aZibkZgh \ \b^_

< lZ[e1 9 ijb\_^_gu j_r_gby wlh]h mjZ\g_gby1 >ey kjZ\g_gby lZf `_ ^Zxlky
agZq_gby qbkeZ fhe_dme y=1,35n2/3/ dhlhju_ fh]ml [ulv bkiZj_gu aZ kq_l
ih\_joghklghc wg_j]bb h^ghc ba dZi_ev1 WlZ wg_j]by/ gZijbf_j/ \u^_ey_lky
ijb ijbkh_^bg_gbb dZieb d iehkdhc ih\_joghklb1

:1 L_jfh^bgZfbdZ deZkl_jh\ k iehlghc miZdh\dhc

Mlhqgbf hkgh\gh_ ml\_j`^_gb_ jZ[hlu/ \ul_dZxs__ ba ZgZebaZ ihkljh0
_gguo deZkl_jh\/ dhlhjh_ khklhbl \ lhf/ qlh ih\_joghklgmx wg_j]bx deZkl_jZ
k g_dhlhjhc lhqghklvx fh`gh hij_^_eblv dZd nmgdpbx qbkeZ qZklbp \ deZ0
kl_j_/ Z ^ey wg_j]bb k\yab ijbkh_^bgy_fhc fhe_dmeu lZdZy aZ\bkbfhklv g_

5*
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bf__l kfukeZ1 Wg_j]by k\yab ijbkh_^bgy_fhc fhe_dmeu ∆εn _klv ijhba\h^gZy
hl iheghc wg_j]bb deZkl_jZ ih qbkem qZklbp/ lZd qlh ∆εn k\yaZgZ k ih\_jo0
ghklghc wg_j]b_c1 ?keb ijhke_^blv/ dZd m\_ebqb\Z_lky ih\_joghklgZy wg_j]by
deZkl_jZ ih f_j_ ijbkh_^bg_gby d g_fm gh\uo fhe_dme +kf1 jbk1 5,/ fh`gh
mklZgh\blv/ qlh dZ`^Zy ijbkh_^bg_ggZy d deZkl_jm fhe_dmeZ ijb\h^bl d m\_-
ebq_gbx ih\_joghklghc wg_j]bb gZ \_ebqbgm ∆Η−∆εn . DZd \b^gh/ ijhba0
\h^gZy hl ih\_joghklghc wg_j]bb ih qbkem fhe_dme \ deZkl_j_ g_ y\ey_lky
j_]meyjghc nmgdpb_c qbkeZ fhe_dme1 Ihwlhfm \ l_o aZ^ZqZo/ ]^_ kms_kl\_ggZ
ihegZy wg_j]by deZkl_jZ +gZijbf_j/ \u^_e_gb_ wg_j]bb ijb h[t_^bg_gbb ^\mo
deZkl_jh\,/ deZkl_j fh`gh jZkkfZljb\Zlv dZd fZdjhkdhibq_kdmx qZklbpm1 <
l_o aZ^ZqZo/ ]^_ kms_kl\_ggZ ijhba\h^gZy hl ih\_joghklghc wg_j]bb/ fZdjh0
kdhibq_kdb_ ih^oh^u g_ijb_fe_fu1 IjbqbgZ hlebqby deZkl_jZ hl fZdjhkdh-
ibq_kdhc qZklbpu khklhbl \ lhf/ qlh \ kZfhf kihkh[_ ihkljh_gby deZkl_jZ
aZeh`_gZ djbklZeebq_kdZy kljmdlmjZ1 Ihwlhfm wg_j]by k\yab ijbkh_^bgy_fhc
fhe_dmeu fh`_l ijbgbfZlv hij_^_e_ggu_ ^bkdj_lgu_ agZq_gby/ ijbq_f wlh
hlghkblky d deZkl_jZf ex[uo jZaf_jh\1 H^gZdh wlb ml\_j`^_gby hlghkylky
d gme_\hc l_fi_jZlmj_1 Hq_\b^gh/ l_ieh\h_ ^\b`_gb_ fhe_dme fh`_l baf_-
gblv wlm kblmZpbx1

KgZqZeZ \uykgbf/ dZd baf_gblky kljmdlmjZ deZkl_jZ \ j_amevlZl_ l_i0
eh\h]h \ha[m`^_gby1 >Z`_ ijb gbadbo l_fi_jZlmjZo wg_j]by \ha[m`^_gby
deZkl_jZ ^hklZlhqgh \_ebdZ1 >_ckl\bl_evgh/ [m^_f kqblZlv dhe_[Zgby fhe_0
dme \ deZkl_j_ deZkkbq_kdbfb1 Lh]^Z gZ dhe_[Zl_evguo kl_i_gyo k\h[h^u deZ-
kl_jZ/ kh^_j`Zs_]h n fhe_dme/ khkj_^hlhq_gZ wg_j]by 52,5+6 7Q − / dhlhjZy
kms_kl\_ggh ij_\urZ_l wg_j]bx k\yab hl^_evghc fhe_dmeu +L ² l_fi_jZlmjZ/
\ujZ`_ggZy \ wg_j]_lbq_kdbo _^bgb0pZo,1 WlZ wg_j]by fh`_l [ulv bkihevah0\ZgZ ^ey

h[jZah\Zgby \ZdZgkbc \ deZkl_0j_ b
i_j_oh^Z fhe_dme ba aZiheg_gguo
h[hehq_d deZkl_jZ gZ [he__ ^Ze_db_ g_0
aZiheg_ggu_ h[hehqdb1

<ZdZgkbb \ hkgh\ghf \hagbdZxl gZ
ih\_joghklb deZkl_jZ/ hldm^Z fhe_dmeu
i_j_oh^yl gZ \g_rgb_ g_aZiheg_ggu_
h[hehqdb deZkl_jZ1 Wlhl wnn_dl gZjm0
rZ_l jZkkfhlj_ggmx jZg__ aZfdgmlmx
kljmdlmjm deZkl_jZ/ dh]^Z ihke_^h\Z0
l_evgh aZihegy_lky h^gZ ba h[hehq_d
deZkl_jZ/ b ihke_ __ aZiheg_gby b^_l aZ0
kljhcdZ ke_^mxs_c h[hehqdb1 L_fi_jZ0
lmjguc wnn_dl ^_eZ_l deZkl_j %^ujy0
\uf%/ lZd qlh hg bf__l g_kdhevdh g_aZ0
iheg_gguo h[hehq_d k jZagufb wg_j]b0
yfb k\yab fhe_dme1 Wlhl wnn_dl l_f
kbevg__/ q_f [hevr_ deZkl_j1 GZ jbk1 7
ijb\h^blky qbkeh \ZdZgkbc gZ ih\_jogh0
klguo h[hehqdZo deZkl_jZ/ kh^_j`Zs_]h
qbkeh fhe_dme/ [ebadh_ d :<4/ b bf_x0
s_]h kljmdlmjm ]jZg_p_gljbjh\Zgghc
j_r_ldb1 Ih\_joghklgufb h[hehqdZfb
jZkkfZljb\Z_fh]h deZkl_jZ k qbkehf fh0
e_dme \ jZchg_ :<4 fu gZau\Z_f h[hehq0
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db 34:/ 678 b 379/ ]Z_ wg_j]by k\yab fhe_dme jZ\gZ 9D1 Ihegh_ qbkeh fhe_dme
gZ wlbo h[hehqdZo jZ\gh <91 Ijb gbadbo l_fi_jZlmjZo (o = T/∆Η→0) ih
f_j_ ^h[Z\e_gby gh\uo fhe_dme d deZkl_jm k qbkehf fhe_dme i ? :<4 hgb
aZgbfZxl k\h[h^gu_ f_klZ gZ ih\_joghklguo h[hehqdZo/ b ijb n  :<4 ih0
\_joghklgu_ h[hehqdb iheghklvx aZiheg_gu/ Z \g_rgb_ h[hehqdb iheghklvx
imklu1 Ih f_j_ m\_ebq_gby l_fi_jZlmju \g_rgb_ h[hehqdb gZqbgZxl aZihe-
gylvky _s_ ^h lh]h/ dZd aZihegbebkv ih\_joghklgu_ h[hehqdb1 Ihwlhfm gZ
ih\_joghklguo h[hehqdZo bf_xlky ^ujdb b ijb i ! :<41 Bo l_f [hevr_/ q_f
\ur_ l_fi_jZlmjZ1

Kj_^b \g_rgbo h[hehq_d jZkkfZljb\Z_fh]h deZkl_jZ k qbkehf fhe_dme/
[ebadbf d :<4/ gZb[he__ kms_kl\_ggu h[hehqdb 669/ 45: b 558 k wg_j]b_c
k\yab fhe_dme gZ gbo 5D b iheguf qbkehf fhe_dme/ dhlhju_ fh]ml gZoh^blvky
gZ wlbo h[hehqdZo/ jZ\guf <91 Wlb h[hehqdb aZihegyxlky gZb[he__ wnn_d-
lb\gh1 GZ jbk1 8 ij_^klZ\e_gZ aZk_e_gghklv wlbo \g_rgbo h[hehq_d \ aZ\b-
kbfhklb hl qbkeZ fhe_dme \ deZkl_j_ ijb jZaguo l_fi_jZlmjZo1

JZkkfZljb\Z_fuc l_fi_jZlmjguc wnn_dl ijb\h^bl d jhklm ih\_joghkl-
ghc wg_j]bb deZkl_jZ +jbk1 9, b d k]eZ`b\Zgbx wg_j]_lbq_kdbo iZjZf_ljh\
deZkl_jZ dZd nmgdpbb qbkeZ fhe_dme \ g_f1 >_ckl\bl_evgh/ ijb gbadbo l_f0
i_jZlmjZo ih f_j_ aZiheg_gby h^ghc h[hehqdb b gZqZe_ aZiheg_gby ^jm]hc
wg_j]by k\yab ijbkh_^bgy_fhc fhe_dmeu bkiulu\Z_l kdZqhd1 Ih f_j_ ih\u-
r_gby l_fi_jZlmju gh\Zy h[hehqdZ gZqbgZ_l aZihegylvky ^h lh]h/ dZd ihe0
ghklvx aZihegbeZkv ij_^u^msZy h[hehqdZ/ qlh ^_eZ_l baf_g_gb_ wg_j]bb k\y0
ab fhe_dmeu [he__ ieZ\guf1

HklZgh\bfky _s_ gZ h^ghf iZjZf_lj_ jZkkfZljb\Z_fh]h deZkl_jZ1 JZk0
ij_^_e_gb_ deZkl_jh\ ih h[hehqdZf hl\_qZ_l kemqZx N_jfb²>bjZdZ/ lZd
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qlh iZjZf_ljhf deZkl_jZ y\ey_lky obfbq_kdbc ihl_gpbZe µn / dhlhjuc hij_-
^_ey_lky ba khhlghr_gby

]^_ ik — qbkeh khklhygbc \ k-c h[hehqd_/ ∆εk ² wg_j]by k\yab fhe_dmeu \
wlhc h[hehqd_ ijb gZebqbb i fhe_dme \ deZkl_j_1 Ijb aZiheg_gbb h[hehqdb
b i_j_oh^_ d gh\hc h[hehqd_ obfbq_kdbc ihl_gpbZe f_gy_lky hl wg_j]bb k\yab
fhe_dmeu \ aZihegy_fhc h[hehqd_ d wg_j]bb k\yab \ gh\hc h[hehqd_1 Wlhl
i_j_oh^ l_f ieZ\g__/ q_f \ur_ l_fi_jZlmjZ +jbk1 :,1

;1 DeZkl_jgZy fh^_ev dhg^_gkZpbb

AZ\bkbfhklv ih\_joghklghc wg_j]bb hl qbkeZ fhe_dme \ deZkl_j_/ dhlhjZy
bf__l klmi_gqZluc oZjZdl_j ijb fZeuo l_fi_jZlmjZo b k]eZ`b\Z_lky k ih\u-
r_gb_f l_fi_jZlmju ² hljZ`Z_lky gZ oZjZdl_j_ ijhp_kkh\/ k\yaZgguo k ijb0
ebiZgb_f fhe_dme d deZkl_jm b bkiZj_gb_f fhe_dme/ ijbgZ^e_`Zsbo deZ0
kl_jm1 JZkkfhljbf \djZlp_ h^bg ba lZdbo ijhp_kkh\/ hl\_qZxsbo dhg^_gkZpbb
fhe_dme \ i_j_gZkus_gghf iZj_/ dhlhjZy ijhl_dZ_l q_j_a h[jZah\Zgb_ b jhkl
aZjh^ur_c/ ijbq_f aZjh^urZfb y\eyxlky deZkl_ju1 GZrZ p_ev ² ihgylv/
dZd iZjZf_lju deZkl_jh\ \ebyxl gZ kdhjhklv dhg^_gkZpbb1

GZ[jhkZ_f h[smx dZjlbgm l_hjbb jZkkfZljb\Z_fhc dhg^_gkZpbb/ kqblZy/
qlh jhkl b jZkiZ^ aZjh^ur_c k\yaZg k ijbkh_^bg_gb_f fhe_dme d deZkl_jm b
bkiZj_gb_f fhe_dme1 JZkkfZljb\Z_f dbg_lbq_kdbc j_`bf/ dh]^Z ^ebgZ k\h-
[h^gh]h ijh[_]Z fhe_dme \_ebdZ ih kjZ\g_gbx k jZaf_jhf deZkl_jZ1 <j_fy
bkiZj_gby fhe_dme ba deZkl_jZ aZ^Z^bf \ \b^_ ,2H[S+3 7Qετ ∆ / ]^_ ∆εn — wg_j-
]by k\yab n-c fhe_dmeu \ deZkl_j_/ qZklhlZ aZo\ZlZ k\h[h^guo fhe_dme deZ0
kl_jhf jZ\gZ jσn, ]^_ σn ² k_q_gb_ aZo\ZlZ fhe_dme deZkl_jhf/ dhlhjh_ ijh0
ihjpbhgZevgh k_q_gbx deZkl_jZ> ihlhd iZ^Zxsbo fhe_dme jZ\_g

]^_ N — iehlghklv fhe_dme \ ]Zah\hc nZa_/ m — fZkkZ fhe_dmeu1 <\_^_f
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^Z\e_gb_ gZkus_ggh]h iZjZ JH(T) lZdbf h[jZahf/ qlh ijb hl\_qZxs_c _fm
iehlghklb fhe_dme ^ey deZkl_jh\ [hevrbo jZaf_jh\ \j_f_gZ bkiZj_gby b
aZo\ZlZ fhe_dmeu deZkl_jh\ jZ\gu1 Kl_i_gv i_j_kus_gby ]ZaZ beb iZjZ (j ²
^Z\e_gb_ ]ZaZ, jZ\gh=

GZibr_f dbg_lbq_kdh_ mjZ\g_gb_ ^ey iehlghklb deZkl_jh\ Nn, kh^_j-
`Zsbo i fhe_dme1 Bf__f=

]^_ σn — k_q_gb_ aZo\ZlZ fhe_dmeu deZkl_jhf/ kh^_j`Zsbf i fhe_dme1 >Ze__
fu khkj_^hlhqbf \gbfZgb_ gZ ijbgpbibZevguo we_f_glZo ijhp_kkZ b ihwlhfm
[m^_f ij_g_[j_]Zlv aZ\bkbfhklvx iZjZf_ljh\ τ0 b ∆εn hl n1 MjZ\g_gb_ +45,
bf__l klZpbhgZjgh_ j_r_gb_1

Bkoh^y ba mjZ\g_gby +46, ijhZgZebabjm_f deZkkbq_kdmx l_hjbx dhg0
^_gkZpbb/ ]^_ wg_j]by k\yab fhe_dmeu ∆εn y\ey_lky fhghlhgghc nmgdpb_c
qbkeZ qZklbp \ deZkl_j_1 Bkihevamy ^ey wg_j]bb k\yab n-c fhe_dmeu deZkl_jZ
\ujZ`_gb_ lbiZ +7,/ bf__f k mq_lhf +8,=

Khhlghr_gb_ +45, ijbgbfZ_l \b^=

Hlkx^Z gZoh^bf djblbq_kdh_ qbkeh fhe_dme \ deZkl_j_
6,OQ62Ç5+ 67$Qdj ∆= , (14)

hl\_qZxs__ fbgbfZevghc aZk_e_gghklb1 DeZkl_ju f_gvrbo jZaf_jh\ [m^ml
bkiZjylvky/ deZkl_ju [hevrbo jZaf_jh\ [m^ml jZklb1

>ey hij_^_e_gby kdhjhklb dhg^_gkZpbb g_h[oh^bfh j_rblv kbkl_fm mjZ\-
g_gbc +45,1 AZ^ZqZ mijhsZ_lky [eZ]h^Zjy lhfm/ qlh ijb dZ`^hf i_j_oh^_
qbkeh fhe_dme \ deZkl_j_ f_gy_lky gZ _^bgbpm1 Ihkdhevdm agZq_gby n/ hi0
j_^_eyxsb_ kdhjhklv ijhp_kkZ/ \_ebdb/ lh/ jZkkfZljb\Zy i dZd g_ij_ju\guc
iZjZf_lj/ fh`gh k\_klb kbkl_fm mjZ\g_gbc +45, d mjZ\g_gbx Nhdd_jZ²
IeZgdZ=

< kemqZ_ deZkkbq_kdbc l_hjbb dhg^_gkZpbb bf__f/ qlh ijb i  idj \_ebqbgZ
Zn  31 <j_fy dhg^_gkZpbb ijb ^hklb`_gbb djblbq_kdbo iZjZf_ljh\ hij_^_0
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ey_lky \_ebqbghc 3dj 2,2H[S+,+ τε 7QE Q∆−= / ijbq_f hgh \ hkgh\ghf ljZlblky

gZ ij_h^he_gb_ h[eZklb ∆n/ hij_^_ey_fhc ba khhlghr_gby

L_f kZfuf \j_fy dhg^_gkZpbb ihke_ ^hklb`_gby djblbq_kdbo iZjZf_ljh\
ih ihjy^dm \_ebqbgu khklZ\ey_l τ∆n2/ ]^_ τ=τ0 exp(∆εn/T) ² \j_fy bkiZ-
j_gby fhe_dmeu ba deZkl_jZ djblbq_kdh]h jZaf_jZ1

L_i_jv gZ hkgh\_ ihemq_gguo khhlghr_gbc ij_^klZ\bf h[smx dZjlbgm
ijhp_kkZ dhg^_gkZpbb k mq_lhf k\hckl\ j_Zevguo deZkl_jh\1 Ijb wlhf kms_-
kl\_ggh/ qlh wg_j]by k\yab fhe_dme k deZkl_jhf y\ey_lky g_fhghlhgghc nmg0
dpb_c qbkeZ fhe_dme \ deZkl_j_/ ijbq_f wlZ g_fhghlhgghklv khojZgy_lky k
ih\ur_gb_f l_fi_jZlmju1 Hlkx^Z ke_^m_l/ qlh jZkij_^_e_gb_ deZkl_jh\ ih
jZaf_jZf \ ijhp_kk_ dhg^_gkZpbb bf__l ke_^mxsbc \b^1 FZdkbfZevgZy aZ0
k_e_gghklv hl\_qZ_l deZkl_jZf k qZklbqguf aZiheg_gb_f aZfdgmlhc h[hehq0
db/ ^ey dhlhjuo wg_j]by k\yab ijbkh_^bgy_fhc fhe_dmeu jZ\gZ ∆Η beb [ebadZ
d wlhc \_ebqbg_1 Ijb gbadbo l_fi_jZlmjZo lZdbf h[jZahf \u^_eyxlky deZ-
kl_ju k aZkljZb\Z_fhc aZfdgmlhc h[hehqdhc/ ih\ur_gb_ l_fi_jZlmju k]eZ0
`b\Z_l wlhl wnn_dl/ gh khojZgy_l _]h1 Nmgdpby jZkij_^_e_gby deZkl_jh\ ih
qbkem fhe_dme \ gbo bf__l j_adb_ ijh\Zeu/ khhl\_lkl\mxsb_ aZkljhcd_ g_0
aZfdgmluo h[hehq_d1 Wlh kms_kl\_ggh kdZau\Z_lky gZ oZjZdl_j_ dhg^_gkZpbb/
dhlhjZy j_adh aZf_^ey_lky ijb aZkljhcd_ g_aZfdgmluo h[hehq_d deZkl_jZ1

>ey ^_fhgkljZpbb wlh]h nZdlZ gZ jbk1 ; ijb\h^blky aZ\bkbfhklv wg_j]bb
k\yab ijbkh_^bgy_fhc d deZkl_jm fhe_dmeu ∆εn hl qbkeZ qZklbp \ g_f \ h[0
eZklb aZkljhcdb aZfdgmlhc h[hehqdb k i1  :<41 DZd \b^gh/ wlb aZ\bkbfhklb
g_ khhl\_lkl\mxl mkj_^g_gbx wg_j]bb k\yab/ aZeh`_gghfm \ deZkkbq_kdmx
l_hjbx dhg^_gkZpbb1 >ey agZq_gbc iZjZf_ljZ0x=∆εn/T  3/35 ² 3/38/ ij_^0
klZ\eyxsbo bgl_j_k ^ey dhg^_gkZpbb/ baf_g_gb_ nZdlhjZ ∆εn/T ijb aZkljhc0
d_ h[hehqdb khklZ\ey_l g_kdhevdh _^bgbp/ qlh hl\_qZ_l baf_g_gbx aZk_e_g0
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ghkl_c deZkl_jh\ gZ ihjy^db \_ebqbgu1 L_f kZfuf nmgdpby jZkij_^_e_gby
deZkl_jh\ ih qbkem fhe_dme \ g_f y\ey_lky kms_kl\_ggh g_fhghlhgghc1 Hl0
f_lbf/ qlh wlb \u\h^u ke_^mxl ba ZgZebaZ hlghkbl_evgh [hevrbo deZkl_jh\/
l1_1 hgb kijZ\_^eb\u ^ey jZaguo j_`bfh\ dhg^_gkZpbb1

DZd j_amevlZl g_fhghlhgghc aZ\bkbfhklb wg_j]bb k\yab ijbkh_^bgy_fhc
d deZkl_jm fhe_dmeu hl qbkeZ fhe_dme \ g_f dZjlbgZ dhg^_gkZpbb klZgh\blky
keh`g__/ q_f \ deZkkbq_kdhf kemqZ_1 Ijb wlhf deZkl_jgZy l_hjby fh`_l [ulv
ihkljh_gZ gZ mjZ\g_gbb Nhdd_jZ² IeZgdZ +48,/ gh k mq_lhf j_Zevguo agZ-
q_gbc ∆εn 1 DZd \b^gh/ \ wlhf kemqZ_ \j_fy dhg^_gkZpbb [m^_l hij_^_eylvky
ijhoh`^_gb_f h[hehq_d k gZbf_gvrbfb agZq_gbyfb wg_j]bb k\yab fhe_dme
∆εn . LZdbo h[hehq_d fh`_l [ulv fgh]h/ ijbq_f l_fi_jZlmjgu_ wnn_dlu kih0
kh[gu ebrv qZklbqgh k]eZ^blv klmi_gqZluc oZjZdl_j aZ\bkbfhklb ∆εn hl i/
gh g_ baf_gblv _]h1 L_f kZfuf deZkkbq_kdZy l_hjby dhg^_gkZpbb hdZau\Z_lky
g_ijb]h^ghc/ Z kijZ\_^eb\hklv mijhs_gguo \ZjbZglh\ deZkl_jghc l_hjbb
dhg^_gkZpbb fh`_l [ulv ijh\_j_gZ iml_f qbke_gguo jZkq_lh\ k mq_lhf mjZ\-
g_gby Nhdd_jZ²IeZgdZ +48, b j_Zevguo aZ\bkbfhkl_c wg_j]bb ijbkh_^bg_0
gby fhe_dmeu d deZkl_jm hl qbkeZ fhe_dme \ g_f b l_fi_jZlmju1

<1 AZdexq_gb_

:gZeba deZkl_jh\/ \uj_aZgguo ba ]jZg_p_gljbjh\Zgghc/ h[t_fghp_gl-
jbjh\Zgghc b ]_dkZ]hgZevghc djbklZeebq_kdbo j_r_lhd hdheh g_dhlhjh]h p_g0
ljZ/ iha\hey_l knhjfmebjh\Zlv jy^ ml\_j`^_gbc/ hlghkysboky d nbabd_ deZ0
kl_jZ1 Ijb gbadbo l_fi_jZlmjZo deZkl_j/ kh^_j`Zsbc ^_kyldb b khlgb fh-
e_dme/ g_evay kqblZlv fZdjhkdhibq_kdhc kbkl_fhc/ b[h jy^ iZjZf_ljh\ deZ0
kl_jZ g_evay hij_^_eblv dZd fhghlhggmx nmgdpbx qbkeZ qZklbp \ g_f1 Wlh
hlghkblky/ \ qZklghklb/ d wg_j]bb k\yab ijbkh_^bgy_fhc d deZkl_jm fhe_dmeu/
dhlhjZy aZ\bkbl hl kljmdlmju deZkl_jZ0h[hehqdb/ \ dhlhjhc hgZ gZoh^blky/
b h[hehq_d/ dhlhju_ aZiheg_gu1 Wg_j]by k\yab fhe_dmeu \ deZkl_j_ bkiu-
lu\Z_l kdZqdb ih f_j_ jhklZ deZkl_jZ ² aZiheg_gby h^ghc h[hehqdb b kh0
a^Zgby ke_^mxs_c1 LZdhc `_ kdZqdhh[jZaguc \b^ ke_^m_l h`b^Zlv hl ^jm]bo
iZjZf_ljh\ deZkl_jZ/ k\yaZgguo k ih\_^_gb_f h^ghc fhe_dmeu ² ihl_gpbZeZ
bhgbaZpbb/ wg_j]bb kjh^kl\Z/ wg_j]bb we_dljhggh]h \ha[m`^_gby b l1^1

Ih\_joghklgZy wg_j]by deZkl_jZ kha^Z_lky aZf_lghc beb [hevr_c qZklvx
fhe_dme deZkl_jZ1 WlZ \_ebqbgZ g_qm\kl\bl_evgZ d j_ev_nm ih\_joghklb deZ-
kl_jZ ² kljmdlmj_ _]h h[hehq_d1 Ihwlhfm ^ey ih\_joghklghc wg_j]bb deZkl_j/
kh^_j`Zsbc ^_kyldb b [he__ fhe_dme/ y\ey_lky fZdjhkdhibq_kdhc qZklbp_c1
>ey g_]h fh`_l [ulv bkihevah\Zgh lZdh_ ihgylb_/ dZd ih\_joghklgh_ gZly-
`_gb_1

< aZdexq_gb_ hlf_lbf/ qlh bkihevam_fuc f_lh^ ihkljh_gby deZkl_jZ im-
l_f \uj_aZgby _]h ba djbklZeebq_kdhc j_r_ldb fh`_l [ulv ijbf_g_g d j_0
r_ldZf jZaghc kbff_ljbb b m^h[_g ijb ZgZeba_ jZaguo k\hckl\ deZkl_jh\ b
ijhp_kkh\ k bo mqZklb_f1

IJBF?Q:GB?

(1) DZd \b^gh/ l_jfbgu deZkl_j/ dZiey/ fZdjhkdhibq_kdZy qZklbpZ ^ey kbkl_f/ khklh0
ysbo ba ^_kyldh\ b [he__ fhe_dme/ bf_xl h^bgZdh\uc kfuke ijb jZkkfhlj_gbb ih\_joghklghc
wg_j]bb1
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