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?�<��<hjhgbgZ��F?O:GBD:�HQ:=:�A?FE?LJYK?GBY. 
F���Nbabq_kdbc�nZdmevl_l�F=M�����������k� 
 

Mq_[gh_� ihkh[b_� ij_^klZ\ey_l� kh[hc� dhgki_dl� e_dpbc�� qblZ_fuo� gZ� dZ�
n_^j_� nbabd_� A_feb� Nbabq_kdh]h� nZdmevl_lZ�F=M� ih� ki_pdmjkm� ©F_oZgbdZ�
hqZ]Z�a_fe_ljyk_gbyª��Ihkh[b_�\dexqZ_l�\�k_[y�jZkkfhlj_gb_f�hkgh\hiheZ]Zx�
sbo�\hijhkh\�l_hjbb�hqZ]Z�l_dlhgbq_kdh]h�a_fe_ljyk_gby�—�gZb[he__�ZdlmZev�
ghc� aZ^Zqb�kh\j_f_gghc�k_ckfheh]bb��Jy^�e_dpbc�hkgh\Zg�gZ�j_amevlZlZo�gZb�
[he__�i_jki_dlb\guo�gZmqguo�bkke_^h\Zgbc��\�lhf�qbke_�—�ih�^bgZfbd_�\kiZ�
ju\Zgby�\�hqZ]h\uo�ahgZo�a_fe_ljyk_gbc��qlh�g_�hljZ`_gh�\�h[s_^hklmighc�eb�
l_jZlmj_�� >Zggh_� mq_[gh_� ihkh[b_� y\ey_lky� g_h[oh^bfuf� ^ey� h[_ki_q_gby�
mq_[gh]h�ijhp_kkZ�b�m]em[e_gby�ki_pbZebaZpbb�klm^_glh\�dZn_^ju�nbabdb� 

>ey�klm^_glh\���dmjkZ 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�����������������<hjhgbgZ�?�<��������]� 
�������Nbabq_kdbc�nZdmevl_l�F=M�bf��F�<��Ehfhghkh\Z�������]� 
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E_dpby�� 

<<?>?GB? 

GZklhysbc�dmjk�e_dpbc�ihk\ys_g�jZkkfhlj_gbx�hkgh\hiheZ]Zxsbo�
ijh[e_f�f_oZgbdb�hqZ]Z�a_fe_ljyk_gby�b�\hijhkZf�ijZdlbq_kdh]h�bkihev�
ah\Zgby�^Zgguo�h�f_oZgbafZo�hqZ]Z�\�j_r_gbb�]_h^bgZfbq_kdbo�aZ^Zq� 

A_fe_ljyk_gby�gZ�gZr_c�ieZg_l_�ijhbkoh^yl�qZklh��DZ`^uc�]h^�hgb�
ijbghkyl�jZajmr_gby� \h�fgh]b_�j_]bhgu�fbjZ��DZlZkljhnbq_kdb_� a_fe_�
ljyk_gby�khijh\h`^Zxlky�h]jhfgufb�q_eh\_q_kdbfb�`_jl\Zfb��<�;;�\_�
d_�\h�\j_fy�^\mo� a_fe_ljyk_gbc�\�DblZ_� ���^_dZ[jy� ����� ]h^Z�b� ���fZy�
�����]h^Z�ih]b[eh�\�kh\hdmighklb�hdheh�����luk��q_eh\_d��a_fe_ljyk_gb_�
��k_gly[jy� �����]h^Z�\�Yihgbb��\[ebab�Lhdbh��mg_keh� ����luk��`bag_c��
���fZy������]h^Z�\�I_jm�—����luk��q_eh\_d��GZ�l_jjblhjbb�[u\r_]h�Kh�
\_lkdh]h�KhxaZ� kZfuf� dZlZkljhnbq_kdbf� ih� ihke_^kl\byf� [ueh� kiblZd�
kdh_�a_fe_ljyk_gb_���^_dZ[jy������]h^Z��mg_kr__����luk��`bag_c��\h�\j_fy�
g_nl_]hjkdh]h�a_fe_ljyk_gby�gZ�KZoZebg_����fZy������]h^Z�ih]b[eh������
q_eh\_d�� DZlZkljhnbq_kdb_� a_fe_ljyk_gby� ijhbkoh^beb� lZd`_� \� BjZg_��
IZdbklZg_��Jmfugbb��X]hkeZ\bb��BlZebb��Bg^bb��Qbeb�b�\�^jm]bo�k_ck�
fbq_kdb�Zdlb\guo�j_]bhgZo� 

A_fe_ljyk_gb_�y\ey_lky�bklhqgbdhf�bgnhjfZpbb�g_�lhevdh�h�kljh_�
gbb�kj_^u��gh�b�h�ijhp_kk_�\ha[m`^_gby�\heg�\�bklhqgbd_��Bamq_gb_�hqZ]Z�
a_fe_ljyk_gby�ij_^klZ\ey_l� kh[hc� agZqbl_evgh� [he__� ljm^gmx� aZ^Zqm�ih�
kjZ\g_gbx�k�bamq_gb_f�kljh_gby�A_feb�ih�g_kdhevdbf�ijbqbgZf� 

��� >ey� bamq_gby� kdhjhklgh]h� jZaj_aZ� kj_^u� g_h[oh^bfu� ^Zggu_�
lhevdh�h�dbg_fZlbd_�k_ckfbq_kdbo�\heg��l�_��—�h�\j_f_gZo�\klmie_gby�lh�
]h�beb�bgh]h�lbiZ�b^_glbnbpbjh\Zgguo�nZa�h[t_fguo�\heg�beb�^bki_jkb�
hggZy�djb\Zy�ih\_joghklguo�\heg��\�lh�\j_fy�dZd�bgnhjfZpby�h�kf_s_gb�
yo�b�mkeh\byo�\kiZju\Zgby�\�hqZ]h\hc�ahg_�aZdexq_gZ�\�^bgZfbq_kdbo�oZ�
jZdl_jbklbdZo�k_ckfbq_kdbo�\heg��l�_��—�\�nhjfZo�aZibkb�dhe_[Zgbc��dh�
lhju_� kbevgh�bkdZ`Zxlky� dZd� j_]bkljbjmxs_c� ZiiZjZlmjhc�� lZd�b� mkeh�
\byfb� jZkijhkljZg_gby� \heg� \� g_h^ghjh^ghc� kj_^_�� Kljh]h� ]h\hjy�� ^ey�
bamq_gby�ijhp_kkh\�\�hqZ]_�g_h[oh^bfh��qlh[u�kj_^Z�[ueZ�ba\_klgZ� 

���FZl_fZlbq_kdbc� ZiiZjZl� l_hjbb� mijm]hklb�� hibku\Zxsbc� jZk�
ijhkljZg_gb_�k_ckfbq_kdbo�\heg�jZa\bl�\�;,;�\_d_��AZ^ZqZ�Ewf[Z��hibku�
\ZxsZy�h[jZah\Zgb_�hkgh\guo�lbih\�h[t_fguo�b�ih\_joghklguo�k_ckfb�
q_kdbo�\heg�\�mijm]hf�ihemijhkljZgkl\_��[ueZ�j_r_gZ�\������]h^m� 

Ij_^klZ\e_gb_� h[� hqZ]_� a_fe_ljyk_gby� dZd� h� j_amevlZl_� jZaju\Z�
fZl_jbZeZ�kiehrghklb�kj_^u ih^�^_ckl\b_f�mijm]bo�gZijy`_gbc�[ueh�
knhjfmebjh\Zgh�J_c^hf�\������]h^m��F_oZgbdZ�jZajmr_gby��gZqZeh�dhlh�
jhc� [ueh� iheh`_gh�=jbnnblkhf� \� ����� ]h^m�� ihemqbeZ� jZa\blb_� lhevdh�
ihke_�\hcgu�b�^h�kbo�ihj�^Ze_dZ�hl�aZ\_jr_gby� 
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J:A<BLB?�G:MQGUO�IJ?>KL:<E?GBC 
H;�HQ:=:O�A?FE?LJYK?GBC 

K_ckfheh]b� gZqZeb� bamq_gb_� hqZ]Z� a_fe_ljyk_gby� l_fb� fZeufb�
kj_^kl\Zfb�� dhlhjufb� jZkiheZ]Zeb�� [Zabjmykv�� ]eZ\guf� h[jZahf�� gZ� j_�
amevlZlZo�gZ[ex^_gbc� 

GZ�hkgh\_�bamq_gby�ihke_^kl\bc�DZebnhjgbckdh]h�a_fe_ljyk_gby������
]h^Z�� J_c^� \u^\bgme� l_hjbx� mijm]hc� hl^Zqb�� We_f_glu� wlhc� l_hjbb� [ueb�
\ihke_^kl\bb�jZa\blu�b�qZklbqgh�hijh\_j]gmlu��gh�hkgh\gu_�iheh`_gby�hk�
lZebkv�\_jgufb�b�^h�kbo�ihj��Ijbfblb\gh�]h\hjy��mijm]Zy�kj_^Z��ih^h[gh�qZ�
kh\hc�ijm`bg_��dhlhjmx�\k_�lm`_�b�lm`_�aZdjmqb\Zxl��^_nhjfbjm_lky��gZdZi�
eb\Zy�\�fZl_jbZe_�A_feb�\k_�[hevr_�b�[hevr_�wg_j]bb��b�gZijy`_gby�\�__�l_e_�
m\_ebqb\Zxlky��Dh]^Z�ijm`bgZ�ehiZ_lky��ijhbkoh^bl�hq_gv�j_adh_�\uk\h[h`�
^_gb_�wlhc�wg_j]bb��qZklbqgh�\�\b^_�l_ieZ��qZklbqgh�\�\b^_�mijm]bo�\heg��qZk�
lbqgh�—�\�\b^_�g_mijm]bo�kf_s_gbc�we_f_glh\�kj_^u��[ehdh\�� 

<� ����� ]h^m� GZdZgh� \i_j\u_� hibkZe� aZdhghf_jgh_� jZkij_^_e_gb_�
agZdh\�i_j\uo�\klmie_gbc�k_ckfbq_kdbo�\heg�gZ�k_ckfbq_kdbo�klZgpbyo��
jZkiheh`_gguo� \� jZaebqguo� gZijZ\e_gbyo� hl� hqZ]h\hc� ahgu� �jbk����� b�
\\_e�ihgylb_�gh^Zevguo�iehkdhkl_c. 

 
 

Jbk����D\Z^jZglgh_�jZkij_^_e_gb_�agZdh\�i_j\uo�\klmie_gbc�
J-\heg�\�jZaguo�ZabfmlZo�hl�wibp_gljZ�a_fe_ljyk_gby 
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I_j\h_� \klmie_gb_� —� kf_s_gb_� aZibkb� gZ� k_ckfh]jZff_� \h� \j_fy�
ijboh^Z�h[t_fghc�ijh^hevghc�J-\hegu��Kf_s_gb_�\\_jo�khhl\_lkl\m_l�k`Z�
lbx� \� hqZ]_�� kf_s_gb_� \gba�—� jZkly`_gbx��Gh^Zevgu_� iehkdhklb�—� ih�
\_joghklb�gme_\uo�kf_s_gbc��D\Z^jZglgh_�jZkij_^_e_gb_�agZdh\�i_j\uo�
\klmie_gbc�J-\heg�gZ[ex^Z_lky�\�[hevrbgkl\_�a_fe_ljyk_gbc�b�k\b^_l_ev�
kl\m_l�h� lhf��qlh� a_fe_ljyk_gby� \aju\gh]h� lbiZ�j_^db�b�jZajy^dZ� wg_j]bb�
khijh\h`^Z_lky�mf_gvr_gb_f��]eZ\guf�h[jZahf��k^\b]h\uo�gZijy`_gbc� 

Fgh]bfb�mq_gufb�[ueb�ij_^eh`_gu�jZaebqgu_�\ZjbZglu�lhq_qghc�
fh^_eb�hqZ]Z��GZb[he__�bgl_j_kgufb�ba�gbo�y\eyxlky�fh^_ev�\�\b^_�^b�
ihey�k�fhf_glhf��ij_^eh`_ggZy�;Zc_jeb�\������]h^m�b�fh^_ev�^\hcgh]h�
^bihey k�fhf_glhf��ij_^eh`_ggZy�<\_^_gkdhc�\������]h^m� 

<������]h^m�;_g�F_gZo_f�\i_j\u_�jZkkfhlj_e�aZdhghf_jghklb�baem�
q_gby� ih\_joghklguo� \heg� k_ckfbq_kdbfb� bklhqgbdZfb�� <� ����� ]h^m�� \�
jZ[hl_��ihk\ys_gghc� ZgZebam�Gbb]Zlkdh]h� a_fe_ljyk_gby� \�Yihgbb��:db�
\\_e�ihgylb_� k_ckfbq_kdh]h�fhf_glZ�� Z�\� ����� ]h^m�Dhkljh\�hij_^_ebe�
l_gahj�k_ckfbq_kdh]h�fhf_glZ. 

H�ihe_aghklb�ex[hc�l_hjbb�ke_^m_l�km^blv�ih�__�kihkh[ghklb�ij_^�
kdZaZlv�gh\u_�j_amevlZlu��dhlhju_�[ueb�[u�khihklZ\bfu�k�gZ[ex^_gbyfb��
H^gZdh�� keh`ghklv� ]_heh]bq_kdh]h� kljh_gby� \� k_ckfbq_kdb� Zdlb\guo�j_�
]bhgZo�g_�iha\hey_l�ihemqblv�lhqguo�^Zgguo�h[�hqZ]_�b�^Zlv�ij_^ihql_�
gb_�dZdbf-eb[h�l_hj_lbq_kdbf�ij_^klZ\e_gbyf�\�gZklhysbc�fhf_gl��Ih-
\b^bfhfm��lZdh_�iheh`_gb_�khojZgblky�\�l_q_gb_�^ebl_evgh]h�\j_f_gb� 

Bglmblb\gh�ihgylb_�hqZ]Z�l_dlhgbq_kdh]h�a_fe_ljyk_gby�ykgh��ohly�
b�jZkieu\qZlh��Wlh� 

1. h[eZklv��baemqZxsZy�k_ckfbq_kdb_�\hegu� 
2. h[eZklv�� \� dhlhjhc� jZkiheh`_gu� ]bihp_glju� Znl_jrhdh\� �Zn�

l_jrhdb —�[he__�keZ[u_�k_ckfbq_kdb_�lheqdb��\hagbdZxsb_�\�
hqZ]h\hc�h[eZklb�ihke_�kbevgh]h�a_fe_ljyk_gby�� 

3. h[eZklv�g_h[jZlbfhc�^_nhjfZpbb�kj_^u� 
 

L?DLHGBQ?KD:Y�BGL?JIJ?L:PBY 
HQ:=H<UO�AHG 

L_dlhgbq_kdb_�jZaju\u�gZ�ih\_joghklb�A_feb�fh]ml�[ulv� lj_o�lb�
ih\�� k^\b]h\h]h�� \a[jhkh\h]h�b� k[jhkh\h]h� �jbk�����Ijb� k^\b]_� kf_s_gb_�
ih� jZaju\m� ijhbkoh^bl� ij_bfms_kl\_ggh� \� ]hjbahglZevghc� iehkdhklb�
�kf_s_gb_�ih�ijhklbjZgbx�—�VWULNH�VOLS�IDXOW���Ijb�\a[jhk_�b�k[jhk_�—�\�
\_jlbdZevghc��kf_s_gb_�ih�iZ^_gbx�—�GLS�VOLS�IDXOW���>\b`_gb_�hij_^_ey�
_lky�ih�kf_s_gbx�\bkyq_]h�[hdZ�hlghkbl_evgh�e_`Zq_]h��<bkyqbf�[hdhf�
gZau\Z_lky� [ehd��iehkdhklv� jZaju\Z� dhlhjh]h�bf__l� hkljuc� m]he� k� ]hjb�
ahglhf��e_`Zqbf�–�[ehd�k�iehkdhklvx�jZaju\Z��h[jZamxs_c�lmihc�m]he�k�
]hjbahglhf��?keb�\bkyqbc�[hd�i_j_f_sZ_lky�\\_jo��jZaju\�gZau\Z_lky�jZa�
ehfhf�\a[jhkh\h]h�lbiZ� �UHYHUVH� IDXOW���_keb�\bkyqbc�[hd�kf_sZ_lky�\gba��
jZaju\�ij_^klZ\ey_l�kh[hx�k[jhk��QRUPDO�IDXOW��� 
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Khhl\_lkl\mxsb_� wlbf� ^\b`_gbyf� ih� jZaehfZf� f_oZgbafu� hqZ]Z�
gZau\Zxlky� k^b]Zfb�� \a[jhkZfb� beb� k[jhkZfb�� <u^_eyxl� _s_� iheh]bc�
\a[jhk��gZau\Z_fuc�gZ^\b]hf��trust). 

 

 

 

E_dpby��� 

NBABQ?KDB?�IJHP?KKU�<�H;E:KLB�HQ:=:�
A?FE?LJYK?GBY 

HqZ]�l_dlhgbq_kdh]h�a_fe_ljyk_gby�\hagbdZ_l�\�j_amevlZl_�jZajy^db�
gZijy`_gbc�� gZdhie_gguo� mijm]hc� kj_^hc� \� ijhp_kk_� l_dlhgbq_kdhc� ^_�
nhjfZpbb��L_dlhgbq_kdZy�^_nhjfZpby�fh`_l�[ulv�mijm]hc�b�g_mijm]hc��K�
g_mijm]hc�^_nhjfZpb_c�g_�k\yaZgh�gbdZdhc�ihl_gpbZevghc�wg_j]bb��A_f�
e_ljyk_gb_�ijhbkoh^bl�aZ�kq_l�ij_\jZs_gby�mijm]hc�^_nhjfZpbb�\�g_mi�
jm]mx� \� ijhp_kk_� \kiZju\Zgby� kiehrghklb� kj_^u�� H[sZy� ^_nhjfZpby�
l_dlhgbq_kdb�Zdlb\gh]h�j_]bhgZ��ijb�wlhf��g_�mf_gvrZ_lky� 

 
 
 

Jbk����Lbiu�jZaju\h\�gZ�ih\_joghklb�A_feb�b�khhl\_lkl\mxsb_�
bf�f_oZgbafu�hqZ]Z 
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Ijhp_kk� i_j_oh^Z� mijm]hc� ^_nhjfZpbb� \� g_mijm]mx�fh`_l� ijhbk�
oh^blv�f_^e_ggh��Lh]^Z�fu� ]h\hjbf� h�iheamq_klb� kj_^u�� __� \yadhf�beb�
ieZklbq_kdhf�l_q_gbb��Ijb�[ukljhf�i_j_oh^_�qZklh�gZ[ex^Z_lky�jZaju\�
kiehrghklb� kj_^u� b� bf_ggh� wlh� bf__l� f_klh� ijb� a_fe_ljyk_gbyo��GZ�
[ex^_gb_� oZjZdl_jbklbd� a_fe_ljyk_gbc� k\b^_l_evkl\m_l� h� ehdZevghc�ih�
l_jb�mklhcqb\hklb�kj_^u� 

<�f_oZgbd_�kiehrguo�kj_^�ijhp_kk�ihl_jb�mklhcqb\hklb�kj_^u�bam�
qZ_lky� ijb� g_baf_gguo� k\hckl\Zo�fZl_jbZeZ� kj_^u� b� [_a� gZjmr_gby� _]h�
kiehrghklb��<�j_Zevghc�A_fe_�ijbqbgm�ihl_jb�mklhcqb\hklb�ke_^m_l�bk�
dZlv�\�kZfhf�fZl_jbZe_�ihjh^��kh^_j`Zsboky�\�l_e_�ieZg_lu� 

GZ�ih\_joghklb�A_feb�ehdZevgZy�g_mklhcqb\hklv� kj_^u� \ujZ`Z�
_lky�\�h[jZah\Zgbb�jZaju\h\��Ijb�wlhf��gZjZklZgb_�^_nhjfZpbc�k\yaZgh�k�
mf_gvr_gb_f�gZijy`_gbc�\�hdj_klghklb�hqZ]Z� aZ�kq_l�kgylby�_]h�gZ�jZa�
ju\_�� 

JZkkfhljbf�h[jZa_p�fZl_jbZeZ��d�dhlhjhfm�ijbeh`_gh�\g_rg__�gZ�
ijy`_gb_�ih�^\mf�hkyf��^\mklhjhgg__�k`Zlb_���Ijbf_f��^ey�ijhklhlu��qlh�
hjb_glZpby�]eZ\guo�hk_c�^_nhjfZpbb�b�gZijy`_gby�g_�baf_gy_lky�\�ijh�
p_kk_� ^_nhjfbjh\Zgby�� Ih^� ^_ckl\b_f� wlbo� gZijy`_gbc� \� l_e_� h[jZapZ�
\hagbdZ_l�jZaju\��jbk����� 

Hg�[m^_l�hjb_glbjh\Zg�ih^�g_dhlhjuf�m]ehf�d�gZijZ\e_gbx�^_ckl�
\mxsbo� gZijy`_gbc��GZ� jZaju\_� bf_xl� f_klh� ghjfZevgu_� b� lZg]_gpb�
Zevgu_� �beb� k^\b]h\u_�� gZijy`_gby�� M\_ebq_gb_� jZaf_jZ� jZaju\Z� \ha�
fh`gh� lh]^Z�� dh]^Z� \_ebqbgZ� lZg]_gpbZevguo� gZijy`_gbc� τ = 
1/2(σ1−σ3)· sinϑ�klZgh\blky�jZ\ghc�beb�ij_\hkoh^bl�hij_^_e_ggmx��gZau�
\Z_fmx�djblbq_kdhc��\_ebqbgm��jZ\gmx��τ k =τ 0 +µσ��A^_kv�µ —�dhwnnb�

 
 

 
 
 

Jbk����Kdhev`_gb_�ih�jZaju\m�ih^�^_ckl\b_f�gZijy`_gbc�
k`Zlby 
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pb_gl�\gmlj_gg_]h�lj_gby�f_`^m�[_j_]Zfb�jZaju\Z��Ih^h[gh_�mkeh\b_�h[�
jZah\Zgby�jZaju\Z�gZau\Z_lky�djbl_jb_f�jZajmr_gby�DmehgZ� 

LZdbf�h[jZahf��qlh[u�ih^\b`dZ�ih�jZaju\m�[ueZ�\hafh`gZ��g_h[oh�
^bfh�qlh[u�lZg]_gpbZevgh_�gZijy`_gb_�\^hev�ih\_joghklb�jZaju\Z�\�
gZqZevguc�fhf_gl�\kiZju\Zgby�ij_\hkoh^beh�ih�\_ebqbg_�kbem�lj_�
gby�gZ�jZaju\_��Wlb�mkeh\by�oZjZdl_jgu�^ey�a_fe_ljyk_gbc��ijhbkoh^y�
sbo�\[ebab�ih\_joghklb�A_feb� 

GZ�]em[bgZo�hl�����df�b�[he__�djbl_jbb�jZajmr_gby�kbevgh�hlebqZ�
xlky�hl�l_o��qlh�bf_xl�f_klh�gZ�ih\_joghklb�A_feb��M\_ebq_gb_�l_fi_jZ�
lmj�b�^Z\e_gby�k�]em[bghc�kha^Zxl�[eZ]hijbylgu_�mkeh\by�^ey�h[jZah\Zgby�
ihjh\hc�`b^dhklv�\�khklZ\_�]hjguo�ihjh^��Wlh�ijb\h^bl�d�lhfm��qlh�aZdhg�
kmoh]h�lj_gby��khhl\_lkl\mxsbc�djbl_jbx�DmehgZ��g_�ijb_fe_f�^ey�a_fe_�
ljyk_gbc��gZ[ex^Zxsboky�gZ� ]em[bg_��K�wlhc�lhqdb� aj_gby�[_kkfuke_ggh�
]h\hjblv�h�jZaju\_�kiehrghklb�kj_^u�ijb�]em[hdbo�a_fe_ljyk_gbyo�� 

H^gZdh�b� ^ey� ]em[hdbo� a_fe_ljyk_gbc� h[eZklb�g_mklhcqb\uo� ^_�
nhjfZpbc dhgp_gljbjmxlky�\� madb_� ahgu��dhlhju_�fh`gh� hlh`^_kl�
\blv�� k�fZdjhkdhibq_kdhc�lhqdb� aj_gby�� k�jZaju\hf� kiehrghklb� kj_�
^u��H[uqgh� hqZ]h\Zy� ahgZ� k\yaZgZ� k�f_edhfZkrlZ[ghc�g_h^ghjh^ghklvx�
kj_^u�� \� h[eZklb� dhlhjhc� djblbq_kdb_� gZijy`_gby�f_gvr_�� q_f� \� hdjm�
`Zxs_f�fZl_jbZe_� 

JZkkfhljbf� g_dhlhjuc� h[t_f�fZl_jbZeZ� A_feb��KqblZ_f� ^_nhjfZ�
pbb�b�gZijy`_gby�\�g_f�h^ghjh^gufb�� l�_��hjb_glZpby� ]eZ\guo�hk_c�^_�
nhjfZpbb�b�gZijy`_gby�g_�baf_gyxlky�\�ijhp_kk_�^_nhjfbjh\Zgby��Lh]^Z�
aZ\bkbfhklv�^_nhjfZpbb�hl�gZijy`_gby�fh`_l�[ulv�ij_^klZ\e_gZ�\�\b^_�
�jbk���� 
 

                    σ �������������������������������: 

                    0σ             

                  1σ   �������K������������������������������������������< 

  

 

 

                                1ε               0ε                      2ε                    ε  

 

Jbk���� AZ\bkbfhklv� gZijy`_gbc� hl� ^_nhjfZpbc� \� hqZ]h\hc�
ahg_�a_fe_ljyk_gby� 
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>h�lhqdb�:�jhkl�^_nhjfZpbc�ε�khijh\h`^Z_lky�jhklhf�gZijy`_gbc�
σ��H[t_f�\u^_e_ggh]h�fZl_jbZeZ�gZoh^blky�\�khklhygbb�jZ\gh\_kby�k�hd�
jm`Zxs_c�kj_^hc��>Ze__��_keb�ijb�jhkl_�^_nhjfZpbc�gZijy`_gby�mf_gv�
rZxlky���qZklv�djb\hc�hl�lhqdb�:�^h�lhqdb�<���ijhbkoh^bl�ihl_jy�mklhc�
qb\hklb� kj_^u��HgZ� khijh\h`^Z_lky� eZ\bghh[jZaguf� jhklhf� jZaju\h\� b�
m\_ebq_gb_f�^_nhjfZpbc�\iehlv�^h�lh]h�fhf_glZ��ihdZ�gZijy`_gby�\gh\v�
g_�gZqgml�jZklb��lh�_klv�—�^h�fhf_glZ�gh\hc�mklhcqb\hklb�kj_^u��LZdbf�
h[jZahf�� ^ey� lh]h�� qlh[u� ^bgZfbq_kdbc� ijhp_kk� jZa\blby� jZaju\Z� [ue�
\hafh`_g��g_h[oh^bfh�qlh[u�^bZ]jZffZ�gZijy`_gby-^_nhjfZpbb�^ey�fZ�
l_jbZeZ�A_feb�bf_eZ�iZ^Zxsbc�mqZklhd��Khklhygb_�kj_^u�\�lhqd_�:�gZau�
\Z_lky�djblbq_kdbf� 

>hihegbl_evgmx� ^_nhjfZpbx�ijb� \uoh^_�ba� djblbq_kdh]h� khklhy�
gby� bkiulu\Z_l� g_� \_kv� h[t_f� kj_^u�� Z� lhevdh� madZy� ihehkZ�� khhl\_lkl�
\mxsZy�h[eZklb�f_edhfZkrlZ[ghc�g_h^ghjh^ghklb�kj_^u��I_j\hgZqZevgh�
h[eZklv� g_mklhcqb\uo� ^_nhjfZpbc� dhgp_gljbjm_lky� \�nhjf_�� [ebadhc� d�
kn_jbq_kdhfm�h[t_fm��k�jZa\blb_f�ijhp_kkZ�\h�\j_f_gb�wlZ�nhjfZ�\k_�[h�
e__�ijbh[j_lZ_l�nhjfm�ihehku�g_mklhcqb\hklb� 

G_mklhcqb\Zy�^_nhjfZpby�fh`_l�jZkijhkljZgylvky�\�^\mo�gZijZ\e_�
gbyo��khhl\_lkl\mxsbo�iehkdhklyf�fZdkbfZevguo�dZkZl_evguo�gZijy�
`_gbc��?keb�\aZbfgh_�i_j_f_s_gb_�[_j_]h\�jZaj_aZ�hdZau\Z_lky�[hevrbf�
jZaf_jZ�i_j\hgZqZevghc�g_h^ghjh^ghklb�kj_^u��lh�kf_s_gb_�ih�h^ghc�ba�
iehkdhkl_c� hdZ`_lky� g_\hafh`guf� b� bf__l� f_klh� lhevdh� h^gZ� ihehkZ�
kdhev`_gby� 

Ke_^h\Zl_evgh��l_dlhgbq_kdh_�a_fe_ljyk_gb_�\k_]^Z�k\yaZgh�k�g_mk�
lhcqb\hc�^_nhjfZpb_c�fZl_jbZeZ�A_feb��kdhgp_gljbjh\Zgghc�\�madhc�ah�
g_�� nhjfZevgh� g_hlebqbfhc� hl� iehsZ^db� jZaju\Z�� gZ[ex^Z_fhc� gZ� ih�
\_joghklb�A_feb��Nbabq_kdZy�ijbjh^Z�g_mklhcqb\hc�^_nhjfZpbb�e_`bl�\�
ieZklbq_kdhf�^_nhjfbjh\Zgbb��ijhp_kkZo�iheamq_klb��ieZ\e_gbb�b�^_]b^�
jZlZpbb�]hjguo�ihjh^��<�ijhp_kk_�l_dlhgbq_kdhc�^_nhjfZpbb�ijhbkoh^bl�
^bkkbiZpby�f_oZgbq_kdhc�wg_j]bb��ijb\h^ysZy�d�ih\ur_gbx�l_fi_jZlm�
ju�fZl_jbZeZ�A_feb��ijbq_f��^bkkbiZpby�wg_j]bb�l_f�[hevr_��q_f�\ur_�
kdhjhklv�^_nhjfZpbb� 

BlZd�� n_ghf_gheh]bq_kdh_� hij_^_e_gb_� f_oZgbafZ� hqZ]Z� a_fe_�
ljyk_gby�fh`_l�[ulv�knhjfmebjh\Zgh�ke_^mxsbf�h[jZahf� 

HqZ]� l_dlhgbq_kdh]h� a_fe_ljyk_gby� ij_^klZ\ey_l� kh[hc� jZaju\ 
kiehrghklb�fZl_jbZeZ�A_feb�� \hagbdZxsbc�ih^�^_ckl\b_f�gZdhie_gguo�
k^\b]h\uo�gZijy`_gbc��GZdhie_gb_�gZijy`_gbc�ijhbkoh^bl� \�ijhp_kk_�
l_dlhgbq_kdhc�^_nhjfZpbb� 

JZaju\�fh`_l�[ulv� \�ijhkljZgkl\_�mklhcqb\uf�b�g_mklhcqb\uf�� \�
aZ\bkbfhklb�hl�jZkij_^_e_gby�\g_rg_]h�gZijy`_gby��Mklhcqb\uc�jZaju\��
^ey�m\_ebq_gby�jZaf_jZ��lj_[m_l�jhklZ�\g_rgbo�gZijy`_gbc� 
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G_mklhcqb\uc�—� jZkijhkljZgy_lky�ijb�nbdkbjh\Zgghf� mjh\g_�gZ�
ijy`_gbc�b�^hklZlhqgh�[ukljh�ba-aZ�lh]h��qlh�\_ebqbgZ�gZ]jmadb�[ukljh�
iZ^Z_l�k�jhklhf�jZaf_jZ�jZaju\Z��LZdbf�h[jZahf��g_�\kydbc�jZaju\�y\�
ey_lky�hqZ]hf�a_fe_ljyk_gby��Z�lhevdh�lhl��jZaf_ju�dhlhjh]h�m\_eb�
qb\Zxlky�\�ijhp_kk_�\kiZju\Zgby� 

<�ijhp_kk_�\kiZju\Zgby�\u^_eyxlky�ljb�nZau�jZaju\hh[jZah\Zgby� 
NZaZ� bgbpbZpbb� jZaju\Z� �ih^]hlh\dZ� a_fe_ljyk_gby��� kZfh� \kiZ�

ju\Zgb_��kf_s_gb_�ih�jZaju\m���Z�lZd`_�—�aZlmoZgb_�a_fe_ljyk_gby��Zn�
l_jrhdb��b�i_j_oh^�d�jZaju\m�dZd�lZdh\hfm� 

NbabdZ�hqZ]Z�l_dlhgbq_kdh]h�a_fe_ljyk_gby�k\h^blky�d�nbabd_�jZajm�
r_gby�[hevrbo�]hjguo�fZkk�\�mkeh\byo�a_fguo�g_^j��F_oZgbdZ�hqZ]Z�— 
wlh�f_oZgbdZ�[ukljh]h�jZkijhkljZg_gby�jZaju\Z�\�fZl_jbZe_�A_feb��
khijh\h`^Zxs_]hky�baemq_gb_f�k_ckfbq_kdbo�\heg� 

JZaju\� \hagbdZ_l� \� fZehc� h[eZklb� b� jZkijhkljZgy_lky� \� kj_^_� kh�
kdhjhklvx��g_�ij_\urZxs_c�kdhjhklv�jZkijhkljZg_gby�ihi_j_qguo�\heg�
\�kj_^_� 

<hafh`gh�h[jZah\Zgb_�g_kdhevdbo�jZaju\h\�ijb�h^ghf�a_fe_ljyk_�
gbb��keh`guc�hqZ]�� 

A_fey�ij_^klZ\ey_l�kh[hc�jZagu_�kj_^u�ih�hlghr_gbx�d�kh[u�
lbyf�jZagh]h�fZkrlZ[Z�b�jZaebqguf�ijhp_kkZf��HgZ�fh`_l�[ulv�h^gh�
jh^ghc�^ey�a_fe_ljyk_gby�\�p_ehf��b�g_h^ghjh^ghc�^ey�hibkZgby�ijhp_kkZ�
\kiZju\Zgby�ih�jZaju\Zf� 

AZf_lbf�� qlh�iehsZ^dZ� jZaju\Z�fh`_l� [ulv�b�g_�iehkdhc�� h^gZdh��
^ey� gZqZevgh]h� \kiZju\Zgby� \� hqZ]_� a_fe_ljyk_gby� wlZ� ]bihl_aZ� fh`_l�
[ulv�ijbf_gbfZ��Djhf_�lh]h��ijb�ba]b[ghc�^_nhjfZpbb�kj_^u�\hafh`gh�
h[jZah\Zgb_� lj_sbg�hlju\Z��H^gZdh��hlju\gZy� dhfihg_glZ�i_j_f_s_gby�
kms_kl\_ggh�f_gvr_�k^\b]h\hc. 

 

 

 

E_dpby�� 

HKGH<GU?�IHGYLBY�L?HJBB�HQ:=:�
A?FE?LJYK?GBY 

L_hj_lbq_kdhc�hkgh\hc�k_ckfheh]bb�y\ey_lky�l_hjby�mijm]hklb��H^�
gZdh��\�nbabd_�ihgylb_�©kiehrghklbª�bf__l�bgh_�kh^_j`Zgb_��q_f�\�f_oZ�
gbd_�kiehrghc�kj_^u��©KiehrgZy�kj_^Zª�y\ey_lky�fh^_evx�^ey�nbabq_�
kdbo�l_e��Z�©fZeu_�qZklbpuª�—�fZl_fZlbq_kdhc�fh^_evx�j_Zevghc�kj_^u��
JZaf_ju�©fZeuo�qZklbpª�\�k_ckfheh]bb�^he`gu�[ulv�khbaf_jbfu�k�^eb�



 

 

11 

 

 
 
 

Jbk�� ��� D� hij_^_e_gbx� ih^�
\b`db�ih�jZaju\m 

 

 
 
 

Jbk�� ���H[eZklv� hqZ]Z� a_fe_�
ljyk_gby�b�jZaju\Z�kiehrgh�
klb�kj_^u 

gZfb�baemqZ_fuo�\heg�b�fh]ml�[ulv�ihjy^dZ�khl_g�f_ljh\��<�eZ[hjZlhj�
guo�wdki_jbf_glZo��\�h[jZapZo�]hjguo�ihjh^��jZaf_ju�qZklbp�ihjy^dZ�g_�
kdhevdbo�kZglbf_ljh\��LZdbf�h[jZahf��fZl_jbZe�A_feb�^ey�gZ[ex^_gbc�
jZaguo�fZkrlZ[h\�jZaebq_g��Kj_^Z��d�dhlhjhc�ijbmjhq_gu�kbevgu_�a_f�
e_ljyk_gby�� hlebqZ_lky� hl� lhc�� \� dhlhjhc� bf_xl� f_klh� keZ[u_� kh[ulby��
:gZeba� y\e_gby� ^he`_g� hkms_kl\eylvky�
k�mq_lhf�fZkrlZ[gh]h�nZdlhjZ� 

>\b`_gb_�kiehrghc�kj_^u�hibku�
\Z_lky�ihe_f�\_dlhjZ�kf_s_gbc��l_gahjZ�
^_nhjfZpbb�� b� ihe_f� l_gahjZ� gZijy`_�
gbc� 

Kf_s_gb_�hij_^_ey_lky�dZd�baf_�
g_gb_� iheh`_gby� qZklbpu� kj_^u� \� ijh�
kljZgkl\_��jbk���� 

<� ij_^\Zjbl_evgh� g_gZijy`_gghc�
kj_^_� \ [ X= +& & &

�� ]^_� X
&

 — ih^\b`dZ�ih�

jZaju\m� 
JZaju\� kiehrghklb� kj_^u� oZjZd�

l_jbam_lky��ihfbfh�ih^\b`db�ih�jZaju�

\m�� ^\mfy� ©[_j_]Zfbª� jZaju\Z� +Σ b� −Σ , 

\_dlhjhf�ghjfZeb�d�ih\_joghklb�jZaju�
\Z� ,ν&  H[eZklvx� \ha[m`^_gby�� h]jZgb�

q_gghc� ih\_joghklvx� S0� b� h[t_fhf� V 

�jbk�� ����?keb� ξ
&

 —� l_dmsZy�dhhj^bgZlZ�
gZ� jZaju\_�� lh� ih^\b`dZ� ih� jZaju\m�
ij_^klZ\ey_lky�\�\b^_� 

 

( ) ( ) ( ), , ,X W X W X W
+ −ξ = ξ − ξ

& & && & &
 ,      (3.1) 

 

]^_� gZijZ\e_gb_� kf_s_gby� hl� −Σ � d�
+Σ ih� ghjfZeb� d� jZaju\m�� Ih^\b`dm�

fh`gh� \ujZablv�q_j_a�ijbjZs_gb_� kf_�

s_gby�ih�ghjfZeb�d�jZaju\m� ( )Q ξ
&&
�dZd��

( ) ( ) ( )� �X W Q X Wξ = ξ ∆ ξ
& & && & &

��Ijbq_f� Q
&

 — gZijZ\e_gb_�\kiZju\Zgby��<�h[s_f�

\b^_��^ey� lZg]_gpbZevgh]h� k^\b]Z��— Q X⊥ν⊥&& &
��Mkeh\b_� lZg]_gpbZevgh]h�

k^\b]Z� g_� \k_]^Z� bf__l� f_klh� ijb� a_fe_ljyk_gbyo�� gh� ^ey� [hevrbgkl\Z�
a_fe_ljyk_gbc�\[ebab�ih\_joghklb�A_feb�hgh�kh[ex^Z_lky� 
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Jbk�� ���Ko_fZlbq_kdh_� jZkij_^_e_gb_� kf_�
s_gbc�gZ�jZaju\_�\�mkeh\byo�^\mklhjhgg_�
]h�\kiZju\Zgby 

 
 

 
 
 
Jbk���� Baf_g_gb_� ]hjbahglZevguo� dhfih�
g_gl�kf_s_gbc�b�^_nhjfZpbb�gZ�jZaju\_ 

IjbjZs_gb_� kf_s_�
gbc� \�hqZ]h\hc� ahg_�\k_]^Z�
y\ey_lky� nmgdpb_c� k^\b]Z. 
<[ebab�ih\_joghklb�jZaju�
\Z�jZkij_^_e_gb_�kf_s_gbc�
bf__l� \b^�� ij_^klZ\e_gguc�
gZ�jbk���� 

<� kemqZ_� ^\mklhjhg�
g_]h� \kiZju\Zgby� kf_s_�
gby� fZdkbfZevgu� \� p_glj_�
jZaju\Z� b� mf_gvrZxlky� d�
_]h�dhgpZf��Z�lZd`_�—�ijb�
m^Ze_gbb�hl�iehkdhklb�jZa-
ju\Z� 

Baf_g_gby� kf_s_gbc�
\� ijhkljZgkl\_� oZjZdl_jb�
am_lky� l_gahjhf� ^_nhjfZ�
pbb� 

 

1

2
ML

LM
M L

XX
X

[ [

 ∂∂= +  ∂ ∂ 
. 

 

?keb� kf_s_gby� ijb�
m^Ze_gbb� hl� ih\_joghklb�
jZaju\Z� m[u\Zxl�� lh� ^_�
nhjfZpby�—�khojZgy_lky� 

>ey� iehkdhklb� jZaju�
\Z� bf__l� f_klh� dZjlbgZ��
ij_^klZ\e_ggZy�gZ�jbk���� 

<�]hjbahglZevghc�ieh-
kdhklb�kf_s_gby�gZ�jZaju\_��
mjZ\gh\_r_gu. 

Ijb�wlhf�� 12 21 0ε =ε ≠ . 
KdZq_d�kf_s_gbc�bf_-

_l� f_klh� \� \_jlbdZevghc�
iehkdhklb�� dZd� wlh� ke_^m_l�
ba� ke_^mxs_]h� jbkmgdZ��
Bf_ggh�wlhl�kdZq_d�kf_s_�
gbc� ij_^klZ\ey_l� kh[hc�
ih^\b`dm� ih� jZaju\m�� HgZ�
\hagbdZ_l� aZ� kq_l� lh]h�� qlh�
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kf_s_gby� \� h[eZklb� hqZ]Z� k�
]em[bghc� m[u\Zxl� wdkihg_g-
pbZevgh� ih^� iehkdhklvx� jZa�
ju\Z�b�ebg_cgh�—�gZ^�g_c�� 

L_gahj�^_nhjfZpbb� kj_-
^u� kh^_j`bl� khklZ\eyxsmx��
hibku\Zxsmx� gZqZevgmx� ^_-
nhjfZpbx� �^h� a_fe_ljyk_gby��
b� ^_nhjfZpbx�� ijbh[j_l_g�
gmx� kj_^hc� \� ijhp_kk_� \kiZ-
ju\Zgby� \� hqZ]h\hc� ahg_� a_f-
e_ljyk_gby�� L_gahj� ^_nhjfZ-
pbb��k\yaZgghc�k�ih^\b`dhc�\�
hqZ]_�ijbgylh� kqblZlv�fZeuf��
H[uqgh� _]h� ij_^klZ\eyxl� \�
\b^_�l_gahjZ�Dhrb: 

 

( )1

2LM LM MLX Xε = +  , 1,2,3L M= . (3.2) 

 

Iheguc� l_gahj� ^_nhj-
fZpbb�� 

 

( ) ( ) ( )0, , ,LM LM LM[ W H [ W [ Wε = + ε& & &
. 

 

GZijy`_gby� gZ� jZaju-
\_� \ujZ`Zxlky� l_gahjhf�
IbheZ–Dbjo]hnnZ� 

 

( ) ( ) ( )� �LM LM LM[ W [ [ Wσ = σ + τ�& & &
,                                 (3.3) 

 

]^_� ( ),[ WLMτ &
 —�l_gahj�\gmlj_ggbo�gZijy`_gbc� 

L_gahj�IbheZ–Dbjo]hnnZ�hij_^_e_g�lh]^Z��dh]^Z�kms_kl\mxl�\g_r�
gb_��ih�hlghr_gbx�d�jZaju\m��kbeu��^_ckl\mxsb_�\�gZijZ\e_gbb� ( )M [ν &

: 
 

( ) ( ) ( )� �L LM LM M) [ W [ W [= σ + τ ν�& & &
, 

 

Z�lZd`_�—�^_nhjfZpbb� LMε . 

<gmlj_ggb_�gZijy`_gby�b�^_nhjfZpbb�hibku\Zxl�ijhp_kk�[ukljh�
]h� \kiZju\Zgby� \� hqZ]_� a_fe_ljyk_gby�� GZijy`_gby� hij_^_eyxlky� kh�
klhygb_f�]jZgbpu�b�fh]ml�[ulv�hibkZgu�j_heh]b_c�kj_^u��Ebg_cgZy�j_h�
eh]by�kj_^u�ij_^iheZ]Z_l�fZeu_�kf_s_gby�gZ�jZaju\_� 

 

 
 
 

Jbk�� ��� <_jlbdZevgZy� khklZ\eyxsZy� kf_s_�

gbc� gZ� jZaju\_� 13 31 .X X+ −≠ �Ijb� a_fe_ljy�
k_gbb�kdZq_d�kf_s_gbc�ihjh`^Z_l�k_ckfbq_�
kdb_�\hegu 
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<�h[s_f�\b^_��aZ\bkbfhklv�gZijy`_gbc�hl�^_nhjfZpbc�\ujZ`Z_lky�
aZdhghf�=mdZ  

 

LM LMNO NOτ = Λ ε .                                                 (3.4) 

 

>ey�bahljhighc�kj_^u� LMNO LMNOFΛ =  —�kbff_ljbqguc�l_gahj�mijm]bo�

dhgklZgl��>ey�h^ghjh^ghc�b�bahljhighc�kj_^u�agZqbfufb�y\eyxlky�lhev�
dh���mijm]bo�fh^mey� �λ µ  — dhwnnbpb_glu�EZf_. 

GZ�ih\_joghklb�jZaju\Z�\_dlhj�gZijy`_gbc� L LM M7 = τ ν ��Z�l_gahj� 
 

LM NN LMτ = λε + µε� ,                                           (3.5) 
 

]^_�i_j\uc�qe_g�hibku\Z_l�^beZlZpbhggh_�baf_g_gb_�h[t_fZ��Z�\lhjhc�— 
qbkluc�k^\b]� 

Wg_j]by�a_fe_ljyk_gby�hij_^_ey_l�khklhygb_�kj_^u�^h�a_fe_ljyk_�
gby�b�ihke_�g_]h��gh�g_�ijhp_kk�\kiZju\Zgby��HgZ�g_�k\yaZgZ�g_ihkj_^kl�
\_ggh�k�l_dlhgbq_kdbfb�kbeZfb�\�j_]bhg_��g_�hij_^_ey_l�^bgZfbdm�\kiZ�
ju\Zgby�b�ihl_jb�wg_j]bb�gZ�l_ieh�\�hqZ]h\hc�ahg_�� 

 

 

 

E_dpby�� 

H;J:LG:Y�A:>:Q:�L?HJBB�HQ:=:� 

Bklhqgbdhf�bgnhjfZpbb�h�ijhp_kkZo�\�hqZ]Zo�a_fe_ljyk_gbc�y\ey�
xlky� baemqZ_fu_� bf� k_ckfbq_kdb_� \hegu�� Qlh[u� \hkihevah\Zlvky� wlhc�
bgnhjfZpb_c�� g_h[oh^bfh� mklZgh\blv�� dZdbf� h[jZahf� oZjZdl_jbklbdb�
k_ckfbq_kdh]h�baemq_gby� k\yaZgu� k�iZjZf_ljZfb�hqZ]Z��Wlh�y\ey_lky�
ij_^f_lhf�h[jZlghc�aZ^Zqb��IjyfZy�aZ^ZqZ��gZijhlb\��ih�ijhp_kkZf�\�hqZ�
]_�hij_^_ey_l�k_ckfbq_kdh_�baemq_gb_� 

J_r_gb_� h[jZlghc� aZ^Zqb� g_dhjj_dlgh��Nhjfmebjh\dZ� __� kljhblky�
gZ�hkgh\_�f_oZgbdb�jZajmr_gbc��dhlhjZy�iha\hey_l�\uykgblv�nbabq_kdbc�
kfuke�g_dhlhjuo�ijhp_kkh\�\�hqZ]_�b�k^_eZlv�\u\h^u�h�_]h�oZjZdl_jguo�
hkh[_gghklyo��H^gZdh��^bgZfbq_kdZy�aZ^ZqZ�l_hjbb�hqZ]Z�\�h[s_f��\b�
^_�g_�jZaj_rbfZ. 

Dbg_fZlbq_kdh_� hibkZgb_� jZaju\Z�� ih^jZamf_\Z_l� aZ^Zgb_� \_dlhjZ�
kdZqdZ� kf_s_gbc�gZ�jZaju\_�dZd�nmgdpbb�dhhj^bgZl�b�\j_f_gb��Wlh�ih�
a\hey_l�ihkljhblv�h[s__�j_r_gb_�ijyfhc�aZ^Zqb��lh�_klv�aZ^Zqb�h[�baem�
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q_gbb�b�gZ�wlhf�hkgh\Zgbb�knhjfmebjh\Zlv�h[jZlgmx� aZ^Zqm��Ijb�j_r_�
gbb�h[jZlghc�aZ^Zqb�g_h[oh^bfh�hp_gb\Zlv�__�jZaj_rbfhklv� 

 

H;S:Y�IHKL:GH<D:�A:>:QB 

JZkkfhljbf� mijm]mx�� h^ghjh^gmx�� bahljhigmx� kj_^m�� >himklbf��
qlh�gZf�ba\_klgu� 

( )[ρ &
 —�iehlghklv�kj_^u� 

( ) ( ),[ [λ µ& &
 —�mijm]b_�dhgklZglu� 

( ) ( )�S V9 [ 9 [  —�kdhjhklb�jZkijhkljZg_gby�J�b�S�\heg� 

HIIγ  —�m^_evgZy�jZ[hlZ�jZajmr_gby� 

( )0
,L M [σ &

 —�jZkij_^_e_gb_�gZqZevguo�gZijy`_gbc� 

,L
X

[L W

∂ ζ  ∂ 
&

 —�aZdhg�lj_gby� 

G_h[oh^bfh�hij_^_eblv� 
1. AZ\bkbfhklv�ih\_joghklb�jZaju\Z�hl�dhwnnbpb_glZ�lj_gby� 
2. JZkij_^_e_gb_�kdZqdZ�kf_s_gbc�gZ�jZaju\_� ( ),8 [ W

& &
. 

3. Baf_g_gb_�gZijy`_gbc�b�kf_s_gbc�\�kj_^_�\�ex[hf�f_kl_�b�\�
ex[hc�fhf_gl�\j_f_gb� 

JZkkfhljbf�mjZ\g_gby�^\b`_gby��gZijbf_j��^ey�lZg]_gpbZevguo�gZ�
ijy`_gbc��lZd�dZd�k^\b]�hibku\Z_lky�baf_g_gb_f�lZg]_gpbZevghc�khklZ\�
eyxs_c�gZijy`_gbc�� 

2
,

2
L M L

L
M

X
I

[ W

∂τ ∂+ = ρ
∂ ∂

.                                               (4.1) 

MjZ\g_gb_�khklhygby�kj_^u�beb�aZdhg�=mdZ�� 

, ,
ML

L M L M NN
M L

XX

[ [

 ∂∂τ = λδ ε + µ +  ∂ ∂ 
.                                  (4.2) 

I_j_^�gZqZehf�\kiZju\Zgby�kj_^Z�gZoh^blky�\�ihdh_��Ihwlhfm��gZ�
qZevgu_�mkeh\by�bf_xl�\b^� 

( )�L LX [ =� � ; 

( )�LX [
[

∂ =
∂

� �
&

���������ijb� W = � .                                   (4.3) 

=jZgbqgu_�mkeh\by�bf_xl�\b^� 
Z��^g_\gZy�ih\_joghklv�k\h[h^gZ�hl�gZijy`_gbc 

�L Mτ ν =� � ,                                                (4.4 a) 
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[��gZ�ih\_joghklb�jZaju\Z�kf_s_gby�b�gZijy`_gby�–�g_ij_ju\gu 

( )1

, ,

, ,

0 .

L L

L M M L M M

X X X [ W+ −

+ −

− =

τ ν − τ ν =

&

                                         (4.4 [� 

LZdh_� hibkZgb_� jZaju\Z� gZau\Z_lky� dbg_fZlbq_kdbf�� Hgh� bf__l�
ke_^mxsb_�ij_bfms_kl\Z� 

G_�kms_kl\m_l�aZ\bkbfhklv�hl�\j_f_gb� 
J_r_gb_�^ey�g_kdhevdbo�jZaju\h\�y\ey_lky�kmi_jihabpb_c�j_r_gbc�

^ey�dZ`^h]h�ba�gbo� 
G_^hklZldhf� dbg_fZlbq_kdh]h� hibkZgby� y\ey_lky� lh�� qlh� \_dlhj�

kf_s_gby�gZ�jZaju\_� ( )�LX [ W
&

�g_�fh`_l�[ulv�aZ^Zg�Zijbhjb��<f_klh�wlh]h�

bkihevam_lky�aZdhg�\aZbfh^_ckl\by�kbe�gZ�jZaju\_� 
>bgZfbq_kdb_� ]jZgbqgu_�mkeh\by�fh]ml�[ulv�\ujZ`_gu�\� kf_s_�

gbyo�b�\�gZijy`_gbyo�gZ�]jZgbp_�jZaju\Z� 
Z��^ey�gZijy`_gbc��ghjfZevguo�d�ih\_joghklb�jZaju\Z� 

�L M Mσ ν = � ���ijb�� 0L LX ν ≥ �^ey�hldjulhc�lj_sbgu������������������������ 

( ) , ,

,, , ,

L L M M L M N M N

L
L M N M N

W

X
7 [

W

σ = σ ν − ν σ ν ν =

∂ = ζ σ ν ν ∂ 

�^ey�aZdjulhc�lj_sbgu���������������Z� 

a^_kv�� Lζ  —�dhfihg_glu�gZijy`_gby�lj_gby��T—�l_fi_jZlmjZ��Ijb�wlhf��
ghjfZevgh_�gZijy`_gb_� �Q L N L Nσ = σ ν ν ≤ �  

[��^ey�dZkZl_evguo�d�ih\_joghklb�jZaju\Z�beb�lZg]_gpbZevguo�gZ�
ijy`_gbc�\�kemqZ_�aZdjulhc�lj_sbgu�bf__f 

( ) , , .L L N N L L N M NWτ = τ ν − ν τ ν ν ��������������������������������������[� 

WlZ� \_ebqbgZ� gZau\Z_lky� kgbfZ_fuf� gZijy`_gb_f� beb� stress 
drop��<_ebqbgZ�gZijy`_gbc�� k[jZku\Z_fuo�g_ihkj_^kl\_ggh�gZ�jZaju\_��
g_� aZ\bkbl� hl� gZijy`_gbc� \h� \g_rg_f�� ih� hlghr_gbx� d� wlhc� iehsZ^d_��
ihe_� 

MjZ\g_gby� �����–������khklZ\eyxl�ihklZgh\dm�aZ^Zqb��hij_^_eyxs_c�
kf_s_gb_��dZd�gZ�jZaju\_��lZd�b�\�ex[hc�^jm]hc�lhqd_�ijhkljZgkl\Z�\�ex�
[hc�fhf_gl�\j_f_gb��>ey�hibkZgby�ijhp_kkZ�jZkijhkljZg_gby�jZaju\Z�g_�
h[oh^bfh�h[jZlblvky�d�f_oZgbd_�jZajmr_gby� 

=eZ\gZy�p_ev�l_hjbb�hqZ]Z�\ujZablv�kf_s_gby�\�ijhba\hevghc�lhqd_�
ijhkljZgkl\Z�b�\�ex[hc�fhf_gl�\j_f_gb�q_j_a�h[t_fgu_�kbeu��\uau\Zx�
sb_� wlh� kf_s_gb_��b� kf_s_gby�b�gZijy`_gby�gZ� jZaju\_��>ey� wlh]h�bk�
ihevamxlky�l_hj_fZ�_^bgkl\_gghklb�b�l_hj_fZ�ij_^klZ\e_gby� 
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L?HJ?F:�?>BGKL<?GGHKLB 

Fu�bf__f�kj_^m�k�bklhqgbdhf��h]jZgbq_ggmx�h[v_fhf�9 �b�ih\_jo�
ghklvx�S�k�\gmlj_ggbf�jZaju\hf�ih�ih\_joghklb�Σ ��<gmljb�h[v_fZ�^_ckl�
\m_l�gZijy`_gb_�Ti �L M MQ= τ ��Kf_s_gb_� � � �X X [ W= &

�h^ghagZqgh�hij_^_ey_lky�

^ey� ex[h]h� fhf_glZ� \j_f_gb�� gZqbgZy� k� fhf_glZ� \kiZju\Zgby� W ≥ τ�  
ke_^mxsbfb�\_ebqbgZfb� 

1. h[t_fgufb�kbeZfb�b�ijblhdhf�l_ieZ��ihklmiZxs_]h�\�h[t_f� 
2. gZijy`_gbyfb�\�ex[hc�lhqd_�ijhkljZgkl\Z��h]jZgbq_ggh]h�S, 
3. kf_s_gbyfb�ih�]jZgbp_�ih]j_[_ggh]h�jZaehfZ�Σ . 
Kf_s_gby�gZ�ih\_joghklb�jZaju\Z�fh]ml�[ulv�keh`gufb��Ijhkl_c�

rbf� bklhqgbdhf� \� kj_^_� y\ey_lky� h^ghgZijZ\e_gguc�� h^bghqguc� bf�
imevk��lhqgh�ehdZebah\Zgguc�\h�\j_f_gb�b�ijhkljZgkl\_� 

 

IHGYLB?�NMGDPBB�=JBG: 

Ij_^iheh`bf��qlh�\�kj_^_�^_ckl\m_l�_^bgbqgZy�fZkkh\Zy�kbeZ� 

( ) ( ) ( )��L L QI [ W $ [ W= δ δ − ξ δ − τ
&& &

,                              (4.6) 

]^_�� A —� \_ebqbgZ� ^_ckl\mxs_c� kbeu� �bf__l� jZaf_jghklv� dhebq_kl\Z�

^\b`_gby�� lh� _klv�
VHF

NJ P⋅ 
  

); δ —� kbf\he� Djhg_d_jZ�� ξ
&

 —� dhhj^bgZlZ�

\kiZju\Zgby�gZ�jZaju\_��τ —�\j_fy�\kiZju\Zgby� 
Ba\_klgh�qlh�� ( ) ( )1; 1G9 W GWδ ξ = δ =∫ ∫ . 

<\_^_f�nmgdpbx�� wd\b\Ze_glgmx� kf_s_gbx�ba�bklhqgbdZ� lbiZ�h^�
ghgZijZ\e_ggh]h�_^bgbqgh]h�bfimevkZ��lhqgh�ehdZebah\Zggh]h�\h�\j_f_�
gb�b�ijhkljZgkl\_�lZdmx�qlh� 

( ) ( )� � �L Q L* [ W X [ W
$

= �& &
,                                             (4.7) 

]^_�n —�gZijZ\e_gb_�^_ckl\mxs_c�kbeu��WlZ�nmgdpby�y\ey_lky�l_gahjhf�
\lhjh]h�jZg]Z�b�gZau\Z_lky�nmgdpb_c�=jbgZ��>ey� lj_of_jghc� khkj_^hlh�
q_gghc�kbeu��gZijZ\e_gghc�\^hev�hk_c�dhhj^bgZl��lZg]_gpbZevgu_�gZijy�
`_gby�[m^ml�hij_^_e_gu�dZd� �LMN LMOP ON PF )τ = . 

MjZ\g_gby�^\b`_gby�fh`gh�ij_^klZ\blv�\�\b^_� 

( ) ( )LMNO LQ LQ
M L

F * [ W )NO[ [ W

 ∂ ∂ ∂+ δ δ − ξ δ − τ = ρ ∂ ∂ ∂ 

�

�
.                (4.8) 

GZqZevgu_�mkeh\by� 
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( )
( )
�

�

* [ W

* [ W

W

=

∂
=

∂

�

�

&

& ���ijb� �W [≤ τ ≠ ξ .                                (4.9) 

=jZgbqgu_�mkeh\by�aZ\bkyl�g_�hl� t��Z�hl�jZaghklb� ( )W − τ ��Ijb�wlhf��

nmgdpby�=jbgZ� 

( ) ( ) ( )� � � � � � � �* [ W * [ W * [
U

ξ τ = − τ ξ = −τ ξ − ��  

\ujZ`Z_l�khhlghr_gb_�\aZbfghklb�^ey�bklhqgbdZ�b�ijb_fgbdZ��Hgh�k\b�
^_l_evkl\m_l�h�lhf��qlh�nmgdpby�=jbgZ�g_�baf_gblky��_keb�bklhqgbd�b�
ijb_fgbd�ihf_gylv�f_klZfb� 

?keb� ;�  —� Zfieblm^Z� kbeu� \� lhqd_� ξ� k� gZijZ\e_gb_f�p� b� ijhba�
\hevguf�baf_g_gb_f�\h�\j_f_gb��lh�k\_jldZ� QS; *∗� �ij_^klZ\ey_l�kh[hc�

n-x� dhfihg_glm� kf_s_gbc�� h[mkeh\e_ggmx� i_j_f_gghc� lhq_qghc� kbehc�

0; �jbk����� 
IjZdlbq_kdh_�\uqbke_gb_�nmgdpbb�=jbgZ�^bgZfbq_kdhc�l_hjbb�mi�

jm]hklb� \klj_qZ_l� [hevrb_� ljm^ghklb�� H^gZdh�� bf_ggh� hgZ� iha\hey_l�
ij_^klZ\blv�kf_s_gb_�\�g_dhlhjhc�lhqd_�ijhkljZgkl\Z�\�\b^_�kmffu�kbe��
^_ckl\mxsbo�\gmljb�g_dhlhjh]h�h[t_fZ� 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Jbk��10��KjZ\g_gb_�nhjfu� dh�
e_[Zgbc� \� ^Zevg_c� Z�� b� [eb`�
g_c�[�� ahgZo�^ey� kemqZy�nmgd�
pbb� =jbgZ� \� \b^_� _^bgbqghc�
nmgdpbb� O_\bkZc^Z�� <� [eb`�
g_c� ahg_� f_`^m� fhf_glZfb�
\klmie_gby�J-�b�S-\heg�kf_s_�
gb_�jZkl_l�ih�iZjZ[he_��Z�kdh�
jhklv� qZklbp� l_jibl� jZaju\� \�
fhf_glu�\klmie_gby�\heg 
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( ) ( ) ( )

( ) ( )

, , , , ,0

, , ,0 , , ,

Q L QO
9

QO L
6

X [ W GW I * [ W G9

GW * [ W 7 X G6

∞

−∞
∞

−∞

= ξ τ − τ ξ +∫ ∫∫∫

− τ ξ ξ τ ν ⋅ ∫ ∫∫  

&

                      (4.10) 

]^_� �L LMNO QN O7 F $)= , v —�_^bgbqgZy�ghjfZev�d�ih\_joghklb�jZaju\Z��Wlh�\u�

jZ`_gb_�l_hj_fu�ij_^klZ\e_gby�;_llb�^ey�kemqZy�gme_\uo�gZijy`_gbc�gZ�
ih\_joghklb�jZaju\Z��L_hj_fZ�ij_^klZ\e_gby�iha\hey_l�aZf_gblv�h[eZklv�
h[t_fZ�V� k� jZaju\hf� gZ� ^\_� h[eZklb� [_a� jZaju\Z�� ijh^he`Zy� jZaju\� gZ�
[_kdhg_qghklv� 

GZ� ijhly`_gbb� ih\_joghklb� jZaju\Z� \_dlhju� kf_s_gbc� ( )�QX [ W � b�

gZijy`_gbc� ( )�Q [ Wσ  —�g_ij_ju\gu��Ijb�i_j_oh^_�q_j_a�ih\_joghklv�jZa�

ju\Z�l_gahj�=jbgZ� QO* �b�l_gahj�gZijy`_gbc� LMτ �lZd`_�g_ij_ju\gu� 

Kf_s_gby� \� ijhba\hevghc� lhqd_� ijhkljZgkl\Z�� \ujZ`_ggu_� q_j_a�
kf_s_gby�gZ�jZaju\_� 

LZdbf�h[jZahf��\_dlhj�kf_s_gby�\�ex[hc�lhqd_�ijhkljZgkl\Z�fh`_l�
[ulv�\ujZ`_g�q_j_a�kdZqhd�kf_s_gbc�gZ�jZaju\_��Z�bf_ggh� 

( ) ( ), , NO
L L LMNO M

*
X [ W G X F G

+∞

−∞ Σ

∂= τ ξ τ ⋅ ⋅ ν Σ ∫ ∫∫   ∂ξ
&

.                      (4.11) 

Wlh�y\ey_lky�ke_^kl\b_f�l_hj_fu�_^bgkl\_gghklb��B�hlkx^Z�ke_^m�
_l��mijm]h_�ihe_�hl�jZaju\Z� kh\iZ^Z_l� k�ihe_f��dhlhjh_�^Z\ZeZ�[u� kj_^Z�
[_a� jZaju\Z� k� bklhqgbdhf�� jZkij_^_e_gguf� gZ� ih\_joghklb� Σ. DZ`^uc�
we_f_gl�jZaju\Z�wd\b\Ze_gl_g�g_dhlhjhfm�lhq_qghfm�bklhqgbdm.  

<�lh�\j_fy�dZd�nmgdpby�=jbgZ�ij_^klZ\ey_l�kh[hc�kf_s_gb_��kha^Z�
\Z_fh_�_^bgbqghc�khkj_^hlhq_gghc�kbehc��ijbeh`_gghc�\�fhf_gl�\j_f_�
gb�t \�lhqd_�x�b�gZijZ\e_gghc�ih�n��__�ijhba\h^gZy�ih�dhhj^bgZlZf�[m^_l�
hibku\Zlv�kf_s_gby��kha^Z\Z_fu_�_^bgbqghc�iZjhc�kbe��Ijbq_f��_keb�gZ�
ijZ\e_gb_� __� ^_ckl\by� hjb_glbjh\Zgh� ih� hkb� x,� lh�fhf_gl� hij_^_ey_lky�
hlghkbl_evgh�hkb�y��LZdbf�h[jZahf��lhq_qguc�bklhqgbd�hibku\Z_lky� �-x�
iZjZfb� \aZbfh^_ckl\mxsbo� kbe�� khhl\_lkl\mxsbo� \hafh`guf� dhf[bgZ�
pbyf�bg^_dkh\� , ,L M O . 

Kf_s_gb_� gZ� ih\_joghklb�fh`_l� [ulv� aZibkZgh� lZd`_� k� ihfhsvx�
l_hj_fu�h�k\_jld_� 

( ) [ ]�Q L L LMNO QSX [ W X F * G
Σ

∂= ⋅ ν ⋅ ∗ ⋅ Σ∫∫ ∂ξ
&

.                        (4.12) 
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E_dpby�� 

L?HJ?F:�IJ?>KL:<E?GBY 

Imklv� ( ),X [ W
& &

kf_s_gby�gZ�ih\_joghklb�S��\ua\Zggh_�h[t_fghc�kb�

ehc�F��hibku\Z_fhc�gZijy`_gbyfb� ( ),L7 X Q
& &

��Imklv� ( )�Y [ W
& &

 —�kf_s_gb_�gZ�

jZaju\_� Σ�� \ua\Zggh_� h[t_fghc� kbehc�G� b� gZijy`_gbyfb� ( )�L7 Qν �� ghj�

fZevgufb�d�ih\_joghklb�S��Lh]^Z� 

( ) ( ) ( ) ( ), ,
9 6 9 6

) X G9 7 X Q YG6 * Y XG9 7 Y Q XG6− ρ ν + = − ρ +∫∫∫ ∫∫ ∫∫∫ ∫∫
& &&& & & & & & & & &�� �� . 

Wlh� khhlghr_gb_�� gZau\Z_fh_� l_hj_fhc� ij_^klZ\e_gby� \� nhjf_�
;_llb�� e_]dh� ^hdZau\Z_lky� ih^klZgh\dhc� \ujZ`_gbc� ^ey� dhfihg_gl� gZ�
ijy`_gbc�\�mjZ\g_gby�^\b`_gby�b�bkihevah\Zgb_f�kbff_ljbb�ih�iZjghc�
i_j_klZgh\d_�bg^_dkh\�\�l_gahj_�mijm]bo�fh^me_c��Hgh�ijb\h^blky�d�ljb�
\bZevghfm�jZ\_gkl\m� 

LMNO LM NO NOLM LM NO
9 9

k Y X G9 F X Y G9≡∫∫∫ ∫∫∫ ���]^_� � � � � � �L M N O =� � �  

L_hj_fZ� ij_^klZ\e_gbc� iha\hey_l� \ujZablv� kf_s_gby� hl� keh`guo��
j_Zebklbqguo�fh^_e_c�bklhqgbdZ�\�\b^_�kbgl_aZ�ba�ijhkl_crbo�bklhqgb�
dh\� 

GZ�jZaju\_�fh`gh�ihemqblv�^jm]b_�nhjfu�l_hj_fu�ij_^klZ\e_gby��
bkihevamy� gZqZevgu_� b� ]jZgbqgu_� mkeh\by�� <ujZabf� ihe_� kf_s_gbc� gZ�

jZaju\_� ( )�QX ξ τ
&&

��\ua\Zggh_�h[t_fghc�kbehc��^_ckl\mxs_c�\�h[t_f_�V��k�

mq_lhf� ]jZgbqguo� mkeh\bc� gZ� S�� GZqZevgu_� mkeh\by� ij_^iheZ]Zxl�� qlh�
i_j_^�\kiZju\Zgb_f� kj_^Z� kihdhcgZ�b�gZqZevgu_�kf_s_gby�jZ\gu�gmex��
Lh]^Z� 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ){ }
, , , ,

, , , , .

9

6

X [ W * [ W Y [ W ) [ W G9

Y [ W 7 X [ W Q X [ W 7 Y [ W Q G6

 τ − − τ −∫∫∫  

= τ − − τ −   ∫∫    

&& & & & &*

& && & & & & & & & & &
 

<\_^_f� ( ) ( ) ( )�L LQ* [ W [ W= δ δ − ξ δ
&& &

 —� h[t_fgmx� kbem�� dhlhjZy� gZ� ih�

\_joghklb� jZaju\Z� ijb\h^bl� d� kf_s_gbyf� ( ) ( ), , , ,0L LQX [ W * [ W= ξ
&& &

�� Lh]^Z��

ijhba\hevgZy�dhfihg_glZ�kf_s_gbc�gZ�jZaju\_�bf__l�\b^� 

( ) ( ) ( )� � � � �Q L LQ
9

X W ) [ W * [ W G9


ξ = ⋅ τ − ξ −∫∫∫


�
& && &
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( ) ( ) ( )� � � � �LQ L L LMNO M NQ
6 O

* [ W 7 X [ W Q X [ W F Q * GV
[

 ∂ − τ − ξ ⋅ − ∫∫     ∂   
�

&& & & & &
GW∫

−
. 

?keb�ih\_joghklv�S�`_kldZy��lh�kf_s_gby�b�nmgdpby�=jbgZ� LQ* = � , 
_keb� —� k\h[h^gZy� hl� gZijy`_gbc�� lh� ijhba\h^gZy� nmgdpbb� =jbgZ�

NQ
O

*
[

∂ =
∂

���Ih\_joghklv S�bgh]^Z�Zkkhpbbjm_lky�k�ih\_joghklvx�A_feb� 

L_hj_fZ� ij_^klZ\e_gby� iha\hey_l� bkke_^h\Zlv� ih^\b`dm� ih� ih]j_�
[_gghfm�jZaju\m� 

 

KBEH<:Y�FH>?EV�BKLHQGBD: 

A_fe_ljyk_gby��hlghkbl_evgh�ih\_joghklb�A_feb��hlghkylky�dh�\gml�
j_ggbf�jZaju\Zf��dhlhju_�fh]ml�[ulv�iehkdbfb� �k^\b]b��b�hibku\Zlvky�
kdhev`_gb_f�ih�jZaehfZf��beb�—�h[t_fgufb� �\aju\u�� ��hibku\Zxsb_ky�
^_nhjfZpb_c�h[t_fZ��<gmlj_ggb_�bklhqgbdb�hibku\Zxlky� 

1. h[t_fghc�kbehc�\�ij_^_eZo�h[eZklb�\ha[m`^_gby� 
2. kdZqdhf�kf_s_gbc�gZ�ih\_joghklb�jZaju\Z� 
3. ^_nhjfZpb_c� 
Ijb� ZgZeba_� k_ckfh]jZff�� ^ey� lh]h� qlh[u� hij_^_eblv� kf_s_gb_� \�

bklhqgbd_�g_h[oh^bfh�m^Zeblv�wnn_dl�jZkijhkljZg_gby�\heg�\�kj_^_��^ey�
q_]h�gm`gh�agZlv�fh^_ev�kdhjhklgh]h�kljh_gby�kj_^u� 

 

WD<B<:E?GLGU?�H;T?FGU?�KBEU 

KdZq_d�kf_s_gbc�gZ�jZaju\_�\ujZ`Z_lky�\�\b^_� 

( ) ( ) ( )� � �X X X+ −Σ Σ
 ξ τ = ξ τ − ξ τ 

& & && & &
, 

]^_�Σ  —�ih\_joghklv�jZaju\Z��ξ —�dhhj^bgZlZ�jZaju\Z��τ —�\j_fy�\kiZ�
ju\Zgby��Ijhba\hevgZy�dhfihg_glZ�kf_s_gby�gZ�jZaju\_�fh`_l�[ulv�\u�
jZ`_gZ�k�ihfhsvx�nmgdpbb�=jbgZ� � � � � �QS* [ W − τ η �

&&
�b�jZkij_^_e_gb_�h[t�

_fguo�kbe� ( )�SI η τ&
�gZ�ih\_joghklb�jZaju\Z��H[t_fgZy�kbeZ��wd\b\Ze_gl�

gZy�kdZqdm�kf_s_gbc�gZ�jZaju\_� 

( ) ( ){ } ( )� �S L LMST M
6 T

I X F Y G
 ∂ η τ = − ξ τ δ η − ξ Σ∫∫  ∂η  

& &&
, 

]^_� ( )δ η − ξ
&&

 —� ^_evlZ�nmgdpby�>bjZdZ��nmgdpby� ehdZebah\ZggZy� \� ijh�

kljZgkl\_��Ih^\b`dZ�gZ�ih\_joghklb�jZaju\Z�\ha[m`^Z_l�l_�`_�k_ckfbq_�
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kdb_�\hegu��qlh�jZkij_^_e_ggu_�ih�jZaju\m�^\hcgu_�iZju�kbe�k�gme_\uf�
kmffZjguf�fhf_glhf� 

 

IJBF?J�IH><B@DB�IH�<GMLJ?GG?FM 
J:AJU<M 

A_fe_ljyk_gb_�ij_^klZ\ey_l�kh[hc�[ukljh_�jZajmr_gb_�g_dhlhjh�
]h� h[t_fZ� kj_^u� ih^� ^_ckl\b_f� kdZeu\Zxsbo� gZijy`_gbc�� Ijbf_f��
�jbk�� �����qlh�jZaju\�e_`bl�\�iehkdhklb� η =� � ��Z�gZijZ\e_gb_�ih^\b`db�
\^hev�hkb�η���Wd\b\Ze_glgZy�h[t_fgZy�kbeZ�^_ckl\m_l�\�gZijZ\e_gbb�±η� , 
bf__l�ie_qh�gZ�hkb�η� ��Z�fhf_gl�—�\^hev�hkb�η� . 

( ) ( ) ( )� �I X
∂η τ =−µ⋅ η τ δ η

∂η� � �
�

& &&
. 

 

 
 
 

Jbk�����I_j\Zy�dhfihg_glZ�h[t_fguo�kbe��wd\b\Ze_gl�
guo�ih^\b`d_�ih�jZaju\m��Z��^_evlZ�nmgdpby��[��ijhba�
\h^gZy� ^_evlZ� nmgdpbb�� \�� jZkij_^_e_gb_� we_f_glZj�
guo�^bihe_c�ih�ih\_joghklb�jZaju\Z 
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Wlm� dhfihg_glm�fh`gh� jZkkfZljb\Zlv� dZd� lhq_qgu_� kbeu�� jZkij_^_�
e_ggu_�ih�iehsZ^d_�jZaju\Z��Kms_kl\mxl�lZd`_�kbeu�jZ\gu_�b�ijhlb\hih�
eh`gh�gZijZ\e_ggu_��JZ\gh^_ckl\mxsZy�wlbo�kbe�jZ\gZ����gh�fhf_gl�hlgh�
kbl_evgh�hkb�η�jZ\_g� 

( )�
9 6

I G9 X G η = µ ξ τ Σ∫∫∫ ∫∫  � � �

&&
. 

Ihgylb_� k_ckfbq_kdh]h� fhf_glZ� \\_^_gh� \� k_ckfheh]bx� D��:db� \�
�����]h^m�� 
K_ckfbq_kdbf�fhf_glhf�gZau\Z_lky�\_ebqbgZ� 

0M u S= µ ⋅ ⋅ , 

]^_��µ —�fh^mev�k^\b]Z�\�h[eZklb�bklhqgbdZ�� X  —�kj_^gyy�ih^\b`dZ�ih�
jZaju\m� 

S —�iehsZ^v�iehsZ^db�jZaju\Z��Baf_g_gb_�agZq_gbc�k_ckfbq_kdh]h�
fhf_glZ�e_`bl�\�^bZiZahg_�\_ebqbg�hl���23 H m× ^ey�kZfuo�kbevguo�a_f�
e_ljyk_gbc�^h���–2 mH × �^ey�fbdjhlj_sbg�\�eZ[hjZlhjguo�wdki_jbf_glZo�
gZ�h[jZapZo�]hjguo�ihjh^��>Z`_�^ey�]_hnbabdb����ihjy^dh\�baf_g_gby�\_�
ebqbg� ij_^klZ\ey_l� kh[hc� bkdexqbl_evgh� [hevrhc� ^bZiZahg��K_ckfbq_�

kdbc�fhf_gl� y\ey_lky�nmgdpb_c� \j_f_gb��qlh� \Z`gh�ijb� ZgZeba_� kf_s_�
gbc�^ey�kbevguo�a_fe_ljyk_gbc� 

 
 

 
 
 

Jbk�����JZkij_^_e_gb_�h^bgZjguo�iZj�kbe��wd\b\Ze_gl�
guo�ih^\b`d_�ih�jZaju\m�\�\b^_�^\hcgh]h�^bihey��dou-
ble couple) 
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DeZkkbq_kdbc� kbeh\hc� wd\b\Ze_gl�jZkij_^_e_gby�ih^\b`db�ih�jZa�
ju\m�—�wlh�jZkij_^_e_gb_�^\hcguo�iZj�kbe��dZd�ihdZaZgh�gZ�jbk�����<�j_�
amevlZl_��ih^\b`dZ�ih�jZaju\m�ij_^klZ\ey_lky�\�\b^_� 

( ) [ ]� Q Q
Q

* *
X [ W G X G

+∞

−∞ Σ

 ∂ ∂= τ µ + Σ∫ ∫∫  ∂ξ ∂ξ 
� �

�
� �

&
. 

I_j\uc�qe_g�\�nb]mjguo�kdh[dZo�hibku\Z_l�jZkij_^_e_gb_�h^bgZj�
guo�iZj��dZd�ihdZaZgh�gZ�ij_^u^ms_f�jbkmgd_��Z�\lhjhc�qe_g�—�jZkij_^_�
e_gb_�h^bgZjguo�kbe�� 

KmffZjguc�fhf_gl�hlghkbl_evgh�p_gljZ�jZ\_g����gh�^ey�hl^_evgh]h�
we_f_glZ�iehsZ^db�jZaju\Z�b�kbeu�b�fhf_gl�g_�jZ\gu��� 

Ih^\b`dZ� ih� jZaju\m�� __� ijhba\h^gZy� b� jZkij_^_e_gb_� ^_ckl\mx�
sbo�kbe�ihdZaZgu�gZ�jbk����� 

H]jZgbq_gby�\�bkihevah\Zgbb�kbeh\uo�wd\b\Ze_glh\�k\yaZgh�k�l_f��
qlh�fu� g_�fh`_f� hp_gblv�nZdlbq_kdmx� jhev� hl^_evguo� we_f_glh\� ieh�
sZ^db�jZaju\Z��l�d��ijb�^bgZfbq_kdhf�\kiZju\Zgbb�hgb�g_�bahebjh\Zgu��
gh�k\yaZgu�f_`^m�kh[hc� 

 
 

 

 

 
 

Jbk����� 

Jbk������>jm]Zy�kbkl_fZ�kbe��wd\b\Z�
e_glguo�ih^\b`d_�ih�jZaju\m�\�\b^_�
^bihey�b�kbeu��CLVD) 
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E_dpby�� 

L?GAHJ�IEHLGHKLB�K?CKFBQ?KDH=H 
FHF?GL: 

Wd\b\Ze_glgZy�ih\_joghklgZy� kbeZ�fh`_l�[ulv�\ujZ`_gZ�q_j_a�dhf�

[bgZpbx��-lb�iZj�kbe��ljb�ba�dhlhjuo����������������3,3) — \_dlhjgu_�^bih�
eb. 

F_oZgbq_kdbc�fhf_gl��kha^Z\Z_fuc�dZ`^hc�iZjhc�kbe�jZ\_g��� 

 

 
 
 

Jbk���5��>_\ylv�\hafh`guo�iZj�kbe�^ey�hibkZgby�kbeh\h]h�wd\b\Ze_glZ�
ijhba\hevgh�hjb_glbjh\Zggh]h�k^\b]h\h]h�jZaju\Z�\�kj_^_ 

 
 



 26 

?keb�kbeZ�b�ie_qh�gZijZ\e_gu�h^bgZdh\h��lh�lZdZy�dhfihg_glZ�l_g�
ahjZ�gZau\Z_lky�\_dlhjguf�^bihe_f��Ijb�k^\b]_�l_gahj�y\ey_lky�^_\bZlh�
jhf��l�_��kmffZ�^bZ]hgZevguo�_]h�we_f_glh\��\_dlhjguo�^bihe_c��jZ\gZ��� 

0 0 0+ + =�� �� �� � .                                       (6.1) 

Ijb�bklhqgbd_�lbiZ�\aju\Z��p_gljZ�jZkrbj_gby��beb�\�kemqZ_��dh]^Z�
bklhqgbd�ij_^klZ\ey_l�kh[hc�lj_sbgm�hlju\Z��wlZ�kmffZ�hlebqgZ�hl�gmey��
Lj_sbgZ� hlju\Z� hibku\Z_lky� kmi_jihabpb_c� lj_o� \_dlhjguo� ^bihe_c� k�

khhlghr_gb_f�Zfieblm^�����
λ + µ

λ
�

 . 

Bgl_gkb\ghklv�iZju�kbe��hij_^_ey_fZy�dZd�hlghr_gb_�fhf_glZ�kb�
eu�gZ�iehsZ^dm�__�^_ckl\by��jZ\gZ� 

[ ]L M LMST ST, X F P= ⋅ ν ⋅ = .                                    (6.2) 

WlZ� \_ebqbgZ� ij_^klZ\ey_l� kh[hc� kbff_ljbqguc� l_gahj�� gZau\Z_�
fuc� l_gahjhf� iehlghklb� k_ckfbq_kdh]h�fhf_glZ��<_ebqbgZ� STP hij_�

^_ey_l�Zfieblm^m�k^\b]Z��hjb_glZpbx�iehkdhklb�ih^\b`db�b�agZq_gby�mi�

jm]bo�fh^me_c�gZ�ih\_joghklb�jZaju\Z��JZaf_jghklv�
1

P

 
  

��DZd�dhfihg_g�

lu�l_gahjZ�iehlghklb� ST ST
ST

G0 G0
P

G G9
= =

Σ
��]^_� ST0  —�l_gahj�k_ckfbq_�

kdh]h�fhf_glZ��Ihe_��kha^Z\Z_fh_�dZ`^uf�we_f_glhf�jZaju\Z�wd\b\Ze_gl�
gh�^_ckl\bx�^bihey�k�l_gahjhf�fhf_glZ� 

ST STG0 P G6GW= . 

LZd� dZd� l_gahj�iehlghklb� k_ckfbq_kdh]h�fhf_glZ� kbff_ljbq_g��hg�
fh`_l�[ulv�ij_^klZ\e_g�ebg_cghc�dhf[bgZpb_c��-b�we_f_glZjguo�l_gah�
jh\�fhf_glh\�� hibku\Zxsbo� iylv� bklhqgbdh\� lbiZ� ^\hcghc� iZju� kbe� b�
h^gbf�p_gljhf�jZkrbj_gby��jbk���������� 

 

 
F����������������F���������������F�����������������F�����������������F���������������F�� 

 
 

Jbk������JZaeh`_gb_�gZ�we_f_glZjgu_�l_gahju�fhf_glZ 



 

 

27 

Ijbq_f: 

0

 
 =  
  

� � �

� � � �

� � �

�hibku\Z_l�kdhev`_gb_�ih�ijhklbjZgbx� 

0

 
 = − 
  

� � �

� � � �

� � �

 -“- �����kdhev`_gb_�ih�ijhklbjZgbx�� 

0

 
 =  
  

� � �

� � � �

� � �

  -“-�������\a[jhk�ih�N-S�iehsZ^d_� 

0

 
 =  
  

� � �

� � � �

� � �

  - “ -����\a[jhk�ih�E-W�iehsZ^d_� 

0

− 
 =  
  

� � �

� � � �

� � �

  - “ -����\a[jhk�ih^�m]ehf���0, 

0

 
 =  
  

� � �

� � � �

� � �

   - « -��������\aju\� 

HqZ]� a_fe_ljyk_gby� Zkkhpbbjmxsbcky� k�^\hcguf�^bihe_f��hibku�
\Z_lky�^\mfy�iZjZfb�kbe��GZijbf_j�� [\ \[0 0+ ; \\ [[0 0+ �b�l�^� 

<aZbfgZy�hjb_glZpby�\_dlhjh\�
L
X b�

L
ν aZ\bkbl�hl�Zgbahljhibb�kj_^u�

b�fh`_l�[ulv�mdZaZgZ�lhevdh�^ey�qZklguo�kemqZ_\��<�kemqZ_�bahljhighc�
kj_^u� 

( ) ( ) ( ){ }� � �ST N N ST S T T SP X X X   = λν ξ τ δ + µ ν ξ τ + ν ξ τ       .         (6.3) 

?keb� ih^\b`dZ� iZjZee_evgZ� iehkdhklb� Σ �� lh� kdZeyjgh_� ijhba\_^_�
gb_� [ ]Xν ⋅ = � �b�lh]^Z� 

{ }ST S T T SP X X   = µ ν + ν    .                                 (6.4) 

Wlh�\ujZ`_gb_�^ey�^\hcghc�iZju�kbe (double-couple). 
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<�y\ghf�\b^_�fZljbpm�^ey�qbklh]h�k^\b]Z�fh`gh�ij_^klZ\blv� 

( )

( )

�

�

X

P

X

 µ ξ τ   
=  

  µ ξ τ   

�

�

� �

� � �

� �

.                             (6.5) 

>ey�lj_sbgu�hlju\Z�\�iehkdhklb�ξ =� � : 

( )
( )

( ) ( )

�

�

�

X

P X

X

 λ ξ τ   
= λ ξ τ   

  λ + µ ξ τ   

�

�

�

� �

� �

� � �

.               (6.6) 

Lh� _klv�� lj_sbgZ� hlju\Z� ij_^klZ\ey_l� kh[hc� kmi_jihabpbx� lj_o�

\_dlhjguo�^bihe_c�k�khhlghr_gb_f�Zfieblm^�� � �
λ + µ

λ
�

� � ��We_f_gl�hlju�

\Z� wd\b\Ze_gl_g�p_gljm�jZkrbj_gby�b�^\mf� k`bfZxsbf�^\hcguf� kbeZf�
[_a�fhf_glZ� 
 

L?GAHJ�K?CKFBQ?KDH=H�FHF?GL: 

L_gahj� k_ckfbq_kdh]h�fhf_glZ�jZ\_g�bgl_]jZem�hl� l_gahjZ�iehlgh�
klb�k_ckfbq_kdh]h�fhf_glZ� 

[ ]ST ST L M LMST0 P G X F G
Σ Σ

= Σ = ν Σ∫∫ ∫∫ .                                (6.7) 

B�lh]^Z��^ey�wnn_dlb\gh�lhq_qgh]h�bklhqgbdZ�fh`gh�aZibkZlv� 

( ) ��Q ST QS TX [ W 0 *= ∗&
.                                          (6.8) 

<�l_hjbb�k_ckfbq_kdh]h�hqZ]Z�l_gahj�fhf_glZ�—�wlh�\oh^ghc�kb]gZe�
b�^ey�ihemq_gby�\_dlhjZ�kf_s_gby�gZ�g_]h�gZ^h�ih^_ckl\h\Zlv�l_gahjhf��-
_]h�jZg]Z� 

Bgl_j_kguc�ijbf_j�bkihevah\Zgby� l_gahjZ� k_ckfbq_kdh]h�fhf_glZ�
[ue�ij_^eh`_g�;jxghf��?keb�fgh]h�jZaebqguo�a_fe_ljyk_gbc�bf_xl�h^�
gm�b�lm�`_�iehkdhklv�jZaju\Z��lh�kmffZjgZy�ih^\b`dZ�ih�jZaju\Zf�[m^_l�
jZ\gZ� 

1

1
L
ST

L

0

8
6

=
∑

∆ =
µ ⋅

 ,                                                  (19) 
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]^_��N —�qbkeh�a_fe_ljyk_gbc��S —�kmffZjgZy�iehsZ^v�jZaju\h\��Ih�wlhc�
nhjfme_� fh`gh� jZkkqblZlv� \aZbfgh_� i_j_f_s_gb_� eblhkn_jguo� iebl� \�
j_amevlZl_�k_ckfbq_kdhc�Zdlb\ghklb�gZ�bo�]jZgbpZo��WlZ�b^_y�iheh`_gZ�\�
hkgh\m�kha^Zgby�dhgp_ipbb�l_dlhgbdb�iebl� 

 

 

 

E_dpby�� 

MIJM=B?�<HEGU��BAEMQ:?FU?�LHQ?QGUF�
BKLHQGBDHF 

K_ckfbq_kdb_� dhe_[Zgby� fh]ml� [ulv� hij_^_e_gu� bgl_]jbjh\Zgb_f�
\h� \j_f_gb� b� ijhkljZgkl\_� \ujZ`_gby� ^ey� kbeu�� ^_ckl\mxs_c� \� hqZ]_�
a_fe_ljyk_gby�� >ey� wlh]h� g_h[oh^bfh� jZkkfhlj_lv� ihl_gpbZeu� mijm]bo�
kf_s_gbc��b^_glbnbpbjh\Zlv�bo�kh�kf_s_gbyfb��hibku\Zxsbfb�jZkijh�
kljZg_gb_�P- b�S-\heg��Hij_^_eblv�ihe_�kf_s_gbc�^ey�^\hcghc�iZju�kbe�b�
gZijZ\e_gghklv�baemq_gby�\�©^Zevg_cª�b�©[eb`g_cª�ahgZo� 
Ihl_gpbZeu�mijm]bo�kf_s_gbc� 

GZc^_f� kf_s_gb_� ( )�X [ W �� \ua\Zggh_� h^ghgZijZ\e_gghc� lhq_qghc�

h[t_fghc� kbehc� ( ) ( )L LI $ W [= δ δ �� \� gZijZ\e_gbb� [�� ijb� gme_\uo� gZqZev�

guo�mkeh\byo� 
MjZ\g_gb_�^\b`_gby� 

( ) M L
L

L M M

X XX
I

[ [W [

∂ ∂∂ρ = + λ + µ + µ
∂ ∂∂ ∂

� ��

� �
.                           (7.1) 

H[s__�j_r_gb_�bs_f�\�\b^_�k\_jldb� 

( )� Q8 [ W $ *= ∗ �

&
. 

Hgh�^ey�kn_jbq_kdb�kbff_ljbqghc�kdZeyjghc�aZ^Zqb�ij_^klZ\ey_lky�
\�\b^_� 

( )�

[
W

F
J [ W

[F

 
δ − 

 =
π �

�

�

&
.                                     (7.2) 

Wlh� agZdhfZy� gZf� nhjfZ� \hegh\h]h� mjZ\g_gby�� dhlhjh_� y\ey_lky�
ijhkl_cr_c�nmgdpb_c�=jbgZ�\�j_r_gbb�h[jZlghc�aZ^Zqb��Ba�g_]h�kljhblky�
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\ky� b_jZjoby� [he__� keh`guo� j_r_gbc� ^ey� aZ^Zq� ^bgZfbq_kdhc� l_hjbb��
<hegZ� y\ey_lky� nmgdpb_c�� hij_^_ey_fhc� ebg_cghc� dhf[bgZpb_c� ijh�
kljZgkl\_gguo� dhhj^bgZl�b� \j_f_gb��<b^� \hegh\hc�nmgdpbb� \h� \j_f_gb�
ij_^klZ\ey_l�kh[hc�aZlmoZxsmx�kbgmkhb^m��Bf_ggh�wlh�fu�j_]bkljbjm_f�
gZ�k_ckfh]jZffZo� 

JZkkfhljbf�g_dhlhju_�k\hckl\Z�\hegh\h]h�mjZ\g_gby� 
<hegh\h_�mjZ\g_gb_�ij_^klZ\ey_l�kh[hc�ijhba\_^_gb_� δ �nmgdpbb�b�

nmgdpbb��f_^e_ggh�f_gyxs_cky�k�jZkklhygb_f� 

Fgh`bl_ev�
[

F
 —�hij_^_ey_l�\j_fy�jZkijhkljZg_gby�\hegu��Z�c — 

kdhjhklv�jZkijhkljZg_gby��;ukljh�f_gyxsbcky�fgh`bl_ev�aZ\bkbl�lhevdh�
hl�\j_f_gb� 

<�h[s_f�kemqZ_�\�j_r_gb_�^he`_g�\oh^blv�fgh`bl_ev��hij_^_eyx�
sbc�gZijZ\e_gghklv�baemq_gby� 

?keb�bklhqgbd�jZkij_^_e_g�\�g_dhlhjhf�h[t_f_��lh��bkoh^y�ba�ijbg�
pbiZ�kmi_jihabpbb��h[s__�j_r_gb_�fh`_l�[ulv�ij_^klZ\e_gh�\�\b^_��gZ�
au\Z_fhf�ihl_gpbZehf�=_evf]hevpZ� 

( )
�

�
9

[
W

F
[ W G9

[F

 − ξ 
φ ξ − 

 φ = ∫∫∫ − ξπ ρ�
�

�

&
,                            (7.3) 

a^_kv�ρ  —�iehlghklv�kn_ju� 
<Z`guf� k\hckl\hf� wlh]h� j_r_gby� y\ey_lky� lh��qlh�ihe_� kf_s_gbc�

qm\kl\bl_evgh�d�bklhqgbdm�lhevdh�\�fhf_gl�\j_f_gb�
[

W W
F

− ξ
= −

&&

. 

KqblZy�qlh� �[ U= ]^_�r — ]bihp_gljZevgh_�jZkklhygb_��jZ\gh_� 

( ) ( )L L M MU [ [ [ [= − ⋅ −� � ,                                   (7.4) 

Z�gZijZ\eyxsb_�dhkbgmku� Lγ ^ey�x jZ\gu� 

�L
L

L

[ U

U [

∂γ = =
∂

 

lZd�qlh����������������������������������� L M LM

L M[ [ U U

γ γ − δ∂ ⋅ =
∂ ∂

�

�

��
. 

>ey�lhq_qghc�kbeu� ( )�$ W� �gZoh^ys_cky�\�gZqZe_�dhhj^bgZl�b�^_ckl�

\mxs_c�\�gZijZ\e_gbb� [
�
bf__f� 
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( ) ( )� LMX [ W $ W *= ∗ =�

&
 

                    ( ) ( )
U

L M LM
U

$ W GW
U

β

α

= γ γ − δ ⋅ τ − τ +∫πρ ��

� �
�

�
 

      L M L M

U U
$ W $ W

U U

  + γ γ − − γ γ −   α βπρα πρβ   
� �� �

� � � �

� �
.                (7.5) 

Wlh� \ujZ`_gb_�ba\_klgh�dZd�nhjfmeZ�KlhdkZ��ij_^eh`_ggZy�bf�\�
�����]h^m� 

Hlghkbl_evgZy�\_ebqbgZ�nmgdpbb�=jbgZ�aZ\bkbl�hl�jZkklhygby�f_`�
^m�bklhqgbdhf�b�ijb_fgbdhf�r.�I_j\uc�qe_g�\�nhjfme_�KlhdkZ�\ujZ`Z_l�
ihe_� kf_s_gbc� \� [eb`g_c� ahg_�� Z� \lhjhc� b� lj_lbc�—� ihe_� kf_s_gbc� \�
^Zevg_c� ahg_��Ihe_� kf_s_gbc� \� ^Zevg_c� ahg_� h[jZlgh� ijhihjpbhgZevgh�
wibp_gljZevghfm�jZkklhygbx��Kf_s_gby�\�[eb`g_c�ahg_�[ukljh�aZlmoZxl�
b�\Z`gu�lhevdh�\�aZ^ZqZo�bg`_g_jghc�k_ckfheh]bb��Ihqlb�\k_�k_ckfheh�
]bq_kdb_� gZ[ex^_gby� hlghkylky� d� gZ[ex^_gbyf� \� ^Zevg_c� ahg_�� dhlhju_�
hibku\Zxlky�i_j\uf�emq_\uf�ijb[eb`_gb_f� 
K\hckl\Z� �3 b �6 \heg�\�^Zevg_c�ahg_� 

J-\hegZ�\�^Zevg_c�ahg_�aZ^Z_lky�kf_s_gbyfb� 

( )�3
L L M

U
X [ W ; W

U

 = γ γ − απρα  ��

� �

�

&
,                            (7.6) 

]^_� ( ); W�  —�h[t_fgZy�kbeZ��ijbeh`_ggZy�\�gZijZ\e_gbb�
1

x . 

<^hev�gZijZ\e_gby� r�hl�bklhqgbdZ�wlZ�\hegZ�h[eZ^Z_l�ke_^mxsbfb�
k\hckl\Zfb� 

1. aZlmoZ_l�dZd� U−� , 

2. jZkijhkljZgy_lky�kh�kdhjhklvx�
λ + µα =

ρ
�

 

3. bf__l�nhjfm� dhe_[Zgbc�� aZ\bkysmx�hl�ijhkljZgkl\_gghc� dhf�

[bgZpbb�
U

W −
α
��]^_�

U

α
 —�\j_fy�\klmie_gby�J-\hegu�gZ�klZgpbx� 

4. bf__l�Zfieblm^m�kf_s_gby��ijhihjpbhgZevgmx�ijbeh`_gghc�\�
^Zgguc�fhf_gl�\j_f_gb�kbe_� 

5. gZijZ\e_gb_�kf_s_gbc�\�\heg_�iZjZee_evgh�gZijZ\e_gbx�^\b�
`_gby�hl�bklhqgbdZ�� 

LZdZy�\hegZ�gZau\Z_lky�ijh^hevghc�beb�jZ^bZevgh�iheyjbah\Zgghc� 
Ihi_j_qgZy�S�\hegZ�\�^Zevg_c�ahg_�aZ^Z_lky�kf_s_gbyfb� 
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( ) ( )2 0
1 1

4
,6

L LM L M

U
X [ W ; W

U βπρβ
 = δ − γ γ − 
 

&
.                      (7.7) 

S-\hegZ�h[eZ^Z_l�ke_^mxsbfb�k\hckl\Zfb� 

1. aZlmoZ_l�\�gZijZ\e_gbb�jZkijhkljZg_gby�dZd� U−� , 

2. jZkijhkljZgy_lky�kh�kdhjhklvx�
µ

β =
ρ

 

3. ijboh^bl�gZ�klZgpbx�\�fhf_gl�
U

W
β

= , 

4. bf__l� Zfieblm^m�� ijhihjpbhgZevgmx� ijbeh`_gghc� kbe_� \� aZ�
^_j`Zgguc�fhf_gl�\j_f_gb� 

5. bf__l� gZijZ\e_gb_� kf_s_gbc� \� \heg_�� i_ji_g^bdmeyjgh_ 
gZijZ\e_gbx�hl�bklhqgbdZ� 

LZdZy�\hegZ�y\ey_lky�ihi_j_qgh�iheyjbah\Zgghc� 
>bZ]jZffZ�gZijZ\e_gghklb�baemq_gby�J-�b�S-\heg�\�^Zevg_c�ahg_�hl�

bklhqgbdZ�lbiZ�lhq_qghc�kbeu��^_ckl\mxs_c�\�gZijZ\e_gbb� [�  ijb\_^_gZ�

gZ�jbk����� 
 

 

 
 
 
 
 
Jbk�������GZijZ\e_gghklv�baemq_gby�J�b�S�\heg�\�^Zevg_c�ahg_��� γ �b� γ  — 
dhkbgmk�m]eZ�f_`^m�gZijZ\e_gb_f�kbeu�b�gZijZ\e_gb_f�jZkijhkljZg_gby�
\hegu� 
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Kf_s_gby�\�[eb`g_c�ahg_ 
Kf_s_gby�\�[eb`g_c�ahg_�y\eyxlky�kmi_jihabpb_c�jZkijhkljZgyx�

sboky�J-�b�S-\heg� 

( ) ( ) ( )�

U

1
L L M LM

U

X [ W ; W G
U

β

α

= γ γ − δ τ − τ τ∫πρ ��

� �
�

�

&
,                     (7.8) 

]^_��τ —�\j_fy�^_ckl\by�bklhqgbdZ� 

 
>ey�kf_s_gbc�\�[eb`g_c� ahg_�g_evay�mdZaZlv�klhev�ykguo�k\hckl\��

dZd�^ey�kf_s_gbc�\�^Zevg_c�ahg_��Ykgh��qlh�hgb�gZ[ex^Zxlky�gZ�aZibkb�\�
bgl_j\Ze_�f_`^m�\klmie_gbyfb�J-�b�S-\heg�b�y\eyxlky�^hfbgbjmxsbfb�
gZ�fZeuo�jZkklhygbyo�hl�bklhqgbdZ��Bgl_jij_lZpby�ijb\h^blky�gZ�jbk����� 

GZ�l_e_k_ckfbq_kdbo�jZkklhygbyo�kf_s_gby�\�[eb`g_c�ahg_�ij_g_[�

j_`bfh�fZeu�ih�kjZ\g_gbx�kh�kf_s_gbyfb�\�^Zevg_c�ahg_� 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Jbk�����NhjfZ�\hegu�b�^ebl_evghklv�
kf_s_gbc�\�[eb`g_c�ahg_ 
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E_dpby�� 

NMGDPBB�G:IJ:<E?GGHKLB�BAEMQ?GBY 

HqZ]b� djmiguo� a_fe_ljyk_gbc� gZ]ey^gh� ^_fhgkljbjmxl� k\yav� ^_c�
kl\mxsbo�\�hqZ]h\hc�h[eZklb�kbe�k�ih^\b`dhc�ih�jZaehfm��LZd��\h�\j_fy�
dZebnhjgbckdh]h� a_fe_ljyk_gby� ����� ]h^Z� ijhbahreb� kf_s_gby� \^hev�
jZaehfZ�KZg-:g^j_Zk��ijhly`_gghklvx�hdheh�����df��Bgh]^Z�wlZ�k\yav�g_�
\iheg_�hq_\b^gZ�b�\ujZ`Z_lky�\�ih^t_f_�b�himkdZgbb�a_fghc�ih\_joghklb�
gZ^�h[eZklvx�hqZ]Z��H[sb_�q_jlu�jZaehfh\�ih�bo�ijhy\e_gbyf�gZ�ih\_jo�
ghklb�deZkkbnbpbjmxlky�ih�lbiZf�ih^\b`_d�\�hqZ]_� 

 

HJB?GL:PBY�J:AJU<H< 

>ey�ZgZebaZ�hjb_glZpbb�jZaju\Z�jZkkfhljbf�^_dZjlh\m�kbkl_fm�dh�
hj^bgZl��k\yaZggmx�k�wibp_gljhf� 

 
Ih^\b`dZ� hjb_glbjh\ZgZ� \�gZijZ\e_gbb� [� ��Iehkdhklv� 0=Φ �ij_^�

klZ\ey_l�kh[hc�iehkdhklv��kh^_j`Zsmx�ih^\b`dm� X
&
�b�__�ghjfZev� ν& ��GZ�

ijZ\e_gb_� U
&

 —�jZ^bZevgh_�� �θ φ
& &

 —�ihi_j_qgu_��Ijbq_f� 

 

 
 
 

Jbk������I_j_oh^�hl�^_dZjlh\hc�kbkl_fu�dhhj^bgZl�d�kn_jbq_kdhc�^ey�hib�
kZgby�ih^\b`db�ih�jZaju\m 



 

 

35 

( )ˆ sin cos , sin sin , cosU = γ = θ φ θ φ θ ; 

( )ˆ cos cos ,cos sin , sinθ = θ φ θ φ − θ ; 

( )ˆ sin ,cos ,0φ = − φ φ .                                        (8.1) 

Ihe_�kf_s_gbc�fh`gh�ij_^klZ\bl�\�\b^_�k\_jldb�l_gahjZ�k_ckfbq_�
kdh]h�fhf_glZ�k�ijhba\h^ghc�nmgdpbb�=jbgZ�dZd� 

�Q ST QS TX 0 *= ∗ , 

kqblZy��qlh�k_ckfbq_kdbc�fhf_gl�y\ey_lky�nmgdpb_c��aZ\bkys_c�hl�\j_f_�
gb� 

( ) ( )0 W X W 6= µ� ,                                          (8.2) 
lh]^Z� 

( ) ( )04

1 1
,

4

U

1

U

X [ W $ 0 W G
U

β

α

= τ − τ τ +∫πρ
& &

 

0 02 2 2 2

1 1 1 1

4 4
,3 ,6U U

$ 0 W $ 0 W
U U

  + ⋅ − + − +   α βπρα πρβ   
 

)3 )6U U
$ 0 W $ 0 W

U U

  + − + −   α βπρα πρβ   
� �� �

� � � �

� �

� � .             (8.3) 

A^_kv� dhwnnbpb_glu� :� ij_^klZ\eyxl� kh[hc� kf_s_gby� \� J-� b� S-
\hegZo�\�[eb`g_c��ijhf_`mlhqghc�b�^Zevg_c�ahgZo� 

( )ˆ ˆˆ9sin 2 cos 6 cos2 cos cos sin1$ U= θ φ − θ φθ − θ φφ , 

( )ˆ ˆˆ4sin 2 cos 2 cos2 cos cos sin,3$ U= θ φ − θ φθ − θ φφ . 

( )ˆ ˆˆ3cos2 cos 3 cos2 cos cos sin,6$ U= − θ φ + θ φθ − θ φφ ,             (8.4) 

ˆsin 2 cos)3$ U= θ φ , 

ˆ ˆcos2 cos cos sin)6$ = θ φθ − θ φφ . 

Wlb� oZjZdl_jbklbdb� baemq_gby� \uqe_gyxl� jZ^bZevgmx� b� ihi_j_q�
gmx�dhfihg_glu�b�hgb�^Zxl�ihegh_�ij_^klZ\e_gb_�h[h�\k_o�qe_gZo�ihey�
kf_s_gby��baemqZ_fh]h�k^\b]h\hc�^bkehdZpb_c�\�\b^_�^\hcghc�iZju�kbe� 
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GZ�ke_^mxsbo�jbkmgdZo�ijb\h^ylky�^bZ]jZffu�gZijZ\e_gghklb�ba�
emq_gby�^ey�J-�b�S-\heg� 

>bZ]jZffu�gZijZ\e_gghklb�baemq_gby�gZ�kn_j_�k�p_gljhf�\�bklhq�
gbd_� ^ey� J-\heg� bf_xl� oZjZdl_jguc� \b^� q_luj_oe_i_kldh\hc� jhfZrdb�
�jbk����� 

Baemq_gb_�hl�jZaju\Z�wd\b\Ze_glgh�baemq_gbx�lhq_qgh]h�bklhqgb�
dZ��gh�lhevdh�\�hlghr_gbb�jZkij_^_e_gby�agZdh\�i_j\uo�\klmie_gbc��AgZ�
db�©�ª�b�©–ª�hibku\Zxl�\hegu��jZkijhkljZgyxsb_ky�hl�bklhqgbdZ�b�d�bk�

 

 

 

 

 

Jbk�� ����>bZ]jZffZ�gZijZ\e_g�
ghklb�baemq_gby�J�\heg�\�iehk�
dhklb�ihklhyggh]h�ZabfmlZ 

Jbk����� >bZ]jZffu� gZijZ\e_g�
ghklb� baemq_gby� ^ey� ihi_j_q�
ghc�dhfihg_glu�kf_s_gbc 
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lhqgbdm�� Gh^Zevgu_� iehkdhklb� hibku\Zxlky� ih\_joghklvx�
VLQ FRVθ φ =� � ��Lhqdb�P�b�T — lhqdb�\uoh^Z�hk_c�k`Zlby�b�jZkly`_gby� 

GZ�jbk����[�b�jbk�����[�ihdZaZgu�nmgdpbb�gZijZ\e_gghklb�baemq_gby�
\� lj_of_jghc� kl_j_h]jZnbq_kdhc�ijh_dpbb� k_ldb�<mevnZ��FZdkbfZevgu_�
kf_s_gby�\�J-\heg_�khhl\_lkl\mxl�fbgbfZevguf�kf_s_gbyf�\�S-\heg_� 

GZ�^bZ]jZffZo�^ey�S-\heg��klj_edZfb�ihdZaZgh�baf_g_gby�gZijZ\e_�
gby�kf_s_gby��Maeh\u_�lhqdb�^ey�ihi_j_qguo�\heg�ijb� , 45θ ϕ = °�khhl\_l�
kl\mxl�fZdkbfmfZf�^bZ]jZff�^ey�J-\heg��FZdkbfZevgu_�kf_s_gby�^ey�S-
\heg�khhl\_lkl\mxl�gh^Zevguf�iehkdhklyf�^ey�J-\heg� 

>ey�k^\b]h\hc�ih^\b`db�b�j_amevlbjmxs_]h�klZlbq_kdh]h�kf_s_gby�
baemq_gb_�\�^Zevg_c�ahg_�[m^_l�hij_^_eylv�nZdlbq_kdb_�kf_s_gby�\�hqZ�
]h\hc�h[eZklb��GZ�ex[hf�jZkklhygbb�hl�bklhqgbdZ� 

( )�
,3 ,6

10 $ $
X [ W $

U

  
= − + +  

πρ β α α β   
�
� � � � �

� �

� � �

& &
,                     (8.5) 

]^_�0�  —� klZlbq_kdbc� k_ckfbq_kdbc� fhf_gl�� � �1 ,3 ,6$ $ $  —� nmgdpbb�
gZijZ\e_gghklb� baemq_gby��>bZ]jZffZ� gZijZ\e_gghklb� baemq_gbc� ^ey�J-
\heg� oZjZdl_jbam_lky� d\Z^jZglguf� jZkij_^_e_gb_f� agZdh\�� Gh^Zevgu_�
iehkdhklb�hl^_eyxl�h[eZklb�k`Zlby�hl�h[eZkl_c�jZkly`_gby� 

 
 
 

E_dpby�� 

F?O:GBAF�HQ:=:�A?FE?LJYK?GBY 

JZaju\�� ijhba\hevgh�
hjb_glbjh\Zgguc� \� ijh�
kljZgkl\_�� bf__l� ^\_� ih�
\_joghklb�� e_`Zqbc� [hd��
h[jZamxsbc� lmihc� m]he� k�
ih\_joghklvx�� b� —� \bky�
qbc� [hd�� h[jZamxsbc� hkl�
juc� m]he� k� ih\_joghklvx��
Ih^\b`dZ� hij_^_ey_lky�
dZd�gZijZ\e_gb_�kf_s_gby�
\bkyq_]h� [hdZ� hlghkb�
l_evgh� e_`Zq_]h�� Hjb_g�
lZpby� jZaju\Z� hij_^_ey_l�
ky� ijhklbjZgb_f 6φ � b� iZ�

^_gb_f�δ —�iehkdhklb�jZa�

 
 
 
 
 
Jbk�� ����IZjZf_lju�� oZjZdl_jbamxsb_� hjb_glZpbx�
iehkdhklb�jZaju\Z 
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ju\Z�� IjhklbjZgb_� hij_^_ey_lky� dZd� m]he�� hlkqblu\Z_fuc� ih� qZkh\hc�
klj_ed_�hl�gZijZ\e_gby�gZ�k_\_j�b�baf_gyxsbcky�\�ij_^_eZo� 6≤ φ ≤ π� � . 
IZ^_gb_�iehkdhklb�ih^\b`db�hij_^_ey_lky�dZd�m]he�\�\_jlbdZevghc�iehk�

dhklb�� hlkqblu\Z_fuc� \gba� hl� ]hjbahglZeb�
π≤ δ ≤�
�
�� GZijZ\e_gb_� ih^�

\b`db� \� iehkdhklb� jZaju\Z� hij_^_ey_l� mdehg� λ�� hij_^_ey_fuc� dZd� m]he�
f_`^m�gZijZ\e_gb_f�ijhklbjZgby�b� \_dlhjhf�ih^\b`db��Bgh]^Z�gZijZ\�
e_gb_�ih^\b`db�hij_^_ey_lky�\�\_jlbdZevghc�iehkdhklb�b�gZau\Z_lky�ih�
]jm`_gb_f��GZijZ\e_gb_�ih^\b`db�baf_gy_lky�\�bgl_j\Ze_� −π ≤ λ ≤ π ��?k�

eb� �
πδ ≠ �
�
��lh�ijb� ≤ λ ≤ π� �ih^\b`dZ�gZau\Z_lky�\a[jhkhf�beb�gZ^\b]hf��

ijb� −π ≤ λ ≤ π �\_dlhj�ih^\b`db�hibku\Z_l�jZaju\��gZau\Z_fuc�ghjfZev�
guf�k[jhkhf��>jm]h_�gZa\Zgb_�lZdh]h�jZaju\Z�—�jZaju\�kh�kdhev`_gb_f�

ih� iZ^_gbx��Qbkluc� \a[jhk�� �
π πδ = λ =
� �

�� Z� qbkluc� k[jhk�� �
π πδ = λ = −
� �

. 

JZaju\� kh� kf_s_gb_f� ih� ijhklbjZgbx� gZau\Z_lky� k^\b]hf��Ijb� qbklhf�

k^\b]_� � �
πδ = λ = π�
�

��<u[hj� \bkyq_]h� b� e_`Zq_]h� [hdZ� ijhba\he_g��?keb�

λ ≈ � �k^\b]�kqblZ_lky�e_\hklhjhggbf��_keb�λ ≈ π  — ijZ\hklhjhggbf. 
>ey� ZgZebaZ� gZijZ\e_gghklb� baemq_gby� ba� bklhqgbdZ� g_h[oh^bfh�

\\_klb�ihgylb_�_^bgbqghc�nhdZevghc�kn_ju —�wlh�kn_jZ�fZeh]h�jZ^bmkZ�
k�p_gljhf�\�bklhqgbd_� 

GZ� nhdZevghc� kn_j_� fh`gh�
bah[jZablv� ^bZ]jZffm� baemq_gby� b�
ijhke_^blv�ljZ_dlhjbb�emq_c�hl�bk�
lhqgbdZ� d� ijb_fgbdm� b� h[jZlgh��
Iheh`_gb_� lhq_d� gZ� nhdZevghc�
kn_j_�aZ^Z_lky�m]eh\ufb�dhhj^bgZ�
lZfb�emqZ�� iζ  —�m]he�\uoh^Z��baf_�

jy_fuc�\�\_jlbdZevghc�iehkdhklb�b�
φ  —� ZabfmlZevguc� m]he�� baf_jy_�
fuc� \� ]hjbahglZevghc� iehkdhklb��
Ijh_dpby�nhdZevghc� kn_ju� gZ� ih�
\_joghklv�A_feb�\�m]eh\uo�dhhj^b�
gZlZo� gZau\Z_lky� kl_j_h]jZnbq_�
kdhc�k_ldhc�<mevnZ� 

<hafh`gu� ^jm]b_� kl_j_h]jZ�
nbq_kdb_�ijh_dpbb�gZ�ih\_joghklv�
A_feb�� gZijbf_j�� jZ\ghiehsZ^gZy�
k_ldZ�Rfb^lZ��Gh��lZd�dZd�iZjZf_l�
jm�f_oZgbafZ�hqZ]Z�hij_^_eyxlky�\�

 
 

 
 
 
 
 
 

Jbk������NhdZevgZy�kn_jZ 



 

 

39 

]jZ^mkZo�� ^ey� ihkljh_gby� f_oZgbafZ� hqZ]Z� bkihevam_lky� jZ\ghm]hevgZy�
k_ldZ�<mevnZ� 

 

IHKLJH?GB?�F?O:GBAF:�HQ:=: 
A?FE?LJYK?GBC 

Ih^�f_oZgbafhf�hqZ]Z� a_fe_ljyk_gby�ih^jZamf_\Z_lky�hjb_glZpby�
\�ijhkljZgkl\_�gh^Zevguo�iehkdhkl_c�b� ]eZ\guo�hk_c� k`Zlby�b�jZk�
ly`_gby��>ey�ihkljh_gby�f_oZgbafZ�hqZ]Z�g_h[oh^bfh� 

1. \u[jZlv� ijh_dpbx� nhdZevghc� kn_ju� gZ� iehkdhklv� �k_ldZ�
<mevnZ� 

 

2. gZg_klb�\�\b^_�lhq_d�dhhj^bgZlu�klZgpbc��aZj_]bkljbjh\Z\�
rbo�J-\hegu 

3. ijbibkZlv�wlbf�lhqdZf�agZdb��khhl\_lkl\mxsb_�agZdZf�\klm�
ie_gbc�J-\heg�gZ�klZgpbyo� 

 

 
 

Jbk�����Ihkljh_gb_�f_oZgbafZ�hqZ]Z 
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4. ihkljhblv� �-x� gh^Zevgmx� iehkdhklv�� ij_^klZ\eyxsmx� kh[hc�
^m]m�[hevrh]h�djm]Z�gZ�k_ld_��jZa^_eyxsmx�h[eZklb�k`Zlby�
hl�h[eZkl_c�jZkly`_gby� 

5. hij_^_eblv�ihexk�wlhc�iehkdhklb�b�gZ�jZkklhygbb���°�hl�g_]h�
h[hagZqblv�ihexk��-c�gh^Zevghc�iehkdhklb 

6. q_j_a� �-c�ihexk�ijh\_klb�ZgZeh]bqgmx�iehkdhklv��jZa^_eyx�
smx�h[eZklb�k`Zlby�b�jZkly`_gby 

7. hl� lhqdb� i_j_k_q_gby� ihkljh_gguo� gh^Zevguo� iehkdhkl_c� gZ�
jZkklhygbb� ��°�ijh\_klb�lj_lvx�^m]m�[hevrh]h�djm]Z� �hgZ�g_�
[m^_l�gh^Zevghc�iehkdhklvx��gh�gZ�g_c�jZkiheZ]Zxlky�lhqdb�
\uoh^Z� hk_c� k`Zlby�b�jZkly`_gby��ihwlhfm� hgZ�gZau\Z_lky 
\kihfh]Zl_evghc� 

8. gZ� \kihfh]Zl_evghc� iehkdhklb�� ih^� m]ehf� ��°� hl� gh^Zevghc�
iehkdhklb�� Zkkhpbbjmxs_cky� k� iehkdhklvx� ih^\b`db�� hlf_�
lblv�\uoh^u�hk_c 

9. \uoh^�hkb�k`Zlby�P�bf__l�f_klh�\�p_glj_�d\Z^jZglZ�jZkly`_�
gby�b�—�gZh[hjhl��\uoh^�hkb�jZkly`_gby�T —�\�p_glj_�d\Z^�
jZglZ�k`Zlby� 

Hkb� k`Zlby� b� jZkly`_gby� y\eyxlky� ]eZ\gufb� hkyfb� l_gahjZ� gZ�
ijy`_gbc�b�l_gahjZ�k_ckfbq_kdh]h�fhf_glZ�^ey�k^\b]h\h]h�bklhqgbdZ��dh�
]^Z�iehkdhklv�jZaju\Z� y\ey_lky�iehkdhklvx�fZdkbfZevguo� kdZeu\Zxsbo�
gZijy`_gbc�� 

 

 
 
 

 
Jbk�����Ijbf_j�ihkljh_gby�f_oZgbafZ�hqZ]Z�a_fe_ljyk_gby 
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G_h[oh^bfh� k^_eZlv� ke_^mxs__� aZf_qZgb_�� ih� k_ckfbq_kdbf� ^Zg�
guf�g_\hafh`gh� k^_eZlv� \u\h^� h� lhf�� dZdZy�ba�^\mo�gh^Zevguo�iehkdh�
kl_c�y\ey_lky�iehkdhklvx�ih^\b`db��ihkdhevdm�gh^Zevgu_�iehkdhklb�hib�
ku\Zxlky� kbff_ljbqghc� iZjhc� wd\b\Ze_glguo� kbe� \� fh^_eb� bklhqgbdZ��
>ey�hij_^_e_gby�iehkdhklb�ih^\b`db�ijb\e_dZ_lky�ZijbhjgZy�bgnhjfZ�
pby�� gZijbf_j�� h� ijhklbjZgbb� Zdlb\babjh\Z\rboky� jZaehfh\� \� hqZ]h\hc�
h[eZklb�a_fe_ljyk_gby��_keb�lZdh\Zy�bf__lky��Ihkljh_gb_�f_oZgbafZ�hqZ]Z�
k\b^_l_evkl\m_l�h�lhf��qlh�h[_�gh^Zevgu_�iehkdhklb�jZ\gh\_jhylgh�fh]ml�
[ulv�iehkdhklvx�ih^\b`db� 

<hafh`ghklv�hij_^_e_gby�f_oZgbafZ�hqZ]Z�ih�S-\hegZf�hkeh`gy_l�
ky�l_f��qlh�\klmie_gby�S�\heg�keh`g__�\u^_eblv�gZ�k_ckfh]jZffZo� 

Dh]^Z�hij_^_e_gu�m]eh\u_�iZjZf_lju�ih^\b`db�ih�f_oZgbafZf�hqZ�
]Z��fh]ml�[ulv�jZkkqblZgu�nmgdpbb�gZijZ\e_gghklb�baemq_gby�ba�bklhq�
gbdZ�\�nmgdpbb�iZjZf_ljh\�emqZ� Lξ �b�φ . 

 

NMGDPBB�G:IJ:<E?GGHKLB�BAEMQ?GBY 
>EY�><HCGH=H�>BIHEY 

GZ�ih\_joghklb�e_`Zq_]h�[hdZ�\\_^_f�^_dZjlh\m�kbkl_fm�dhhj^bgZl�
k�p_gljhf�\�wibp_glj_�a_fe_ljyk_gby� 

GZijZ\e_gb_� jZkijhkljZg_gby� ih� emqm� [m^_l� hij_^_eylvky� _^bgbq�

gufb�\_dlhjZfb� ˆ ˆ ˆl , p,q��ijbq_f� l̂ ≡ γ&b�khhl\_lkl\m_l�ijh^hevghfm�gZijZ\�
e_gbx�hl�bklhqgbdZ�\�lhqd_ξ �d�ijb_fgbdm�\�lhqd_�x��GhjfZev�d�gZijZ\e_�
gbx� jZaju\Z� ν& ��Kdhjhklv� kf_s_gby�� hkj_^g_ggZy� ih� iehsZ^db� jZaju\Z�

X� hp_gb\Z_lky� \� fhf_gl�
U

W
 − α 

�� ]^_� U [= − ξ  —� ]bihp_gljZevgh_� jZk�

klhygb_� 
MjZ\g_gb_�^ey�kf_s_gby�J-\hegu�\�\_dlhjghc�nhjf_�[m^_l� 

( ) ( )( )
�3

X 6
X [ W

U

γν γ µ
=

πρα�

�

�

& &
&

.                                         (9.1) 

>ey�S-\hegu� 

( ) ( ) ( ) ( )( )
�6

X X X
X [ W 6

U

γν + γ ν − γν γ γ  = µ
πβ�

�

�

& & &&
� �&

,                            (9.2) 

]^_��X� �hp_g_gZ�\�fhf_gl�
U

W
 − β 

.  

Ihkljh_gb_� ^bZ]jZffu� gZijZ\e_gghklb� k\h^blky� d� ij_^klZ\e_gbx� \_d�
lhjguo� ijhba\_^_gbc� ( )γν&& � b� ( )Xγ& & � q_j_a� m]eh\u_� iZjZf_lju� f_oZgbafZ�

hqZ]Z� � �6φ δ λ �b�iZjZf_lju�emqZ� �Lξ φ . 
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GZijZ\e_gb_�ijboh^Z�J-\hegu�hij_^_ey_lky�ih�emqm�� 

ˆ sin cos sin sin cos6 6O L [ L \ L ]ξ ξ ξ= γ = φ + φ +& & & &
.                    (9.3) 

<_dlhj�ih^\b`db� 

( )
( )

cos cos cos sin sin

cos sin cos sin cos

sin sin ,

6

6 6

X X [

X \

X ]

= λ φ + δ λ φ +

+ λ φ − δ λ φ −
− λ δ

& & &

& &

& &

                          (9.4) 

Z�ghjfZev�d�jZaju\m� 

VLQ VLQ VLQ FRV FRV6 6[ \ ]ν = − δ φ + δ φ − δ& & & &
.                        (9.5)   

Nmgdpby�gZijZ\e_gghklb�baemq_gby� ^ey�J-\hegu� \� ^Zevg_c� ahg_�� \�
\_dlhjghf�\b^_� 

        
( )( )3

X
)

X

γν γ
=
�

&&& &
�

&
�

,                                             (9.6) 

Z�\�y\ghf�\b^_��\�aZ\bkbfhklb�hl�i_j_qbke_gguo�m]eh\uo�iZjZf_ljh\��hi�
j_^_ey_lky�dZd� 

 
 
 

Jbk�����Ijhba\hevgZy�hjb_glZpby�ih^\b`db�ih�jZaju\m 
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( )
( )

( )( )
( )

2

2 2 2

cos sin sin sin 2

cos cos sin 2 cos

sin sin 2 cos sin sin

sin cos2 sin 2 sin .

3
6

6

6

6

) L

L

L L

L

ξ

ξ

ξ ξ

ξ

= λ δ φ − φ −

− λ δ φ − φ +

+ λ δ − φ − φ +

+ λ δ φ − φ

                    (9.7) 

Nmgdpbb�gZijZ\e_gghklb�baemq_gby�^ey�SV-�b�SH-\heg�bf_xl�[he__�
keh`guc�\b^��Ba-aZ�lh]h��qlh�bfb�ihevamxlky�j_^dh��g_�[m^_f�k_cqZk�h[�
jZsZlv�gZ�gbo�\gbfZgb_��Lh]^Z�nhjfmem�^ey�kf_s_gbc�J-\hegu�\�^Zevg_c�
ahg_�fh`gh�aZibkZlv�\�\b^_� 

( ) 3
ˆ,

4

3
3 ) 6 U

X [ W X W O
U

µ  = − ⋅ απρα  
& &

� ,                               (9.8) 

]^_�X�  —�kj_^gyy�kdhjhklv�\kiZju\Zgby�gZ�jZaju\_� 
Ba�nhjfmeu� �������ihke_�\\_^_gby�ihijZ\hd�gZ�]_hf_ljbq_kdh_�jZk�

oh`^_gb_� \hegu� ijb� jZkijhkljZg_gbb� gZ� hij_^_e_ggh_� wibp_gljZevgh_�
jZkklhygb_� b� oZjZdl_jbklbdb� j_]bkljbjmxs_c� ZiiZjZlmju��fh`gh� gZclb�
bklbggh_�kf_s_gb_�ihq\u��Ijbq_f��_keb�^ebl_evghklv�\kiZju\Zgby�\�hqZ�
]_�f_gvr_� i_jbh^Z� baemqZ_fuo� \heg� �qlh� hq_gv� qZklh�fh`_l� [ulv�� _keb�
jZkkfZljb\Zxlky� ih\_joghklgu_� k_ckfbq_kdb_� \hegu�� lh� 0Su Mµ =� ��Wlh�
bf__l�f_klh� lhevdh�^ey�g_�hq_gv�kbevguo� a_fe_ljyk_gbc�� ]^_�\�mkeh\byo�
fZeuo�^_nhjfZpbc�\�hqZ]_�a_fe_ljyk_gbc��kdhjhklv�^_nhjfZpbc�jZ\gZ�kZ�
fhc�^_nhjfZpbb� 

 
 
 

E_dpby��� 

KI?DLJ�KF?S?GBC�<�>:EVG?C�AHG? 
Fu�ihemqbeb�j_r_gb_�ijyfhc�aZ^Zqb�^ey�bklhqgbdZ�lbiZ�^\hcgh]h�

^bihey�b�jZkijhkljZgyxs_cky�J-\hegu�\�^Zevg_c�ahg_��\ujZ`_ggh_�q_j_a�
nmgdpbx�gZijZ\e_gghklb�baemq_gby� 

( ) ( )
( ) ( )
�

� �
�

3
L3

L

) [
X [ W [ W

5 [

ξ γµ= ⋅ Ω
πρα ξ��

&&

& &
&& ,                     (10.1) 

a^_kv�� ( )�3) [ ξ
&&

 —�nmgdpby�gZijZ\e_gghklb�baemq_gby�J-\hegu�� ( )�5 [ ξ
&&

 — 

]_hf_ljbq_kdh_�jZkoh`^_gb_�\hegu�ijb�jZkijhkljZg_gbb�� ( )�[ WΩ &
 —�\j_�

f_ggZy�nmgdpby�bklhqgbdZ� 
Mkeh\b_�^Zevg_c�ahgu�nhjfmebjm_lky�\�\b^_��hij_^_ey_fuf�mkeh�

\b_f�^bnjZdpbb�NjZmg]hn_jZ��Z�bf_ggh� 
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U
/

λ<<� �

�
,                                              (10.2) 

]^_��L —�fZdkbfZevguc�jZaf_j�bklhqgbdZ��λ —�^ebgZ�baemqZ_fuo�\heg��

U U [= = − ξ�

&& &
 —� jZkklhygb_�f_`^m� lhqdhc� gZ� jZaju\_� b� ijb_fgbdhf��<�

wlhf�kemqZ_�\j_fy�\kiZju\Zgby�\�bklhqgbd_�fgh]h�f_gvr_�i_jbh^h\�jZk�
ijhkljZgyxsboky�\heg� �3 6W 7<< .  

Ijb� gZ[ex^_gbyo� \� ^Zevg_c� ahg_� bklhqgbd� \k_]^Z� y\ey_lky� lhq_q�
guf��>ey�lhq_qgh]h�bklhqgbdZ� kijZ\_^eb\h�b�[he__�`_kldh_� lj_[h\Zgb_�
/ << λ ��Imklv�\j_f_ggZy�nmgdpby�\�bklhqgbd_� 

( ) ( )�
� �

U
[ W X W G

Σ

 − ξ γ
 Ω = ∆ ξ − Σ∫∫ α  

& &&
&&

� ,                             (10.3) 

]^_�α —�kdhjhklv�jZkijhkljZg_gby�J-\heg� 
Ij_h[jZah\Zgb_�Nmjv_�hl�wlhc�nmgdpbb� 

( ) ( ) ( )

( ) ( )

, , exp

,
exp , exp ,

U
[ X L G

U
L X L G

Σ

Σ

  − ξγ  Ω ω = ∆ ξ ω ω Σ =∫∫  α  
 ξ γ   = ω ∆ ξ ω − ω Σ∫∫ α α    

&&&
&&

�

& &&
&

�

                 (10.4) 

]^_�
Uω

α

&

 —�gZ[_]�nZau�J�\hegu�ijb�jZkijhkljZg_gbb�� G
Σ

Σ∫∫  —�gZau\Z_lky�

^\hcguf�ij_h[jZah\Zgb_f�Nmjv_�
\�ijhkljZgkl\_�� 

Ki_dlj�nmgdpbb�\�bklhqgb�
d_�fh`_l�[ulv�ij_^klZ\e_g�\�\b^_�
kmi_jihabpbb�iehkdbo�\heg��Ijb�
gZ[ex^_gbyo� \� ^Zevg_c� ahg_� fu�
g_� fh`_f� \uy\blv� l_� ^_lZeb� bk�
lhqgbdZ�� jZaf_ju� dhlhjuo� f_gv�
r_�gZ[ex^Z_fuo�^ebg�\heg�beb�– 
jZkkfZljb\Zlv� g_h^ghjh^gu_�
\hegu��[ukljh�aZlmoZxsb_�k�m^Z�
e_gb_f� hl� ih\_joghklb� jZaju\Z�
Σ�� Ihegh_� \hkklZgh\e_gb_� nmgd�
pbb� bklhqgbdZ� \hafh`gh� lhevdh�
ih�gZ[ex^_gbyf�\�[eb`g_c�ahg_� 

 
 

Jbk�� ����Ki_dlj�\j_f_gghc�nmgdpbb�bk�
lhqgbdZ 
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LZd�dZd� ( ) ( ) ( )� � �X X W GW X W∆ ξ ω → = ∆ ξ = ∆ ξ → ∞∫�
& &

� � , 

lh�� ( ) ( ) FRQVW� �[ X W G
Σ

Ω ω → = ∆ ξ → ∞ Σ =∫∫�
&&

. 

Ke_^h\Zl_evgh� 
1. ki_dlj�kf_s_gbc�\�^Zevg_c�ahg_�gZ�gbadbo�qZklhlZo�g_�aZ\b�

kbl�hl�qZklhlu� 
2. \_ebqbgZ�fh^mey� ki_dljZ�ijhihjpbhgZevgZ� \_ebqbg_� k_ckfb�

q_kdh]h�fhf_glZ� 

( )�
0

[ W GW X6
+∞

−∞
Ω ≈ = ∆∫ µ

�&
.                                    (10.5) 

Wlhl�j_amevlZl�kijZ\_^eb\�^ey�ex[hc�ih^\b`d_�\�hqZ]_�b�g_�aZ\bkbl�
hl�^_lZe_c�ijhp_kkZ�gZ�iehkdhklb�jZaju\Z��?keb�gZijZ\e_gb_�ih^\b`db�ih�
jZaju\m�g_�f_gy_lky��lh� ( )�[Ω ω&

�fZdkbfZevgh�ijb� 0ω → . 

 

 
 

Jbk������L_hj_lbq_kdbc�ki_dlj�nmgdpbb�baemq_gby�ba�hqZ]Z 
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?keb�nmgdpby� kf_s_gby� \� bklhqgbd_� ( )u ,tξ
&

baf_gy_lky� \h� \j_f_gb�

dZd� klmi_gqZlZy� nmgdpby�� lh� bfimevk� kf_s_gbc� \� ^Zevg_c� ahg_� [m^_l�
ij_^klZ\eylv� kh[hc�δ-nmgdpbx�b� ( ) const,tΩ ω = ��Wlh�hagZqZ_l��qlh�\�h[�

eZklb�gbadbo�qZklhl�k_ckfbq_kdbc�bklhqgbd�wd\b\Ze_gl_g�lhq_qghfm�
bklhqgbdm�k�nmgdpb_c�kdZqdZ�kf_s_gbc�\�\b^_�klmi_gb� 

?keb�jZkkfhlj_lv�Zfieblm^gu_�ki_dlju�^ey�k_jbb� a_fe_ljyk_gbc�k�
jZaghc�fZ]gblm^hc�ba�h^ghc�b�lhc�`_�wibp_gljZevghc�h[eZklb�� aZj_]bkl�
jbjh\Zggu_�gZ�h^ghc�b�lhc�`_�klZgpbb�klZg^Zjlbabjh\Zgghc�ZiiZjZlmjhc��
lh�wlb�ki_dlju�[m^ml�ih^h[gu��Ijbq_f��kh\iZ^Zxsb_�fbgbfmfu�gZ�ki_d�
ljZevguo�djb\uo�[m^ml�k\yaZgu�k�\ebygb_f�imlb�jZkijhkljZg_gby��dhlh�
jh_�^ey�\k_o�kh[ulbc�[m^_l�h^bgZdh\uf��G_kh\iZ^Zxsb_�fbgbfmfu�ki_d�
ljZevguo� djb\uo� [m^ml� hibku\Zlv� hkh[_gghklb�bklhqgbdh\� \� dZ`^hf�ba�
a_fe_ljyk_gbc� 
 

 

 
 
 

Jbk�� ���� :fieblm^gu_� ki_dlju� \heg� Ey\Z�� hl�
]jmiiu�dZebnhjgbckdbo�a_fe_ljyk_gbc��aZj_]b�
kljbjh\Zggu_�gZ�k_ckfbq_kdhc�klZgpbb�\�;_jd�
eb 
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Fbgbfmfu� ki_dljh\�gZ�i_jbh^Zo� ����k_d��� ���� k_d��hibku\Zxl�\j_�
f_ggmx� nmgdpbx� bklhqgbdZ�� Z� fbgbfmf� gZ� i_jbh^Zo� ���� k_d�� k\yaZg� kh�
kljmdlmjhc�kj_^u�ih^�j_]bkljbjmxs_c�klZgpb_c��lZd�dZd�hg�gZ[ex^Z_lky�
gZ�\k_o�ki_dljZo��g_aZ\bkbfh�hl�baemq_gby�ba�hqZ]Z� 

 

=J:GBQG:Y�Q:KLHL: 

Bfimevk�kf_s_gby�\�h[eZklb�bklhqgbdZ�^he`_g�bf_lv��ih�gZ[ex^_�
gbyf�\�^Zevg_c�ahg_��jZ\ghf_jguc�ki_dlj�\�h[eZklb�gbadbo�qZklhl�b�kiZ^�
ki_dljZ�\�h[eZklb�\ukhdbo�qZklhl��ijhihjpbhgZevguc�hljbpZl_evghc�kl_�
i_gb�qZklhlu� 

QZklhlZ�� gZ� dhlhjhc� i_j_k_dZxlky� \ukhdhqZklhlgZy� b� gbadhqZklhl�
gZy�Zkbfilhlu�ki_dljZ��gZau\Z_lky�]jZgbqghc� 

<� aZ\bkbfhklb�hl�jZkkfZljb\Z_fhc�fh^_eb�bklhqgbdZ�khhlghr_gby�
^ey�]jZgbqguo�qZklhl�J-�b�S-\heg�jZaebqgu��<�fh^_eb�K_\b^`Z���kf��^Ze__�
jbk�������^ey�^\mklhjhgg_]h�jZaju\Z�k�ihklhygghc�kdhjhklvx�\kiZju\Zgby�

�9 = β� � �b�ijb�dhg_qghc�^ebg_�jZaju\Z� 

�

�

3

6

I
/:

I
/:

απ =

βπ =

� � �

� �� �

.                                    (10.6) 

Ijb� ghjfZevghf� dhwnnbpb_gl_� ImZkkhgZ�� kh]eZkgh� ijb\_^_gguf�

\ur_� nhjfmeZf�� \k_]^Z� 6 3I I> �� H^gZdh�� gZ� ijZdlbd_�� qZs_� bf__l�

f_klh�[he__�\ukhdh_�agZq_gb_�qZklhlu�g_�^ey�S-��Z�^ey�J-\heg� 
<�fh^_eb�djm]h\hc� lj_sbgu�KZlh�b�ObjhkZ\u� agZq_gby� ]jZgbqghc�

qZklhlu�hij_^_eyxlky�q_j_a�agZq_gby�kdhjhkl_c�\kiZju\Zgby� 

2 ,

2 ,

3
3

6
6

I &
5

I &
5

απ =

βπ =
                                            (10.7) 

]^_�� �3 6& &  —�nmgdpbb�kdhjhklb�\kiZju\Zgby��<�wlhf�kemqZ_� 3 6I I> . 

Ij_h[eZ^Zxsb_�i_jbh^u�S-\heg�\� ���–����jZa�[hevr_��q_f�i_jbh^u�
J-\heg� Fh^_ev�FhegZjZ� lZd`_� ij_^kdZau\Z_l� [hevrb_� i_jbh^u� \�
S-\hegZo�� 

<ukhdhqZklhlgZy�ZkkbfilhlZ�hij_^_ey_lky�kdhjhklvx�\kiZju\Zgby�b�
kdhjhklvx� kf_s_gby� qZklbp��Kdhjhklv� \kiZju\Zgby� hij_^_ey_lky� lhevdh�
mijm]bfb� dhgklZglZfb� kj_^u�� Z� kdhjhklv� kf_s_gby� aZ^Z_lky� kdhjhklvx�
\kiZju\Zgby�b�gZqZevguf�gZijy`_gb_f�� 

Fh^mev�ki_dljZ�kf_s_gby�\�^Zevg_c�ahg_�fh`_l�[ulv�ij_^klZ\e_g�\�
\b^_� 
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( ) ( )Ω
Ω ω =

 ω+ ω 

�

�

�
�

,                                      (10.8) 

]^_��ω0 —� ]jZgbqgZy�qZklhlZ�� Z� ( )0Ω  —�ijhihjpbhgZevgh� k_ckfbq_kdhfm�

fhf_glm��Wlh�\ujZ`_gb_�^ey�fh^_eb�k� −ω � ��<�lZdhc�fh^_eb�ij_h[eZ^Zx�
smx�jhev�\�h[eZklb�\ukhdbo�qZklhl�b]jZ_l�klhi-nZaZ��Qbkeh�klhi-nZa�jZk�
l_l� k� jhklhf� qbkeZ� iehsZ^hd� jZaju\Z�� ?keb� ij_^iheh`blv�� qlh� f_`^m�
kbevgufb�b�keZ[ufb�kh[ulbyfb�bf__lky�ih^h[b_��lh�klZgh\blky�\hafh`�
guf� ihkljh_gb_� k_f_ckl\Z� ki_dljZevguo� djb\uo�� ho\Zlu\Zxsbo� \kx�
rdZem�fZ]gblm^� 

 
 
 

Jbk������Baf_g_gb_�]jZgbqghc�qZklhlu�ki_d�
ljh\�J-\heg�\�^Zevg_c� ahg_�gZ�h^ghf�b�lhf�
`_�wibp_gljZevghf�jZkklhygbb��\�aZ\bkbfh�
klb�hl�fZ]gblm^u�a_fe_ljyk_gby�^ey�fh^_eb�
K_\b^`Z 
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E_dpby��� 

DBG?F:LBQ?KD:Y�FH>?EV�HQ:=: 

DZd�ihdZaZgh�jZg__��gZ[ex^_gby�\�^Zevg_c�ahg_�g_�iha\heyxl�h^gh�
agZqgh� hij_^_eblv� nmgdpbx� ih^\b`db� \� bklhqgbd_�� G_h[oh^bfh� [ueh�
\\_klb�g_[hevrh_� dhebq_kl\h�iZjZf_ljh\�bklhqgbdZ�� dhlhju_� [u� hibku�
\Zeb�ijhp_kk�\kiZju\Zgby�ih�gZ[ex^_gbyf�\�^Zevg_c�ahg_��<i_j\u_�lZdZy�
fh^_ev�hqZ]Z�[ueZ�ij_^eh`_gZ�OZkd_eehf��HgZ�ij_^klZ\ey_l�kh[hc�fh^_ev�
ijyfhm]hevgh]h�jZaju\Z�k�h^ghklhjhggbf�\kiZju\Zgb_f� 

DBG?F:LBQ?KD:Y�FH>?EV�O:KD?EE: 

Fh^_ev�OZkd_eeZ�rbjhdh�bkihevah\ZeZkv�\� ��–��� ]h^Zo�^ey�bgl_j�
ij_lZpbb�gZ[ex^_gbc�h[t_fguo�b�ih\_joghklguo�k_ckfbq_kdbo�\heg� 

AZ^Z^bf�iehkdhklv�jZaju\Z�\�\b^_�ijyfhm]hevgbdZ�^ebghc�L�b�rb�
jbghc�W.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jbk����� H^ghklhjhgg__� \kiZju\Zgb_�
gZ�ijyfhm]hevghc�iehsZ^d_�jZaju\Z�
k�ihklhygghc�kdhjhklvx��Z��iehsZ^dZ�
jZaju\Z�� [�� hjb_glZpby� iehsZ^db�
jZaju\Z� \� ijhkljZgkl\_�� M]he� ψ — 
m]he�f_`^m� gZijZ\e_gb_f� \kiZju\Z�
gby� b� gZijZ\e_gb_f� gZ� j_]bkljb�
jmxsmx�klZgpbx 
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<kiZju\Zgb_�gZqbgZ_lky�gZ�h^ghf�dhgp_�ijyfhm]hevgbdZ�b�jZkijh�
kljZgy_lky�\^hev�g_]h�k�ihklhygghc�kdhjhklvx�V. 

Imklv� ( )�X W I W
9

ξ 
∆ ξ = − 

 
�

&
���]^_�� �/ :< ξ < < ξ <� �� � .           (11.1) 

H[hagZqbf�ψ —�m]he�f_`^m�gZijZ\e_gb_f�\kiZju\Zgby�b�gZijZ\e_�
gb_f�gZ�ijb_fgbd��j_]bkljbjmxsmx�klZgpbx���Lh]^Z� 

( ) FRV
�

/ U
X [ W : I W G

9

 Ψ  = − − ξ − ξ∫   α α  
� �

�

�& � ,                 (11.2) 

]^_�
U

I W
 − α 

�  —�bfimevk� kf_s_gby� \�^Zevg_c� ahg_�ijb�fZehc�iehsZ^d_�

jZaju\Z� 
Ij_h[jZah\Zgb_�Nmjv_� 

( ) ( ) FRV
� H[S

U
/L

[ L :I H L G
9

ω
α  Ψ  Ω ω = − ω ω ωξ − ξ∫   α  

� �
�

�&
.         (11.3)  

H[hagZqbf����������������������������
FRV/

;
9

ω Ψ = − α 
�

�
.                                     (11.4)  

Lh]^Z�nmgdpby�\b^Z�
VLQ ;

;
�ij_^klZ\ey_l�kh[hc�\_ebqbgm��hij_^_eyxsmx�

dhg_qgh_�agZq_gb_�ijhly`_gghklb�jZaju\Z��jbk������Fh^mev�wlhc�nmgdpbb�
baf_gy_lky�k�i_jbh^hf��jZ\guf�π. 

<�ki_dlj_�\heg� 

( ) ( ) VLQ
� H[S

; U
[ I :/ ;

;

 ω π  Ω ω = ω⋅ ω ⋅ − +  α  �

&
               (11.5) 

 

 

 
 
 
 
 
 
 
 
 
Jbk����Fgh`bl_ev� \� \ujZ`_gbb�
^ey�ki_dljh\�bfimevkZ�kf_s_gbc 
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ihy\ylky�fbgbfmfu�ijb�agZq_gbyo� � ���; = π π� ��I_j\uc�fbgbfmf�khhl\_l�
kl\m_l�i_jbh^m� 

PLQ

FRV
7 /

9

π Ψ = = − ω α 
� � �

.                                 (11.6) 

Ih�wlhc�nhjfme_��_keb�aZ^ZgZ�kdhjhklv�\kiZju\Zgby�V�b�hjb_glZpby�
gZijZ\e_gby�\kiZju\Zgby�ψ�hlghkbl_evgh�j_]bkljbjmxs_c�klZgpbb� �kdh�
jhklv�jZkijhkljZg_gby�J-\heg�kqblZ_lky�ba\_klghc��fh]ml�[ulv�hij_^_e_�
gu�ebg_cgu_�jZaf_ju�bklhqgbdZ��AgZq_gb_�qZklhlu��ijb�dhlhjhf�gZ[ex�
^Z_lky�fbgbfmf�ki_dljZevghc�nmgdpbb� 

FRV

1 9

9/

πω =
 − Ψ α 

� �

�

     � ����1 =� � .                         (11.7)   

K^\b]� qZklhl� hij_^_ey_lky� ^_kljmdlb\ghc� bgl_jn_j_gpb_c� f_`^m�
\hegZfb�� baemqZ_fufb� jZaebqgufb� mqZkldZfb� iehkdhklb� jZaju\Z�� qlh�
ijb\h^bl�d�hkeZ[e_gbx�\ukhdhqZklhlguo�khklZ\eyxsbo�ki_dljZ� 

Qlh[u�aZ\_jrblv�ihkljh_gb_�fh^_eb�ijyfhm]hevgh]h�jZaju\Z�k�h^�
ghklhjhggbf�\kiZju\Zgb_f�g_h[oh^bfh�\\_klb�ihgylb_�iheghc�ih^\b`db�
ih�jZaju\m�D�b�\j_fy�gZjZklZgby�kdZqdZ�kf_s_gbc�T��OZkd_ee�bkihevah\Ze�
nmgdpbx�k�ebg_cgh�jZklmsbf�i_j_^gbf�njhglhf� 

( )

�

�

�

W

'W
I W W 7

7

' 7 W

<
= < <


<

� �

� .                                         (11.8) 

<b^�wlhc�nmgdpbb�ijb\h^bl�d�^hihegbl_evghfm�k]eZ`b\Zgbx�ki_d�
ljZ�kb]gZeZ� 

( ) VLQ
�

;
[ :/'

; L 7
Ω ω =

− ω
�

�

&
.                                  (11.9)   

GZ� \ukhdbo� qZklhlZo� kiZ^Zgb_�fh^mey� ki_dljZ�� h[mkeh\e_ggh_� dhg_qghc�
\_ebqbghc�nmgdpbb� gZjZklZgby� kdZqdZ� kf_s_gbc� hibku\Z_lky� ih� aZdhgm�

−ω ���?keb�\\_klb�\j_fy��g_h[oh^bfh_�^ey�aZ\_jr_gby�ih^\b`db��lh�kiZ^Z�

gb_�ki_dljZ�[m^_l�ijhbkoh^blv�ih�aZdhgm� −ω � ��:fieblm^Z�ki_dljZ�gZ�fZ�
euo� qZklhlZo� klj_fblky� d� \_ebqbg_� k_ckfbq_kdh]h� fhf_glZ� 0 ':/≈� . 
?keb�ijbgylv�\h�\gbfZgb_�dhg_qgmx�rbjbgm�jZaju\Z��lh�kiZ^Zgb_�ki_dljZ�

ijhihjpbhgZevgh� −ω � .  
<�kemqZ_�_keb�\kiZju\Zgb_�\�bklhqgbd_�ijhbkoh^bl�hl�g_dhlhjhc�lhqdb�gZ�
jZaju\_�\�iheh`bl_evghf�b�hljbpZl_evghf�gZijZ\e_gbb�ih�_]h�ijhklbjZ�
gbx� �^\moklhjhgg__�\kiZju\Zgb_���lh�hkh[_gghklb�ki_dljh\�hibku\Zxlky�
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kmi_jihabpb_c� ^\mo� ki_dljh\�� hlghkysboky� d� ^\mf� ijhlb\hiheh`guf�
^\b`_gbyf�ih�jZaju\m��kf��jbk����� 

>ebgm� jZaju\Z� L� e_]q_� hij_-
^_eblv�� q_f� _]h� rbjbgm� W� b�
kf_s_gb_� D�� HgZ� baf_jy_lky�
ih� ki_dljZf� ih\_joghklguo�
k_ckfbq_kdbo� \heg�� dZd� [he__�
^ebgghi_jbh^guo��q_f�h[t_f-
gu_� \hegu�� >ey� hij_^_e_gby�
W� b�D� g_h[oh^bfh� ijh\h^blv�
gZ[ex^_gby�\�[eb`g_c�ahg_� 
<� dbg_fZlbq_kdhc� fh^_eb�
bklhqgbdZ� kdhjhklv� \kiZju-

\Zgby�
'

9
7

= � hklZ_lky� ihklh-

ygghc�� HgZ� ijhihjpbhgZevgZ�
\_ebqbg_� k[jhr_ggh]h� gZijy�
`_gby�� Dhwnnbpb_gl� ijhihj-
pbhgZevghklb� jZ\_g� Zdmklb-
q_kdhc� `_kldhklb� ^ey� ih�
i_j_qguo�\heg��ρβ .  

BlZd��fh^_ev�OZkd_eeZ� hij_^_ey_l� �� iZjZf_ljh\� ih^\b`db� \� hqZ]_�
a_fe_ljyk_gby� 

1. ^ebgm�jZaju\Z�L, 
2. rbjbgm�jZaju\Z�W, 
3. kdhjhklv�\kiZju\Zgby�V, 
4. \_ebqbgm�kf_s_gby�ih�jZaju\m�D,  
5. \j_fy�gZjZklZgby�b�kiZ^Zgby�kf_s_gby�ih�jZaju\m�T  
Bkihevah\Zgb_�fh^_eb�OZkd_eeZ�^ey�bkke_^h\Zgby�iZjZf_ljh\�hqZ]Z�

kbevguo� a_fe_ljyk_gbc� ihdZaZeh�� qlh� hgZ� ^Z_l� ohjhr__� khhl\_lkl\b_� k�
]_h^_abq_kdbfb�gZ[ex^_gbyfb��_keb�ijhbkoh^bl�ojmidh�mijm]h_�jZajmr_�
gb_��>ey�kj_^u�\yadhmijm]h]h�lbiZ�\_ebqbgZ�ih^\b`db�b�iehsZ^v�jZaju\Z�
hdZau\Zxlky�f_gvrbfb��q_f�gZ[ex^Z_lky��Wlh�_s_�jZa�ih^l\_j`^Z_l�lhl�
nZdl��qlh�k_ckfbq_kdb_�\hegu�g_kml�bgnhjfZpbx�g_�h[h�\k_o�l_dlhgbq_�
kdbo�ijhp_kkZo��ijhbkoh^ysbo�\�hqZ]h\uo�ahgZo�a_fe_ljyk_gbc� 

 

A:JH@>?GB?��J:KIJHKLJ:G?GB? 
B�HKL:GH<D:�J:AJU<: 

H^ghgZijZ\e_ggh_� \kiZju\Zgb_� y\ey_lky�� ih-\b^bfhfm�� kebrdhf�
[hevrbf�mijhs_gb_f�j_Zevgh]h�ijhp_kkZ�\�hqZ]_� a_fe_ljyk_gby��GZb[h�
e__�j_Zebklbqguf�ij_^klZ\ey_lky�ijhp_kk��]^_�jZaju\�gZqbgZ_lky�\�lhqd_�
b�jZkijhkljZgy_lky�hl�g__�\�jZ^bZevguo�gZijZ\e_gbyo�k�ihklhygghc�kdh�

 

 
 
 
Jbk�� ����Ihkljh_gb_�fh^_eb�OZkd_eeZ� \� kemqZ_�
^\moklhjhgg_]h�\kiZju\Zgby 
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jhklvx�^h�l_o�ihj��ihdZ�g_�ho\Zlbl�g_dhlhjmx�^\mf_jgmx�ih\_joghklv�gZ�
iehkdhklb�jZaju\Z��K_ckfbq_kdbc�kb]gZe��k\yaZgguc�k�hklZgh\dhc�jZaju\Z�
gZau\Z_lky��ih�K_\b^`m��©klhi-nZahcª� 

Nhjfu�kf_s_gbc�hl�hqZ]Z�\h�\klmie_gbyo�J-�b�S-\heg�\�^Zevg_c�ah�
g_�ijb\h^ylky�gZ�jbk����� 

Wlhl� j_amevlZl� ihemq_g� KZlh� b� ObjhkZ\Z� ^ey� djm]h\hc� lj_sbgu�
k^\b]Z�k�jZ\ghf_jguf�kdZeu\Zxsbf�gZijy`_gb_f� 

( )
( )

( )

�

.Y [

N

[ W

[
.Y

N N N

π ρ
−Ω = 
  π  ρ −
 +  

� �

�
�

�
�

�

�

�

� �
�

� �

&
���ijb���

[ N

N [ N

≤ ≤ −

− < < +

� �

� �

, 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jbk�����NhjfZ�kb]gZeZ�\�^Zev-
g_c� ahg_� ^ey� djm]h\hc� lj_sb�
gu�k^\b]Z 
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]^_�� 

.
 ∆σ =   π µ  

��

�
�^ey�djm]h\h]h�jZaju\Z� 

YWρ >  —�jZ^bmk�djm]h\h]h�jZaju\Z� 

VLQ
Y

N
F

 = θ  
, θ —� m]he� hl� \_jlbdZeb� gZ� j_]bkljbjmxsmx� klZgpbx���

ν  —�kdhjhklv�\kiZju\Zgby��c —�kdhjhklv�jZkijhkljZg_gby�J-�beb�S-\heg��

�
U

[ Y W
F

 = − ρ  
� . 

<�gZqZevghc�klZ^bb�jhkl�bfimevkZ�kf_s_gbc�ijhihjpbhgZe_g�d\Z^�

jZlm�
U

W
F

 −  

�
� ��Ki_dlj�khhl\_lkl\mxs_c�gZqZevghc�klZ^bb�bfimevkZ�\�bk�

lhqgbd_�kiZ^Z_l�dZd� −ω � . 
FhegZj� hibkZe�ijhp_kk� aZdjulby� lj_sbgu��KiZ^� ki_dljZ�gZ� \ukh�

dbo�qZklhlZo�aZ\bkbl�hl�lh]h��dZdZy�nZaZ�ij_h[eZ^Z_l�\�nhjfbjh\Zgbb�jZa�
ju\Z��nZaZ�bgbpbZpbb�beb�hklZgh\db� 

>Zee_g� jZkijhkljZgbe� ZgZeba� dbg_fZlbdb� jZaju\h\� gZ� kemqZc� we�
ebilbq_kdhc� lj_sbgu�� dhlhjZy� jZajZklZ_lky�� khojZgyy� k\hx�nhjfm�g_ba�
f_gghc��JZaju\�jZkkfZljb\Z_lky�dZd�ijhp_kk��aZ\_jr_gb_�dhlhjh]h�aZf_^�
ey_lky� ih�f_j_� lh]h�� dZd� lj_sbgZ� ijhgbdZ_l� eb[h� \� h[eZklb� k� [hevrbf�
lj_gb_f��eb[h�\�h[eZklb�k�f_gvrbfb�l_dlhgbq_kdbfb�gZijy`_gbyfb� 

 
 
 

E_dpby��� 

DBG?F:LBD:�KF?S?GBC�<�;EB@G?C�AHG? 

Ih� gZ[ex^_gbyf� \� ^Zevg_c� ahg_� fu� mklZgh\beb�� qlh� kms_kl\m_l�
k\yav�f_`^m�nhjfhc�bfimevkZ�J-�b�S-\heg�b�nmgdpb_c�kdZqdZ�kf_s_gbc�gZ�
jZaju\_��H^gZdh��\hegu�\�^Zevg_c�ahg_�ijhoh^yl�[hevrhc�imlv�b�bkiulu�
\Zxl�jZkk_ygb_��ih]ehs_gb_��bgl_jn_j_gpbx�k�fgh]hdjZlgh�hljZ`_ggufb�
nZaZfb�b�^jm]b_�keh`gu_�\ebygby��dhlhju_�g_h[oh^bfh�k\_klb�d�fbgbfm�
fm�ijb�bamq_gbb�ijhp_kkh\�\�hqZ]_�� 

<�b^_Ze_�ohl_ehkv�[u�hij_^_eblv�nmgdpbx�kdZqdZ�kf_s_gbc� ( )�X Wξ  

\�jZaebqguo�lhqdZo�ξ�gZ�iehkdhklb�jZaju\Z��Gh�wlh�k^_eZlv�g_�m^Z_lky��Lh�
]^Z� aZ^ZqZ�klZ\blky�ke_^mxsbf�h[jZahf��mklZgh\blv�k\yav�f_`^m�kf_s_�
gbyfb�gZ�fZehf�jZkklhygbb�hl�jZaju\Z�k�ih^\b`dhc�ih�jZaju\m��WlZ�k\yav�
g_� ijhklZy�� ihlhfm� qlh� kf_s_gby� \� [eb`g_c� ahg_� �k_ckfh]jZffZ�� ij_^�
klZ\eyxl�kh[hc�kmi_jihabpbx�\heg�^Zevg_c� ahgu�b�\heg��baemqZ_fuo�hl�



 

 

55 

jZaguo� lhq_d� gZ� jZaju\_��Ijbq_f�� jZaebqgu_� dhe_[Zgby� ijboh^yl� ihqlb�
h^gh\j_f_ggh��qZklh� ]Zky�^jm]�^jm]Z�b�ij_^kdZaZlv�kmffZjgh_�dhe_[Zgb_�
ih�ih\_^_gbx�hl^_evguo�\heg�—�g_\hafh`gh�� 

JZ[hlu��\uiheg_ggu_�\���-o�]h^Zo��dZd�ijZ\beh��ihevah\Zebkv�f_lh�
^Zfb� qbke_ggh]h� bgl_]jbjh\Zgby�nmgdpbb� kdZqdZ� kf_s_gbc� gZ� jZaju\_� 
Wlhl�f_lh^�bkihevah\Zeky�ijb�bgl_jij_lZpbb�kbevguo�^\b`_gbc�gZ�fZeuo�
jZkklhygbyo�hl�bklhqgbdZ��;ueb�ihemq_gu�hq_gv�bgl_j_kgu_�j_amevlZlu��
GZijbf_j��>ey� fh^_eb� bklhqgbdZ� =Zkd_eeZ�� lh� _klv� ^ey� h^ghklhjhgg_]h�
kf_s_gby�k�ihklhygghc�kdhjhklvx�\kiZju\Zgby��[ueh�ihemq_gh��qlh� 

• bfimevk�kf_s_gbc�\�[eb`g_c�ahg_�bf__l�Zfieblm^m��ijhihj�
pbhgZevgmx�\_ebqbg_�ih^\b`db� 

• rbjbgZ�bfimevkZ�kf_s_gbc�ijhihjpbhgZevgZ�\j_f_gb�gZjZk�
lZgby�jZaju\Z� 

 

LZdhc�bfimevk�[ue�aZj_]bkljbjh\Zg�\����df�hl�jZaehfZ�KZg-:g^j_Zk�
\h�\j_fy�a_fe_ljyk_gby�\�IZjdnbe^_����bxgy������]h^Z��Ijb�ZgZeba_�j_�
Zevguo�k_ckfh]jZff�ke_^m_l�h[jZsZlv�\gbfZgb_�gZ�lh��k�dZdbfb�^Zggufb�
\u�bf__l_�^_eh��lZd�dZd�aZibkb�kf_s_gbc��kdhjhklb�kf_s_gbc�b�mkdhj_gbc�
\� [eb`g_c� ahg_� kbevgh� hlebqZxlky� ^jm]� hl� ^jm]Z��Ijbf_j� k_ckfh]jZff�
ijb\h^blky�gZ�jbk����� 

H^gZdh��f_lh^u�qbke_ggh]h�bgl_]jbjh\Zgby��ihfbfh�lh]h��qlh�lj_�
[mxl�[hevrbo� aZljZl�fZrbggh]h� \j_f_gb��bf_xl�h]jZgbq_gby�gZ�hibkZ�
gb_�hkh[_gghkl_c�\ukhdhqZklhlghc�qZklb�ki_dljZ�baemqZ_fuo�\heg��dhlh�
ju_�dZd�jZa�b�^Zxl�ij_^klZ\e_gb_�h�nbabq_kdbo�ijhp_kkZo�\�[eb`g_c�ahg_�
\kiZju\Zxs_]hky�jZaju\Z� 

 

 
 
 
 

Jbk�� ����NhjfZ�bfimevkZ� kf_s_gby�\�[eb`g_c� ahg_�^ey� a_fe_ljyk_gby�lbiZ�
ijZ\hklhjhgg_]h�k^\b]Z�b�kdhjhklb�\kiZju\Zgby��jZ\ghc�����df��k 
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><MF?JGU?�A:>:QB 

Qlh[u�ij_h^he_lv�wlb�h]jZgbq_gby�[ueb�ij_^ijbgylu�ihiuldb�ih�
bkdZ� ZgZeblbq_kdbo� j_r_gbc� ^ey� ijhkl_crbo�fh^_e_c� hqZ]Z��>ey� wlh]h��
ij_`^_�\k_]h��i_j_reb�d�jZkkfhlj_gbx�^\mf_jguo�aZ^Zq��^ey�dhlhjuo�j_�
r_gb_�bs_lky�\�\b^_�kmi_jihabpbb�dZd�h^ghjh^guo��lZd�b�g_h^ghjh^guo�
iehkdbo� \heg�� \ghkysbo� ^hihegbl_evguc� k^\b]�nZa� \� ki_dlj� dhe_[Zgbc��
ijb�ZgZeba_�kf_s_gbc�\�[ebab�iehkdhklb�jZaju\Z� 

Kh\f_klbf�iehkdhklv�jZaju\Z�k�iehkdhklvx� [] ��Njhgl�jZajmr_gbc�
gZijZ\bf� ih� hkb� z�� Z� jZkijhkljZg_gb_�
jZaju\Z� —� ih� hkb� x�� JZkkfhljbf� ^\Z�
hkgh\guo� lbih\� jZkijhkljZgyxsboky�
jZaju\h\� 

1. Zglbiehkdbc —� ih^\b`dZ�
ijhbkoh^bl� \� gZijZ\e_gbb� hkb� z� b� j_�
amevlbjmxs__� kf_s_gb_�bf__l� khklZ\�
eyxsb_�lhevdh�\�gZijZ\e_gbb�wlhc�hkb��
<� l_hjbb� ^bkehdZpbb� djbklZeeh\� wlhl�
lbi� ih^\b`db� gZau\Z_lky� \bglh\hc�
^bkehdZpb_c�� <� wlhf� kemqZ_� gZijZ\e_�
gb_� ih^\b`db� �\_dlhj� ;xj]_jkZ) 
iZjZee_e_g�ebgbb�^bkehdZpbb� 

 

 
 
Jbk�����Ij_^klZ\e_gb_�^\mf_jguo�
aZ^Zq 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Jbk�� ���� K_ckfh]jZffu� mkdhj_�
gby��kdhjhklb�b�kf_s_gbc��aZj_�
]bkljbjh\Zgguo� \� gZijZ\e_gbb��
i_ji_g^bdmeyjghf� ebgbb� jZaeh�
fZ�KZg-:g^j_Zk�ijb�a_fe_ljyk_�
gbb�\�IZjdnbe^_������]h^Z 
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2. iehkdbc —� ih^\b`dZ� gZijZ\e_gZ� \^hev� hkb� x� b� j_amevlbjmx�
s__�kf_s_gb_�bf__l�^\_�dhfihg_glu��\^hev�hkb�x�b�\^hev�hkb�y��LZdhc�lbi�
^bkehdZpbc�gZau\Z_lky�djZ_\hc�^bkehdZpb_c��<�wlhf�kemqZ_�gZijZ\e_gb_�
ih^\b`db�i_ji_g^bdmeyjgh�ebgbb�^bkehdZpbb��?keb�ebgbb� djZ_\hc�^bk�
ehdZpbb�i_j_f_sZxlky� \�gZijZ\e_gbb��iZjZee_evghf�ih^\b`d_�� lh� lZdh_�
^\b`_gb_�gZau\Z_lky�kdhev`_gb_f� 

 

<BGLH<:Y�>BKEHD:PBY 
�:GLBIEHKD:Y�A:>:Q:� 

JZkkfhljbf� ihem[_kdhg_qgmx� iehkdhklv� jZaju\Z�� ^\b`msmxky� ih�
klhygghc�kdhjhklvx�v��Kbkl_fZ�dhhj^bgZl� 

;

;

.

[ [ YW

\ \

W W

′ = −
′ =

′ =
                                                 (12.1) 

J_r_gb_�bs_lky�\�\b^_�ihl_gpbZeh\�jZkijhkljZgyxsboky�\heg�SH, 
h[hagZq_gghf�w��Kf_s_gb_�gZ�jZaju\_� aZ^Z_lky�\�\b^_� klmi_gqZlhc�_^b�
gbqghc�nmgdpbb� ( )+ [ . 

MjZ\g_gb_� ^\b`_gby� h^ghjh^ghc� bahljhighc� kj_^u� k\h^blky� d�
mjZ\g_gbx�^\b`_gby�\b^Z� 

Z Z Z

W [ \

∂ ∂ ∂= +
β ∂ ∂ ∂

� � �

� � �

�
,                                         (12.2)     

k�]jZgbqguf�mkeh\b_f��hibku\Zxsbf�jZaju\�kf_s_gby�gZ�iehkdhklb�jZa�
ju\Z� 

( ) ( ) ( )� � � �Z [ W Z [ W Z + [′+ − − = ∆ ⋅ −� � .                            (12.3) 

Ijbf_gyy�mkeh\b_�klZpbhgZjghklb�
W

∂ =
′∂

���bf__f� Y
W [

∂ ∂= −
′∂ ∂
. 

I_j_ibr_f�mjZ\g_gb_�^\b`_gby�\�\b^_� 

Y Z Z

[ \

  ∂ ∂− + =   ′β ∂ ∂ 

� � �

� � �
� � .                                    (12.4) 

A^_kv� β —� kdhjhklv� jZkijhkljZg_gby�SH� \heg��Wlh� mjZ\g_gb_� ijb�
Y = �k\h^blky� d� mjZ\g_gbx�EZieZkZ�� j_r_gb_� dhlhjh]h� ^ey� knhjfmebjh�
\Zgguo�gZqZevguo�mkeh\bc�b�Y < β �ohjhrh�ba\_klgh� 

( )� �

\
Y

Z
Z [ \ W DUFWJ

[ YW

−
β∆=

π −

�

�
�

�
                                (12.5) 
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GZijy`_gby�ijb�i_j_oh^_�q_j_a�iehkdhklv�jZaju\Z�kqblZ_lky�g_ij_�
ju\guf��lZd�qlh�\lhjh_�]jZgbqgh_�mkeh\b_� 

( ) ( )� � � �
Z Z

[ W [ W
\ \

∂ ∂µ + = µ −
∂ ∂

� � ,                                  (12.6) 

hldm^Z�ke_^m_l��qlh� ( )

Y

Z Z
\] \ [ Y\

−
β∂ ∆τ = µ = µ

∂ π −

�

�
�

�
.                                       (12.7) 

GZijy`_gb_�h[jZsZ_lky�\�gmev��dh]^Z�Y = β . 
Kdhjhklv�kf_s_gby�qZklbp� 

( )

Y
\Y

Z Z

W Y
[ YW \

−
β∂ ∆= ⋅

∂ π  
− + −  β 

�

�

�
� �

�

�

�
�

�
.                             (12.8) 

HgZ�[m^_l�^hklb]Zlv�fZdkbfZevgh]h�agZq_gby�ijb� [ YW=  
OZjZdl_j�ihey�kf_s_gbc�\�[eb`g_c�ahg_�jZkijhkljZgyxs_cky�^bk�

ehdZpbb�emqr_�\k_]h�ijhy\ey_lky�\�ki_dljZevghc�h[eZklb��Ki_dlj�kdhjh�
klb�kf_s_gby�jZ\_g� 

H[S

Y

Z
\

Y

 
 −

β∆  Ω = − ⋅ ω 
 
  

�

�
�

�
.                                   (12.9) 

Hlkx^Z�ke_^m_l��qlh�bf__l�f_klh�aZlmoZgb_�dZd�ih�y��lZd�b�ih�ω��mdZ�
au\Zxs__�gZ�lh��qlh�ihe_�ij_^klZ\e_gh�g_h^ghjh^gufb�iehkdbfb�\hegZ�
fb��Ihe_�[eb`g_c� ahgu�[ukljh� aZlmoZ_l�ijb�m^Ze_gbb�hl�iehkdhklb�jZa�
ju\Z� 

?keb� \\_klb� nmgdpby� gZqZeZ� jZaju\Z�� lh� ]jZgbqgh_� mkeh\b_� �������
ijbf_l�\b^� 

( ) ( ) ( )� � � �
[

Z [ W Z [ W Z+ W + [
Y

 + − − = ∆ −  
� � ,                (12.10) 

qlh� khhl\_lkl\m_l�ih^\b`d_�\�\b^_�klmi_gqZlhc�nmgdpbb��gZqbgZxs_cky�
ijb� [ = � �\�fhf_gl� W = ��b�jZkijhkljZgyxs_cky�\�gZijZ\e_gbb� [+ �kh�kdh�
jhklvx�v��L_i_jv�kf_s_gb_�g_�y\ey_lky�klZpbhgZjguf�\�^\b`ms_cky�kbk�
l_f_�dhhj^bgZl��>ey�ihemq_gby�j_r_gby�g_h[oh^bfh�\\_klb�ij_h[jZah\Z�
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gb_�EZieZkZ�hl� ( )� �Z [ \ W �b�dhhj^bgZlu�� FRV[ U= θ �b� VLQ\ U= θ ��Khhl\_lkl�

\mxs__�j_r_gb_�\h�\j_f_gghc�h[eZklb�ijb�
U

W →
β
�[m^_l�bf_lv�\b^� 

VLQ

FRV

U
+ W

Z Z

W U U
W

Y

 − β∂ ∆ θ  = ⋅ ⋅ ⋅
β∂ π  − θ −   β β

�

� �
.                      (12.11) 

Gh\h_� j_r_gb_� kh^_j`bl� ^hihegbl_evguc� qe_g�� \hagbdZxsbc� \�fh�
f_gl�gZqZeZ�jZaju\Z�b�jZkijhkljZgyxsbcky�kh�kdhjhklvx�jZkijhkljZg_gby�
ihi_j_qguo�\heg�\�kj_^_�β��WlZ�\hegZ�m[u\Z_l�k�jZkklhygb_f�dZd�pbebg^jb�
q_kdZy�a

U
� ��GZijZ\e_gghklv�__�baemq_gby�hij_^_ey_lky�fgh`bl_e_f�� 

VLQ
a

FRV

6+)

Y

θ
β − θ  

.                                        (12.12) 

>ey�gZijZ\e_gby��kh\iZ^Zxs_]h�k�hkvx�x�wlZ�nmgdpby�jZ\gZ����bf__l�
ma_e�� 

<ebygb_� dhg_qghc� ^ebl_evghklb� ijhp_kkZ�fh`gh� mq_klv� iml_f� km�
i_jihabpbb� j_r_gby� ihemq_ggh]h� gZfb� k� j_r_gb_f�� khhl\_lkl\mxs_f�
jZkijhkljZg_gbx� jZaju\Z� \� ijhlb\hiheh`ghf� gZijZ\e_gbb��>ey�fh^_eb�
h^ghgZijZ\e_ggh]h�\kiZju\Zgby��fh^_eb�OZkd_eeZ��ijbgylh�kqblZlv�wd\b�
\Ze_glgufb�nZau� aZjh`^_gby�b�hklZgh\db�jZaju\Z��J_Zevgh�wnn_dlu�gZ�
jZklZgby�b�hklZgh\db�jZaju\Z�jZaebqgu� 

 
 
 

E_dpby�13 

DJ:?<:Y�>BKEHD:PBY��IEHKD:Y�A:>:Q:� 
GZihfgbf��qlh�\�iehkdbo�aZ^ZqZo�ih^\b`dZ�gZijZ\e_gZ�\^hev�hkb�x, 

Z�j_amevlbjmxs__�kf_s_gb_�bf__l�x-�b�y-dhfihg_glu�� 
Imklv� ih^\b`dZ� aZ^Z_lky� klmi_gqZlhc� nmgdpb_c�� lh]^Z� ]jZgbqgh_�

mkeh\b_�^ey�kf_s_gbc� 

( ) ( ) ( )� � � �X [ W X [ W X+ [′+ − − = ∆ −� � ,                                (13.1) 

]^_� [ [ YW′ = − ��G_ij_ju\gufb�y\eyxlky�y-dhfihg_glZ�kf_s_gbc�b�gZijy�
`_gby�gZ�iehkdhklb�jZaju\Z��Dhfihg_glu�kf_s_gby�m^h\e_l\hjyxl�\he�
gh\uf�mjZ\g_gbyf�^ey�ihl_gpbZeh\�J-�b�SV-\heg� 
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2 2 2

2 2 2

2 2

2 2 2

1 0,

1 0,

Y

[ \

Y

[ \

  ∂ φ ∂ φ− + =   ′α ∂ ∂ 
  ∂ ψ ∂ ψ− + =   ′β ∂ ∂ 

                                        (13.2) 

]^_�
λ + µα =

ρ
�

 —� kdhjhklv�jZkijhkljZg_gby�J-\heg�� µ=
ρ

β  —� kdhjhklv�

jZkijhkljZg_gby�S-\heg��MjZ\g_gby������bf_xl�j_r_gb_�\�\b^_�wdkihg_g�
pbZevguo�nmgdpbc��hibku\Zxsbo�jZkijhkljZg_gb_�g_h^ghjh^guo�\heg� 

2

2

2

2

exp 1 ,

exp 1 ,

Y
LN[ N\

Y
LN[ N\

 
 ′φ = ± −
 α 
 
 ′ψ = ± −
 β 

                                      (13.3) 

]^_�N
F

ω=  —�\hegh\h_�qbkeh� 

=jZgbqgu_�mkeh\by�^ey�gZijy`_gbc� 

\\

8 9 9

[ \ \

 ∂ ∂ ∂τ = λ + + µ = ∂ ∂ ∂ 
� � ��������ijb�y = 0,               (13.4) 

[\

8 9

\ [

 ∂ ∂τ = µ + ∂ ∂ 
.                                       (13.5) 

=jZgbqgu_�mkeh\by�^ey�kf_s_gbc��������b�mkeh\b_�g_ij_ju\ghklb�V, 
Z� lZd`_� —� ^ey� gZijy`_gbc� ������–������� iha\heyxl� ihkljhblv� kbkl_fm�
mjZ\g_gbc�^ey�hij_^_e_gby�ihl_gpbZeh\���������Hij_^_ebl_ev�__�jZ\_g�gm�
ex�^ey�Y = α . 

Ij_h[jZah\Zgb_�Nmjv_�hl�]jZgbqgh]h�mkeh\by��������ijb\h^bl�_]h�d�
\b^m� 

( )
LN[X X H

+ [ GN
LN

′+∞

−∞

∆ ∆′− = − ∫π� �
. 

Kf_s_gb_� ( )� �8 [ \ W bkiulu\Z_l� kdZq_d�ijb� \ = � ��Ihi_j_qgZy� dhf�
ihg_glZ� ( )� �9 [ \ W bf__l�hkh[_gghklv�ijb� [′ = � �beb� [ YW= . 

<�ki_dljZevghf�ij_^klZ\e_gbb��h[_�wlb�nmgdpbb�bf_xl�h^gm�b�lm�`_�
ki_dljZevgmx�iehlghklv��g_aZ\bkbfh�hl�qZklhlu�b�ihklhygguc�k^\b]�nZa��

jZ\guc�π
�

. 
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<\_^y� nmgdpbb� aZjh`^_gby� b� hklZgh\db� jZaju\Z� b� ZabfmlZevguc�

m]he�θ�ihemqbf�ijb� U
W →

α
^ey�J-\heg� 

     
FRV

VLQ

8

W

9

W

∂ = θ
∂

∂ = θ
∂

VLQ

FRV

U
+ W

X

U
U

WY

 − ∆ β θ α ×
απ  α − θ    −  α  α 

�

� �

�

� �

�
�

,                    (13.6) 

ijb�
U

W →
β
^ey�S-\heg� 

     
VLQ

FRV

8

W

9

W

∂ = − θ
∂

∂ = θ
∂

 
FRV

FRV

U
+ W

X

U
U

Y W

 − β∆ θ  ×
βπ  − θ    −  β  β 

�

�

� �

�
�

.                     (13.7) 

Wlb� \ujZ`_gby� kh^_j`Zl� ^hihegbl_evgu_� \klmie_gby�� khhl\_lkl�
\mxsb_�J-�b�S-\hegZf��jZkijhkljZgyxsbfky�hl�gZqZevghc�lhqdb�jZaju\Z��
>bZ]jZffu�gZijZ\e_gghklb�wlbo�\heg�khhl\_lkl\mxl�^bZ]jZffZf�gZijZ\�
e_gghklb�^\hcghc�iZju�kbe�b�hlebqZxlky�

gZ� fgh`bl_ev�
FRV

Y

α − θ  

�
^ey� J-\heg�

b
FRV

Y

β − θ  

�
�^ey�S-\heg�� 

<ujZ`_gby� ������� –� ������� kh^_j�
`Zl� ^hihegbl_evgu_� \klmie_gby�� khhl�
\_lkl\mxsb_� J-� b� S-\hegZf�� jZkijh�
kljZgyxsbfky� hl� gZqZevghc� lhqdb� jZa�
ju\Z�� >bZ]jZffu� gZijZ\e_gghklb� wlbo�
\heg� khhl\_lkl\mxl� ^bZ]jZffZf� gZijZ\�
e_gghklb�^\hcghc�iZju�kbe�b�hlebqZxlky�

gZ� fgh`bl_ev�
1

cos
v
α θ −  

^ey� J-\heg� b�

1

cos
v
β θ −  

�^ey�S-\heg�� 

 

 
 
 

Jbk�� ���� Baf_gg_gb_� nmgdpbb�
gZijZ\e_gghklb� baemq_gby� ijb�
h^ghgZijZ\e_gghf�\kiZju\Zgbb�
^ey�gZ[ex^_gbc�\�[eb`g_c�ahg_ 
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Wlb�\hegu�y\eyxlky�pbebg^jbq_kdbfb��m[u\Zxsbfb�k�jZkklhygb�
_f�dZd�nmgdpbb��ijhihjpbhgZevgu_�

r
1 ��Pbebg^jbq_kdb_�\hegu�\hagb�

dZxl�gZ�ebgbb�f]gh\_ggh� h[jZamxs_cky� ^bkehdZpbb� b� ijb�f]gh\_gghc�
hklZgh\d_�jZaju\Z��Hgb�ij_h[eZ^Zxl�\�keh_��ghjfZevghf�d�ebgbb�^bkeh�
dZpbb� b� bf_xl� l_� `_� oZjZdl_jbklbdb�� qlh� b� pbebg^jbq_kdb_� \hegu� hl�
^\b`ms_cky�ebgbb�^bkehdZpbb� 

 
 
 

E_dpby��� 

>BG:FBD:�J:AJU<: 

Ijb�jZkijhkljZg_gbb�lj_sbgu�\�iehkdhklb�jZaju\Z�\hagbdZ_l�ih^�
\b`dZ��Ijb[eb`_ggh_�ij_^klZ\e_gb_�nmgdpbb�kdZqdZ�kf_s_gbc�gZ�jZaju�
\_�y\ey_lky�kmi_jihabpb_c�klmi_gqZluo�nmgdpbc� 

<�lhc�qZklb�jZaju\Z��]^_�\hagbdZ_l�ih^\b`dZ�gZijy`_gb_�mf_gvrZ�
_lky��gh�g_�bkq_aZ_l��ihlhfm�qlh�g_h[oh^bfh�mkbeb_�g_�lhevdh�gZ�ij_h^h�
e_gb_� kbe� kp_ie_gby� f_`^m� [_j_]Zfb� jZaju\Z�� gh� b� gZ� jZa\blb_� kZfhc�
lj_sbgu�beb�__�\kiZju\Zgb_� 

 

WG?J=?LBQ?KDB?�KHHLGHR?GBY 
G:�NJHGL?�J:AJMR?GBY 

JZkkfhljbf� ehdZevgmx� kbkl_fm� dhhj^bgZl� ( )1,2,3ix i = �� Kh\f_klbf�

iehkdhklv�jZaju\Z�k�iehkdhklvx� 2 0x = �b�[m^_f�kqblZlv��qlh� lj_sbgZ�jZk�
ijhkljZgy_lky�\�gZijZ\e_gbb� 1x+ �k�ihklhygghc�kdhjhklvx�v��kf��jbk�������� 

 
 

 

 

 
 
 
 
 
 
 
Jbk�� ���� Ij_^klZ\e_gb_�
ijhba\hevghc� nmgdpbb�
kf_s_gbc�gZ�jZaju\_ 
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Imklv� lS  —�\g_rgyy�ih\_joghklv��

cS  —�ih\_joghklv�knhjfbjh\Zgghc�lj_-
sbgu�� tS  —�ih\_joghklv� dhgpZ� lj_sb-
gu��^\b`msZyky�\f_kl_�k�gbf�\�h[t_f_�V 
f_`^m�ih\_joghklyfb��<�h[t_f_�V�kj_^Z�
mijm]Zy�b�ih^qbgy_lky�aZdhgm�=mdZ�� 

KqblZ_f��qlh� \g_rgb_�h[t_fgu_�
kbeu� hlkmlkl\mxl��GZijy`_gby� gZ� ih�
\_joghklyo� lS � b� tS � aZ^Zxlky� \� \b^_��

,i i j jT n= τ ��]^_� ,i jτ  —�dhfihg_glu�l_g�

ahjZ�gZijy`_gbc�� jn  —�ghjfZev�d�ih�

\_joghklb� jZaju\Z�� JZ[hlZ� gZijy`_�
gbc�gZ�\g_rg_c�ih\_joghklb� lS �jZ\gZ� 

l

i i
S

W T u dS= ∫ � ,              (14.1) 

]^_�� iu�  —�kdhjhklv�kf_s_gby�gZ�jZaju\_��Baf_g_gb_�dbg_lbq_kdhc�wg_j�
]bb�hij_^_eblky�dZd� 

21

2 i
V

d
K u dV

dt
= ρ∫� .                                              (14.2)  

Baf_g_gb_� ihl_gpbZevghc� wg_j]bb�� hij_^_ey_fhc� dZd� wg_j]by� ^_�
nhjfbjh\Zgby��jZ\gh� 

, ,
1

2 i j i j
V

d
U e dV

dt
= τ∫� .                                           (14.3) 

Ihlhd�wg_j]bb�g��ijhoh^ysbc�q_j_a�dhgqbd�lj_sbgu��hij_^_ey_lky�
dZd�ij_^_e�ihlhdZ�wg_j]bb��ijhoh^ys_]h�q_j_a�ih\_joghklv� tS : 

0lim
tSg W K U→  = − − 

� � .                                     (14.4) 

LZd�dZd�ih\_joghklv�dhgqbdZ�lj_sbgu�^\b`_lky�\f_kl_�k�lj_sbghc��
lh� \_ebqbgZ�h[t_fZ�V� y\ey_lky�nmgdpb_c� \j_f_gb��Ke_^h\Zl_evgh��baf_�
g_gb_� dbg_lbq_kdhc� wg_j]bb�b� wg_j]bb�^_nhjfbjh\Zgby� \dexqZ_l� \� k_[y�
baf_g_gb_�wg_j]bb�\gmljb�h[t_fZ�V�b�ihlhd�wg_j]bb�q_j_a�ih\_joghklv� tS . 

JZkkfhljbf� ^\b`msmxky� kbkl_fm� dhhj^bgZl� ( )1 2,x x vt x′ = − ��Imklv�

ih\_joghklv� tS �ij_^klZ\ey_l�kh[hc�ijyfhm]hevgbd�kh�klhjhgZfb� 2 2δ× ε , 
lh]^Z� 

( ) ( ) ( )1 1 1 1
0

,0 , 0 , 0limg T x u x u x dx
+δ

δ→ −δ

′ ′ ′ ′= + − − ∫  � � .                    (14.5) 

 
 
 
Jbk����� D� hij_^_e_gbx� ^bgZfbq_�
kdbo�iZjZf_ljh\�jZaju\Z 
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>ey�\bglh\hc�^bkehdZpbb�nmgdpby�kdZqdZ�kf_s_gbc��ih^\b`dZ�� 

( )1 1w A x H x′ ′∆ = − − ,                                        (14.6) 

Z�gZijy`_gb_��h[mkeh\e_ggh_�wlhc�ih^\b`dhc� 

( )1, 2
2 12

x x
dw K

H x
dx x

′τ = µ =
′π

,                               (14.7) 

]^_�

2

2
1

2
4

v
A

K

µ −
β= π  — dhwnnbpb_gl�bgl_gkb\ghklb�gZijy`_gbc. 

Lh]^Z��jZ[hlZ��kh\_jrZ_fZy�\�_^bgbpm�\j_f_gb�gZ�dhgqbd_�lj_sbgu��
\�kemqZ_�\bglh\hc�^bkehdZpbb��jZ\gZ� 

1
2 22

2
1

2 4 2 2

AvK vK v vK
g

− π  = = − =
 µ µγβ 

,                    (14.8) 

]^_��
2

2
1

vγ = −
β

��Ba�wlhc�nhjfmeu�ke_^m_l��qlh�ihlhd�wg_j]bb�gZ�dhgqbd_�

lj_sbgu� h[jZsZ_lky� \� gmev�� ijb� 0K = �� lh� _klv� lh]^Z�� dh]^Z� kdhjhklv�
\kiZju\Zgby� v = β .� Ij_^_evgZy� kdhjhklv� jZkijhkljZg_gby� \bglh\hc�
^bkehdZpbb� g_� ij_\hkoh^bl� kdhjhklv� jZkijhkljZg_gby� ihi_j_qguo�
\heg�\�kj_^_. 

<� kemqZ_� iehkdhc� aZ^Zqb�� ihlhd� wg_j]bb� h[jZsZ_lky� \� gmev�� dh]^Z�
kdhjhklv�\kiZju\Zgby� klZgh\blky�jZ\ghc� kdhjhklb�jZkijhkljZg_gby�\heg�
J_e_y�\�kj_^_��Wlb�\u\h^u�baf_gyxlky�ijb�jZkkfhlj_gbb�kbe�kp_ie_gby� 

 

DJBL?JBB�J:AJMR?GBY 

Ba\_klgh�� qlh� ih^� ^_ckl\b_f� gZijy`_gbc� \ur_� djblbq_kdh]h� \k_�
fZl_jbZeu�jZajmrZxlky��ihwlhfm�_kl_kl\_ggh�hibku\Zlv�djbl_jbb�jZajm�
r_gby�q_j_a�ij_^_e�ijhqghklb�fZl_jbZeh\��H^gZdh��\�j_Zevguo�mkeh\byo�
ij_^_eu�ijhqghklb�h^gh]h�b�lh]h�`_�fZl_jbZeZ�kms_kl\_ggh�baf_gyxlky��
Ihwlhfm�l_hjbb��hkgh\Zggu_�ihgylbb�ijhqghklb�dZd�dhgklZglu��g_�fh]ml�
hibkZlv�\k_�jZaghh[jZab_�ih\_^_gby�fZl_jbZeZ�\�ijhp_kk_�jZajmr_gby� 

<������]h^m�=jbnnblk�ij_^iheh`be��qlh�jZajmr_gb_�khijh\h`^Z_l�
ky�h[jZah\Zgb_f�lj_sbg��k�dhlhjufb�k\yaZgu�^_n_dlu�wg_j]bb��Djbl_jbc�
=jbnnblkZ�hkgh\Zg�gZ�jZ\_gkl\_�wg_j]bb��ihlj_[ey_fhc�lj_sbghc�gZ�ijb�
jZs_gb_�__�^ebgu�b�ih^\h^hf�f_oZgbq_kdhc�wg_j]bb�\g_rgbfb�bklhqgb�
dZfb� 
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<� ����� ]h^m�f_oZgbdZ� jZajmr_gby� [ueZ� knhjfmebjh\ZgZ�Bj\bghf�
gZ�hkgh\_�dhgp_ipbb�dhwnnbpb_glh\�bgl_gkb\ghklb��GZ�gZqZevghc�klZ^bb�
ijhp_kkZ� \kiZju\Zgby�� dh]^Z� 0v = �� djbl_jbc� Bj\bgZ� jZ\_g� djbl_jbx�
=jbnnblkZ��?keb�dhwnnbpb_gl�bgl_gkb\ghklb�ij_\ukbl�k\h_�djblbq_kdh_�
agZq_gb_��lh�lj_sbgZ�[m^_l�jZkijhkljZgylvky� 

 
 
 

E_dpby��� 

IHE?�<�;EB@G?C�AHG?�J:KLMS?C 
WEEBILBQ?KDHC�LJ?SBGU 

KqblZ_f��qlh�\�bkoh^ghf�khklhygbb�kj_^Z�gZoh^blky�ih^�h^ghjh^ghc�
gZ]jmadhc�b�\�g_dhlhjuc�fhf_gl�\j_f_gb�\�gZqZe_�dhhj^bgZl�aZjh`^Z_lky�
iehkdZy� k^\b]h\Zy� lj_sbgZ�� ih�
\_joghklv� jZaju\Z� dhlhjhc� hij_�
^_ey_lky�weebikhf��aZ^Zgguf�\�^_�
dZjlh\hc� kbkl_f_� dhhj^bgZl� dZd�
(jbk������� 

( )
2 2

21 2
3 2 2

0,
x x

S t x t
u v

 
= = + ≤ 

  
. 

Kdhjhklb� jZkijhkljZg_gby�
jZaju\Z� u� b� v —� ihklhyggu� b� g_�
ij_\urZxl� kdhjhklb� jZkijhkljZ�
g_gby�ihi_j_qguo�\heg�\�kj_^_� 

Ij_^\Zjbl_evgh� gZijy`_g�
gh_� khklhygb_� oZjZdl_jbam_lky�
l_gahjhf� gZijy`_gbc� σ�� Z� l_gahj�
gZijy`_gbc�� k\yaZgguc� k�ih^\b`�
dhc� τ�� lZd� qlh�ihegh_�gZijy`_gb_�
jZ\gh� σ + τ ��DZd�b�\�aZ^Zq_�h�ieh�
kdhc� lj_sbg_�� jZaju\� g_ij_ju\�
ghklb�\�iehkdhklb�lj_sbgu�^Z_lky�
lhevdh�ijh^hevgufb�kf_s_gbyfb��
=jZgbqgu_� mkeh\by� bf_xl� \b^��

33 0τ = �\kx^m�gZ�iehkdhklb� 3 0x =  

b� 1 2 0u u= =  \g_� ( )S t . 

Nmgdpby�ih^\b`db�ijb�jZk�
lms_c� weebilbq_kdhc� lj_sbg_�
k^\b]Z�hij_^_ey_lky�dZd� 

 

 
 
 

Jbk������JZkijhkljZgyxsZyky�we�
ebilbq_kdZy�lj_sbgZ 
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1
2 2 2

1 2 1 2
2 2

2

u a x x
t

u b u v

    
= − −         

��gZ�� 3 0x = + �b� ( )tS .                  (15.1) 

Ihe_�mijm]bo�kf_s_gbc��\uau\Z_fh_�wlhc�nmgdpb_c�ih^\b`db�^Z_l�
kdZqhd�gZijy`_gbc� 13 ,aτ ≈  23 bτ ≈ ��]^_� ,a b —�dhfihg_glu�kdhjhklb�qZk�
lbp�\�p_glj_�lj_sbgu� 

GZ� ^\b`ms_cky� qZklb� jZaju\Z� h[s__� gZijy`_gb_� k^\b]Z� ijhihj�
pbhgZevgh� 13 13σ + τ �k�dhwnnbpb_glhf�ijhihjpbhgZevghklb��jZ\guf�dhwn�
nbpb_glm�^bgZfbq_kdh]h�lj_gby� 

H[hagZqbf� \j_fy� ijboh^Z� dhgqbdZ� lj_sbgu� \� lhqdm� ( )1 2, 0x x � dZd�

2 2
2

2 2c

x x
t

u v
= + �� Kdhjhklv� qZklbp� gZ� iehkdhklb� 3 0x = � hij_^_ey_lky� ]jZ�

gbqgufb�mkeh\byfb�b�jZ\gZ� 

( )1
1

2
c

c
c

t
u a H t t

t t
≈ −

−
� .                                       (15.2) 

Dhfihg_glu� kf_s_gbc� b� gZijy`_gbc� \�iehkdhklb� 3 0x = � hibku\Z�
xlky�\ujZ`_gbyfb� 

( )
2 2

2
3 1 22 2

2 cos 1 1
~

2 2
c

S P S c
c

S

tVa
u B B B H t t

t tU F B

 β φ α + − − 
−β  α

� ,         (15.3) 

( ) ( )
2 2

2 2 2 2 2 2
13 2 3

4 1
cos cos

4P S S S
S

�� D .
2 a % % % 9 3 8 % ) 9 3

�U . )%

 
− + − 

  
, 

  ( )1

2
F

F
F

W
+ W W

W W
× −

−
,                                    (15.4) 

( )
2 2

2
23 3 2

4 cos sin 1 1
~

4 2
c

S P S c
cS

t
B B B H t t

t tFB

 µβ φ φ ατ − − × − 
−α β  

,     (15.5) 

]^_�µ —�fh^mev�k^\b]Z��Z�[_ajZaf_jgu_�\_ebqbgu�hij_^_e_gu�dZd� 

u
U =

α
;   

v
V =

α
; 

2 2 2 2sin cosF U V= φ + φ , 

�ba�wg_j]_lbq_kdh]h�khhlghr_gby�ke_^m_l� 
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2 4 2 4 2
2 2

2 2 2

sin cos
1P S

U V
B B

U V F

α φ + φ+ = + =
β

. 

Ihkdhevdm�wlb�kf_s_gby�b�gZijy`_gby�hibku\Zxl�ehdZevgu_�k\hc�
kl\Z� kj_^u� \� jZchg_� dhgqbdZ� lj_sbgu�� lh� ij_^klZ\ey_lky� _kl_kl\_gguf�
\\_^_gb_�ehdZevghc�kbkl_fu�dhhj^bgZl��jbk������ 

GhjfZevgu_� b� lZg]_gpbZevgu_� dhfihg_glu� l_gahjZ� bkiulu\Zxl�
ih\hjhl�aZ�kq_l�]_hf_ljbb�h[eZklb�hqZ]Z�gZ�m]he�χ : 

3 31 23

3 31 23

cos sin ,

sin cos .
Q

W

τ = τ χ + τ χ
τ = −τ χ + τ χ

        (15.6) 

Dhfihg_glZ� kdhjhklb� jZkijhkljZ�
g_gby� jZaju\Z� \� gZijZ\e_gbb� ghjfZeb� d�
ih\_joghklb�jZajmr_gby�jZ\gZ� 

( )

1
2

4 2 4 2sin cos
n

uv F
v

U V

 
 =
 α φ + φ 

. (15.7) 

Wlh� \ujZ`_gb_� k\yaZgh� k�nmgdpb_c�

J_e_y�
1

n

R
v

 
 
 

� b� dhwnnbpb_glZfb� ,P SB B  

ke_^mxsbf�khhlghr_gb_f� 

22
2

2 2

2 2

4 4
1

n
S P S

n n

v
B B B

R
v v

α − +
  β β= 

α 
. 

L_i_jv� ehdZevgu_� kf_s_gby� b� gZ�
ijy`_gby�fh`gh� jZa^_eblv� gZ� ©iehkdb_ª�
( )3,n nu τ �b�©Zglbiehkdb_ª� ( )3,t tu τ �dhfihg_glu��Hgb�jZ\gu�^ey�©iehkdboª 

dhfihg_gl� 

( )1
2

cos 1
~

2
n c

n c
c

av V t
u H t t

t tUF

φ −
−α

� ,                      (15.8) 

( )
2

3 1
2

1

1
~ cos

2

n
n c

n c
c

S

v VaR
v t

H t t
t tB UF

 
µβ  

 τ − φ −
−

.              (15.9)   

 

 
 
 

Jbk������EhdZevgZy�kbkl_fZ�dh�
hj^bgZl� ^ey� hibkZgby� ghj�
fZevguo� b� lZg]_gpbZevguo�
kf_s_gbc� b� gZijy`_gbc� \�
iehkdhklb� weebilbq_kdhc� lj_-
sbgu�k^\b]Z 
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>ey�©Zglbiehkdboª�dhfihg_gl� 

( )1
2

sin 1
~

2
n c

t c
c

av U t
u H t t

t tVF

φ− −
−α

� ,                    (15.10) 

( )3 1 22

1
~ sin

2
n S c

t c
c

Uv aB t
H t t

t tVF

µτ − φ −
−α

.               (15.11) 

Kbg]meyjghklv� ©iehkdboª� dhfihg_gl� gZijy`_gby� bkq_aZ_l�� dh]^Z�
kdhjhklv� jZkijhkljZg_gby� jZaju\Z� klZgh\blky� jZ\ghc� kdhjhklb� jZkijh�
kljZg_gby�\heg�J_e_y��Z�©Zglbiehkdboª�—�dh]^Z�kdhjhklv�jZkijhkljZg_gby�
jZaju\Z�jZ\gZ�kdhjhklb�ihi_j_qguo�\heg�\�kj_^_� 

Ihlhd�wg_j]bb�gZ�_^bgbpm�^ebgu�njhglZ�jZajmr_gby�jZ\_g� 

( )3 3lim Q Q W WJ X X GQ= τ ∆ + τ ∆ =∫ � �  

  
22 2

2 4 2 2 2 4 2
3 2 2

1
sin cos

4
n c n

S n
nS

v a t v
B U R v V

vU V B F

   πµβ  = φ − α φ  βα      
.     (15.12) 

Kf_s_gby�ijb� 0φ = iheghklvx�khhl\_lkl\mxl�©iehkdhcª�aZ^Zq_� 

Ijb�
2

πφ =  —�qbkluc�©Zglbiehkdbcª�kemqZc��J_amevlbjmxsZy�nhjfZ�lj_�

sbgu�ijb[ebabl_evgh�hibku\Z_lky�weebikhf��[hevrZy�b�fZeZy�hkb�dhlh�
jh]h�m\_ebqb\Zxl�k\hx�^ebgm�kh�kdhjhklyfb�jZkijhkljZg_gby�ihi_j_qguo�
\heg�b�\heg�J_e_y� 

 
 
 

E_dpby��� 

KBEU�KP?IE?GBY�G:�DHGP:O�J:AJU<: 

Kbeu�kp_ie_gby�jZkij_^_e_gu�ih�\gmlj_gg_c�klhjhg_�jZaju\Z�\�h[�
eZklb� dhgpZ� lj_sbgu�b�gZijZ\e_gu� \� klhjhgm��ijhlb\hiheh`gmx�^_ckl�
\bx�\g_rgbo�gZijy`_gbc�� 

JZkkfhljbf� \bglh\mx� ^bkehdZpbx� \� ^\b`ms_cky� kbkl_f_� dhhj^b�
gZl��H[s__�gZijy`_gb_�gZ�ih\_joghklb�jZaju\Z�fh`gh�ij_^klZ\bl�\�\b^_� 

( ) ( )1,0 d
yz yz cx x′ ′σ = σ + σ ,                               (16.1) 
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]^_�� d
yzσ  —�gZijy`_gby��\hagbdZxsb_�

ih� \k_c� ^ebg_� lj_sbgu� aZ� kq_l� ^bgZ�
fbq_kdh]h� lj_gby�� ( )1c x′σ  —�gZijy`_�

gb_� aZ� kq_l� kbe� kp_ie_gby�� ^_ckl\mx�
sb_� lhevdh� gZ� dhgp_� lj_sbgu�

1 0d x′− < ≤ ��?keb�d —�fZeh��lh�mijm]h_�
ihe_��h[mkeh\e_ggh_�kbeZfb�kp_ie_gby�
gZ�dhgp_�lj_sbgu��g_�hdZau\Z_l�kms_�
kl\_ggh]h� \ebygby� gZ� ihe_� \g_� wlhc�
h[eZklb�� 

>ey� ]jm[hc�hp_gdb�\ukhdbo�qZk�
lhl� \� ki_dljZo� k_ckfbq_kdbo� dhe_[Z�
gbc�� \ua\Zgguo� jZkijhkljZg_gb_f�
lj_sbgu��[m^_f�kqblZlv��qlh�kbeu�kp_�
ie_gby� jZ\ghf_jgh� jZkij_^_e_gu� \�
dhgp_\hc� ahg_�� Lh]^Z�� dhwnnbpb_gl�
bgl_gkb\ghklb� 

( )
0

1

22
2c

d

cK x dx d
−

σ
= σ =

π π∫ .                         (16.2) 

Ih\_joghklgZy�wg_j]by��ijboh^ysZyky�gZ�_^bgbpm�iehsZ^b� 

1
2 2

2

2
1cd v

G

− σ= −  µπ β 
.                                     (16.3) 

<_ebqbgu� , ,cG dσ aZ\bkyl�hl�kdhjhklb�jZkijhkljZg_gby�jZajmr_gby��
<�h[s_f�kemqZ_�fu�agZ_f�h�gbo�hq_gv�fZeh� 

Q_f� [hevr_� ^ebgZ� dhgp_\hc� qZklb� lj_sbgu�� l_f� f_^e_gg_c� b^_l�
kdhev`_gb_�gZ�gZqZevghc� klZ^bb�ijhp_kkZ��IhklhyggZy� \j_f_gb�� dhgljh�
ebjmxsZy�ih\_^_gb_�ki_dljZ�k_ckfbq_kdbo�dhe_[Zgbc�\�h[eZklb�\ukhdbo�
qZklhl�hij_^_ey_lky�dZd� 

2

2
1

2

G

c

v

d
t

v v

πµ −
β= =

σ
.                                     (16.4) 

KlZlbq_kdb_�wdki_jbf_glu�gZ�h[jZapZo�]hjguo�ihjh^�^Zxl�agZq_gby�

\_ebqbg�� ihjy^dZ�� 310G = wj]�kf2, 10cσ = 9^bg�kf2
�� Ijb� wlhf�� 910t −= k��

Ki_dlj�k_ckfbq_kdbo�\heg�ijhklbjZ_lky�^h�^bZiZahgZ�]b]Z]_jp� 

 

 
 
 
 

Jbk����� D� hij_^_e_gbx� kbe� kp_i�
e_gby�gZ�jZaju\_ 
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<�j_Zevguo�mkeh\byo�G�\hajZklZ_l� k�m\_ebq_gb_f�^ebgu� lj_sbgu��
lZd�dZd�klZlbq_kdbc�dhwnnbpb_gl�bgl_gkb\ghklb�\hajZklZ_l�^ey�[hevrbo 
lj_sbg��Ke_^h\Zl_evgh�� \hajZklZ_l� b� h[t_f�V� b� h[eZklv�� aZgylZy�fbdjh�
lj_sbgZfb� b� ieZklbq_kdhc� ^_nhjfZpb_c�� WlZ� h[eZklv� [m^_l� ihlj_[eylv�
wg_j]bx��ijb\h^y�d�m\_ebq_gbx� agZq_gby�G�^ey� kbevguo� a_fe_ljyk_gbc��

H[uqgh� 810G = wj]�kf2
��qlh�gZ�g_kdhevdh�ihjy^dh\�[hevr_�l_hj_lbq_kdhc�

\_ebqbgu� 
Nbabq_kdZy�ijbjh^Z�kbe�kp_ie_gby�klZg_l�ykghc��_keb�aZibr_f� 

( ) ( ),0 d
yz yz cx x′ ′σ = σ + σ ε   �ijb� 0x ≤ . 

A^_kv� ( )x′ε  —�ieZklbq_kdZy�^_nhjfZpby� \�fZl_jbZe_�� aZihegyxs_f� lj_�

sbgm��?keb�rbjbgZ�lj_sbgu�jZ\gZ�b��lh�wd\b\Ze_glguc�wlhc�^_nhjfZpbb�
kdZq_d�kf_s_gbc�[m^_l� w b∆ = ε .  

GZ�^hklZlhqgh�[hevrbo��ih�kjZ\g_gbx�k�jZaf_jZfb�dhgp_\hc�ahgu��
jZkklhygbyo�hl�dhgpZ�lj_sbgu��kbeu�kp_ie_gby�g_�[m^ml�\ebylv�gZ�nmgd�
pbx�ih^\b`db��dhlhjZy�[m^_l�hij_^_eylvky�fZdjhkdhibq_kdbfb�iZjZf_l�
jZfb��lZdbfb�dZd�nhjfZ��^ebgZ�b�\_ebqbgZ�k[jhr_gguo�gZijy`_gbc� 

JZg__� fu� hij_^_ebeb� k[jhr_ggu_� gZijy`_gby�� dZd� nmgdpbx�
0 d

yz yzσ − σ ��K�mq_lhf�kbe�kp_ie_gby�hgh�[m^_l�jZ\gh� 0 d
yz yz cσ − σ − σ b�agZ�

qbl��\ebygb_�kbe�kp_ie_gby�m\_ebqb\Z_l�dhgp_gljZpbx�gZijy`_gbc� 
 

;:JV?JG:Y�FH>?EV�HQ:=: 

>\b`_gb_�dhgqbdZ�lj_sbgu�fh`_l�[ulv�hklZgh\e_gh�ba-aZ�gZebqby�
\�iehkdhklb�jZaju\Z�[Zjv_jZ�\ukhdhc�ih\_joghklghc�wg_j]bb�� 

Ijhkl_crbc�djbl_jbc�jZajmr_gby�k\h^blky�d�aZ^Zgbx�jZaghklb�gZ�
ijy`_gbc� \�^\mo� lhqdZo��jZkiheh`_gguo�ih�jZagu_� klhjhgu�hl�jZaju\Z��

GZijy`_gb_� \� lhqd_�� jZkiheh`_gghc� \gmljb� lj_sbgu� jZ\gh� d
yzσ �� \g_�

lj_sbgu�— 0
yz yzσ − τ ��DZd�lhevdh�jZaghklv�gZijy`_gbc�ij_\ukbl�g_dhlh�

jh_� ij_^_evgh_� agZq_gb_� cS , 0d
yz yz yz cSτ − σ + σ ≥ � h[jZam_lky� jZaju\� b�

dhgqbd�lj_sbgu�k^\b]Z_lky�\i_j_^�hlghkbl_evgh�k\h_]h�i_j\hgZqZevgh]h�
iheh`_gby��<�khhl\_lkl\b_�k�djbl_jb_f�Bj\bgZ� 

2
2

c
c

K
S

d
=

π
. 

JZaghklv�f_`^m�jZ[hlhc�g_mijm]bo�kbe�gZ�njhgl_�jZajmr_gby�b�jZ�
[hlhc� ih� ij_h^he_gbx� kbe� ^bgZfbq_kdh]h� lj_gby� hij_^_ey_l� m^_evgmx�
ih\_joghklgmx�wg_j]bx��� 
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( )
21 2

4 8
S d cK

G u
λ + µ= σ − σ =

µ λ + µ
,                      (16.5) 

]^_� Sσ  —�gZijy`_gb_�klZlbq_kdh]h�lj_gby�� dσ  —�gZijy`_gb_�^bgZfbq_k-

dh]h�lj_gby�� 
Dh]^Z�dhgqbd�lj_sbgu�

ijhoh^bl� \ukhdhwg_j]_lbq_�
kdbc� [Zjv_j�� \hagbdZxl� ljb�
kblmZpbb� \hafh`gh]h� jZk�
ijhkljZg_gby�jZaju\Z� 

GZqZevgh_�gZijy`_gb_�
\_ebdh��lh]^Z�[Zjv_j�[ukljh�
jZajmrZ_lky�� JZkijhkljZ�
g_gb_� jZajmr_gby� ghkbl�
ieZ\guc�oZjZdl_j�b�bfimevk�
k_ckfbq_kdh]h� kb]gZeZ� bf_�
_l� ijhklmx�nhjfm� b� gbadh�
qZklhlguc� ki_dlj�� K[jh�
r_ggh_�gZijy`_gb_�\_ebdh� 

GZqZevgh_�gZijy`_gb_�
fZeh�� Dhgqbd� lj_sbgu� h[�
oh^bl�[Zjv_j��hklZ\b\�_]h�g_�ljhgmluf��JZkijhkljZg_gb_�jZajmr_gby�gh�
kbl� j_adbc� oZjZdl_j� b� ]_g_jbjm_lky� ihke_^h\Zl_evghklv� \ukhdhqZklhl�
guo�\heg��Ijhp_kk� aZdZgqb\Z_lky�gbadbfb� agZq_gbyfb� k[jhr_gguo�gZ�
ijy`_gbc�� 

GZqZevgh_� gZijy`_gb_� bf__l� ijhf_`mlhqgh_� agZq_gb_�� Dhgqbd�
lj_sbgu�kgZqZeZ�h[oh^bl�[Zjv_j��gh�aZl_f�[Zjv_j�jZajmrZ_lky�aZ�kq_l�gZ�
jZklZgby� gZijy`_gbc�� K_ckfh]jZffu� bf_xl� \b^� dhjhldbo� bfimevkh\��
gZeh`_gguo�gZ�^ebgghi_jbh^gu_�dhe_[Zgby��K_ckfbq_kdh_�baemq_gb_�
ijb�wlhf�f_gvr_�aZ\bkbl�hl�gZijZ\e_gby�\kiZju\Zgby� 

LZdbf� h[jZahf�� jZaghh[jZab_� ijhp_kkh\� \kiZju\Zgby� h[tykgy_lky�
gZebqb_f�[Zjv_jh\�jZaebqghc�ijhqghklb�\�iehkdhklb�jZaju\Z��;Zjv_jgZy�
fh^_ev�iha\hey_l�bamqZlv�hqZ]h\u_�ahgu�kbevguo�a_fe_ljyk_gbc�b�dhjhl�
dhi_jbh^gu_�dhe_[Zgby��gZb[he__�hiZkgu_�^ey�q_eh\_dZ� 

 
 
 

 

 
 
 
 

Jbk������Hij_^_e_gb_�kdhjhklb�jZkijhkljZ�
g_gby�dhgpZ�lj_sbgu 
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E_dpby��� 

F:=GBLM>U�A?FE?LJYK?GBC 

Bklhjby�b�hkgh\gu_�iheh`_gby�ijb�hij_^_e_gbb�fZ]gblm^ 
FZ]gblm^Z�[ueZ�\\_^_gZ�\�k_ckfheh]bq_kdb_�gZ[ex^_gby�\������]h�

^m�Jbol_jhf�b�ij_^klZ\ey_l�kh[hc�bgkljmf_glZevgmx�hp_gdm�a_fe_ljyk_�
gbc�� FZ]gblm^Z� y\ey_lky� aZj_]bkljbjh\Zgguf� kf_s_gb_f� ihq\u�� baf_�
gyxsbfky� k� jZkklhygb_f� hl� bklhqgbdZ� b� k� ]em[bghc�� >ey� hij_^_e_gby�
fZ]gblm^u�bkihevamxlky�klZg^Zjlbabjh\Zggu_�ijb[hju��HgZ�bkihevam_l�
ky�^ey�hij_^_e_gby�jZaf_jh\�bklhqgbdZ�b�baemq_gghc�k_ckfbq_kdhc�wg_j�
]bb��QZklh�bkihevam_lky�ijb�ZgZeba_�dZlZeh]h\�^Zgguo�b�\�bg`_g_jguo�aZ�
^ZqZo� 

Jbol_jhf�fZ]gblm^u�bkihevah\Zebkv�^ey�deZkkbnbdZpbb�ehdZevguo�
kh[ulbc� gZ�x]_� DZebnhjgbb�� J_]bkljZpby� ijhba\h^beZkv� dhjhldhi_jb�
h^guf�k_ckfhf_ljhf�<m^Z-:g^_jk_gZ�k�i_jbh^hf�L� �����k���aZlmoZgb_f�
>� �����b�fZdkbfZevguf�m\_ebq_gb_f�9� �������FZ]gblm^u��hij_^_e_g�
gu_�^ey�jZaguo�lbih\�\heg��jZaebqgu�  

Fbjh\Zy�klZg^Zjlbabjh\ZggZy�k_ckfbq_kdZy�k_lv�ijh\_eZ�i_j_hij_�
^_e_gb_�fZ]gblm^�^ey�kh[ulbc��gZqbgZy�k������]h^Z��b�\uykgbeZ�g_dhlhju_�
aZdhghf_jghklb� 

���JZagu_�i_jbh^u�\heg�g_kml�\�k_[_�bgnhjfZpbx�h�jZaebqguo�ijh�
p_kkZo�\�bklhqgbd_� 

���<�aZ\bkbfhklb�hl�jZaf_jh\�bklhqgbdZ�f_gy_lky�ki_dljZevguc�kh�
klZ\�dhe_[Zgbc��gh�k\yav�f_`^m�djblbq_kdhc�qZklhlhc�ki_dljZ�b�jZaf_jhf�
g_� y\ey_lky� ebg_cghc�� Dhjhldhi_jbh^gZy� khklZ\eyxsZy� ki_dljZ� kiZ^Z_l�
ih�aZdhgm�I-2�beb�I –3. 

���FZdkbfmf�kdhjhklb�kf_s_gby�khhl\_lkl\m_l�\_ebqbg_�k_ckfbq_�
kdhc� wg_j]bb��?keb�fZ]gblm^Z�bkihevam_lky�^ey�hij_^_e_gby� wg_j]bb�� lh�
^he`gu�ZgZebabjh\Zlvky�aZibkb�dZd�fh`gh�[he__�rbjhdhihehkguo�ijb[h�
jh\� 

���>ebgghi_jbh^gZy�khklZ\eyxsZy�ki_dljZ�kf_s_gbc�dhgljhebjm_l�
gZijy`_gby�� kgbfZ_fu_� \� hqZ]h\hc� ahg_��Q_f� [hevr_� kgbfZ_fu_� gZijy�
`_gby��l_f�[hevr_�hlghr_gb_�Pb/Ms��Wlh�hlghr_gb_�bkihevam_lky�lZd`_�
^ey�hl^_e_gby�l_dlhgbq_kdbo�a_fe_ljyk_gbc�hl�\aju\h\� 

���DZeb[jh\hqgu_�nmgdpbb�� bkihevamxsb_ky� ijb� \uqbke_gbb�fZ]�
gblm^��g_�\k_]^Z�dhjj_dlgh�mqblu\Zxl�\ebygb_�baf_g_gby�wibp_gljZevgh�
]h�jZkklhygby�b�]em[bgu�� 

<�k\yab�k�wlbf��jZajZ[hlZgu�jZaebqgu_�f_lh^bdb�hij_^_e_gby�fZ]�
gblm^� ^ey� gZ[ex^_gbc� jZaebqguo� lbih\� \heg�� <� ����� ]h^m� DZgZfhjb 
ij_^eh`bf� hij_^_eylv� fhf_glgmx� fZ]gblm^m�� k\yaZggmx� k� g_mijm]hc�
ih^\b`dhc� \� bklhqgbd_��>ey� hp_gdb� jZaf_jZ� hqZ]Z� bkihevamxlky��M0, fc, 
Mw —�gZ�l_e_k_ckfbq_kdbo�jZkklhygbyo�b�mb, ML —�gZ�j_]bhgZevguo��FZ]�
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FZ]gblm^Z� hij_^_ey_lky� dZd� dhjj_eypbhggh_� khhlghr_gb_� k� \_ebqbghc�
k_ckfbq_kdh]h� fhf_glZ�� k_ckfbq_kdhc� wg_j]bb�� kgbfZ_fuo� gZijy`_gbc��
jZaf_jh\�b�iehsZ^b�bklhqgbdZ�b�bgl_gkb\ghklb�kf_s_gby�ihq\u� 

I_j_hij_^_e_gb_�fZ]gblm^�^ey�jZchgZ�x`ghc�DZebnhjgbb�ihdZaZ�
eh��qlh� 

��� \ukhdbc� mjh\_gv� k_ckfbq_kdhc� Zdlb\ghklb� ��-o� ]h^h\� kf_gbeky�
^ebl_evguf� aZlbsv_f�� dhlhjh_� aZ\_jrbehkv� kbevguf� a_fe_ljyk_gb_f� \�
gZqZe_�iylb^_kyluo��������.HU\�&RXQWU\��ML = 7,5). 

��� baf_g_gb_� kdhjhklb� k_ckfbq_kdhc� Zdlb\ghklb� qZklh� y\ey_lky�
ij_^\_klgbdhf�kbevgh]h�a_fe_ljyk_gby�b�fh`_l�[ulv�bkihevah\Zgh�\�aZ�
^ZqZo�ijh]ghaZ� 

���ehdZevgu_�fZ]gblm^u�\�jZchg_�DZebnhjgbb�g_�iha\hebeb�hij_^_�
eblv�i_jbh^�ih\lhjy_fhklb� a_fe_ljyk_gbc��Ljm^ghklb�\u^_e_gby� wdklj_�
fZevguo� khklZ\eyxsbo� k\yaZgu� kh� \aZbfh^_ckl\b_f� djmiguo� kh[ulbc�
f_`^m�kh[hc� 

 

RD:EU�F:=GBLM> 

Ihkljh_gb_�rdZeu�fZ]gblm^�hkgh\Zgh�gZ�g_kdhevdbo�ijhkluo�ijZ�
\beZo� 

Baf_g_gb_�\_ebqbgu� kf_s_gby� k�jZkklhygb_f�b� k� ]em[bghc�— wn�
n_dl� ]_hf_ljbq_kdh]h� jZkoh`^_gby� b� aZlmoZgby� k_ckfbq_kdbo� \heg�� ih�
^Zxsbcky� wfibjbq_kdbf� klZlbklbq_kdbf� hp_gdZf�� Hg� hibku\Z_lky� l�g��
dZeb[jh\hqghc�nmgdpb_c� 

( ) ( )0, log ,h A hσ ∆ = − ∆ , 

]^_� ( )0 ,A h∆  —�j_n_j_gp-�Zfieblm^Z�^ey�kh[ulby�k�gme_\hc�fZ]gblm^hc� 

FZ]gblm^Z� ijhihjpbhgZevgZ� hlghr_gbx�
A

T
�� l�_�� —� kdhjhklb�

kf_s_gby�ihq\u� 
FZdkbfZevgh_� agZq_gb_� hlghr_gby� Zfieblm^u� d� i_jbh^m� y\ey_lky�

gZb[he__�klZ[bevghc�hp_gdhc�fZ]gblm^u� 
GZ� j_]bhgZevguo� jZkklhygbyo� fZ]gblm^Z� kms_kl\_ggh� aZ\bkbl� hl�

gZijZ\e_gghklb�baemq_gby�ba�bklhqgbdZ�b�^ey�\k_o�jZkklhygbc�—�hl�wn�
n_dlZ� nbevljZpbb� \hegu� kljmdlmjhc� kj_^u� \� jZchg_� j_]bkljbjmxs_c�
klZgpbb� 

Kh]eZkgh�kdZaZgghfm��fZ]gblm^Z��\�h[s_f�\b^_��hij_^_ey_lky�dZd� 

( )
max

log , R S
A

M h C C
T

 = + σ ∆ + +  
,                 (17.1) 
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]^_� RC  —�dhjj_dpby�gZ�gZijZ\e_gghklv�baemq_gby�ba�bklhqgbdZ�� SC  — 

dhjj_dpby�gZ�wnn_dl�nbevljZpbb�kljmdlmjhc�kj_^u��Djhf_�lh]h��dZeb[jh�
\hqgZy�nmgdpby��\�h[s_f�\b^_� aZ\bkbl�hl�qZklhlu��LZd��^ey�J-\heg�k�i_�
jbh^hf�T < 1s��fZ]gblm^Z�gZ� ����[hevr_�� Z�^ey� 4T s≥  —�gZ� ����f_gvr_�

kj_^g_]h�agZq_gby� 

EHD:EVGU?�F:=GBLM>U 

RdZeZ�Jbol_jZ�m`_�bf__l�qbklh�bklhjbq_kdh_�agZq_gb_�� 
Hij_^_e_gb_�ehdZevguo�fZ]gblm^�ijhba\h^blky�gZ�wibp_gljZevguo�

jZkklhygbyo�hl����df�^h�����df�k�mq_lhf�aZlmoZgby�\heg��Ijb�wlhf�ij_^�
iheZ]Z_lky��qlh�]em[bgZ�g_�ij_\hkoh^bl����df� 

max 0log logLM A A= − .                                 (17.2) 

H[jZsZ_l� gZ� k_[y� \gbfZgb_� lh�� qlh� \� wlhc�nhjfme_� g_l� i_jbh^h\��
I_jbh^u� \ukhdhqZklhlguo� dhe_[Zgbc� \� \hegZo� , , ,g g g gP S L R hij_^_eblv�

keh`gh� 
I_j\hgZqZevgh_� hij_^_e_gb_� fZ]gblm^� ij_^iheZ]Zeh�� qlh� gZ� jZk�

klhygbb� ���� df�� Zfieblm^Z� kf_s_gby� max 1A = µ �� qlh� khhl\_lkl\m_l�

0./0 = �JZaebqby�\�Zfieblm^Zo�gZ�]hjbahglZevguo�dhfihg_glZo��\ua\Zg�

gh_� baemq_gb_f� bklhqgbdZ�� dhjj_dlbjm_lky� bkihevah\Zgb_f� kmffZjghc�
]hjbahglZevghc�khklZ\eyxs_c�kf_s_gbc� 

2 2
H N EA A A= + . 

EhdZevgu_� dZeb[jh\hqgu_� nmgdpbb� hij_^_eyxlky� ^ey� jZaebqguo�
l_dlhgbq_kdbo� j_]bhgh\�� ieZlnhjf�� ]hjguo� kbkl_f�� jbnlh\uo� ahg�� i_j_�
oh^guo�ahg��hd_Zgbq_kdbo�kljmdlmj�b�hgb�kms_kl\_ggh�jZaebqgu��LZd��^ey�
x`ghc�:njbdb� b�Ghj\_]bb�� ijb� h^bgZdh\uo� kf_s_gbyo� gZ� k_ckfh]jZf�
fZo��fZ]gblm^u�fh]ml�jZaebqZlvky�gZ������ 

GZ� wibp_gljZevguo� jZkklhygbyo� hl� ���� ^h� ���� df�� fZ]gblm^u�
-J J3 6 \heg�hij_^_eyxlky�ih�nhjfme_�Bb^u� 

( )log 1,5lg 1,2L S PM A t t= + − + ,                       (17.3) 

]^_� ( )S Pt t−  —�jZaghklv�\j_f_g�\klmie_gby�\heg��ijhihjpbhgZevgZy�wib�

p_gljZevghfm�jZkklhygbx��GZ�ZgZeh]bqghf�ijbgpbi_�hkgh\Zgh�hij_^_e_�
gb_�l�g��^ebl_evghc�fZ]gblm^u��bkihevam_fhc�ijb�ZgZeba_�dh^u�\heg�beb�
ehdZevguo� a_fe_ljyk_gbc�� Dh^Z� ij_^klZ\ey_l� kh[hc� dhe_[Zgby�� jZkk_yg�
gu_�gZ�g_h^ghjh^ghklyo�\�kj_^_��>ebl_evghklv�kb]gZeZ�ijhihjpbhgZevgZ�
jZaf_jm�keZ[h]h�a_fe_ljyk_gby� 
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L?E?K?CKFBQ?KDB?�F:=GBLM>U 

FZ]gblm^u�ih�ih\_joghklguf�\hegZf 
>ey� hij_^_e_gby� fZ]gblm^� ih� ih\_joghklguf� \hegZf� baf_jy_lky�

fZdkbfmf�]hjbahglZevgh]h�kf_s_gby�ihq\u��khhl\_lkl\mxsbc�nZa_�Wcjb 
gZ� k_ckfh]jZffZo��Fbgbfmf� ]jmiih\hc� kdhjhklb� gZ[ex^Z_lky� \� Zkl_gh�
kn_j_��FZ]gblm^Z�ih�ih\_joghklguf�\hegZf�\k_]^Z�[hevr_��q_f�fZ]gblm�
^Z�ih�h[t_fguf�\hegZf� 

( ) ( )maxlogS H SM A= ∆ + σ ∆ ,                            (17.4) 

]^_� 20 ., 20T s= ∆ = 0–1800. 

DZeb[jh\hqgZy�nmgdpby� ( )sσ ∆ �hij_^_ey_l�khhlghr_gb_�f_`^m�Zf�

ieblm^Zfb�kf_s_gby�b�wibp_gljZevguf�jZkklhygbyf�b�hibku\Z_l�mf_gv�
r_gb_� Zfieblm^� k� jZkklhygb_f� �jhkl� dZeb[jh\hqghc�nmgdpbb���Jhkl� Zf�
ieblm^�beb�mf_gvr_gb_�dZeb[jh\hqghc�nmgdpbb�gZ�[hevrbo�jZkklhygbyo�
k\yaZgh� k� ]_hf_ljbq_kdhc�nhdmkbjh\dhc�beb�jZknhdmkbjh\dhc�emq_c�ijb�
jZkijhkljZg_gbb���\�Zglbihexk_�kn_jbq_kdhc�ih\_joghklb�A_feb�� 

<� ����� ]h^m�gZ� ZkkZf[e_b� ,$63(,�\�Pxjbo_�^ey�^ebgghi_jbh^guo�
\_jlbdZevgh�iheyjbah\Zgguo�\heg�5�b�\heg�3�b�3.3�F�qZklhlhc� 1Hz≈ ��aZ�

j_]bkljbjh\Zgguo� gZ� jZkklhygbyo� 2 160≤ ∆ ≤$ $ � ^ey� hqZ]h\� gZ� ]em[bg_�
50h ≥ df�[ueZ�ijbgylZ�ke_^mxsZy�nhjfmeZ�^ey�hij_^_e_gby�fZ]gblm^� 

max

log 1,66log 3,3S
A

M
T

 = + ∆ +  
.                    (17.5) 

I_jbh^�nZau�Wcjb� aZ\bkbl� g_� lhevdh� hl� wibp_gljZevgh]h� jZkklhy�
gby��gh�b�hl� kljh_gby� \_jog_c�fZglbb��FbgbfZevgu_�i_jbh^u� �–��� k_d��
OZjZdl_jgu� ^ey� jZkklhygbc� ��°–140°��FZdkbfZevguc� i_jbh^� ^ey� dhglb�
g_glZevguo�h[eZkl_c�[he__����k_d���Z�^ey�hd_Zgbq_kdbo�–�_s_�\ur_��<������
]h^m� dhfbkkb_c� ,6&�[ueZ�j_dhf_g^h\ZgZ�nhjfmeZ� k\yab�f_`^m�fZ]gblm�
^Zfb�� hij_^_e_ggufb� ih� \_jlbdZevguf� b� ]hjbahglZevguf� dhfihg_glZf�
ih\_joghklguo�\heg�\�\b^_� 

0,97 0,19MLV MLH− =  

k�dhwnnbpb_glhf�dhjj_eypbb������b�klZg^Zjlguf�hldehg_gb_f������ 
:f_jbdZgkdZy�kem`[Z�1(,&�hij_^_ey_l�fZ]gblm^u�lhevdh�ih�\_jlb�

dZevguf�dhfihg_glZf�\heg� 
Dhjj_dpby�gZ�]em[bgm�bklhqgbdZ�mf_gvrZ_l�\_ebqbgu�fZ]gblm^�^ey�

hqZ]h\�gZ�]em[bgZo���–���df�gZ����–����agZq_gby�ih�kjZ\g_gbx�k�ih\_jo�
ghklgufb��^ey�]em[bg����–���df�—�gZ����–����hl�ih\_joghklghc�� 

Yihgkdh_�f_l_hjheh]bq_kdh_�Z]_gkl\h�-0$�bkihevam_l�nhjfmem� 
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2 2log 1,73log 0,83N EM A A= + + ∆ − ,                   (17.6) 

]^_�Zfieblm^u�kf_s_gbc�ihq\u�hij_^_eyxlky�\�fbdjhf_ljZo��WlZ�nhjfm�
eZ� iha\hey_l� mq_klv� ]hjbahglZevgu_� g_h^ghjh^ghklb� \� a_fghc� dhj_� b�
\_jog_c�fZglbb�b�j_njZdpbx�\heg�gZ�]jZgbpZo�iebl��=hjbahglZevgu_�g_�
h^ghjh^ghklb�ijb\h^yl�d�nhdmkbjh\d_�b�jZknhdmkbjh\d_�\heg��qlh�fh`_l�
[ulv�ijbqbghc�ZghfZevgh�[hevrh]h�kf_s_gby�\�dhglbg_glZevguo�h[eZk�
lyo�ijb�fZeuo�k_ckfbq_kdbo�fhf_glZo��hij_^_ey_fuo�ijhp_kkhf�\�bklhq�
gbd_��J_]bhgZevgu_�khhlghr_gby�f_`^m�fZ]gblm^hc�b�k_ckfbq_kdbf�fh�
f_glhf�bf_xl�fZdkbfZevguc�jZa[jhk�^ey� kbevguo� a_fe_ljyk_gbc� k�fZ]�
gblm^hc�[he__��� 

Kh\j_f_ggu_� f_lh^u� hp_gdb� fZ]gblm^� hkgh\u\Zxlky� gZ� ZgZeba_�
ki_dljZevguo�khklZ\eyxsbo�kf_s_gbc�b�bo�kdhjhkl_c� 

 
FZ]gblm^u�ih�l_e_k_ckfbq_kdbf�h[t_fguf�\hegZf 
=ml_g[_j]hf�[ueZ�ij_^eh`_gZ�nhjfmeZ�^ey�hij_^_e_gby�fZ]gblm^�

ih�dhjhldhi_jb^guf� 5 127 V= ÷ �h[t_fguf�\hegZf�J��JJ�«6«��^ey�ijh�
f_`mlhqguo�b�]em[hdbo�a_fe_ljyk_gbc� 

( )
max

log ,b
A

m Q h
T

 = + ∆  
.                              (17.8) 

DZeb[jh\hqgZy�nmgdpby� ( ),Q h∆ � h[uqgh� ghjfbjm_lky� gZ� agZq_gb_�
610m −= f_ljZ�b�gZau\Z_lky�mgbnbpbjh\Zgghc�fZ]gblm^hc��FZdkbfZevgh_�

agZq_gb_� kf_s_gby� hij_^_ey_lky� ih� i_j\uf� �-lb� ihem� i_jbh^Zf� aZibkb��
GZ�j_]bhgZevguo�jZkklhygbyo�g_h[oh^bfh�mqblu\Zlv�nmgdpbb�gZijZ\e_g�
ghklb�baemq_gby�ba�bklhqgbdZ��>ey�jZaguo�lbih\�\heg��ba-aZ�jZaguo�m]eh\�
\uoh^Z��wlb�nmgdpbb�—�jZaebqgu� 

Ba�gZ[ex^_gbc�[ueh�ihemq_gh��qlh�bf__l�f_klh�m\_ebq_gb_�Zfieb�
lm^�P-\heg�gZ�wibp_gljZevguo�jZkklhygbyo���°�b���°��qlh�k\yaZgh�k�]jZgb�
pZfb�\�fZglbb�gZ�]em[bgZo� ����df�b� ����df��M\_ebq_gb_�dZeb[jh\hqghc�
nmgdpbb�bf__l�f_klh�lZd`_�\[ebab���°�ba-aZ�j_njZdpbb�emq_c�gZ�\g_rg_c�
]jZgbp_� y^jZ�� ]^_� kdhjhklb� P-\heg� j_adh� mf_gvrZxlky�� Wlh� ijb\h^bl� d�
mf_gvr_gbx�fZ]gblm^�gZ�����hl�kj_^g_]h�agZq_gby��AZlmoZgb_�jZaebqguo�
lbih\�h[t_fguo�\heg�lZd`_�—�jZaebqgh�b�fh`_l�baf_gblv�agZq_gb_�fZ]�
gblm^�gZ����� 

:fieblm^u�J-\heg�baf_jyxlky�\�gZghf_ljZo���gf� ���–9 f_ljZ� 
Ki_dljZevgZy� nmgdpby� hldebdZ� kj_^u� hij_^_ey_l� wg_j]bx� baemq_�

gby��djblbq_kdmx�qZklhlm��klZlbq_kdbc�k_ckfbq_kdbc�fhf_gl�b�kgbfZ_fu_�
gZijy`_gby�� aZ\bkbl� hl�f_oZgbafZ� hqZ]Z� b� oZjZdl_jZ� \kiZju\Zgby� b� ^ey�
jZaguo�qZklhl�ki_dljZ�—�jZaebqgZ� 
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>ey� hij_^_e_gby�fZ]gblm^� J-�� JJ-,.S-�«\heg� bkihevamxlky� gZ[ex�
^_gby� gZ� wibp_gljZevguo� jZkklhygbyo� hl��°� ^h� ���°�� \heg�JDJ�— 100°-
145°��\heg�JD,DJ�— 145°–164°��>ey�fgh]bo�a_fe_ljyk_gbc��hkh[_ggh�—�\�
jZchg_�Lbohhd_Zgkdh]h�j_]bhgZ� �h-\Z�Nb^`b�D_jfZ^_d��bf__lky�[hevrh_�
hlebqb_�ih�hij_^_e_gbyf�fZ]gblm^�j_]bhgZevghc�b�l_e_k_ckfbq_kdhc�k_�
lvx�� 

 

FHF?GLG:Y�F:=GBLM>: 

K_ckfbq_kdbc�fhf_gl�fh`_l�[ulv�hij_^_e_g�dZd�gbadhqZklhlgZy�kh�
klZ\eyxsZy� ki_dljZ�J�\heg��>ey�^ebgghi_jbh^guo�dhe_[Zgbc� �k�i_jbh�
^hf�[he__�����k_d���bkihevam_lky�l�g��fhf_glgZy�fZ]gblm^Z� WM : 

0
2 log 0,673:0 0= − .                                 (17.9) 

WlZ�\_ebqbgZ�[ebadZ�d�agZq_gbx�fZ]gblm^u�ih�ih\_joghklguf�\he�
gZf�^ey�a_fe_ljyk_gbc��ijhly`_gghklv�dhlhjuo�[he__�����df� 

Fhf_glgZy� fZ]gblm^Z� \Z`gZ� ^ey� ZgZebaZ� wg_j]bb� pmgZfb��

t WM M≈ ��]^_�fZ]gblm^Z�pmgZfb  

maxlog log 5.8tM H= + ∆ + .                            (17.10)   

A^_kv� maxH  —fZdkbfZevgZy�\ukhlZ�\hegu�pmgZfb� 

 

F:DJHK?CKFBQ?KD:Y�F:=GBLM>: 

Bkihevam_lky�\�bg`_g_jguo�jZkq_lZo�b�\�hibkZgb_�lZdh]h�iZjZf_ljZ�
dZd� k_ckfbq_kdbc� jbkd�� FZdjhk_ckfbq_kdb_� fZ]gblm^u� hij_^_eyxlky�
lhevdh�ih�gZb[he__�\ukhdhqZklhlghc�khklZ\eyxs_c�ki_dljZ��>ey�__�hij_�
^_e_gby�\\h^blky�ihgylb_�bgl_gkb\ghklb�kf_s_gbc 0I �gZ�wibp_gljZev�

guo�jZkklhygbyo�g_�ij_\hkoh^ysbo�ebg_cgu_�jZaf_ju�hqZ]Z� �\�[eb`g_c�
ahg_���Kf_r_gby�\�[eb`g_c�ahg_�wdkihg_gpbZevgh�mf_gvrZxlky�ijb�m^Z�
e_gbb� hl� jZaju\Z�� ihwlhfm� ihgylb_� bgl_gkb\ghklb� h]jZgbq_gh� jZ^bmkhf�
[eb`g_c�ahgu��K�mq_lhf�baf_g_gby�Zfieblm^�k�]em[bghc�^ey�_\jhi_ckdbo�
kljZg�ijbgylZ�ke_^mxsZy�nhjfmeZ� 

00.5 log 0.35msM I h= + + .                             (17.11) 

>ey� jZaguo� j_]bhgh\� wlZ� nhjfmeZ� bf__l� jZagu_� dhwnnbpb_glu��
FZdjhk_ckfbq_kdZy�fZ]gblm^Z�bgh]^Z�hij_^_ey_lky�^ey�keZ[uo�a_fe_ljy�
k_gbc��k�fZ]gblm^hc�f_g__���� 
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E_dpby��� 

K?CKFBQ?KD:Y�WG?J=BY, 
WG?J=?LBQ?KD:Y�F:=GBLM>: 
B�>JM=B?�KHHLGHR?GBY�J:AF?JGHKLB 

H^gbf�ba�hkgh\guo�iZjZf_ljh\�\�hibkZgbb�a_fe_ljyk_gbc�y\ey_lky�
baemq_ggZy�k_ckfbq_kdZy�wg_j]by��L_hj_lbq_kdb�ihlhd�wg_j]bb�hij_^_ey�
_lky� dZd� \_ebqbgZ�� ijhihjpbhgZevgZy� d\Z^jZlm� kdhjhklb� kf_s_gby�� gZ�
[ex^Z_fh]h�gZ�k_ckfh]jZffZo��IjZdlbq_kdb�wg_j]by�\k_]^Z�hij_^_ey_lky�
ih�wfibjbq_kdbf�nhjfmeZf� 

Ij_bfms_kl\_ggh_�bkihevah\Zgb_�wfibjbq_kdbo�khhlghr_gbc�bf_�
_l�ih^�kh[hc��ih�djZcg_c�f_j_��^\Z�h[hkgh\Zgby��I_j\h_�—�^h� �����]h^Z�
[hevrbgkl\h�k_ckfbq_kdbo�^Zgguo�[ueh�ZgZeh]h\h]h�lbiZ��qlh�g_�iha\h�
eyeh�bf_lv�Zfieblm^gu_�ki_dlju�\�j_amevlZl_�jmlbgghc�h[jZ[hldb��<lh�
jh_�—�ihegh_�hij_^_e_gb_�baemqZ_fhc�k_ckfbq_kdhc�wg_j]bb�lj_[m_l�ih�
emqZlv�bgnhjfZpbx�h� ki_dljZo�ih�h[_� klhjhgu�hl�djblbq_kdhc�qZklhlu��
l�_��dZd�\�gbadhqZklhlghf��lZd�b�\�\ukhdhqZklhlghf�^bZiZahgZo��Ijb[hju�
^h� ����� ]h^Z� bf_eb� hq_gv� madmx� ihehkm� ijhimkdZgby�� qlh� h]jZgbqb\Zeh�
^bZiZahg�baemq_gby��Wlb�ijbqbgu�hlh^\bgmeb�l_hj_lbq_kdb_�b�l_ogheh]b�
q_kdb_� jZajZ[hldb�baf_j_gbc�iheghc� wg_j]bb�gZ� [he__�iha^gb_� \j_f_gZ��
dh]^Z�ihy\beZkv�k_lv�rbjhdhihehkguo�pbnjh\uo�klZgpbc� 

GZ[ex^_gby�rbjhdhihehkguo� klZgpbc�g_h[oh^bfh� dhjj_dlbjh\Zlv�
gZ� 

1. qZklhlgh� aZ\bkbfmx� nmgdpbx� gZijZ\e_gghklb� baemq_gby��
ihemq_ggmx�ih�f_oZgbafZf�hqZ]Z�a_fe_ljyk_gbc� 

2. ih]ehs_gb_�\heg�kj_^hc�gZ�imlb�jZkijhkljZg_gby�b�\�jZchg_�
j_]bkljbjmxs_c�klZgpbb� 

3. m\_ebq_gb_�ZiiZjZlmju� 
Nbevljmxsb_� k\hckl\Z� kj_^u� b� j_]bkljbjmxs_c� ZiiZjZlmju� ba�

\_klgu�emqr_��q_f�baemq_gb_�ba�bklhqgbdZ��Ihwlhfm�wfibjbq_kdb_�khhl�
ghr_gby�^h�kbo�ihj�hklZxlky�ZdlmZevgufb� 

 

F?LH>�HP?GDB�BAEMQ:?FHC�WG?J=BB�
A?FE?LJYK?GBY 

Baf_j_gb_� baemqZ_fhc� wg_j]bb� ih� ki_dljZf� fhsghklb� h[t_fguo�
\heg�ij_^eh`_g�\������]h^m�Boatwright and Choy��Ki_dlju�d\Z^jZlZ�kdhjh�
klb�kf_s_gby�dhjj_dlbjmxlky�gZ�baemq_gb_�ba�hqZ]h\hc�h[eZklb��]em[bgm�
hqZ]Z��wnn_dlu�jZkijhkljZg_gby�\heg�\�kj_^_� 
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>ey�ih\_joghklguo�a_fe_ljyk_gbc�b�ijyfuo�\heg�b�\heg��hljZ`_g�
guo�hl�a_fghc�ih\_joghklb��P, pP, PP, sP�b�l�i����ijb�mkeh\bb��qlh�\j_f_g�
gZy�nmgdpby�\kiZju\Zgby�\�bklhqgbd_�ij_\hkoh^bl�\j_fy�ijh[_]Z�\hegu��
^ey�h[t_fguo�\heg�]jmiiu�J-wg_j]by�baemq_gby�hij_^_ey_lky�dZd� 

24
P

P P
S gPgP

R
E F

F
= π〈 〉 ε ,                             (18.1) 

]^_� gPε  —� bgl_]jZe� hl� d\Z^jZlZ� kdhjhklb� kf_s_gby� ihq\u� ih� \j_f_gb��

>ey�\j_f_g��[hevrbo�q_f�\j_fy�ijh[_]Z�\heg� 

( )2

0

t

gP u t dtε = ρα∫ � . 

PF  —�d\Z^jZl�nmgdpbb�gZijZ\e_gghklb�baemq_gby�J-\heg�� PR  — 

nZdlhj� ]_hf_ljbq_kdh]h� jZkoh`^_gby� J-\heg�� ( )u t� -� kdhjhklv� kf_s_gby��

hldhjj_dlbjh\ZggZy�gZ�qZklhlgh-aZ\bkbfh_�aZlmoZgb_�\�kj_^_�� gPF -�h[h[�

s_gguc� dhwnnbpb_gl� gZijZ\e_gghklb� baemq_gby� ^ey� \heg� ]jmiiu� J��
hij_^_ey_fuc�dZd� 

( ) ( ) ( ) ( )2 2 2 22

3

gP P pP sPq
F F PP F SP F

α= + ⋅ + ⋅
β

,           (18.2) 

]^_��PP, SP —�dhwnnbpb_glu�hljZ`_gby�iehkdbo�\heg�pP, sP�hl�a_fghc�ih�
\_joghklb�� , ,ρ α β —�iehlghklv�b�kdhjhklb�jZkijhkljZg_gby�J-�b�S-\heg�kh�

hl\_lkl\_ggh�� 15.6q =  —�hlghr_gb_�wg_j]bb�S-\heg�b�wg_j]bb�J-\heg�  

Dhjj_dlbjmxsb_� nZdlhju� bkoh^yl�� ij_`^_� \k_]h�� ba� ij_^iheh`_�
gby��qlh�bklhqgbd�y\ey_lky�^\hcguf�^bihe_f��G_h[ohj^bfh�lZd`_�mq_klv�
baf_g_gb_�Zfieblm^�k�]em[bghc�b�lh��qlh�wg_j]by�jZkij_^_ey_lky�f_`^m�J-
b�S-\hegZfb� 

>ey�l_e_k_ckfbq_kdbo�gZ[ex^_gbc�baemqZ_fZy�ba�hqZ]Z�wg_j]by�hi�
j_^_ey_lky�\�rbjhdhf�^bZiZahg_�qZklhl�hl������^h���Hz��AZlmoZgb_�h[t_f�
guo�ijh^hevguo�\heg�\�wlhf�^bZiZahg_�qZklhl�[ueh�hij_^_e_gh�\������]h�
^m�Cormier��Bkihevamy�l_hj_fm�IZjk_nZey��hg�hij_^_ebe� 

( )
0 2

2

0

t
t

gP u e dαωραε = ω ω
π ∫ � ,                                (18.3) 

]^_� tα  —� ijhihjpbhgZevgh� \j_f_gb� ijh[_]Z� kmffu� emq_c� \� g_mijm]hc�

kj_^_��>ey�J-\heg�wlhl�iZjZf_lj�baf_gy_lky�\�bgl_j\Ze_�hl��k��^h�����k��gZ�
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qZklhlZo�hl�����Hz�^h�2.0 Hz��GZ�qZklhlZo�\ur_�����=p�bf__l�f_klh�kiZ^��
h[tykgbfuc�j_]bhgZevgufb�\ZjbZpbyfb�ki_dljZ��KiZ^�f_g__�djmlhc�^ey�
hqZ]h\�\[ebab�a_fghc�ih\_joghklb��?keb�ZgZebabjm_fZy�qZklhlZ�ij_\urZ�

_l�djblbq_kdmx��lh�kiZ^�ki_dljZ�ijbgbfZ_lky�jZ\guf� 1−ω . 

GZ� ijZdlbd_� qZklhlu� Ziijhdkbfbjmxlky� gZ� [_kdhg_qghklv� b� lh]^Z�
wg_j]by�hij_^_ey_lky�dZd�j_amevlZl�qbke_ggh]h�bgl_]jbjh\Zgby�iexk�bg�
l_]jZe�\uq_lh\� 

gP N Rε = ρα + ρα ,                                        (18.4) 

]^_�bgl_]jZe�\uq_lh\� ( ) 2c
c cR u

−ω= ω
π

� , cω  —�djblbq_kdZy�qZklhlZ��Ohly�

S-\hegu� h[eZ^Zxl� [he__� kbevguf� \ha[m`^_gb_f� \�bklhqgbd_�� hgb� lZd`_�
[he__�kbevgh�aZlmoZxl�ijb�jZkijhkljZg_gbb�\�mkeh\byo�]hjbahglZevgh�g_�
h^ghjh^ghc�A_feb��q_f�J-\hegu��Ihwl]hfm�ijZdlbq_kdb�bkihevamxl�lhev�
dh�J-\hegu�^ey�hij_^_e_gby�wg_j]bb�baemq_gby��NhjfmeZ�^ey�jZkq_lZ�h[�
s_c�k_ckfbq_kdhc�wg_j]bb�hij_^_ey_lky�dZd� 

( )1 P
S SE q E= + .                                        (18.5) 

Wg_j]by�baf_jy_lky�\�Gf����Gf� ���7 ^bg�kf� ���7 wj]� 
 

>:GGU? 

Bkihevam_fu_�^ey�baf_j_gby�wg_j]bb�^Zggu_�^he`gu�m^h\e_l\hjylv�
ke_^mxsbf�lj_[h\Zgbyf� 

��� Ki_dlju� kdhjhkl_c� kf_s_gbc� ^he`gu� [ulv� ihemq_gu� ^ey� dZd�
fh`gh�[he__�rbjhdh]h�^bZiZahgZ�qZklhl��\dexqZy�dZd�^hdjblbq_kdb_��lZd�
b�aZdjblbq_kdb_�agZq_gby��Djblbq_kdZy�qZklhlZ�hij_^_ey_lky�jZaf_jhf�bk�
lhqgbdZ�b�keh`ghklvx�\kiZju\Zgby� 

>ey�h[t_fguo�\heg� ki_dlju�^he`gu�[ulv�jZkkqblZgu�\�^bZiZahg_�
0,01–����=p� 

���<j_f_ggh_� hdgh�gZ� k_ckfh]jZff_� ^he`gh�[ulv�[hevr_� \j_f_gb�
\kiZju\Zgby�\�bklhqgbd_��\dexqZy�km[bklhqgbdb�ijb�keh`ghf�\kiZju\Z�
gbb� 

 

WG?J=?LBQ?KDB?�F:=GBLM>U (0  

NhjfmeZ�=ml_g[_j]Z–Jbol_jZ�� mklZgZ\eb\ZxsZy� khhlghr_gb_�f_`�
^m�k_ckfbq_kdhc�wg_j]b_c�b�fZ]gblm^hc� 
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log SE a bM= + ]^_� , consta b= .                                (18.6) 

>ey�fZ]gblm^�ih�ih\_joghklguf�\hegZf�[ueh�ihemq_gh�hkj_^g_ggh_�
khhlghr_gb_� 

log 4,8 1,5S SE M= + .                                      (18.7)  

H^gZdh��^ey�kbevguo�a_fe_ljyk_gbc�k�[hevrhc�iehsZ^vx�jZaju\Z�b�
^ey� ]em[hdhnhdmkguo�hqZ]h\�wlZ�nhjfmeZ�g_�ijb_fe_fZ��H^ghc�qZklhlu��
^ey�dhlhjhc�hij_^_ey_lky�fZ]gblm^Z�g_�^hklZlhqgh�^ey�dhjj_dlgh]h�hib�
kZgby�baemq_gby�ba�hqZ]Z��Ihwlhfm�wg_j]by�g_�fh`_l�hij_^_eylvky�g_ih�
kj_^kl\_ggh�q_j_a�fZ]gblm^m��HgZ�y\ey_lky�g_aZ\bkbfuf�iZjZf_ljhf� 

Choy and Boartwright�jZkkfhlj_eb�k\yav�f_`^m�g_aZ\bkbfuf�h[jZahf�
�ih� rbjhdhihehkguf� ki_dljZf�� hij_^_e_gghc� k_ckfbq_kdhc� wg_j]b_c� b�
fZ]gblm^hc�ih�ih\_joghklguf�\hegZf�^ey�����a_fe_ljyk_gbc�m�ih\_jogh�
klb��J_]j_kkbhggh_�khhlghr_gb_��ihemq_ggh_�f_lh^hf�gZbf_gvrbo�d\Z^�
jZlh\�\�ij_^iheh`_gbb��qlh� 1,5b = �bf_eh�\b^� 

log 4,4 1,5S SE M= + .                                 (18.8) 

Baf_g_gb_�iZjZf_ljZ�a�gZ������ih�kjZ\g_gbx�k�hkj_^g_ggufb�agZq_�
gbyfb�ijb\h^bl�d�baf_g_gbx�wg_j]bb�\^\h_� 

Ba� wlhc� aZ\bkbfhklb� [ueZ� hij_^_e_gZ� wg_j]_lbq_kdZy� fZ]gblm^Z��
jZ\gZy� 

2
log 2,9

3E SM E= − .                                  (18.9)  

Wlh�\ujZ`_gb_�ijhlb\hiheh`gh�khhlghr_gbx�=ml_g[_j]Z–Jbol_jZ��
Hgh�bkihevam_l�aZ\bkbfhklv�fZ]gblm^u�hl�wg_j]bb��Z�g_�wg_j]bb�hl�fZ]gb�
lm^u� 

 
Khhlghr_gb_�f_`^m�fZ]gblm^hc�� k_ckfbq_kdbf�fhf_glhf� b� dZ`m�

sbfky��gZijy`_gb_f�gZ�jZaju\_� 
K_ckfbq_kdZy�wg_j]by�b�\_ebqbgZ�k_ckfbq_kdh]h�fhf_glZ�ijZdlbq_�

kdb�hij_^_eyxl�kgbfZ_fh_�gZijy`_gb_�gZ�jZaju\_� 

0

SE

Mα
µτ = ��a^_kv�µ —�kj_^gyy�`_kldhklv�\�h[eZklb�bklhqgbdZ� 

Khhlghr_gb_� f_`^m� 0M b� SE �� ihemq_ggh_� f_lh^hf� gZbf_gvrbo�

d\Z^jZlh\��^Z_l� 
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5
01,610SE M−= �� hldm^Z� kj_^g__� kgbfZ_fh_� gZijy`_gb_�

0,5MPaατ ≅ �ijb�kj_^g_c�iehlghklb�\�h[eZklb�bklhqgbdZ� 50,3 10 MPa≈ ⋅ �k�

lhqghklvx 95%≈ . 

Kj_^g__� agZq_gb_�� ihemqZ_fh_� ba� khhlghr_gby� ]ml_g[_j]Z-Jbol_jZ�
jZ\gh������FjZ��Z�jZa[jhk�agZq_gbc�\�bgl_j\Ze_�����–�����FjZ��Wfibjbq_�
kdb_�nhjfmeu�b]ghjbjmxl�wlhl�jZa[jhk�b�g_�fh]ml�[ulv�bkihevah\Zgu�^ey�
hij_^_e_gby�wg_j]bb�� 

<_ebqbgu� kgbfZ_fuo� gZijy`_gbc� k� mq_lhf� jZa[jhkZ� agZq_gbc� oZ�
jZdl_jbamxl�nbabq_kdb�jZaebqgu_�iZjZf_lju�\kiZju\Zgby�\�hqZ]_�a_fe_�
ljyk_gby�� \� qZklghklb�� khhlghr_gb_� f_`^m� wg_j]b_c� b� kgbfZ_fufb� gZ�
ijy`_gbyfb�hij_^_ey_l�lbi�nmgdpbb�\kiZju\Zgby� ��f_oZgbaf�hqZ]Z���gZ�
ijy`_gby�\�eblhkn_j_�b�l_dlhgbdm�j_]bhgZ� 

AZf_qZgb_ 
Ohly� wg_j]_lbq_kdZy� fZ]gblm^Z�� lZd`_� dZd� fhf_glgZy� fh]ml� [ulv�

bkihevah\Zgu� ^ey� hp_gdb� jZaf_jh\� bklhqgbdZ�� ih� k\h_fm� nbabq_kdhfm�
kfukem�hgb�g_�wd\b\Ze_glgu�� EM �ihemqZ_lky�ba�ki_dljZ�kdhjhklb�kf_s_�

gby��fhsghklb��b�hibku\Z_l�k_ckfbq_kdbc�ihl_gpbZe�kj_^u�� WM �hij_^_�

ey_lky�ih�gbadhqZklhlghc� Zkbfilhl_� ki_dljZ� kf_s_gbc�b�hibku\Z_l� klZ�
lbq_kdh_� kf_s_gb_� \�hqZ]_��Ihkdhevdm�dZ`^Zy�ba�gbo�hibku\Z_l�jZaebq�
gu_�khklhygby��a priori�hgb�g_�^he`gu�[ulv�jZ\gufb��Mkeh\b_�bo�jZ\_gkl�
\Z�ke_^m_l�ba�hij_^_eyxsbo�khhlghr_gbc� 

0

2
log 2,9,

3
2

log 6.0,
3

( 6

:

0 (

0 0

= −

= −
                                    (18.10) 

hlkx^Z� 5

0

2,2 10SE

M
−= ⋅ � b� kgbfZ_fu_� gZijy`_gby� ^he`gu� [ulv� ihjy^dZ�

52,2 10 MPa−
ατ = ⋅ ��>ey�a_fe_ljyk_gbc�\[ebab�a_fghc�ih\_joghklb� 

50,3 0,6 10 MPaµ = − ⋅ , 

lh]^Z� E SM M= � lhevdh� ^ey� a_fe_ljyk_gbc� k� dZ`msbfb� kgbfZ_fufb�gZ�

ijy`_gbyfb� \� ^bZiZahg_�� 0,66 1,32 MPa≤ τ ≤ ��Wlh� hq_gv� madbc� ^bZiZahg�

kgbfZ_fuo�gZijy`_gbc�\�h[s_f�jZa[jhk_�hl������^h������FjZ��<�kj_^g_f��
\gmljbieblh\u_�a_fe_ljyk_gby�oZjZdl_jbamxlky�[he__�\ukhdbfb�kgbfZ_�
fufb�gZijy`_gbyfb�����FjZ���q_f�f_`ieblh\u_����FjZ�� 

Wg_j]_lbq_kdb_� fZ]gblm^u� ij_^ihqlbl_evg__� ^ey� hibkZgby� jZaf_�
jh\�hqZ]h\hc�h[eZklb��q_f�fhf_glgu_� 
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J?=BHG:EVGU?�HP?GDB 
K?CKFBQ?KDHC�WG?J=BB 

EhdZevgu_� b� j_]bhgZevgu_� hp_gdb� baemq_gghc� ba� hqZ]Z� wg_j]bb��
lZd`_�dZd�b�l_e_k_ckfbq_kdb_�^he`gu�[ulv�ijh\_^_gu�k�mq_lhf�g_h^gh�
jh^ghklb� baemq_gby� ba� bklhqgbdZ�� g_mijm]h]h� ih]ehs_gby� \� kj_^_�� eh�
dZevguo� jZaebqbc� \� kljh_gbb� dhju� \� jZchg_� j_]bkljbjmxs_c� klZgpbb��
K_ckfbq_kdZy�wg_j]by�[ueZ�hp_g_gZ�ih�kdhjhklb�kf_s_gby�\�S-\heg_� 

( ) ( )
2

22 2 2 2

0 0

4 4S r r c r rE c r u t dt c r u d
∞ ∞

= π ρ β = π ρ β ω ω∫ ∫� � ,            (18.11) 

a^_kv�� c —� dhjj_dpby� gZ� baf_g_gb_� Zfieblm^� ijb� hljZ`_gbb� hl� a_fghc�
ih\_joghklb� 

r —� dhjj_dpby� gZ� ]_hf_ljbq_kdh_� jZkoh`^_gb_� ijb� jZkijhkljZg_�
gbb� 

ρ  —�iehlghklv�\�jZchg_�bklhqgbdZ� 

β  —�kdhjhklv�jZkijhkljZg_gby�S-\heg�� 

G_mijm]h_� aZlmoZgb_� \� kj_^_� h[uqgh� hibku\Z_lky� nZdlhjhf��

exp
r

Q

 ω
 
 

�� DZgZfhjb� bkihevah\Ze� ke_^mxsmx� nhjfmem� ^ey� hij_^_e_gby�

wg_j]bb�ih�S�\hegZf�kbevguo�a_fe_ljyk_gbc�DZebnhjgbb� 

( )
( ) ( )

2
0 02 2

0 0
0

4 f
r q r

E r C u t dt
rq r

∞

β
 

= π ρ β 
 

∫ � ,                   (18.12) 

]^_� 0 0,ρ β  —�iehlghklv�b� kdhjhklv�ihi_j_qguo� \heg� \� ]bihp_glj_��K�— 

hljZ`_gb_�hl�a_fghc�ih\_joghklb��r —�]bihp_gljZevgh_�jZkklhygb_��ijb�
[ebabl_evgh� jZ\gh_� wibp_gljZevghfm� ijb� ]em[bg_� bklhqgbdZ� g_� [he__� ��

df��<�h[s_f�kemqZ_�� 2 2r h= ∆ + ��NZdlhj�aZlmoZgby� ( ) ( )expnq r Cr kr−= − , 

^ey� a_fe_ljyk_gbc� x`ghc� DZebnhjgbb� hij_^_ey_lky� k� iZjZf_ljZfb��
10,4970, 1,03, 0,0035c n k km−= = = . 

 

<U<H>U 

Wg_j]by��hij_^_ey_fZy�ih� wg_j]_lbq_kdbf�b�fhf_glguf�fZ]gblm�
^Zf —�jZaebqgu� 
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Wg_j]_lbq_kdb_� fZ]gblm^u� [he__� khhl\_lkl\mxl� hibkZgbx�
l_dlhgbq_kdbo� ijhp_kkh\�� k_ckfbq_kdhfm� b� pmgZfb� ihl_gpbZeZf��
Fhf_glgu_�hibku\Zxl�klZlbq_kdb_�ih^\b`db�\�hqZ]h\hc�ahg_� 

Ba� ^jm]bo� gZb[he__� \Z`guo� khhlghr_gbc� ke_^m_l� mdZaZlv� ke_^mx�
sb_� 

1. f_`^m�k_cfbq_kdbf�fhf_glhf�b�iehsZ^vx�jZaju\Z� 
3

15 2
0 1,33 10 rM A= ⋅ , 

2. ihemq_ggh_�Abe�������A^_kv� 20,5rA LW L= = , ,L W  —�^ebgZ�b�

rbjbgZ�jZaju\Z��Kj_^gyy�ih^\b`dZ�ih�jZaju\m� 54.0 10u L−= ⋅ , 

Z�kj_^g__�hlghr_gb_�^ebgu�jZaju\Z�d�_]h�rbjbg_�hdheh����� 
<�^jm]hf�\b^_�[ueh�^Zgh�khhlghr_gb_�Purcaru and Berchemer (1982): 

( ) ( )0log 1,5 0,02 log 15,25 0,05rM A= ± + ±             (18.13) 

^\hcgZy� eh]Zjbnfbq_kdZy� aZ\bkbfhklv�f_`^m� k_ckfbq_kdbf�fhf_glhf� b�
ijhly`_gghklvx� jZaju\Z�� Ijb� h^bgZdh\hf� k_ckfbq_kdhf� fhf_gl_� ^ey�
f_`ieblh\uo�a_fe_ljyk_gbc�k^\b]h\h]h�lbiZ�ijhly`_gghklv�hqZ]Z�\���jZa�
[hevr_�q_f�^ey�\gmljbieblh\uo�a_fe_ljyk_gbc��Hlghr_gb_�f_`^m�\_eb�
qbghc�kf_s_gby�gZ�jZaju\_�d�ijhly`_gghklb�jZaju\Z�hij_^_ey_lky�\�bg�
l_j\Ze_� 

5 51 10 6 10
u

L
− −⋅ ≤ ≤ ⋅                                   (18.14)  

^ey�f_`ieblh\uo�b�\gmljbieblh\uo� a_fe_ljyk_gbc��LZd�dZd�wlh�hlghr_�

gb_� g_� aZ\bkbl� hl� f_oZgbafZ� hqZ]Z�� ^ey� \gmljbieblh\uo� a_fe_ljyk_gbc�

bf__l�f_klh�[he__�\ukhdh_�lj_gb_�kp_ie_gby��q_f�^ey�f_`ieblh\uo��GZ�

dehg� djb\uo� gZ� aZ\bkbfhklyo� ^ebgu� hqZ]Z� hl� k_ckfbq_kdh]h� fhf_glZ�

kbevguo�a_fe_ljyk_gbc��k�fZ]gblm^hc�[he__������jZ\_g������Wlh�khhl\_lkl�

\m_l�lhfm��qlh�k_ckfbq_kdbc�fhf_gl�ijhihjpbhgZe_g�d\Z^jZlm�^ebgu�hqZ�

]Z��RbjbgZ� hqZ]Z� ijhihjpbhgZevgZ� ahg_� lj_sbggh\Zlhklb� \� kljmdlmjZo�

eblhkn_ju��?keb�]em[bgZ�]bihp_gljZ�g_�ij_\hkoh^bl����df���jZaf_j�hqZ]h�

\hc�ahgu�fh`_l�hij_^_eylvky�lhevdh�ih�ijhly`_gghklb�hqZ]Z� 
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KEH<:JV�L?JFBGH< 

:dlb\guc�jZaehf�— jZaju\��m\_ebqb\Zxsbc� k\hb�ebg_cgu_�jZa�
f_ju�\�ijhp_kk_�\kiZju\Zgby��Zkkhpbbjm_lky�k�hqZ]hf�a_fe_ljyk_gby� 

:nl_jrhdb�— [he__�keZ[u_�k_ckfbq_kdb_ lheqdb��gZ[ex^Zxsb_ky�
\�h[eZklb�\ha[m`^_gby�kj_^u�ihke_�kbevgh]h�a_fe_ljyk_gby� 

<_dlhj�;xj]_jkZ�— gZijZ\e_gb_�ih^\b`db� 

<a[jhk —�jZaju\�kh�kf_s_gb_f�ih�iZ^_gbx��ijb�dhlhjhf�\bkyqbc�
[hd� kf_sZ_lky� \\_jo�� Ijhbkoh^bl� \� mkeh\byo� hlghkbl_evgh]h� k`Zlby� \�
hqZ]h\hc�h[eZklb� 

<bglh\Zy� ^bkehdZpby� — ^bkehdZpby�� ijb� dhlhjhc� gZijZ\e_gb_�
ih^\b`db��\_dlhj�;xj]_jkZ��iZjZee_evgh�ebgbb�^bkehdZpbb� 

<bkyqbc� [hd�— [ehd� ]hjguo� ihjh^� ih� h^gm� ba� klhjhg� iehsZ^db�
jZaju\Z��h[jZamxsbc�hkljuc�m]he�k�]hjbahglhf� 

<kiZju\Zgb_ —�ijhp_kk�jZkijhkljZg_gby�jZajmr_gby�\�hqZ]_�a_f�
e_ljyk_gby��khijh\h`^Z_fuc�baemq_gb_f�k_ckfbq_kdbo�\heg� 

<medZgbq_kdb_� a_fe_ljyk_gby —� a_fe_ljyk_gby� lbiZ�p_gljZ�jZk�
rbj_gby�\�h[eZklyo�Zdlb\guo�\medZgh\� 

=bihp_glj� �nhdmk�� a_fe_ljyk_gby� —� dhhj^bgZlu� lhqdb� gZqZeZ�
\kiZju\Zgby� \� hqZ]_� a_fe_ljyk_gby�� hij_^_ey_fu_�rbjhlhc�� ^he]hlhc� b�
]em[bghc� 

=jZgbqgZy�qZklhlZ�— qZklhlZ�i_j_k_q_gby�\ukhdhqZklhlghc�b�gba�
dhqZklhlghc�Zkbfilhl�\�ki_dlj_�baemqZ_fuo�k_ckfbq_kdbo�\heg� 

>\hcghc�^bihev�— kbeh\Zy�fh^_ev�hqZ]Z�a_fe_ljyk_gby�k^\b]h\h]h�
lbiZ� 

>bgZfbdZ� jZaju\Z� — hibkZgb_� jZaju\Z� k� ZgZebahf� kbe�� ^_ckl�
\mxsbo�\�hqZ]_�a_fe_ljyk_gby� 

>bkehdZpby� — ebg_cgu_ gZjmr_gby� ijZ\bevghc� kljmdlmju� djb�
klZeebq_kdhc�j_r_ldb�]hjguo�ihjh^� 

D\Z^jZglgh_�jZkij_^_e_gb_�agZdh\�— q_j_^h\Zgb_�agZdh\�i_j\uo�
\klmie_gbc�\�jZaebqguo�ZabfmlZo�hl�wibp_gljZ�a_fe_ljyk_gby� 
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Dbg_fZlbdZ� jZaju\Z� — hibkZgb_� jZaju\Z�� ijb� dhlhjhf� g_� jZk�
kfZljb\Zxlky�kbeu��^_ckl\mxsb_�\�hqZ]_� 

DjZ_\Zy�^bkehdZpby�— ^bkehdZpby�ijb�dhlhjhc�gZijZ\e_gb_�ih^�
\b`db��\_dlhj�;xj]_jkZ��i_ji_g^bdmeyj_g�ebgbb�^bkehdZpbb� 

Djbii�—�kdhev`_gb_�\^hev�jZaehfZ��JZaehfu��gZoh^ysb_ky�\�mkeh�
\byo�djbiiZ�g_�]_g_jbjmxl�kbevguo�a_fe_ljyk_gbc 

E_`Zsbc� [hd —�[ehd� ]hjguo�ihjh^�ih�h^gm�ba� klhjhg�iehsZ^db�
jZaju\Z��h[jZamxsbc�lmihc�m]he�k�]hjbahglhf� 

FZ]gblm^Z� a_fe_ljyk_gby�—� hlghkbl_evgZy� \_ebqbgZ� kbeu� a_fe_�
ljyk_gby�� 

Hij_^_ey_lky�ih� \b^bfhc� aZibkb�gZ� k_ckfh]jZff_� dZd�^_kylbqguc�
eh]Zjbnf�gZb[hevr_]h�kf_s_gby��khhl\_lkl\mxs_]h�lbiZ�\heg��aZj_]bkl�
jbjh\Zggh]h�ijb[hjhf�hij_^_e_ggh]h�lbiZ�k�mq_lhf�ihijZ\hd�gZ�wibp_g�
ljZevgh_�jZkklhygb_�b�]em[bgm�hqZ]Z�a_fe_ljyk_gby�� 

Fh^_ev�K_\b^`Z�— dbg_fZlbq_kdZy�fh^_ev�hqZ]Z�a_fe_ljyk_gby�\�
\b^_�^\moklhjhgg_]h�jZaju\Z��jZkijhkljZgyxs_]hky�k�ihklhygghc�kdhjh�
klvx� 

Fh^_ev�OZkd_eeZ�— dbg_fZlbq_kdZy�fh^_ev� hqZ]Z� a_fe_ljyk_gby��
hibku\ZxsZy�ijhp_kk�\kiZju\Zgby�iylvx�iZjZf_ljZfb��^ebghc�b�rbjb�
ghc� iehsZ^db� jZaju\Z�� ihklhygghc� kdhjhklvx� \kiZju\Zgby�� \_ebqbghc�
iheghc�ih^\b`db�b�\j_f_g_f�__�gZjZklZgby�\�hqZ]_�a_fe_ljyk_gby� 

GZ^\b]�— \a[jhk�ih�iheh]hc�iehsZ^d_�jZaju\Z� 

GZijZ\e_gb_� ih^\b`db� — gZijZ\e_gb_� hij_^_eyxs__ky� i_j_f_�
s_gb_f�\bkyq_]h�[hdZ�hlghkbl_evgh�e_`Zs_]h�beb�m]he��f_`^m�gZijZ\e_�
gb_f�ijhklbjZgby�iehsZ^db�jZaju\Z�b�\_dlhjhf�ih^\b`db� 

Gh^Zevgu_�iehkdhklb —�kbkl_fZ�^\mo�hjlh]hgZevguo�iehkdhkl_c��
jZa^_eyxsZy�h[eZklb�k`Zlby�hl�h[eZkl_c�jZkly`_gby�\�hqZ]h\hc�ahg_�a_f�
e_ljyk_gby��H^gZ� ba� gh^Zevguo� iehkdhkl_c� Zkkhpbbjm_lky� k� iehkdhklvx�
ih^\b`db� 

HqZ]�a_fe_ljyk_gby — [ukljuc�jZaju\�kiehrghklb�mijm]hc�kj_^u�
ih^�^_ckl\b_f�l_dlhgbq_kdbo�gZijy`_gbc��ij_\urZxsbo�ij_^_e�mijm]h�
klb�]hjguo�ihjh^� 

IZ^_gb_� jZaju\Z�— m]he� \� \_jlbdZevghc� iehkdhklb�� hlkqblu\Z_�
fuc�hl�]hjbahglZ� 
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I_j\h_�\klmie_gb_�J-\heg�— kf_s_gb_�gZ�k_ckfh]jZff_�\�fhf_gl�
ijboh^Z�ijh^hevghc�\hegu��H[uqgh�kf_s_gb_�\\_jo� �iheh`bl_evgZy�ih�
eyjghklv��mdZau\Z_l�gZ�k`Zlb_�]hjguo�ihjh^��kf_s_gb_�\gba��hljbpZl_ev�
gZy�iheyjghklv��—�gZ�jZkly`_gb_� 

IehsZ^dZ�jZaju\Z —�iehkdhklv��\�dhlhjhc�jZkijhkljZgy_lky�jZa�
jmr_gb_� 

OZjZdl_jbam_lky�ijhklbjZgb_f�b�iZ^_gb_f� 

Ih^\b`dZ�ih�jZaju\m�—�kf_s_gb_�[ehdh\�]hjguo�ihjh^�ih�jZagu_�
klhjhgu�hl�jZaju\Z� 

Iheamq_klv�— f_^e_ggh_�kf_s_gb_�\^hev�jZaehfZ�g_�ijb\h^ys__�d�
a_fe_ljyk_gbx� 

Ijh]gha�a_fe_ljyk_gbc —�ij_^kdZaZgb_�\j_f_gb��f_klZ�b�fZ]gblm�
^u�\hafh`gh]h�ke_^mxs_]h�a_fe_ljyk_gby��Z�lZd`_�—�oZjZdl_jZ�kbevguo�
^\b`_gbc�\�hqZ]h\hc�h[eZklb� 

IjhklbjZgb_� jZaju\Z� — gZijZ\e_gb_� �m]he�� \� ]hjbahglZevghc�
iehkdhklb��hlkqblu\Z_fh_�ih�qZkh\hc�klj_ed_�hl�gZijZ\e_gby�gZ�k_\_j� 

JZaehf�— lj_sbgZ�beb�kbkl_fZ� lj_sbg�\� ]hjguo�ihjh^Zo��jZagu_�
klhjhgu�dhlhjuo�kf_s_gu�^jm]�hlghkbl_evgh�^jm]Z��<_ebqbgZ�kf_s_gbc�
baf_gy_lky�\�rbjhdhf�^bZiZahg_�jZaf_jh\�b�khhl\_lkl\m_l�kh[ulbyf�jZa�
guo�fZkrlZ[h\� 

K_ckfbqghklv�— jZkij_^_e_gb_� a_fe_ljyk_gbc� \h� \j_f_gb�b�ijh�
kljZgkl\_� 

K_ckfbq_kdbc� fhf_gl- fhf_gl� kbe�� ijb\h^ysbc� d� kf_s_gbyf� \�
hqZ]_�a_fe_ljyk_gby�� 

Hij_^_ey_lky� ijhba\_^_gb_f� fh^mey� k^\b]Z� \� hqZ]_� gZ� \_ebqbgm�
kj_^g_c�ih^\b`db�ih�jZaju\m�b�gZ�iehsZ^v�iehsZ^db�\kiZju\Zgby� 

K[jhk�— jZaju\�kh�kf_s_gb_f�ih�iZ^_gbx�\�\_jlbdZevghc�iehkdh�
klb��ijb�dhlhjhf�\bkyqbc�[hd�himkdZ_lky�\gba��Ijhbkoh^bl�\�mkeh\byo�hl�
ghkbl_evgh]h�jZkly`_gby�\�h[eZklb�hqZ]Z� 

K^\b]�— jZaju\� kh� kf_s_gb_f�ih�ijhklbjZgbx� \� ]hjbahglZevghc�
iehkdhklb� 

K_ldZ�<mevnZ�— kl_j_h]jZnbq_kdZy�ijh_dpby�nhdZevghc�kn_ju�gZ�
ih\_joghklv�A_feb� 
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Kdhjhklv�\kiZju\Zgby�gZ�jZaju\_�— hij_^_ey_lky�mijm]bfb�iZ�
jZf_ljZfb�]hjguo�ihjh^�\�h[eZklb�hqZ]Z�a_fe_ljyk_gby� 

Kdhjhklv�kf_s_gby�qZklbp 
\� baemqZ_fuo� k_ckfbq_kdbo� \hegZo� — hij_^_ey_lky� kdhjhklvx�

\kiZju\Zgby�gZ�jZaju\_�b�gZqZevguf�gZijy`_gb_f�\�kj_^_� 

KgbfZ_fu_�gZijy`_gby�— gZijy`_gby��k[jZku\Z_fu_�\�ijhp_kk_�
\kiZju\Zgby�g_ihkj_^kl\_ggh�gZ�jZaju\_� 

Klhii-nZaZ�— \ukhdhqZklhlgZy� khklZ\eyxsZy� mijm]bo� kf_s_gbc��
k\yaZggZy�k�hklZgh\dhc�ijhp_kkZ�jZajmr_gby� 

L_dlhgbq_kdb_� a_fe_ljyk_gby� — a_fe_ljyk_gby� k^\b]h\h]h� lbiZ 
beb�lbiZ�lj_sbg�hlju\Z�\�l_dlhgbq_kdb�Zdlb\guo�h[eZklyo� 

Lhq_qguc�bklhqgbd�— k_ckfbq_kdbc�bklhqgbd��fZdkbfZevgu_�jZa�
f_ju�dhlhjh]h�fgh]h�f_gvr_�^ebg�baemqZ_fuo�bf�\heg� 

NhdZevgZy�kn_jZ�— kn_jZ�fZeh]h��ih�kjZ\g_gbx�k�jZaf_jZfb�hqZ�
]Z��jZ^bmkZ�k�p_gljhf�\�]bihp_glj_�a_fe_ljyk_gby� 

Nhjrhdb� a_fe_ljyk_gby� -� keZ[u_� k_ckfbq_kdb_� lheqdb��ij_^r_kl�
\mxsb_�kbevghfm�a_fe_ljyk_gbx� 

Nmgdpby�=jbgZ —�nmgdpby�wd\b\Ze_glgZy�kf_s_gbx�hl�bklhqgbdZ�
lbiZ� _^bgbqgh]h�h^ghgZijZ\e_ggh]h�bfimevkZ�� khkj_^hlhq_ggh]h�\h�\j_�
f_gb�b�ijhkljZgkl\_� 

Wg_j]by�a_fe_ljyk_gby�hij_^_ey_l�khklhygb_�kj_^u�^h�b�ihke_�a_f�
e_ljyk_gby��gh�g_�ijhp_kk�\kiZju\Zgby� 

Wibp_glj�a_fe_ljyk_gby�—�ijh_dpby�]bihp_gljZ�a_fe_ljyk_gby�gZ�
ih\_joghklv�A_feb� 
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