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|6|5 � §ë ¢ ¡®«ìè®¬  ­á ¬¡«¥ . . . . . . . . . . . . . . . . . . . 59�¥ªæ¨ï 6 � á¯à¥¤¥«¥­¨¥ �®«ìæ¬ ­  ¤«ï ¨¤¥ «ì­ëå á¨áâ¥¬ 611 �¥®à¥¬  ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ ¯® áâ¥¯¥­ï¬ á¢®¡®¤ë 612 �â â¨áâ¨ç¥áª ï áã¬¬  ¨¤¥ «ì­®© á¨áâ¥¬ë . . . . . . . . . . 633 �¢ §¨ª« áá¨ç¥áª®¥ ¯à¨¡«¨¦¥­¨¥ ¤«ï ¯®áâã¯ â¥«ì­ëå áâ¥-¯¥­¥© á¢®¡®¤ë . . . . . . . . . . . . . . . . . . . . . . . . . . 664 � á¯à¥¤¥«¥­¨¥ � ªá¢¥««  { �®«ìæ¬ ­  . . . . . . . . . . . . 675 �à ¢­¥­¨ï á®áâ®ï­¨ï ¡®«ìæ¬ ­®¢áª®£® £ §  . . . . . . . . . 69�¥ªæ¨ï 7 �®áâã¯ â¥«ì­ë¥ ¨ ¢­ãâà¥­­¨¥ áâ¥¯¥­¨ á¢®¡®¤ë 721 �¯¨­. �«®â­®áâì á®áâ®ï­¨© ¬¨ªà®ª ­®­¨ç¥áª®£®  ­á ¬¡«ï¤«ï ¨¤¥ «ì­®© á¨áâ¥¬ë. . . . . . . . . . . . . . . . . . . . . . 722 �â¥¯¥­ì ¨®­¨§ æ¨¨ £ § . �®à¬ã«  � å  . . . . . . . . . . . 733 �¥¯«®¥¬ª®áâì £ §  ¬­®£® â®¬­ëå ¬®«¥ªã« . . . . . . . . . . 763.1 �à é â¥«ì­ë¥ áâ¥¯¥­¨ á¢®¡®¤ë . . . . . . . . . . . . . . . . 773.2 �®«¥¡ ­¨ï ¬®«¥ªã« . . . . . . . . . . . . . . . . . . . . . . . 79�¥ªæ¨ï 8 �â â¨áâ¨ª  ª¢ ­â®¢ëå á¨áâ¥¬ 821 �¨¬¬¥âà¨¨ ¢®«­®¢ëå äã­ªæ¨© . . . . . . . . . . . . . . . . . 822 �à¥¤áâ ¢«¥­¨¥ ç¨á¥« § ¯®«­¥­¨ï . . . . . . . . . . . . . . . . 853 �®«ìè ï áâ âáã¬¬  ª¢ ­â®¢®© á¨áâ¥¬ë . . . . . . . . . . . 904 �â â¨áâ¨ª  �®§¥ - �©­èâ¥©­  ¨ �¥à¬¨ - �¨à ª  . . . . . . 925 � à¬®­¨ç¥áª¨© ®áæ¨««ïâ®à ¢ ¯à¥¤áâ ¢«¥­¨¨ ç¨á¥« § ¯®«-­¥­¨ï . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94�¥ªæ¨ï 9 �«ãªâã æ¨¨ â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­ 981 �ª¢¨¢ «¥­â­®áâì à ¢­®¢¥á­ëå  ­á ¬¡«¥© . . . . . . . . . . . 982 �«ãªâã æ¨¨ í­¥à£¨¨ . . . . . . . . . . . . . . . . . . . . . . . 993 �«ãªâã æ¨¨ ¯®«­®£® ç¨á«  ç áâ¨æ . . . . . . . . . . . . . . 994 �«ãªâã æ¨¨ ä¥à¬¨- ¨ ¡®§¥- ç¨á¥« § ¯®«­¥­¨ï . . . . . . . . 1015 �¥à¬®¤¨­ ¬¨ç¥áª ï â¥®à¨ï ä«ãªâã æ¨© . . . . . . . . . . . 102�¥ªæ¨ï 10 �¤¥ «ì­ë© ª¢ ­â®¢ë© £ § 1081 �¢ï§ì ¤ ¢«¥­¨ï á ¢­ãâà¥­­¥© í­¥à£¨¥© £ §  . . . . . . . . . 1092 � à ¬¥âà¨ç¥áª ï § ¯¨áì ãà ¢­¥­¨ï á®áâ®ï­¨ï . . . . . . . . 1103 �®«ìæ¬ ­®¢áª¨© ¯à¥¤¥« ãà ¢­¥­¨ï á®áâ®ï­¨ï ª¢ ­â®¢®£® £ § 1114 �ëà®¦¤¥­¨¥ ¡®§¥ { £ §  ¬ áá¨¢­ëå ç áâ¨æ ¨ª®­¤¥­á æ¨ï �®§¥ { �©­èâ¥©­  ¯à¨ T ! 0 . . . . . . . . . . 113



|7|�¥ªæ¨ï 11 � ¢­®¢¥á­®¥ ¨§«ãç¥­¨¥ 1181 �®«­®¢ë¥ ¨ ª¢ ­â®¢ë¥ á¢®©áâ¢  ���. �®â®­ë . . . . . . . 1182 �¤¥ «ì­ë© £ § ä®â®­®¢ ¨ ä®à¬ã«  �« ­ª  . . . . . . . . . . 1213 �à ¢­¥­¨ï á®áâ®ï­¨ï ä®â®­­®£® £ §  . . . . . . . . . . . . . 1234 � ª®­ �¨àå£®ä  . . . . . . . . . . . . . . . . . . . . . . . . . 1255 \�®«¥ªã«ïà­®-ª¨­¥â¨ç¥áª®¥" ¤®¯®«­¥­¨¥. . . . . . . . . . . 127�¥ªæ¨ï 12 �¥¯«®¥¬ª®áâì ªà¨áâ ««®¢ 1351 �®­®­ë . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1352 �®¤¥«ì �©­èâ¥©­  . . . . . . . . . . . . . . . . . . . . . . . 1393 �®¤¥«ì �¥¡ ï . . . . . . . . . . . . . . . . . . . . . . . . . . . 1404 �®­æ¥¯æ¨ï ª¢ §¨ç áâ¨æ . . . . . . . . . . . . . . . . . . . . . 143�¥ªæ¨ï 13 �¥¯«®¥¬ª®áâì í«¥ªâà®­­®£® £ §  1481 �à¨¡«¨¦¥­¨¥ á¢®¡®¤­ëå í«¥ªâà®­®¢ . . . . . . . . . . . . . . 1482 �¤¥ «ì­ë© ä¥à¬¨{£ § ¯à¨ T = 0 . . . . . . . . . . . . . . . 1493 �¥à¬®¤¨­ ¬¨ç¥áª¨¥ á¢®©áâ¢  á¨«ì­®, ­® ­¥  ¡á®«îâ­® ¢ë-à®¦¤¥­­®£® ä¥à¬¨{£ §  . . . . . . . . . . . . . . . . . . . . . 1514 �«¥ªâà®­ë ¢ ç¨áâ®¬ ¯®«ã¯à®¢®¤­¨ª¥ . . . . . . . . . . . . . 154�¥ªæ¨ï 14 � £­¥â¨§¬ 1611 � £­¥â¨§¬ { ¬ ªà®áª®¯¨ç¥áª®¥ ª¢ ­â®¢®¥ ï¢«¥­¨¥ . . . . . 1612 � £­¥â¨§¬ í«¥ªâà®­­®£® £ §  . . . . . . . . . . . . . . . . . 1622.1 � à ¬ £­¥â¨§¬ � ã«¨ . . . . . . . . . . . . . . . . . . . . . . 1622.2 �¨ ¬ £­¥â¨§¬ � ­¤ ã . . . . . . . . . . . . . . . . . . . . . . 1662.3 �«®â­®áâì ç¨á«  ãà®¢­¥© � ­¤ ã . . . . . . . . . . . . . . . 1703 � £­¥â¨§¬ «®ª «¨§®¢ ­­ëå á¯¨­®¢ ¨ áà¥¤­¥¥ \¬®«¥ªã«ïà-­®¥" ¯®«¥ �¥©áá  . . . . . . . . . . . . . . . . . . . . . . . . . 172�¥ªæ¨ï 15 �« áá¨ç¥áª¨© ­¥¨¤¥ «ì­ë© £ § 1811 � § � ­-¤¥à-�  «ìá : á¨«ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ . . . . . . . . 1822 �« áá¨ç¥áª¨© £ § á ¯ à­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬ . . . . . . . . 184�¥ªæ¨ï 16 �¢ ­â®¢ë¥ á¨áâ¥¬ë á ¢§ ¨¬®¤¥©áâ¢¨¥¬� 1921 �à¨¡«¨¦¥­¨¥ � àâà¨-�®ª  . . . . . . . . . . . . . . . . . . . 1922 �â â¨áâ¨ç¥áª ï ¬®¤¥«ì �®¬ á -�¥à¬¨ . . . . . . . . . . . . 198�¨â¥à âãà  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205�®¯®«­¨â¥«ì­ ï «¨â¥à âãà  . . . . . . . . . . . . . . . . . . . . . 207



�¥ªæ¨ï 1�¥â®¤  ­á ¬¡«¥© ¢ áâ â¨áâ¨ç¥áª®©¬¥å ­¨ª¥1 �¥«¨ áâ â¨áâ¨ç¥áª®£® ®¯¨á ­¨ï ¢ â¥à¬®¤¨­ ¬¨ª¥�â ª, ¯®¢¥¤¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª®© á¨áâ¥¬ë ¯à¨ ¯à®¨§¢®«ì­ëå ¯à®æ¥á-á å ã¯à ¢«ï¥âáï § ª®­®¬ á®åà ­¥­¨ï í­¥à£¨¨ ¢ ¢¨¤¥ I-£® ­ ç «  â¥à¬®-¤¨­ ¬¨ª¨, ¯à¨ ãá«®¢¨¨, çâ® ¥¥ ¢­ãâà¥­­ïï í­¥à£¨ï ï¢«ï¥âáï äã­ªæ¨¥©â®«ìª® ¥¥ á®áâ®ï­¨ï, ­¥¨§¬¥­­®© ¤«ï «î¡ëå § ¬ª­ãâëå ¯à®æ¥áá®¢ !:dU = �Q� �A; â.¥. I! dU = 0; ¯à¨: I! �Q = I! �A =W! 6= 0:�ëà ¦¥­¨¥ ¤«ï í«¥¬¥­â à­®© à ¡®âë â¥à¬®¤¨­ ¬¨ç¥áª®© á¨áâ¥¬ë ­ ¤¢­¥è­¨¬¨ â¥« ¬¨ ¢ ª¢ §¨áâ â¨ç¥áª¨å { à ¢­®¢¥á­ëå ¯à®æ¥áá å ¨­â¥£à¨-àã¥âáï á ¯®¬®éìî ¨§¢¥áâ­ëå ¨§ ¬¥å ­¨ª¨ ¢ëà ¦¥­¨©: �A = PdV =)Pm Ymdym, £¤¥ ®¡®¡é¥­­ë¥ á¨«ë P; Ym ¨ ®¡®¡é¥­­ë¥ ª®®à¤¨­ âë V; ymâ®¦¥ ã¦¥ ¥áâì äã­ªæ¨¨ (¯ à ¬¥âàë) â®«ìª® á®áâ®ï­¨ï á¨áâ¥¬ë.�á­®¢­®© â¥à¬®¤¨­ ¬¨ç¥áª¨© � ª®­ ¯à¨à®¤ë { II-¥ � ç «® â¥à¬®¤¨-­ ¬¨ª¨ { á®áâ®¨â ¢ â®¬, çâ® ¢ëà ¦¥­¨¥ ¤«ï í«¥¬¥­â à­®£® ª®«¨ç¥áâ¢ ¯®¤¢¥¤¥­­®£® ª á¨áâ¥¬¥ â¥¯«  ¤«ï ª¢ §¨áâ â¨ç¥áª¨å { ®¡à â¨¬ëå ¯à®-æ¥áá®¢ ¢ «î¡®© á¨áâ¥¬¥ â ª¦¥ ¨­â¥£à¨àã¥âáï ¯ãâ¥¬ ¢¢¥¤¥­¨ï ¥é¥ ¤¢ãåäã­ªæ¨© (¯ à ¬¥âà®¢) á®áâ®ï­¨ï: â¥¬¯¥à âãàë T ¨ í­âà®¯�̈¨ S:�Q = TdS; â.¥.: dU = TdS � PdV; (1.1)  ¤«ï ­¥à ¢­®¢¥á­ëå ¯à®æ¥áá®¢: �Q � TdS. �â®¡ë ¯à®¨­â¥£à¨à®¢ âì¤¨ää¥à¥­æ¨ «ì­®¥ ãà ¢­¥­¨¥ (1.1) ¤ ¦¥ ¤«ï § ¤ ­­®£® ª¢ §¨áâ â¨ç¥-áª®£® ¯à®æ¥áá  '(�; �) = const, á¢ï§ë¢ îé¥£® «î¡ë¥ ¤¢  ­¥§ ¢¨á¨¬ëå ¯ -à ¬¥âà  ¨§ ¨å ¯®«­®£® ­ ¡®à  fT; S; P; V; [Ym; ym]g ! (�; �), ­¥®¡å®¤¨¬®8



|9|â®ç­® §­ âì ¢ (1.1) å®âï ¡ë ¤¢  á« £ ¥¬ëå ¨§ âà¥å. � ¯à¨¬¥à, â¥à¬¨ç¥-áª®¥ ¨/¨«¨ ª «®à¨ç¥áª¨¥ ãà ¢­¥­¨ï á®áâ®ï­¨ï, á®®â¢¥âáâ¢¥­­®, ¢¨¤ :P = P (T; V ); ¨/¨«¨: U = U(T; V ); ¨«¨: S = S(T; V ); ¨«¨: (1.2)C' = T  @S@T !' ; ¯à¨: �QT = dS(T; ') = dT  @S@T !' + d'  @S@'!T ; (1.3)â® ¥áâì: TdS ) (�Q)' = C'dT � C'(T; ')dT; (1.4)£¤¥ C' ï¢«ï¥âáï â¥¯«®¥¬ª®áâìî ¤ ­­®£® ¯à®æ¥áá  '(�; �) = const.�¥â®¤ë áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ ¯à¨§¢ ­ë à¥è âì ¤¢ã¥¤¨­ãî § ¤ çã:� ¢ëç¨á«ïâì â¥à¬®¤¨­ ¬¨ç¥áª¨¥ ãà ¢­¥­¨ï á®áâ®ï­¨ï (1.2) ¨áå®¤ï ¨§¯à¥¤áâ ¢«¥­¨© ® ¬�ªà®áª®¯¨ç¥áª®¬ ãáâà®©áâ¢¥ á¨áâ¥¬ë: ¨§ ç¥£® ®­  á®-áâ®¨â ¨ ª ª ¢§ ¨¬®¤¥©áâ¢ãîâ ¬¥¦¤ã á®¡®© ¥¥ ¬�ªà®á®áâ ¢«ïîé¨¥;� ¨áá«¥¤®¢ âì ¢§ ¨¬®¤¥©áâ¢¨¥ íâ¨å ¬�ªà®á®áâ ¢«ïîé¨å, ¨áå®¤ï ¨§ à¥-§ã«ìâ â®¢ ¨§¬¥à¥­¨ï ¬�ªà®áª®¯¨ç¥áª¨å ¢¥«¨ç¨­, ¢å®¤ïé¨å ¢ (1.2){(1.4).�à¨ íâ®¬ ¢ ®á­®¢¥ ¯à¥¤áâ ¢«¥­¨© áâ â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨ «¥¦¨â2 �®­ïâ¨¥ áâ â¨áâ¨ç¥áª®£®  ­á ¬¡«ï�« áá¨ç¥áª ï ¬¥å ­¨ç¥áª ï á¨áâ¥¬ , ¨¬¥ï ¢ ®âáãâáâ¢¨¥ ¤¨áá¨¯ â¨¢­ëå ¨ ­¥-áâ æ¨®­ à­ëå á¨« s áâ¥¯¥­¥© á¢®¡®¤ë ®¡®¡é¥­­ëå ª®®à¤¨­ â ¨ ¨¬¯ã«ìá®¢,§ ¤ îé¨å ¥¥ ä §®¢ãî â®çªã (qti ; pti)si=1 = fxtjg2sj=1 � X t ¢ 2s - ¬¥à­®¬ ä §®-¢®¬ ¯à®áâà ­áâ¢¥, ®¯¨áë¢ ¥âáï á¨áâ¥¬®© 2s £ ¬¨«ìâ®­®¢ëå ãà ¢­¥­¨©,á äã­ªæ¨¥© � ¬¨«ìâ®­ : H (fqigs1; fpigs1; t) � H(X ; t)) H(X) : (1.5)_Xt�f _xtjg=0BBBBBB@ _qi_pi 1CCCCCCA=0BBBBBBBB@ @H(X)@pi�@H(X)@qi 1CCCCCCCCA�V(X t)(=8<:�V(X t)�rXt�X t =) nH(X t);X to ; (1.6)çì¨ à¥è¥­¨ï: qi ) qti = eqi(X0; t); pi ) pti = epi(X0; t); X t = cGt(X0); (1.7)§ ¢¨áïâ ®â ­ ç «ì­ëå ¤ ­­ëå: X0 = (q0i ; p0i )si=1; ¯à¨ t = t0 7! 0: (1.8)�á¯®«ì§ãï íâ¨ ï¢­ë¥ ¢ëà ¦¥­¨ï (1.6) ¤«ï 2s ª®¬¯®­¥­â ¢¥ªâ®à­®£® ¯®«ïáª®à®áâ¥© ä §®¢®© â®çª¨ V(X t), «¥£ª® ­ ©â¨ ãà ¢­¥­¨¥ � ¬¨«ìâ®­  ¤«ï«î¡®© ­¥§ ¢¨áïé¥© ï¢­® ®â t ¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ë b(X)) b(X t):_b � db(X t)dt = 2sXj=1 _xtj @b(X t)@xtj � sXi=10@@H@pti @b@qti � @H@qti @b@pti1A =) (1.9)=) �V(X t) �rXtb(X t)� � nH(X t); b(X t)o ; - áª®¡ª  �ã áá®­ : (1.10)



|10|� § «®áì ¡ë, à¥è¨¢ íâã § ¤ çã �®è¨ (1.6){(1.8), ¬®¦­® ¯®«ãç¨âì ¨§(1.9), (1.10) ®¯¨á ­¨¥ ¢á¥å á¢®©áâ¢ ¬�ªà®áª®¯¨ç¥áª®£® ®¡ê¥ªâ . �¤­ ª®,¤¢¥ ¯à¨­æ¨¯¨ «ì­ë¥ ¯à®¡«¥¬ë ¢áâ îâ ­  íâ®¬ ¯ãâ¨, ¤¥« ï ¥£® ¡¥á¯¥à-á¯¥ªâ¨¢­ë¬. � ¤¥«® ­¥ ¢ ¢ëç¨á«¨â¥«ì­ëå âàã¤­®áâïå, ¯®áª®«ìªã á®¢à¥-¬¥­­ë¥ ��� ¯®§¢®«ïîâ \¤¥â «ì­®" ¯à®á«¥¤¨âì ¬®«¥ªã«ïà­ãî ¤¨­ ¬¨ªãá¨áâ¥¬, á®áâ®ïé¨å ¨§ 100 ¨ ¡®«¥¥ ç áâ¨æ. �¥«® ¢ â®¬, çâ®:� �¨§¨ç¥áª¨© á¬ëá« ¢¥«¨ç¨­ ­  ¬�ªà®ãà®¢­¥ ®â«¨ç¥­ ®â ¨å á¬ëá« ­  ¬�ªà®ãà®¢­¥. � ¯à¨¬¥à, ¬�ªà®¯«®â­®áâì ¢¥é¥áâ¢  ¢ â®çª¥ r (15.20)ª ª ¤¨­ ¬¨ç¥áª ï äã­ªæ¨ï b(X; r) ª®®à¤¨­ â ®â¤¥«ì­ëå ç áâ¨æ á¨áâ¥¬ë¯à¥¤áâ ¢«ï¥âáï á¨­£ã«ïà­®© äã­ªæ¨¥© bn1�fqgǸ=1; r� = NPj=1 �3(qj � r), â.¥.á¨«ì­® ä«ãªâã¨àãîé¥© ¢ ¯à®áâà ­áâ¢¥ ¢¥«¨ç¨­®©, â®£¤  ª ª ­  ¬�ªà®-áª®¯¨ç¥áª®¬ ãà®¢­¥ íâ® £« ¤ª ï ­¥¯à¥àë¢­ ï äã­ªæ¨ï, §­ ç¥­¨ï ª®â®-à®© n1 (r) ) n ¢ à ¢­®¢¥á­ëå á®áâ®ï­¨ïå § ¤ îâáï «¨èì ­¥¡®«ìè¨¬ç¨á«®¬ ¬�ªà®¯ à ¬¥âà®¢ n = n(T; P ) = N=V , ­® ­¨ª ª ­¥ ¡¥§ã¬­ë¬ ç¨-á«®¬ ¬�ªà®¯ à ¬¥âà®¢ (q0i ; p0i )s1, § ¤ îé¨å ¨áå®¤­ãî ¬�ªà®ª®­ä¨£ãà -æ¨î. �â®¡ë á¢ï§ âì íâ¨ ¤¢  ¯®­ïâ¨ï ¯«®â­®áâ¨, ­¥®¡å®¤¨¬® áä®à¬ã«¨-à®¢ âì ®¡é¥¥ ¯à ¢¨«® á®®â¢¥âáâ¢¨ï n1 (r)()�bn1�fqgǸ=1; r��, ãáâ ­®-¢¨¢ ®¤­®§­ ç­ãî ¢§ ¨¬®á¢ï§ì ¬�ªà®áª®¯¨ç¥áª¨å ¢¥«¨ç¨­ ¨ ®â¢¥ç îé¨å¨¬ ¤¨­ ¬¨ç¥áª¨å äã­ªæ¨© ®â ¬�ªà®áª®¯¨ç¥áª¨å ¯¥à¥¬¥­­ëå (qi; pi)s1.� �àã£®¥ ¯à®ï¢«¥­¨¥ íâ®£® à §«¨ç¨ï á®áâ®¨â ¢ â®¬, çâ® § ¤ ­¨¥ ¬�ªà®-áª®¯¨ç¥áª¨å ­ ç «ì­ëå ãá«®¢¨© (E; V;N) ¢®¢á¥ ­¥ ®¯à¥¤¥«ï¥â ®¤­®§­ ç­®¬�ªà®áª®¯¨ç¥áª¨¥ ¬¥å ­¨ç¥áª¨¥ ­ ç «ì­ë¥ ãá«®¢¨ï X0 (1.8). � § ¤ ­-­ë¬¨ ¬�ªà®ãá«®¢¨ï¬¨ á®¢¬¥áâ¨¬® ­¥®¡®§à¨¬® ¡®«ìè®¥ ç¨á«® ¬�ªà®-ª®­ä¨£ãà æ¨© X0(�), � 2 A. � ª çâ® ¬¥å ­¨ç¥áª®¥ ¬�ªà®®¯¨á ­¨¥ ¬�-ªà®á¨áâ¥¬ë ¨ ¥¥ á¢®©áâ¢ ­  ®á­®¢¥ ãà ¢­¥­¨© ¤¢¨¦¥­¨ï (1.6){(1.8) ¤«ï®â¤¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë á®áâ ¢«ïîé¨å íâã á¨áâ¥¬ã ç áâ¨æ ï¢«ï¥âáï¨§¡ëâ®ç­® ¨­ä®à¬ â¨¢­ë¬. �á¥ ¬¥å ­¨ç¥áª¨¥ ­ ç «ì­ë¥ ¬�ªà®ãá«®¢¨ïX0(�), á®¢¬¥áâ¨¬ë¥ ¯à¨ � 2 A á ¤ ­­ë¬¨ ¬�ªà®áª®¯¨ç¥áª¨¬¨ ãá«®¢¨-ï¬¨ (E; V;N), á«¥¤ã¥â à áá¬ âà¨¢ âì ª ª ¡®«¥¥ ¨«¨ ¬¥­¥¥ à ¢­®¯à ¢­ë¥.�¤¨­ ¨§ ¢®§¬®¦­ëå á¯®á®¡®¢ à¥ «¨§ æ¨¨ â ª®£® à ¢­®¯à ¢¨ï á®áâ®¨â¢ â®¬, çâ® ¢á¥¬ ¬�ªà®á®áâ®ï­¨ï¬, ¤®áâã¯­ë¬ à áá¬ âà¨¢ ¥¬®© á¨áâ¥¬¥¢ ­ ç «ì­ë© ¬®¬¥­â ¢à¥¬¥­¨, ¯à¨¯¨áë¢ ¥âáï ®¯à¥¤¥«¥­­ë© ¢¥á. � -¯à¨¬¥à, ¬®¦­® § ¤ âì ®¤¨­ ª®¢ë© ­¥­ã«¥¢®© ¢¥á ¢á¥¬ ¬�ªà®á®áâ®ï­¨ï¬X0(�), á®¢¬¥áâ¨¬ë¬ ¯à¨ � 2 A á ¤ ­­ë¬¨ ¬�ªà®ãá«®¢¨ï¬¨ (E; V;N),  ¢á¥¬ ­¥á®¢¬¥áâ¨¬ë¬, ¯à¨ � =2 A, ¯à¨¯¨á âì ­ã«¥¢®© ¢¥á. �¨¦¥ íâ® ¤ ¥â¬�ªà®ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ ¤«ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë.



|11|2.1 �â â¨áâ¨ç¥áª¨©  ­á ¬¡«ì ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥�.®., ¢ â® ¢à¥¬ï ª ª ¯à¨ ¤¥â «ì­®¬ ¤¨­ ¬¨ç¥áª®¬ ®¯¨á ­¨¨ ¬�ªà®á®áâ®-ï­¨¥ á¨áâ¥¬ë ¯à¥¤áâ ¢«ï¥âáï ®¤­®© â®çª®© X t, ¤¢¨¦ãé¥©áï á ä §®¢®©áª®à®áâìî V(X t) (1.6) ¢ 2s-¬¥à­®¬ ä §®¢®¬ ¯à®áâà ­áâ¢¥, £¤¥ s- ç¨á«®áâ¥¯¥­¥© á¢®¡®¤ë á¨áâ¥¬ë, ¢ áâ â¨áâ¨ç¥áª®¬ ¯®¤å®¤¥ ¬�ªà®á®áâ®ï­¨¥á¨áâ¥¬ë § ¤ ¥âáï á®¢®ªã¯­®áâìî â®ç¥ª X t(�) ¢ íâ®¬ ¯à®áâà ­áâ¢¥, £¤¥ª ¦¤ ï ¨§ ­¨å å à ªâ¥à¨§ã¥âáï ®¯à¥¤¥«¥­­ë¬ ¢¥á®¬. � ªãî á®¢®ªã¯-­®áâì â®ç¥ª á ¢¥á®¬ ­ §ë¢ îâ áâ â¨áâ¨ç¥áª¨¬  ­á ¬¡«¥¬ A 3 �.�.¥. áâ â¨áâ¨ç¥áª¨©  ­á ¬¡«ì, íâ® ¬­®¦¥áâ¢® A ª®¯¨© \�" à áá¬ -âà¨¢ ¥¬®© á¨áâ¥¬ë, ¯à¥¤áâ ¢«ïîé¨å ¢á¥ ¥¥ à §«¨ç­ë¥ ¢®§¬®¦­ë¥ ¬�-ªà®áª®¯¨ç¥áª¨¥ á®áâ®ï­¨ï X t(�), � 2 A, ¢ ¤ ­­ë© ¬®¬¥­â ¢à¥¬¥­¨ t.� ¢¬¥áâ® â®£® çâ®¡ë á«¥¤¨âì §  N â®çª ¬¨ á¨áâ¥¬ë ¢ ä §®¢®¬ ¯à®-áâà ­áâ¢¥ ®¤­®© ç áâ¨æë à §¬¥à­®áâ¨ 2d = dq+dp, ¬ë, ¢®-¯¥à¢ëå, ¯à¥¤-¯®ç«¨ á«¥¤¨âì §  ®¤­®© ¨§®¡à ¦ îé¥© â®çª®© ¢á¥© á¨áâ¥¬ë ¢ ¥¥ ä §®¢®¬¯à®áâà ­áâ¢¥ fXg à §¬¥à­®áâ¨ 2s = N 2d. �¤­ ª®, ®á®§­ ¢ ¨§¡ëâ®ç-­®áâì ¯®â®ç¥ç­®£® ®¯¨á ­¨ï, ¬ë, ¢®-¢â®àëå, ®£à ­¨ç¨«¨áì «¨èì ãª § -­¨¥¬ ®¡« áâ¨ OtA = S�2A fX t(�)g ä §®¢®£® ¯à®áâà ­áâ¢ , £¤¥ á â®© ¨«¨¨­®© ¢¥à®ïâ­®áâìî ¬®¦­® ­ ©â¨ íâã â®çªã ¢ ¬®¬¥­â t. �â  ®¡« áâì ¨ § -¤ ¥âáï ã¦¥ â®«ìª® §­ ç¥­¨ï¬¨ ­¥¡®«ìè®£® ç¨á«  ¬�ªà®¯ à ¬¥âà®¢ â¨¯ E; V;N ¨ ª®­¥ç­®© â®ç­®áâìî ¨å ¨§¬¥à¥­¨ï �E;�V;�N . � ¨â®£¥ ¯à¨å®-¤¨¬ ª ¯®­ïâ¨î  ­á ¬¡«ï ª ª ª®­â¨­ã «ì­®£® ¬­®¦¥áâ¢  ª®¯¨© á¨áâ¥¬ë,à á¯à¥¤¥«¥­­ëå ¯® ¢á¥¬ã ä §®¢®¬ã ¯à®áâà ­áâ¢ã á ­¥ª®â®à®© ¯«®â­®-áâìî %H(X t; t), ¨ ª ¯®­ïâ¨î á¬¥è ­­®£® ¬�ªà®á®áâ®ï­¨ï íâ®£®  ­á ¬-¡«ï, § ¤ ­­®£® ¢¥à®ïâ­®áâìî ddW (X t; t): ¯à¨ ¤ ­­ëå ¬�ªà®¯ à ¬¥âà å®¡­ àã¦¨âì á¨áâ¥¬ã ¢ ¬®¬¥­â ¢à¥¬¥­¨ t ¢ í«¥¬¥­â¥ ®¡ê¥¬  d2sX t ä -§®¢®£® ¯à®áâà ­áâ¢  fXg ¢¡«¨§¨ ç¨áâ®£® ¬�ªà®á®áâ®ï­¨ï ¢ â®çª¥ X t.�¥à®ïâ­®áâì ®¯à¥¤¥«ï¥âáï íâ®© ä §®¢®© ¯«®â­®áâìî ¢¥á®¢  ­á ¬¡«ï ª ª:ddW (X t; t) = d2sX t%H(X t; t); %H(X t; t)�%H �fqtigs1; fptigs1; t� > 0; (1.11)ZfXgddW (X t; t) = ZfXgd2sX t %H(X t; t) = ZfXg d2sX0 %H(X0; 0) = 1: (1.12)� §«¨ç­ë¬ ª®¯¨ï¬ á¨áâ¥¬ë, á®áâ ¢«ïîé¨¬  ­á ¬¡«ì, ®â¢¥ç îâ à §­ë¥­ ç «ì­ë¥ ãá«®¢¨ï X0(�). �®§¢à â ª ¯®«­®áâìî ¤¥â¥à¬¨­¨à®¢ ­­®¬ã(A)1) ç¨áâ®¬ã ª« áá¨ç¥áª®¬ã ¬�ªà®á®áâ®ï­¨î fX t ®§­ ç ¥â, çâ® ä §®¢ ï¯«®â­®áâì ®â«¨ç­  ®â ­ã«ï â®«ìª® ¢ íâ®© â®çª¥ ä §®¢®£® ¯à®áâà ­áâ¢ :%H(X t; t) =)determ�2s(X t � fX t) � �2a(X t1 � fX t1)�2b(X t2 � fX t2); a + b = s; (1.13)¨ íâ® ç¨áâ®¥ á®áâ®ï­¨¥ á¨áâ¥¬ë ®§­ ç ¥â ç¨áâë¥ á®áâ®ï­¨ï «î¡ëå ¥¥ ¯®¤á¨áâ¥¬.



|12|2.2 �¥®à¥¬  ¨ ãà ¢­¥­¨¥ �¨ã¢¨««ï�«ï ª« áá¨ç¥áª¨å á¨áâ¥¬, ¯®¤ç¨­ïîé¨åáï £ ¬¨«ìâ®­®¢®© ¤¨­ ¬¨ª¥ (1.6),¨¬¥¥â ¬¥áâ® â¥®à¥¬  �¨ã¢¨««ï ® á®åà ­¥­¨¨ ¢¥«¨ç¨­ë \§ ­¨¬ ¥¬®£® á¨-áâ¥¬®© ä §®¢®£® ®¡ê¥¬ ". �ãáâì ¢ ¬®¬¥­â ¢à¥¬¥­¨ t = 0 ä §®¢ë¥ â®çª¨ áª®®à¤¨­ â ¬¨X0 = (q0i ; p0i )s1, i = 1�s, £¤¥ s { ç¨á«® áâ¥¯¥­¥© á¢®¡®¤ë, ­¥-¯à¥àë¢­® § ¯®«­ïîâ ¢áñ ä §®¢®¥ ¯à®áâà ­áâ¢® á ¯«®â­®áâìî %H(X0; 0).� á¨«ã ãà ¢­¥­¨© � ¬¨«ìâ®­ , qti ¨ pti ï¢«ïîâáï äã­ªæ¨ï¬¨ t ¨ ­ ç «ì-­ëå ¤ ­­ëå q0i , p0i , ¯®íâ®¬ã ¨§¬¥­¥­¨¥ ¢® ¢à¥¬¥­¨ ¬¥àë ¨­â¥£à¨à®¢ ­¨ï,¢ á®®â¢¥âáâ¢¨¨ á (1.6), (1.7), ®¯à¥¤¥«ï¥âáï ïª®¡¨ ­®¬ Dt = det jjcGtjj ¯à¥-®¡à §®¢ ­¨ï cGt (1.7) ®â X0 ª! X t, â.¥., ®â x0j ª! xtj, ¤«ï j = 1 � 2s:d2sX= 2sYj=1dxj ; Dt= d2sX td2sX0= ������@xtk@x0j ������ = �j1:::j2s @xt1@x0j1 ::: @xt2s@x0j2s = @(xt1; :::; xt2s)@(x01; :::; x02s) ;(1.14)£¤¥ �j1:::j2s ®¯à¥¤¥«¥­® ¢ (8.22). �¨ää¥à¥­æ¨àãï ­¥§ ¢¨áïé¥¥ ®â ¢à¥¬¥­¨ãá«®¢¨¥ ­®à¬¨à®¢ª¨ (1.12), ¨¬¥¥¬, çâ® 8 t:0 = ddt ZfXgd2sX0Dt%H(X t; t) = ZfXgd2sX0 "Dt ddt%H(X t; t) + %H(X t; t) ddtDt# ;®âªã¤ :  ddtDt = 0!()  ddt%H(X t; t) = 0! ; ¯à¨: Dt 6= 0: (1.15)�.¥. ¨­¢ à¨ ­â­®áâì (­¥¨§¬¥­­®áâì) ¬¥àë ¨­â¥£à¨à®¢ ­¨ï ®ª §ë¢ ¥âáï¥áâ¥áâ¢¥­­ë¬ ®¡à §®¬ íª¢¨¢ «¥­â­  ­¥á¦¨¬ ¥¬®áâ¨ \ä §®¢®© ¦¨¤ª®áâ¨":ddt%H(X t; t) � @%H(X t; t)@t + 2sXj=1 _xtj @%H(X t; t)@xtj =) 0: (1.16)�®ª ¦¥¬, ­ ¯à¨¬¥à, ¯¥à¢®¥ ¨§ à ¢¥­áâ¢ (1.15). �®áª®«ìªã ¤¨ää¥à¥­æ¨-à®¢ ­¨¥ ®¯à¥¤¥«¨â¥«ï (1.14) á¢®¤¨âáï ª áã¬¬¥ ®¯à¥¤¥«¨â¥«¥© á ¯à®¨§¢®¤-­ë¬¨ ®â ª ¦¤®£® áâ®«¡æ  (¨«¨ áâà®ª¨), á®®â¢¥âáâ¢ãîé¨å ¤¨ää¥à¥­æ¨-à®¢ ­¨î ®â¤¥«ì­ëå xtj, â® ¤«ï ¯à®¨§¢®¤­®© ®â ¥£® «®£ à¨ä¬  ¨¬¥¥¬:d lnDtdt = 1Dt dDtdt = @(x01; :::; x02s)@(xt1; :::; xt2s) 2sXj=1 @(xt1; :::; _xtj ; :::; xt2s)@(x01; :::; x02s) == 2sXj=1 @(xt1; :::; _xtj ; :::; xt2s)@(xt1; :::; xtj ; :::; xt2s) = 2sXj=1 @ _xtj@xtj � sXi=1 0@@ _qti@qti + @ _pti@pti1A =) (1.17)=) sXi=1 0@ @2H@qti@pti � @2H@pti@qti1A =) 0; ¤«ï ­¥¯à¥àë¢­ëå @ _qti@qti ; @ _pti@pti ; (1.18)



|13|{ ¢ á¨«ã £ ¬¨«ìâ®­®¢ëå ãà ¢­¥­¨© (1.6) ¨ â®£®, çâ® ¯à¨à é¥­¨¥ äã­ªæ¨¨� ¬¨«ìâ®­  ª®­á¥à¢ â¨¢­®© á¨áâ¥¬ë (1.5) ï¢«ï¥âáï ¯®«­ë¬ ¤¨ää¥à¥­-æ¨ «®¬, â.¥. ¨¬¥¥âáï à ¢¥­áâ¢® ¢â®àëå á¬¥è ­­ëå ¯à®¨§¢®¤­ëå (å®âï¢â®à®© ¤¨ää¥à¥­æ¨ « d2H(X) áãé¥áâ¢®¢ âì ­¥ ®¡ï§ ­):H(X t; t)) H(X t) = H(X0)) H(X); �H(X) =) dH(X): (1.19)�.¥. â¥®à¥¬  �¨ã¢¨««ï (1.15) á¯à ¢¥¤«¨¢  «¨èì ¤«ï ¯à®¬¥¦ãâª®¢ ¢à¥-¬¥­¨ t, ¢ â¥ç¥­¨¥ ª®â®àëå á¨áâ¥¬ã ¬®¦­® áç¨â âì ª®­á¥à¢ â¨¢­®© ¨«¨ª¢ §¨§ ¬ª­ãâ®©,   ®â¢¥ç îé¨¥ ¨¬ â®£¤  ¯à¥®¡à §®¢ ­¨ï cGt { ª ­®­¨ç¥-áª¨¬¨. �§ (1.18) ¯®«ãç ¥¬ lnDt = const,  , á ãç¥â®¬ ­ ç «ì­ëå ¤ ­­ëåDtjt=0 = 1, ­ ©¤¥¬, çâ® Dt � 1. �ëâ¥ª îé¥¥ ®âáî¤  ãà ¢­¥­¨¥ (1.16)íª¢¨¢ «¥­â­® â®£¤  ãâ¢¥à¦¤¥­¨î ® á®åà ­¥­¨¨ ¯«®â­®áâ¨ ä §®¢ëå â®-ç¥ª ª ª ­¥¨§¬¥­­®áâ¨ áâ â¨áâ¨ç¥áª®© äã­ªæ¨¨ à á¯à¥¤¥«¥­¨ï ­  ä §®-¢ëå âà ¥ªâ®à¨ïå X t (1.7), ¤®¯ãáª ¥¬ëå ãà ¢­¥­¨ï¬¨ � ¬¨«ìâ®­  (1.6):%H(X0; 0) = %H(X t; t) = %H(X� ; � ); 0 < t < � : (1.20)�á«¨ ¦¥, ­ ®¡®à®â, ¯®«ì§ãïáì á¯¥à¢  «¨èì á®åà ­¥­¨¥¬ (­¥¯à¥àë¢­®-áâìî) ¯®â®ª  ä §®¢®© ¯«®â­®áâ¨ ¢¥à®ïâ­®áâ¨ ª ª ¯®â®ª  \¦¨¤ª®áâ¨"ª®¯¨©  ­á ¬¡«ï, à áá¬®âà¥âì ¯à®¨§¢®«ì­ë© ä¨ªá¨à®¢ ­­ë© ª®­¥ç­ë©®¡ê¥¬ O ä §®¢®£® ¯à®áâà ­áâ¢ , ®£à ­¨ç¥­­ë© ¯®¢¥àå­®áâìî �O, â®ã¡ë«ì ¢¥à®ïâ­®áâ¨ §  áç¥â ¢ëâ¥ª ­¨ï ¨§ ­¥£® ­ àã¦ã íâ®£® ¯®â®ª  j(X; t)ä §®¢®© \¦¨¤ª®áâ¨", á ãç¥â®¬ 2s- ¬¥à­®© â¥®à¥¬ë � ãáá , à ¢­ :� ddt ZO d2sX%H(X ; t) = I�O (d� � j(X; t)) =)=) � ZO d2sX@%H(X ; t)@t = ZO d2sX (rX � j(X; t)) : (1.21)8O íâ® ¯®§¢®«ï¥â § ¯¨á âì ã¦¥ ¤«ï «î¡ëå X ãà ¢­¥­¨¥ ­¥¯à¥àë¢­®áâ¨:0 � @%H(X; t)@t + (rX � j(X; t)) =) @%@t + 2sXl=1 @( _xtl%)@xtl ??=) d%dt ; (1.22)¢ 2s-¬¥à­®¬ ¯à®áâà ­áâ¢¥, £¤¥ ¢â®à®¥ á« £ ¥¬®¥1 ¥áâì ¤¨¢¥à£¥­æ¨ï ¢¥ª-â®à  ¯«®â­®áâ¨ ¯®â®ª  ä §®¢®© ¦¨¤ª®áâ¨, çì¨ ª®¬¯®­¥­âë ¨ ­  ¯à®¨§-¢®«ì­ëå âà ¥ªâ®à¨ïå X =) X t, ®ç¥¢¨¤­®, à ¢­ë j(X; t)=) _Xt%H(X t; t).�à¥®¡à §ãï íâã ¤¨¢¥à£¥­æ¨î ¤ «¥¥ ¤«ï � ¬¨«ìâ®­®¢ëå âà ¥ªâ®à¨© (1.7)¢­®¢ì ¯®¤áâ ­®¢ª®© ãà ¢­¥­¨© (1.6) ¯à¨ %H(X t; t) � % ¢ â®¦¤¥áâ¢®:1� ¢¨á¨¬®áâì ®â t ®¡« áâ¨ O 7! Ot ¢ (1.21) ¯à¨¢®¤¨â áà §ã ª® ¢â®à®¬ã ãà ¢­¥­¨î (1.22)



|14|2sXj=1 @( _xtj%)@xtj = 2sXj=10@%@ _xtj@xtj + _xtj @%@xtj1A =) �V(X t) �rXt� %H(X t; t);¯® (1.17), (1.18) ¯à¨¢®¤¨¬ (1.22) ª ¯®«­®© ¯à®¨§¢®¤­®© ¯® ¢à¥¬¥­¨ (1.16),áãâì ­¥á¦¨¬ ¥¬®áâ¨ (1.20),   ¢ á¨«ã (1.9), (1.10), ª ãà ¢­¥­¨î �¨ã¢¨««ï:@%H(X ; t)@t = � (V(X) �rX%H(X ; t)) � �fH(X); %H(X ; t)g; (1.23)ã¦¥ ¤«ï «î¡ëå X , â.ª. á®£« á­® (1.6), (1.19), V(X) § ¢¨á¨â ï¢­® â®«ìª®®â X ¨ á«¥¢  áâ®¨â ç áâ­ ï ¯à®¨§¢®¤­ ï ¯® t, çâ® ¯à¨¢®¤¨â ª ®â«¨ç¨î ¢§­ ª¥ ®â ãà ¢­¥­¨ï � ¬¨«ìâ®­  (1.9). �à ¢­¥­¨¥ (1.23) (¤ ­® �¨¡¡á®¬)®¯¨áë¢ ¥â í¢®«îæ¨î áâ â¨áâ¨ç¥áª®£®  ­á ¬¡«ï ª« áá¨ç¥áª¨å á¨áâ¥¬.3 � ¢­®¢¥á­ ï ä §®¢ ï ¯«®â­®áâì� áâ â¨áâ¨ç¥áª®© ä¨§¨ª¥, ¢ ®â«¨ç¨¥ ®â ª¨­¥â¨ª¨, ®£à ­¨ç¨¢ îâáï à á-á¬®âà¥­¨¥¬ â®«ìª® à ¢­®¢¥á­ëå  ­á ¬¡«¥©. �®áª®«ìªã, ¢ à ¢­®¢¥á­®¬á®áâ®ï­¨¨ á¨áâ¥¬ , ¯® ®¯à¥¤¥«¥­¨î, ®áâ ¥âáï áª®«ì ã£®¤­® ¤®«£®, ¥¬ã®â¢¥ç îâ â®«ìª® áâ æ¨®­ à­ë¥ à¥è¥­¨ï ãà ¢­¥­¨ï �¨ã¢¨««ï (1.23):@%H(X ; t)@t = 0; fH; %g = 0 = fH; ln(%)g; â.¥. %H(X ; t) =) %(X); (1.24){ ­¥ § ¢¨áïé¨© ®â t ¨­â¥£à « ¤¢¨¦¥­¨ï, â.¥. § ¢¨áïé¨©, ¢®®¡é¥ £®¢®àï®â ¢á¥å 2s�1 ¨­â¥£à «®¢ á¨áâ¥¬ë (1.6). �¤­ ª® ¢ à ¢­®¢¥á¨¨ ç¨á«® â ª¨å­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­­ëå ã %(X) ¬®¦­® áãé¥áâ¢¥­­® á®ªà â¨âì!�«ï íâ®£® ®â¬¥â¨¬ ¢ ¦­®¥ ¨ ç áâ® ¨á¯®«ì§ã¥¬®¥ ­¨¦¥ á¢®©áâ¢® \á -¬®¯®¤®¡¨ï" à ¢­®¢¥á­ëå á¨áâ¥¬. �î¡ ï ¬�ªà®¯®¤á¨áâ¥¬  1 à ¢­®¢¥á­®©á¨áâ¥¬ë 1+2 â ª¦¥ ­ å®¤¨âáï ¢ à ¢­®¢¥á¨¨ ¨ ¯®â®¬ã ®ª §ë¢ ¥âáï ¯®áãâ¨ áâ â¨áâ¨ç¥áª¨ ­¥§ ¢¨á¨¬®© ®â ®áâ «ì­®© ç áâ¨ 2 ¯®«­®© á¨áâ¥¬ë1+2, ¯®áª®«ìªã ¢­ãâà¥­­¨¥ í­¥à£¨¨ ¯®¤á¨áâ¥¬ E1 ¨ E2 ¯à®¯®àæ¨®­ «ì­ë¨å ®¡ê¥¬ ¬,   í­¥à£¨ï ¨å ¢§ ¨¬®¤¥©áâ¢¨ï " ¯à®¯®àæ¨®­ «ì­  «¨èì ¯«®-é ¤¨ à §¤¥«ïîé¥© ¨å ¯®¢¥àå­®áâ¨ ¨ ¯à¥­¥¡à¥¦¨¬® ¬ « 2 ¤«ï ¬�ªà®-¯®¤á¨áâ¥¬, â.¥. E �= E1 + E2. �â® ®§­ ç ¥â ä ªâ®à¨§ æ¨î ¢¥à®ïâ­®áâ¨á®áâ®ï­¨ï á¨áâ¥¬ë ¢ ¯à®¨§¢¥¤¥­¨¥ ¢¥à®ïâ­®áâ¥© ­¥§ ¢¨á¨¬ëå á®áâ®ï­¨©¯®¤á¨áâ¥¬, ¨ ¯à¨¢®¤¨â, ¢ á¨«ã ä ªâ®à¨§ æ¨¨ í«¥¬¥­â  ä §®¢®£® ®¡ê¥¬ ,ª ä ªâ®à¨§ æ¨¨ ä §®¢®© ¯«®â­®áâ¨, â.¥. ª  ¤¤¨â¨¢­®áâ¨ ¥¥ «®£ à¨ä¬ :%(X) d2sX = ddW (X) =) ddW1(X1)ddW2(X2) = %1(X1) dX1%2(X2) dX2; (1.25)2E1;2 � uR3, " � �R2, ­® � = u`, £¤¥ `- â®«é¨­  ¯®¢¥àå­®áâ¨ à §¤¥« , â.¥.: "=E1;2 � `=R.



|15|£¤¥, â.ª.: d2sX = dX1dX2; â®: %(X) =) %1(X1)%2(X2); â.¥.: (1.26)ln % =) ln %1 + ln %2; çâ® ¢¬¥áâ¥ á: E =) E1 + E2; P = P1 +P2; (1.27)¨ â.¤. ¯®¤áª §ë¢ ¥â, çâ®: ln %(X)=)�� � �E � (� �P)� (h � L) ; (1.28){ ¥á«¨ áç¨â âì %(X) ®¡ëç­®© (­¥ ®¡®¡é¥­­®©) äã­ªæ¨¥©. �.¥. ¢ à ¢­®¢¥-á¨¨, ¢ á¨«ã íâ®£® á¢®©áâ¢  (1.26), ®áâ ¥âáï ¥¥ § ¢¨á¨¬®áâì «¨èì ®â 7-¬¨¨§¢¥áâ­ëå ¢ ¬¥å ­¨ª¥  ¤¤¨â¨¢­ëå ¨­â¥£à «®¢ ¤¢¨¦¥­¨ï ãà ¢­¥­¨© (1.6):H(X) = E, P, ¨ L. �«ï ­¥¯®¤¢¨¦­®© á¨áâ¥¬ë ¬®¦­® ¨áª«îç¨âì ¨§ à á-á¬®âà¥­¨ï ¯®«­ë© ¨¬¯ã«ìá P ¨ ¯®«­ë© ¬®¬¥­â ¨¬¯ã«ìá  L. �®£¤ , ¢®âáãâáâ¢¨¥ ¨­ëå  ¤¤¨â¨¢­ëå ¨­â¥£à «®¢, à¥è¥­¨¥ ãà ¢­¥­¨ï (1.24) ¤«ï«î¡®£® à ¢­®¢¥á­®£®  ­á ¬¡«ï ¥áâì äã­ªæ¨ï â®«ìª® ®â £ ¬¨«ìâ®­¨ ­ :%(X) =) w (H(X)) ; â.¥. «¨èì ®â í­¥à£¨¨ á¨áâ¥¬ë H(X) = E ! (1.29)� ¤ «ì­¥©è¥¬ ¬ë ª®­ªà¥â¨§¨àã¥¬ ãá«®¢¨ï ¤«ï á¨áâ¥¬, ª®â®àë¬ ®â¢¥-ç îâ à §«¨ç­ë¥ ¢ëà ¦¥­¨ï ä §®¢®© ¯«®â­®áâ¨ ¢¨¤  (1.28), (1.29).3.1 �á­®¢­®© ¯®áâã« â áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨�áâ ­®¢¨¬ ¦¥ á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã ¤¨­ ¬¨ç¥áª¨¬¨ äã­ªæ¨ï¬¨ b(X; r) ¨¬�ªà®áª®¯¨ç¥áª¨¬¨ ­ ¡«î¤ ¥¬ë¬¨ B(r; t). �  ¬�ªà®ãà®¢­¥ ¨¬¥îâáï¢®®¡é¥ £®¢®àï á¨­£ã«ïà­ë¥ ¤¨­ ¬¨ç¥áª¨¥ äã­ªæ¨¨ b(X; r) ­  ä §®¢®¬¯à®áâà ­áâ¢¥ ®â X = (fqigs1; fpigs1) ¨ r, â®£¤  ª ª ­  ¬�ªà®ãà®¢­¥ ¢®§-¬®¦­ë «¨èì £« ¤ª¨¥ äã­ªæ¨¨ ª®®à¤¨­ â â®çª¨ r ¨ ¢à¥¬¥­¨ t { ä¨§¨-ç¥áª¨¥ ¯®«ï B(r; t) ¢ ¯à®áâà ­áâ¢¥-¢à¥¬¥­¨, ¨ ­¥®¡å®¤¨¬® ®¯à¥¤¥«¨âì®â®¡à ¦¥­¨¥ äã­ªæ¨© ­  ä §®¢®¬ ¯à®áâà ­áâ¢¥ fXg ¢® ¬­®¦¥áâ¢® íâ¨åä¨§¨ç¥áª¨å ¯®«¥© ­  ¯à®áâà ­áâ¢¥-¢à¥¬¥­¨, â.¥. § ¤ âì äã­ªæ¨®­ «, áâ -¢ïé¨© ¢ á®®â¢¥âáâ¢¨¥ ª ¦¤®© äã­ªæ¨¨ b(X; r) ¯à¨ ä¨ªá¨à®¢ ­­ëå r; t­¥ª®â®à®¥ ç¨á«®: b(X; r) 7�! B(r; t) =)�b(X t; r)�. �áâ¥áâ¢¥­­® ¯®âà¥-¡®¢ âì «¨­¥©­®áâ¨ íâ®£® á®®â¢¥âáâ¢¨ï ¨ ­¥¨§¬¥­­®áâ¨ ¯®áâ®ï­­ëå C:�b1(X t) + C b2(X t)� =�b1(X t)�+C�b2(X t)�; �C� = C: (1.30)�®£¤ , ¯® â¥®à¥¬¥ �¨áá -�à¥è¥ [42] ¢áïª¨© â ª®© «¨­¥©­ë© ­¥¯à¥àë¢­ë©¯® b äã­ªæ¨®­ « ­  ä §®¢®¬ ¯à®áâà ­áâ¢¥ ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥¨­â¥£à «  ¯® ­¥ª®â®à®© ­®à¬¨à®¢ ­­®© ¯®«®¦¨â¥«ì­®© ¬¥à¥ ddW (X; t)¢¨¤  (1.11), (1.12), § ¤ ¢ ¥¬®© ­¥ª®â®à®© [ä §®¢®©] ¯«®â­®áâìî %(X; t):B(r; t) =�b(X t; r)� = ZfXg ddW (X; t) b(X; r) � (1.31)



|16|� ZfXg d2sX %(X; t) b(X; r) = ZfXgd2sX0 %(X0; 0) b(X t; r); £¤¥: (1.32)X )X t)X t(X0) = cGt(X0); ZfXgddW (X; t) = ZfXgd2sX %(X; t) = 1: (1.33)�®£« á­® (1.11), (1.12) äã­ªæ¨î %(X t; t) ¬®¦­® ¨­â¥à¯à¥â¨à®¢ âì ª ª¯«®â­®áâì ¢¥à®ïâ­®áâ¨ ddW ­ ©â¨ á¨áâ¥¬ã ¢ ¬®¬¥­â ¢à¥¬¥­¨ t ¢ á¬¥è ­-­®¬ ¬�ªà®á®áâ®ï­¨¨ ¢¡«¨§¨ â®çª¨ X t ä §®¢®£® ¯à®áâà ­áâ¢  fXg, â.¥.ª ª ä §®¢ãî ¯«®â­®áâì ­¥ª®â®à®£® áâ â¨áâ¨ç¥áª®£®  ­á ¬¡«ï (1.23).�®à¬ã«ë (1.31), (1.32), (1.33) ¢ëà ¦ îâ ®á­®¢­®© ¯®áâã« â áâ -â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨: «¥¢ ï ç áâì ä®à¬ã«ë (1.32) { ¢ ª àâ¨­¥ �¨ã-¢¨««ï (1.23),   ¥¥ ¯à ¢ ï ç áâì { ¢ ª àâ¨­¥ � ¬¨«ìâ®­  (1.9). �¡¥ ª à-â¨­ë á¢ï§ ­ë ¬¥¦¤ã á®¡®© § ¬¥­®© ¯¥à¥¬¥­­ëå (1.33), á ãç¥â®¬ ¨­¢ à¨- ­â­®áâ¨ (1.15) ®â­®á¨â¥«ì­® íâ¨å ª ­®­¨ç¥áª¨å ¯à¥®¡à §®¢ ­¨© «®ª «ì-­®© ¬¥àë ¨­â¥£à¨à®¢ ­¨ï d2sX (1.14) ¨ ä §®¢®© ¯«®â­®áâ¨ (1.20) (â¥®-à¥¬  �¨ã¢¨««ï),   â ª¦¥ ¯®«­®£® ä §®¢®£® ¯à®áâà ­áâ¢  fXg. � ª çâ®:¬�ªà®á®áâ®ï­¨¥ à ¢­®¢¥á­®© á¨áâ¥¬ë ¯®«­®áâìî ®¯à¥¤¥«ï¥âáï§ ¤ ­¨¥¬ ä §®¢®© ¯«®â­®áâ¨ ¥¥ ¬�ªà®á®áâ®ï­¨©3 %(X; t) ¢ ¤ ­-­ë© ¬®¬¥­â ¢à¥¬¥­¨ t,   ­ ¡«î¤ ¥¬ë¥ ¬�ªà®¢¥«¨ç¨­ë B(r; t)¥áâì ä §®¢ë¥ áà¥¤­¨¥ (1.32) ®â á®®â¢¥âáâ¢ãîé¨å ¤¨­ ¬¨ç¥áª¨åäã­ªæ¨© b(X; r). � å®âï ¢ â ª®¬ ¯®¤å®¤¥ ­¥¢®§¬®¦­® ¤ âì ¤¥â «ì­®¥¯à¥¤áª § ­¨¥ à¥§ã«ìâ â®¢ ª ¦¤®£® ®â¤¥«ì­®£® íªá¯¥à¨¬¥­â , ®¤­ ª®, à¥-§ã«ìâ â, ãáà¥¤­¥­­ë© ¯® ¡®«ìè®¬ã ç¨á«ã íªá¯¥à¨¬¥­â®¢, ¢ë¯®«­¥­-­ëå ¯à¨ ®¤¨­ ª®¢ëå ¬�ªà®ãá«®¢¨ïå, ®ª §ë¢ ¥âáï ¯à¥¤áª § ­ ¢¥à­®.3.2 �¡®á­®¢ ­¨¥ ®á­®¢­®£® ¯®áâã« â : �à£®¤¨ç­®áâì?�¥à¥¬¥è¨¢ ­¨¥. �¥®¡à â¨¬®áâì? �¥ãáâ®©ç¨¢®áâì.�®¯ëâª¨ ®¡®á­®¢ ­¨ï ®á­®¢­®£® ¯®áâã« â  (1.31){(1.33), ¨áå®¤ï ¨§ ¯à¥¤-«®¦¥­­®£® �. �®«ìæ¬ ­®¬ ª« áá¨ç¥áª®£® ®¯à¥¤¥«¥­¨ï ¬�ªà®áª®¯¨ç¥áª®©¢¥«¨ç¨­ë, ª ª áà¥¤­¥£® ®â â®© ¦¥ ¤¨­ ¬¨ç¥áª®© äã­ªæ¨¨ b(X t; r) ¤«ï ä¨-­¨â­®£® ¤¢¨¦¥­¨ï jxtjj <1 ¯® ¡¥áª®­¥ç­®¬ã ¨­â¥à¢ «ã ¢à¥¬¥­¨ � !1:B(r) = b(X t; r) = lim�!1B� (r)� lim�!1 1� �Z0dt b�X t(X0); r� ; X t(X0) = cGt(X0);(1.34)(X0- ­ ç «ì­ë¥ ¤ ­­ë¥ (1.8) á t0 = 0) ¯à¨¢¥«¨ ª â ª ­ §ë¢ ¥¬®© íà£®¤¨-ç¥áª®© £¨¯®â¥§¥, á®£« á­® ª®â®à®©, ¤«ï «î¡®© ¤®¯ãáâ¨¬®© ä¨ªá¨à®¢ ­­®©3\à §¬ §ë¢ ­¨ï" ¥¥ ¬�ªà®á®áâ®ï­¨ï ¢ ¬®¬¥­â ¢à¥¬¥­¨ t ¯® ¬�ªà®á®áâ®ï­¨ï¬



|17|í­¥à£¨¨ E ä §®¢ ï â®çª  Xt íà£®¤¨ç¥áª®© á¨áâ¥¬ë ¢ (1.34) ¯à¨ t ! 1§ ¬¥â ¥â (®¡¥£ ¥â) ¯®çâ¨ ¢á¥ â®çª¨ ¯®¤¯à®áâà ­áâ¢ 4 § ¤ ­­®© í­¥à£¨¨H(X) = E,   â®ç­¥¥ (ª¢ §¨íà£®¤¨ç¥áª ï £¨¯®â¥§ ), ¯à®å®¤¨â áª®«ì ã£®¤­®¡«¨§ª® ª «î¡®© ¨§ ­¨å. �§ ­¥¥, ¢ á¢®î ®ç¥à¥¤ì, ¡ë«  ¢ë¢¥¤¥­  íà£®¤¨ç¥-áª ï â¥®à¥¬  �¨àª£®ä  ¨ ä®­ �¥©¬ ­ , ª®â®à ï £« á¨â, çâ®:1) áà¥¤­¥¥ ¯® ¢à¥¬¥­¨ b(X t; r) (1.34) ¨¬¥¥â ®¤­® ¨ â® ¦¥ §­ ç¥­¨¥ ¯®çâ¨¢áî¤ã ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥, â.¥. á â®ç­®áâìî ¤® ¬­®¦¥áâ¢  ¬¥àë ­ã«ì®­® ­¥ § ¢¨á¨â ®â t0 ¨ X0 = fx0jg2sj=1, â.¥. ¨ ®â 2s�1 ¨­â¥£à «®¢ ¤¢¨¦¥­¨ïá¨áâ¥¬ë (1.6) fx0jg2s�1j=1 3 E, ä¨ªá¨àãîé¨å 1-¬¥à­ãî ªà¨¢ãî X t(X0) ¥¥� ¬¨«ìâ®­®¢®© âà ¥ªâ®à¨¨ (1.7) ¢ 2s-¬¥à­®¬ ä §®¢®¬ ¯à®áâà ­áâ¢¥ fXg;2) ®­® á®¢¯ ¤ ¥â á® áà¥¤­¨¬ (1.32) ¯® à ¢­®¢¥á­®¬ã  ­á ¬¡«î5 ¯®çâ¨ 8 t:B(r; t) =�b(X t; r)� =)%(X) �b(X0; r)�� B(r)() b(X t; r) = B(r): (1.35)�à£®¤¨ç¥áª ï £¨¯®â¥§ , ¯®¬¨¬® (1.24), (1.29), ¯à¥¤¯®« £ ¥â â ª¦¥ ¬¥âà¨ç¥áªãî ­¥à §-«®¦¨¬®áâì ¤®áâã¯­®£® á¨áâ¥¬¥ ä §®¢®£® ®¡ê¥¬  ­  ¤¢¥ ¨«¨ ¡®«¥¥ ¨­¢ à¨ ­â­ë¥ ®¡« áâ¨­¥­ã«¥¢®© ¬¥àë. �â® ã¦¥ ¯à ªâ¨ç¥áª¨ ­¥ ®áâ ¢«ï¥â è ­á®¢ ¤àã£¨¬, ªà®¬¥ í­¥à£¨¨, ­¥-§ ¢¨á¨¬ë¬ ¨­â¥£à « ¬ ¤¢¨¦¥­¨ï fx0jg2s�8j=1 : ¨¬¥©áï â ª®© ­¥§ ¢¨á¨¬ë© ¨­â¥£à «, ®­®¡ï§ ­ ¯à¨­¨¬ âì å®âï ¡ë ¤¢  à §­ëå §­ ç¥­¨ï ¢ à §­ëå ç áâïå ä §®¢®£® ®¡ê¥¬ , ­®íâ® ®§­ ç «® ¡ë à §«®¦¨¬®áâì ¯®á«¥¤­¥£® ­  ¤¢¥ ¨­¢ à¨ ­â­ë¥ ç áâ¨. �âáî¤  ¯® áãâ¨­¥¯®áà¥¤áâ¢¥­­® [2] á«¥¤ã¥â ãâ¢¥à¦¤¥­¨¥ 1). �«ï ¤®ª § â¥«ìáâ¢  2) ¤®áâ â®ç­® â®£¤ ¢§ïâì ä §®¢®¥ áà¥¤­¥¥ ®â áà¥¤­¥£® ¯® ¢à¥¬¥­¨B�(r) (1.34), ¬¥­ïï ¯®àï¤®ª íâ¨å ®¯¥à æ¨©,á ãç¥â®¬ ®¯à¥¤¥«¥­¨© b(X t; r) ¨ �b(X t; r)� (1.31){(1.33), (1.12) ¨ â¥®à¥¬ë �¨ã¢¨««ï:1�B(r)(=�!1 ZfXgd2sX0%(X0; 0)B� (r) = 1� �Z0 dtZfXgd2sX t%(X t; t) b(X t; r) = 1� �Z0 dtB(r; t)=)%(X)B(r):�¤­ ª® ¤«ï á¨áâ¥¬ë á¢ï§ ­­ëå «¨­¥©­ëå ®áæ¨««ïâ®à®¢ ¨ ¤àã£¨å ä¨-§¨ç¥áª¨å á¨áâ¥¬ íà£®¤¨ç¥áª ï £¨¯®â¥§  ®ª § ¤ áì ­¥ ¢¥à­ . �®£¤  ª ª¤®ª § ­  â¥®à¥¬  ®¡ íà£®¤¨ç­®áâ¨ (�¨­ ©, 1970) ã¦¥ ¤«ï á¨áâ¥¬ á N � 2ç áâ¨æ, ª®£¤  ­¨ ® ª ª¨å áâ â¨áâ¨ç¥áª¨å á¢®©áâ¢ å £®¢®à¨âì ¥é¥­¥ ¯à¨å®¤¨âáï: ®­¨ ¯à®ï¢«ïîâáï «¨èì ¯à¨ N � 1 (á¬. (3.34), (4.44)).� ª çâ® íà£®¤¨ç¥áª ï £¨¯®â¥§  á ¬  ¯® á¥¡¥ ­¥ ï¢«ï¥âáï ­¨ ­¥®¡å®¤¨-¬®©, ­¨ ¤®áâ â®ç­®© ¤«ï ®¡®á­®¢ ­¨ï áâ â¨áâ¨ç¥áª¨å á¢®©áâ¢ á¨áâ¥¬ë,¯®áª®«ìªã ®­  ­¥ ¤ ¥â ®â¢¥â  ­  £« ¢­ë© ¢®¯à®á: ª ª ¨ ­  ª ª®© áâ ¤¨¨í¢®«îæ¨¨ á¨áâ¥¬ë ¢®§­¨ª îâ íâ¨ á¢®©áâ¢  ¨ á¢ï§ ­­ ï á ­¨¬¨ ¬�ªà®-áª®¯¨ç¥áª ï ­¥®¡à â¨¬®áâì ¥¥ à ¢­®¢¥á­®£® ¬�ªà®á®áâ®ï­¨ï?4â.¥. bGt(X0) (1.33) 8 t ®â®¡à ¦ ¥â ¢á¥ fXg ¯®çâ¨ ­  ¢á¥ fXg, â.ª. X t(X0) ¨¬¥¥â ¬¥àã ­ã«ì!5â.¥. ¯à¨ %(X; t) 7! %(X) (1.29) ®¡  á¯®á®¡  ãáà¥¤­¥­¨ï (1.32) ¨ (1.34) ¤¨­ ¬¨ç¥áª¨å äã­ª-æ¨© ¯®çâ¨ ¢áî¤ã íª¢¨¢ «¥­â­ë. �®: �E� 6� E 2 X0 ¨§ ��,   X t(X0) ­¥ ¥áâì ªà¨¢ ï �¥ ­®.



|18|�«ï  ¡á®«îâ­® â®ç­® § ¤ ­ëå ­ ç «ì­ëå ãá«®¢¨© X0 ¯à¨ t = t0 ãà ¢-­¥­¨ï � ¬¨«ìâ®­  (1.6) ®¤­®§­ ç­® ¯à¥¤áª §ë¢ îâ ¬�ªà®á®áâ®ï­¨¥ X t.�¤­ ª® ¯à¨ § ¤ ­¨¨ ­ ç «ì­ëå ¬�ªà®ãá«®¢¨© á® áª®«ì ã£®¤­® ¬ «®©,­® ª®­¥ç­®© ­¥®¯à¥¤¥«¥­­®áâìî �X0 ¨¬¥îâáï ¤¢¥ ¢®§¬®¦­®áâ¨: 1) à á-å®¦¤¥­¨¥ âà ¥ªâ®à¨© �X t á â¥ç¥­¨¥¬ ¢à¥¬¥­¨ t ®áâ ¥âáï áâ®«ì ¦¥ ¬ -«ë¬; 2) à áå®¦¤¥­¨¥ âà ¥ªâ®à¨© á® ¢à¥¬¥­¥¬ ®ª §ë¢ ¥âáï áª®«ì ã£®¤­®¡®«ìè¨¬. � ¯®á«¥¤­¥¬ á«ãç ¥ £®¢®àïâ ® ­¥ãáâ®©ç¨¢®áâ¨ ¬¥å ­¨ç¥áª®£®¤¢¨¦¥­¨ï ¨ ® ¯¥à¥¬¥è¨¢ ­¨¨ ¢ á¨áâ¥¬¥. �à¨ íªá¯®­¥­æ¨ «ì­®¬ à á-å®¦¤¥­¨¨ âà ¥ªâ®à¨© ¨¬¥¥â ¬¥áâ® áâ®å áâ¨§ æ¨ï: á¨áâ¥¬  ¡ëáâà® { § ¢à¥¬ï à¥« ªá æ¨¨ �0, \§ ¡ë¢ ¥â" á¢®¨ ­ ç «ì­ë¥ ãá«®¢¨ï X0, çâ® ®§­ -ç ¥â ­¥¯à¥¤áª §ã¥¬®áâì ¥¥ ¯®¢¥¤¥­¨ï ­  ®á­®¢¥ ¤¨­ ¬¨ç¥áª®© â¥®à¨¨ ¨á¨«ì­®¥ ¨áª ¦¥­¨¥ ­ ç «ì­®© ä®à¬ë ¥¥ å®âì ¨ ä¨ªá¨à®¢ ­­®£® ä §®¢®£®®¡ê¥¬  ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥. �®ç­®áâì ¦¥ § ¤ ­¨ï ¥¥ ¬�ªà®¯ à -¬¥âà®¢ �E;�V;�N ¯à¨ íâ®¬ ¢®¢á¥ ­¥ § ¢¨á¨â ®â t. �®£¤  ¥¤¨­áâ¢¥­­®¢®§¬®¦­ë¬ ®ª §ë¢ ¥âáï áâ â¨áâ¨ç¥áª®¥ ®¯¨á ­¨¥ «¨èì ­ ¨¡®«¥¥ ¢¥à®ïâ-­®£® ¯®¢¥¤¥­¨ï á¨áâ¥¬ë, â.¥. â®«ìª® ¥¥ áà¥¤­¨å å à ªâ¥à¨áâ¨ª. �¬¥­­®ï¢«¥­¨ï ­¥ãáâ®©ç¨¢®áâ¨ ¨ ¯¥à¥¬¥è¨¢ ­¨ï,   ­¥ íà£®¤¨ç­®áâì á ¬  ¯®á¥¡¥, «¥¦ â ¢ ®á­®¢¥ ¢®§­¨ª­®¢¥­¨ï áâ â¨áâ¨ç¥áª¨å § ª®­®¬¥à­®áâ¥©6.�® ¢ á ¬¨å ãà ¢­¥­¨ïå ¤¨­ ¬¨ª¨ ­¥ á®¤¥à¦¨âáï ­¨ª ª®£® ¬¥å ­¨§¬ ®£àã¡«¥­¨ï ­ ç «ì­ëå ¬�ªà®ãá«®¢¨©�X0, ¤ ¦¥ ¥á«¨ íâ® ¤¨­ ¬¨ª  ª¢ ­-â®¢ ï! �.¥. ¯® ®â­®è¥­¨î ª ãà ¢­¥­¨ï¬ (1.6) â ª ï ¯à®æ¥¤ãà  ®£àã¡«¥-­¨ï ®ª §ë¢ ¥âáï ­¥ª¨¬ ¤®¯®«­¨â¥«ì­® ¯à¨¢­¥á¥­­ë¬ \¯à¨­æ¨¯®¬".�à ¬ â¨§¬ íâ®£® è £  ¢ ª« áá¨ç¥áª®© ¬¥å ­¨ª¥ ¢áªàë¢ ¥âáï ¢®§¢à â-­®© â¥®à¥¬®© �ã ­ª à¥ ¨ �¥à¬¥«®, ª®â®à ï ¤¥¬®­áâà¨àã¥â ®â­®á¨â¥«ì-­ë© á¬ëá« á ¬®£® ¯®­ïâ¨ï ¬�ªà®áª®¯¨ç¥áª®© ­¥®¡à â¨¬®áâ¨. �¡® áâ®çª¨ §à¥­¨ï ¤ ¦¥ �¤¨­áâ¢¥­­®£®, ­® ¦¨¢ãé¥£® ¢¥ç­® � ¡«î¤ â¥«ï ­¨-ª ª®© ­¥®¡à â¨¬®áâ¨ ¢®¢á¥ ­¥ áãé¥áâ¢ã¥â, ¯®áª®«ìªã, á®£« á­® íâ®© â¥-®à¥¬¥, ¤«ï á®¢¥àè îé¥© ä¨­¨â­®¥ ¤¢¨¦¥­¨¥ N- ç áâ¨ç­®© á¨áâ¥¬ë,¯à ªâ¨ç¥áª¨ «î¡ ï ä §®¢ ï â®çª  X t(X0) ¯® ¨áâ¥ç¥­¨¨ ¤®áâ â®ç­® ¡®«ì-è®£® ¯à®¬¥¦ãâª  ¢à¥¬¥­¨ t = �N (X0; �) ¢®§¢à é ¥âáï áª®«ì ã£®¤­® ¡«¨§-ª® ª á¢®¥¬ã ¨áå®¤­®¬ã §­ ç¥­¨î: ���X�N �X0��� < �, ¯à¨ç¥¬: �N (X0; �) !1, ¯à¨ � ! 0. �.¥. ¤¢¨¦¥­¨¥ â ª®© á¨áâ¥¬ë ­  á ¬®¬ ¤¥«¥ ª¢ §¨¯¥à¨®-¤¨ç­®, çâ® ®§­ ç ¥â, çâ® á ¬  ¯®¤ë­â¥£à «ì­ ï äã­ªæ¨ï b �X t(X0); r� ¢(1.34) § ¢¥¤®¬® ã¦¥ ­¥ ¨¬¥¥â ¯à¥¤¥«  ¯à¨ t!1 (ª ª (1.38)).�®ç­ ï ä®à¬ã«¨à®¢ª  íâ®© â¥®à¥¬ë â ª®¢ : ç¨á«® ä §®¢ëå â®ç¥ª ¨§®«¨à®¢ ­­®©á¨áâ¥¬ë, ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ ¡¥§¢®§¢à â­® ¯®ª¨¤ îé¨å ¯à¨ á¢®¥¬ ¤¢¨¦¥­¨¨ ä¨ªá¨à®-6�®¦­® ¯®ª § âì [1], çâ® ¯¥à¥¬¥è¨¢ ­¨¥ ã¦¥ ¯à¥¤¯®« £ ¥â ¬¥âà¨ç¥áªãî ­¥à §«®¦¨¬®áâì.



|19|¢ ­­ë© ä §®¢ë© ®¡ê¥¬7 g = g(�) à ¤¨ãá  �, ¢ à ¢­®¢¥á¨¨ á â¥ç¥­¨¥¬ ¢à¥¬¥­¨ ¡ã¤¥â¬¥­ìè¥ «î¡®© áª®«ì ­¨¡ã¤ì § ¬¥â­®© ¤®«¨ ¯®«­®£® ç¨á«  ¥¥ ä §®¢ëå â®ç¥ª.�«ï ¤®ª § â¥«ìáâ¢  à áá¬®âà¨¬ ä §®¢ë©  ­á ¬¡«ì, ¢á¥ â®çª¨ ª®â®à®£® ­¥ ¢ëå®¤ïâ§  ¯à¥¤¥«ë £¨¯¥à¯®¢¥àå­®áâ¨ ¯®áâ®ï­­®© í­¥à£¨¨ H(X) = E, ®å¢ âë¢ îé¥© ª®­¥ç­ë©ä §®¢ë© ®¡ê¥¬ O(E). �ë¤¥«¨¬ ¢ íâ®¬ ®¡ê¥¬¥ ­¥ª®â®àë© ¬ «ë© ®¡ê¥¬ g(�), ®£à ­¨ç¥­-­ë© ä¨ªá¨à®¢ ­­®© ¯®¢¥àå­®áâìî �(�). �à®á«¥¤¨¬ §  ä §®¢ë¬¨ â®çª ¬¨, ¢â¥ª îé¨¬¨¨ ¢ëâ¥ª îé¨¬¨ ¨§ g ç¥à¥§ �. �ª®à®áâì V(X) (1.6) ¯¥à¥¬¥é¥­¨ï ä §®¢®© â®çª¨ ¯® ä -§®¢®© âà ¥ªâ®à¨¨ § ¢¨á¨â ï¢­® â®«ìª® ®â ä §®¢ëå ª®®à¤¨­ â X: jV(X)j � jrXH(X)j,â®ç­¥¥: (V(X))j � �j(rXH(X))`(j), ¤«ï `(j) = j+�js, �j = �1, (3.63), (3.64), ¨ á®£« á­®(1.21), ¯à¨ j(X) = V(X)%(X), ç¨á«® â®ç¥ª R �d�(+)(X) �V(X)� %(X), ¢ëâ¥ª îé¨å (+)¢ ¥¤¨­¨æã ¢à¥¬¥­¨ ç¥à¥§ ä¨ªá¨à®¢ ­­ãî ¯®¢¥àå­®áâì �, ­¥ § ¢¨á¨â â®£¤  ®â ¢à¥¬¥­¨.�ãáâì ¡¥§¢®§¢à â­® ¢ëâ¥ª îé¨¥ ¨§ g ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ â®çª¨ § ­¨¬ îâ «¨èì (¯®-áâ®ï­­ë©!) ®¡ê¥¬ �. �®£¤ , ¡¥§¢®§¢à â­® ¢ëâ¥ªè¨© §  ¢à¥¬ï � ¨å ®¡ê¥¬ �� ¤®«¦¥­¯®áâ¥¯¥­­® § ¯®«­ïâì ®áâ «ì­ãî ç áâì ¯®«­®£® ä §®¢®£® ®¡ê¥¬  O(E) á¨áâ¥¬ë. �® ¯®â¥®à¥¬¥ �¨ã¢¨««ï \ä §®¢ ï ¦¨¤ª®áâì" ­¥á¦¨¬ ¥¬ , ¯®íâ®¬ã ã¦¥ ¢ëâ¥ªè¨© ¨§ g ®¡ê¥¬­¥ ¬®¦¥â ¯à¥¢ëè âì â®â ®¡ê¥¬, ¢ ª®â®àë© ®­ ¢â¥ª ¥â: �� < O(E) � g < O(E), â.¥.� < O(E)=� . � ª ª ª ¯®«­ë© ®¡ê¥¬ O(E) ª®­¥ç¥­, â®, ¯à¨ � ! 1, íâ® ­¥à ¢¥­áâ¢®âà¥¡ã¥â, çâ®¡ë � ! 0. �«ï ¯à®¨§¢®«ì­® ¬ «®£® g(�) íâ® â®, çâ® ¨ âà¥¡®¢ «®áì ¤®ª § âì.� ª¨¬ ®¡à §®¬, ¤«ï «î¡ëå ¨§®«¨à®¢ ­­ëå á¨áâ¥¬ á ª®­¥ç-­®© í­¥à£¨¥© E ¨ ª®­¥ç­ë¬ ç¨á«®¬ ç áâ¨æ N ¬�ªà®áª®¯¨ç¥-áª ï ­¥®¡à â¨¬®áâì ¬®¦¥â ¨¬¥âì ¬¥áâ® «¨èì ¤«ï ®£à ­¨ç¥­­ëå¨­â¥à¢ «®¢ ¢à¥¬¥­¨. �¤­ ª® áª®«ì ¡ë ¢¥«¨ª¨ ®­¨ ­¨ ¡ë«¨,¤«ï ¥é¥ ¡�®«ìè¨å ¯à®¬¥¦ãâª®¢ ¢à¥¬¥­¨ ¤®«¦­ë ¯à®¨áå®¤¨âì ¢®§-¢à âë ª ¨áå®¤­®¬ã á®áâ®ï­¨î ¨ ¢®ááâ ­®¢«¥­¨¥ ¬�ªà®áª®¯¨ç¥-áª®© ®¡à â¨¬®áâ¨, ª®â®à ï § «®¦¥­  ¢ ¨¬¥îé¥©áï á¨¬¬¥âà¨¨ãà ¢­¥­¨© ¤¢¨¦¥­¨ï (1.6) ®â­®á¨â¥«ì­® ®¡à é¥­¨ï ¢à¥¬¥­¨: ¯®-áª®«ìªã X t = cGt(X0) (1.7) ¢«¥ç¥â X0 = cG�t(X t), q0 = eq(X t;�t), ¨ â.¤.� ¦ãé¥¥áï ¯à®â¨¢®à¥ç¨¥ ¬¥¦¤ã ¬�ªà®áª®¯¨ç¥áª®© ®¡à â¨¬®áâìî ¨¬�ªà®áª®¯¨ç¥áª®© ­¥®¡à â¨¬®áâìî á­¨¬ ¥âáï ¯®¤à §ã¬¥¢ ¥¬ë¬ ¢á¥-£¤  ¢ áâ â¨áâ¨ç¥áª®© ä¨§¨ª¥ ä®à¬ «ì­ë¬ ¯¥à¥å®¤®¬ ª â¥à¬®¤¨­ ¬¨-ç¥áª®¬ã ¯à¥¤¥«ã (âà¤. ¯à¤.): N ! 1; V ! 1; n = N=V = const.�à¨ íâ®¬ á®®â¢¥âáâ¢ãîé¨© ª¢ §¨¯¥à¨®¤ �N (X0; �) íªá¯®­¥­æ¨ «ì­® áâà¥-¬¨âáï ª ¡¥áª®­¥ç­®áâ¨ â ª¦¥ ¨ á à®áâ®¬ ç¨á«  ç áâ¨æ ¢ á¨áâ¥¬¥ ¨ ¯à¥¢ë-è ¥â «î¡®¥ ¬ëá«¨¬®¥ ¢à¥¬ï ­ áâã¯«¥­¨ï ¬�ªà®áª®¯¨ç¥áª®© ­¥®¡à â¨-¬®áâ¨ (à¥« ªá æ¨¨) �0 � �N (X0; �) ! 1, ¯à¨ N ! 1, ¢ª«îç ï ¨ ¢à¥¬ï¦¨§­¨ �á¥«¥­­®©: �U � �N (X0; �)!1, ¯à¨ N !1.([2], [4] xx4{9, [5] x60, [6] xx3,4, [7], [20], [36], ([32], [38].)� ¤ ç¨7â.¥. ­¨ª®£¤  ¡®«¥¥ ­¥ ¢®§¢à é îé¨åáï ¢ ­¥£® ¢ ¯®á«¥¤ãîé¨¥ ¬®¬¥­âë ¢à¥¬¥­¨.



|20|7.1. �áå®¤ï ¨§ ãà ¢­¥­¨© (1.6) á ãç¥â®¬ ¤¨áá¨¯ â¨¢­ëå á¨« Fdi ¯®ª § âì,çâ®: dH(X t; t)dt = @H(X t; t)@t + sXi=1Fdi _qi; ([32] x42):7.2. �®ª § âì ¢â®à®¥ ¨§ ãà ¢­¥­¨© (1.22) (­¥¯à¥àë¢­®áâ¨), áç¨â ï ¢(1.21) O 7�! Ot, § ¢¨áïé¨¬ ®â t ([4] x8).7.3. �à®¢¥à¨âì â¥®à¥¬ã �¨ã¢¨««ï ¤«ï ã¯àã£®£® á®ã¤ à¥­¨ï ¤¢ãå ç áâ¨æ,¤¢¨¦ãé¨åáï ¯® ®¤­®© ¯àï¬®©; ¤«ï  ¡á®«îâ­® ­¥ã¯àã£®£® ã¤ à  ¤¢ãå è -à®¢ ([4] x8). �®ª § âì, çâ® ¢ (1.6): (V(X t) �rXt)Xt = V(X t).7.4. � ª®¢® á®áâ®ï­¨¥ ¯®¤á¨áâ¥¬ ã á¨áâ¥¬ë ¢ ç¨áâ®¬ á®áâ®ï­¨¨ (1.13)?7.5. �«ï ¯à®¨§¢®«ì­®© äã­ªæ¨¨ F(%) ¨ ¯à®¨§¢®«ì­®© ä §®¢®© ¯«®â­®áâ¨%H(X; t), ã¤®¢«¥â¢®àïîé¥© ãà ¢­¥­¨î �¨ã¢¨««ï (1.23), ¯à¨ ãá«®¢¨ïå,F(0) = 0, H(X) = K(fpg) + �(fqg) ¨ H(X)! +1, ¯à¨ jxij ! 1 ([4] x8),¤®ª § âì, çâ®: ddt ZfXg d2sX0F �%H(X0; t)� = 0;¨ áà ¢­¨âì á: ddt ZfXg d2sX tF �%H(X t; t)� =?; ¤«ï «î¡®© F :7.6. �®ª § âì ­¥à ¢¥­áâ¢® �¨¡¡á  ¤«ï äã­ªæ¨®­ «®¢ Y ¨ fY ®â äã­ªæ¨©%(X) ¨ e%(X), ã¤®¢«¥â¢®àïîé¨å ãá«®¢¨ï¬:ZfXgd2sX %(X) = ZfXg d2sX e%(X); %(X); e%(X) � 0 : Y � fY ; (1.36)£¤¥: Y = ZfXg d2sX %(X) ln%(X); fY = ZfXgd2sX %(X) ln e%(X);¢¢®¤ï äã­ªæ¨î g(X) > 0 â ª, çâ® %(X) = e%(X)g(X), ¨ ãç¨âë¢ ï, çâ®8 g > 0 ¨¬¥¥¬: g lng � g + 1 = gR1 lnfdf � 0 [2].7.7. �¯à¥¤¥«¨âì ï¢­ë© ¢¨¤ ¨ å à ªâ¥à­ë¥ á¢®©áâ¢  äã­ªæ¨¨ aE(H):aE(H) = E+�EZE dE �(H � E); ¨ ­ ©â¨: lim�E!0 aE(H)�E : (1.37)7.8. � ç ¬ ®â«¨ç¨¥ ª¢ §¨íà£®¤¨ç¥áª®© £¨¯®â¥§ë ®â â¥®à¥¬ë �ã ­ª à¥-�¥à¬¥«®?7.9. � ©â¨ áà¥¤­¥¥ (1.34) ®â ¤¨­ ¬¨ç¥áª®© äã­ªæ¨¨b �X t(X0); r� =Xn An(r) sin2 h!n �X0; r� ti : (1.38)



�¥ªæ¨ï 2� âà¨æ  ¯«®â­®áâ¨ ª¢ ­â®¢®£® ­á ¬¡«ï� ¯à¥¤ë¤ãé¥© «¥ªæ¨¨ ¡ë« ¢¢¥¤¥­  ­á ¬¡«ì ª« áá¨ç¥áª¨å á¨áâ¥¬, § ¤ ¢ -¥¬ë© á¢®¥© äã­ªæ¨¥© ä §®¢®© ¯«®â­®áâ¨ % (X ; t) ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥fXg. � ª¢ ­â®¢®© ¬¥å ­¨ª¥ ®â¤¥«ì­®¥ ç¨áâ®¥ ¬�ªà®á®áâ®ï­¨¥ á¨áâ¥¬ëj'ii § ¤ ¥âáï ¥¥ ¢®«­®¢®© äã­ªæ¨¥© 'i �fxagNa=1� = hfxagNa=1j'ii, ã¤®¢«¥-â¢®àïîé¥© N- ç áâ¨ç­®¬ã ãà ¢­¥­¨î �à¥¤¨­£¥à . �¤­ ª® ¤«ï N � 1- ç áâ¨ç­®© á¨áâ¥¬ë § ¤ ç  ­ å®¦¤¥­¨ï íâ®© ¢®«­®¢®© äã­ªæ¨¨ çà¥§¢ë-ç ©­® á«®¦­ . �®«¥¥ â®£®, ¯à¨ § ¤ ­­ëå ¬�ªà®áª®¯¨ç¥áª¨å ­ ç «ì­ëåãá«®¢¨ïå ¢­®¢ì ­ ©¤¥âáï ®£à®¬­®¥ ç¨á«® â ª¨å á®¢¬¥áâ¨¬ëå á íâ¨¬¨¬�ªà®ãá«®¢¨ï¬¨ ¢®«­®¢ëå äã­ªæ¨© ¬�ªà®á®áâ®ï­¨©, ª ¦¤®© ¨§ ª®â®-àëå ¡ã¤ãâ ®â¢¥ç âì á¢®¨, ®â«¨ç îé¨¥áï ¤àã£ ®â ¤àã£  ª¢ ­â®¢®¬¥å -­¨ç¥áª¨¥ áà¥¤­¨¥. � ¨â®£¥, ª ª ¨ ¢ ª« áá¨ç¥áª®¬ á«ãç ¥, ®¤­¨å â®«ìª®ç¨áâëå ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© j'ii ®ª §ë¢ ¥âáï ­¥¤®áâ â®ç­® ¤«ï®¯¨á ­¨ï ª¢ ­â®¢®© áâ â¨áâ¨ç¥áª®© á¨áâ¥¬ë. � ¤«ï ­¥¥ â ª¦¥ ­¥®¡å®-¤¨¬® ¢¢®¤¨âì á¬¥è ­­ë¥ ¬�ªà®á®áâ®ï­¨ï, çì¥ ¯®á«¥¤®¢ â¥«ì­®¥ ®¯¨á -­¨¥ [41] ¤ ¥â1 �â â¨áâ¨ç¥áª¨© ®¯¥à â®à ¨«¨ � âà¨æ  ¯«®â­®áâ¨�ãáâì ¢¥ªâ®à j	i § ¤ ¥â ç¨áâ®¥ á®áâ®ï­¨¥ ¨§®«¨à®¢ ­­®© § ¬ª­ãâ®© ª¢ ­-â®¢®© á¨áâ¥¬ë, á®áâ®ïé¥© ¨§ ­¥ª®â®à®© ¯®¤á¨áâ¥¬ë 1 ¨ ¥¥ ®ªàã¦¥­¨ï, {\â¥à¬®áâ â " 2. � §«®¦¨¬ íâ® á®áâ®ï­¨¥ ¯® ¯®«­ë¬ ­ ¡®à ¬ ¢¥ªâ®à®¢á®áâ®ï­¨© ¯®¤á¨áâ¥¬ë j'ii ¨ ¢¥ªâ®à®¢ á®áâ®ï­¨© \â¥à¬®áâ â " j�Ji:j	i =Xi;J j'iij�JiCiJ ; Xi j'iih'ij = bI1; XJ j�Jih�J j = bI2; h�Lj�Ji = �LJ : (2.1)CiJ -  ¬¯«¨âã¤  ¢¥à®ïâ­®áâ¨ â®£®, çâ® ¯®¤á¨áâ¥¬  1 ®ª ¦¥âáï ¢ á®áâ®ï-­¨¨ j'ii, ª®£¤  ¥¥ ®ªàã¦¥­¨¥ 2 ¯à¥¡ë¢ ¥â ¢ á®áâ®ï­¨¨ j�Ji; bI1; bI2 - ¥¤¨-­¨ç­ë¥ ®¯¥à â®àë ¢ ¯®¤¯à®áâà ­áâ¢ å á®áâ®ï­¨© íâ¨å ¯®¤á¨áâ¥¬ 1 ¨ 2.21



|22|�á«¨ ¯®¤á¨áâ¥¬  1 ¬ « , ¯® áà ¢­¥­¨î á â¥à¬®áâ â®¬ 2, â® ¥£® ¬�-ªà®á®áâ®ï­¨ï á í­¥à£¨ï¬¨ EJ : cH2j�Ji = EJ j�Ji ¯à ªâ¨ç¥áª¨ ­¥ § ¢¨áïâ ®âí­¥à£¨¨ á®áâ®ï­¨© ¯®¤á¨áâ¥¬ë 1. �¤­ ª® à §«®¦¥­¨¥ (2.1) ¯à¥¤¯®« £ ¥â¢á¥ ¦¥ ¢®§¬®¦­ë¬ £®¢®à¨âì ¨ ® á¯¥ªâà¥ á®¡áâ¢¥­­ëå ¬�ªà®á®áâ®ï­¨©á ¬®© ¯®¤á¨áâ¥¬ë 1: cH1j'ii = Eij'ii, â.¥. ¥é¥ ¨ ® ¥¥ ª¢ §¨§ ¬ª­ã-â®áâ¨, ¢¯®«­¥ ®¯à ¢¤ ­­®©, «¨èì ¥á«¨ ®­  ­ å®¤¨âáï ¢ à ¢­®¢¥á¨¨ áâ¥à¬®áâ â®¬ 2, ª®â®àë© â®£¤  â ª¦¥ á« ¡® ¢«¨ï¥â ­  ¥¥ á®áâ®ï­¨ï, ¨ ¨å¢§ ¨¬®¤¥©áâ¢¨¥¬ " = jHintj � jH1j � jH2j ¢­®¢ì ¬®¦­® ¯à¥­¥¡à¥çì.�à¨ T � 0 ¨ «î¡®© ª®­¥ç­®© ¬�ªà®áª®¯¨ç¥áª®© â®ç­®áâ¨ ¨§¬¥à¥­¨ï�E(E) §­ ç¥­¨© í­¥à£¨¨ â¥à¬®áâ â  E ¢ ¨­â¥à¢ «¥ á í­¥à£¨ï¬¨ EJ 2(E;E +�E) ¢ á¨«ã ª¢ §¨­¥¯à¥àë¢­®áâ¨ ¥£® á¯¥ªâà  ®ª ¦¥âáï ®£à®¬­®¥ç¨á«® ¥£® ¢®§¬®¦­ëå ¬�ªà®á®áâ®ï­¨© j�Ji, ®â¢¥ç îé¨å ®¤­¨¬ ¨ â¥¬ ¦¥¬�ªà®¯ à ¬¥âà ¬ à ¢­®¢¥á­®£® á®áâ®ï­¨ï 1 � 2. �¨èì á ¬®¥ ­¨¦­¥¥,®á­®¢­®¥ ª¢ ­â®¢®¥ ¬�ªà®á®áâ®ï­¨¥ â¥à¬®áâ â , ¢ ª®â®à®¥ ®­ ¯¥à¥©¤¥â¯à¨ T ! 0, ¨¬¥¥â ¨ áâà®£® ®¯à¥¤¥«¥­­ãî ¬�ªà®í­¥à£¨î E0 á �E(E0) = 0.� ©¤¥¬ â¥¯¥àì ®¡ëç­®¥ ª¢ ­â®¢®¬¥å ­¨ç¥áª®¥ áà¥¤­¥¥ ¯® á®áâ®ï­¨ï¬¯®«­®© á¨áâ¥¬ë (2.1) ®â ®¯¥à â®à  bb ­¥ª®â®à®© ¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ëB, ®â¢¥ç îé¥£® «¨èì ¯®¤á¨áâ¥¬¥ 1 ¨ ¤¥©áâ¢ãîé¥£®, ®ç¥¢¨¤­®, â®«ìª® ¢¯®¤¯à®áâà ­áâ¢¥ ¥¥ á®áâ®ï­¨©, á ¬ âà¨ç­ë¬¨ í«¥¬¥­â ¬¨ h'ljbbj'ii = bli:B = h	jbbj	i =Xi;J Xl;L C�lLh�Ljh'ljbbj'iij�JiCiJ =) (2.2)=)Xi;J Xl;L C�lLCiJ h'ljbbj'iih�Lj�Ji =Xi;J Xl;L C�lLCiJbli�LJ =Xi;J Xl C�lJCiJbli:� ª¨¬ ®¡à §®¬, ¤«ï ¢ëç¨á«¥­¨ï íâ®£® áà¥¤­¥£® ­ ¬ ­¥ ­ã¦­® ¢ (2.2) §­ âì®â¤¥«ì­ë¥ á®áâ®ï­¨ï j�Ji \â¥à¬®áâ â " 2,   ­ã¦­ë «¨èì ®¯à¥¤¥«¥­­ë¥áã¬¬ë ¯à®¨§¢¥¤¥­¨©  ¬¯«¨âã¤ íâ¨å á®áâ®ï­¨© ¨§ à §«®¦¥­¨ï (2.1):%il =XJ C�lJCiJ �XJ CiJC�lJ =) h'ij b%j'li; (2.3)ª®â®àë¥ ¤ «¥¥ ¬®¦­® áç¨â âì ¬ âà¨ç­ë¬¨ í«¥¬¥­â ¬¨ ­¥ª®â®à®£® ®¯¥-à â®à  b%, â ª¦¥ ¤¥©áâ¢ãîé¥£® ã¦¥ â®«ìª® ¢ ¯®¤¯à®áâà ­áâ¢¥ á®áâ®ï­¨©¯®¤á¨áâ¥¬ë 1 (¨­¤¥ªáë i; l), ­® ãç¨âë¢ îé¥£® ¢«¨ï­¨¥ ¥¥ ®ªàã¦¥­¨ï {\â¥à¬®áâ â " 2, ¯®áà¥¤áâ¢®¬ áã¬¬¨à®¢ ­¨ï ¯® J ¢ (2.3). �®à¬ã«  (2.2)¤«ï áà¥¤­¥£® ®â ®¯¥à â®à  bb ¯à¨®¡à¥â ¥â ¢¨¤ ¬ âà¨ç­®£® á«¥¤  Spfg:h	jbbj	i =Xi;l %ilbli =)Xi � b%bb�ii � Spf b%bbg: (2.4)� á ®¯à¥¤¥«¥­­ë¬ á®£« á­® (2.3) ®¯¥à â®à®¬ b% íâ® áà¥¤­¥¥ (2.4) ¬®¦­®¯à¥¤áâ ¢¨âì ã¦¥ ª ª áâ â¨áâ¨ç¥áª®¥ áà¥¤­¥¥ â®«ìª® ¤«ï ¯®¤á¨áâ¥¬ë 1:



|23|h	jbbj	i =Xi;l h'ij b%j'lih'ljbbj'ii = Xi h'ij b%bbj'ii = Tr1( b%bb) =�bb�; (2.5)£¤¥, á ãç¥â®¬ ¯®«­®âë (2.1) á®áâ®ï­¨© ¯®¤á¨áâ¥¬ë 1 ¤«ï ®¯¥à â®à®¢, ¤¥©-áâ¢ãîé¨å â®«ìª® ¢ ¥¥ ¯®¤¯à®áâà ­áâ¢¥, á¨¬¢®« Tr1( b%bb) ¯®¤ç¥àª¨¢ ¥â­¥§ ¢¨á¨¬®áâì íâ®£® á«¥¤  (2.4)= (2.5) ®â ¢ë¡®à  ¯à¥¤áâ ¢«¥­¨ï j'ii ¢áã¬¬¥ ¤¨ £®­ «ì­ëå ¬ âà¨ç­ëå í«¥¬¥­â®¢ ®¯¥à â®à­®£® ¯à®¨§¢¥¤¥­¨ïb%bb. �§ ®¯à¥¤¥«¥­¨ï (2.3) ï¢­® ¢¨¤­®, çâ®( b%)ik � %ik = %�ki � � b%�>�ik ; â.¥.: b%�> � b%y = b%; â.¥.: (2.6)b% { á ¬®á®¯àï¦¥­­ë© (íà¬¨â®¢) ®¯¥à â®à,   ¥£® ¤¨ £®­ «ì­ë¥ ¬ âà¨ç­ë¥í«¥¬¥­âë ¢ «î¡®¬ ¯à¥¤áâ ¢«¥­¨¨ ¢¥é¥áâ¢¥­­ë ¨ ¯®«®¦¨â¥«ì­ë:h'ij b%j'ii � %ii =XJ jCiJ j2 � wi � 0; ¨, â.ª. ¯à¨ bb = bI1 : (2.7)h	j	i = 1; â®: Tr1( b%) = Xi wi = 1; â.¥.: � bI1� = 1| {z }; (2.8)�¢®©áâ¢  (2.7), (2.8) ¯®§¢®«ïîâ ¨­â¥à¯à¥â¨à®¢ âì ¤¨ £®­ «ì­ë© í«¥¬¥­âwi ®¯¥à â®à  b% ª ª ¢¥à®ïâ­®áâì â®£®, çâ® ¯®¤á¨áâ¥¬  1 ­ å®¤¨âáï ¢ i- â®¬á®áâ®ï­¨¨ á ¢®«­®¢®© äã­ªæ¨¥© 'i(fxg) = hfxgs1j'ii íâ®£® ¯à®¨§¢®«ì­®£®¯®«­®£® ­ ¡®à  (2.1) (s = Nd). �¯¥à â®à b% á® á¢®©áâ¢ ¬¨ (2.5){(2.8)­ §ë¢ îâ áâ â¨áâ¨ç¥áª¨¬ ®¯¥à â®à®¬ ¨«¨ ¬ âà¨æ¥© ¯«®â­®áâ¨.� á¨«ã íà¬¨â®¢®áâ¨ ®¯¥à â®à  b% ¥£® á®¡áâ¢¥­­ë¥ ¢¥ªâ®àë j�ki â ª¦¥®¡à §ãîâ ¯®«­ë© ®àâ®£®­ «ì­ë© ­ ¡®à, ¢®®¡é¥ £®¢®àï ­¥¥¤¨­áâ¢¥­­ë©1:b%j�ki = wkj�ki; Xk j�kih�kj = bI1; h�jj�ki = �jk; (2.9)â®£¤  áâ â¨áâ¨ç¥áª¨© ®¯¥à â®à ¨ ¥£® áâ¥¯¥­¨ ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥:b% =Xk j�kiwk h�kj; Xk wk = 1; ( b%)n =Xk j�ki (wk)n h�kj: (2.10)�¯¥à â®à b% (2.10) ®¯¨áë¢ ¥â á¬¥è ­­®¥ ª¢ ­â®¢®¥ ¬�ªà®á®áâ®ï­¨¥ ¯®¤-á¨áâ¥¬ë 1, ª®â®à®¥, á®£« á­® (2.5), ®â¢¥ç ¥â ç¨áâ®¬ã ¬�ªà®á®áâ®ï­¨îj	i á®¢®ªã¯­®© ª¢ ­â®¢®© á¨áâ¥¬ë 1� 2, ¢ ®â«¨ç¨¥ ®â ª« áá¨ç¥áª®©, çì¥ç¨áâ®¥ á®áâ®ï­¨¥ (1.13) ¢á¥£¤  ¯®¤à §ã¬¥¢ ¥â ç¨áâë¥ á®áâ®ï­¨ï ¥¥ ¯®¤-á¨áâ¥¬. �¨èì ¯à¨ ¢á¥å wk>1 = 0, ªà®¬¥ ®¤­®£® wk=1 = 1, ¯®¤á¨áâ¥¬  1®ª ¦¥âáï â ª¦¥ ¢ ç¨áâ®¬ ¬�ªà®á®áâ®ï­¨¨ j�1i, ¯à®¥ªâ®à®¬ ­  ª®â®à®¥ï¢«ï¥âáï â®£¤  ¥¥ ¬ âà¨æ  ¯«®â­®áâ¨ b%c;k = j�kih�kj ¯à¨ k = 1, § ¤ ¢ ïâ®£¤  ç¨áâ® ¤¨­ ¬¨ç¥áª®¥,   ­¥ ¢¥à®ïâ­®áâ­®¥ ®¯¨á ­¨¥ ¥¥ í¢®«îæ¨¨:1� á¬ëá«¥ ¯à¨¬¥à  (2.25) ¨ ªà â­®áâ¨ á¯¥ªâà  bIj�ki = 1(k)j�ki ¥¤¨­¨ç­®£® ®¯¥à â®à  8 j�ki.�®£« á­® â¥®à¥¬¥ �«¥©­ {ä®­ �¥©¬ ­  [39]: Tr (b% ln b%) �Pk wk lnwk �Pi wi lnwi (áà. (1.36)).



|24|j�1i 7! j�i; b%c = j�ih�j; h�j�i = 1; b%c = ( b%c)2 = ( b%c)n ; n > 2: (2.11)�á¯®«ì§ãï ­¥§ ¢¨á¨¬®áâì á«¥¤  ®¯¥à â®à  ®â ¢ë¡®à  ¯à¥¤áâ ¢«¥­¨ï, áà ¢-­¨¬ ¢ëà ¦¥­¨ï ¤«ï áà¥¤­¥£® §­ ç¥­¨ï ®¯¥à â®à  bb ¢ ¥£® á®¡áâ¢¥­­®¬ ¡ -§¨á¥ j'ii á ãç¥â®¬ (2.7) ¨ ¢ ¯à¥¤áâ ¢«¥­¨¨ ¢¥ªâ®à®¢ j�ki (2.9). �à¨ bby = bb,bbj'ii = bij'ii; â.¥. bb =Xi j'iibih'ij; wi = h'ij b%j'ii; h'ij'ki = �ik; (2.12)¨¬¥¥¬: �bb� = Tr( b%bb) =Xi wi bi =Xk wkh�kjbbj�ki �Xk wk b(k); (2.13)£¤¥: b(k) � h�kjbbj�ki = Xi h�kj'iibih'ij�ki �Xi bi o(k)i ; ¤ îâ, ¯à¨ (2.14)o(k)i = jh�kj'iij2; wi =Xk wk o(k)i ; { \¤¢ ¦¤ë ¢¥à®ïâ­®áâ­®¥" ®¯¨á ­¨¥: (2.15)� (2.13) �bb� ¤ ¥âáï ¨«¨ ª ª áà¥¤­¥¥ ®â á®¡áâ¢¥­­ëå §­ ç¥­¨© bi (2.12),à¥ «¨§ã¥¬ëå á ¢¥à®ïâ­®áâï¬¨ wi, ¨«¨ ª ª áâ â¨áâ¨ç¥áª®¥ áà¥¤­¥¥ ®âª¢ ­â®¢®¬¥å ­¨ç¥áª¨å áà¥¤­¨å b(k) (2.14) ®¯¥à â®à  bb ¯®  ­á ¬¡«î (2.10)ç¨áâëå á®áâ®ï­¨© %c;k = j�kih�kj ¯®¤á¨áâ¥¬ë 1, à¥ «¨§ã¥¬ëå ¢ íâ®¬  ­-á ¬¡«¥ á ¢¥à®ïâ­®áâï¬¨ wk. �¨èì ¢ á«ãç ¥ áâ â¨áâ¨ç¥áª¨ ç¨áâ®£® á®áâ®-ï­¨ï (2.11) á w1 = 1, wk 6=1 = 0, �bb� á¢®¤¨âáï ª ª¢ ­â®¢®¬¥å ­¨ç¥áª®¬ãáà¥¤­¥¬ã, § ¤ ¢ ¥¬®¬ã ã¦¥ ç¨áâ® ¤¨­ ¬¨ç¥áª¨¬ ª¢ ­â®¢ë¬ ®¯¨á ­¨¥¬:j�1i =Xi j'iih'ij�1i; �bb�) b(1) = h�1jbbj�1i =Xi bi o(1)i : (2.16)�.¥. ç¨áâ®¥ á®áâ®ï­¨¥ ª¢ ­â®¢®© ¯®¤á¨áâ¥¬ë ®¯¨áë¢ ¥âáï ­¥ ¢¥ªâ®à®¬,  ®¯¥à â®à®¬-¯à®¥ªâ®à®¬ b%c;k (2.11) ­  íâ® á®áâ®ï­¨¥. �§ ¨¬®¤¥©áâ¢¨¥ á¤àã£®© ¯®¤á¨áâ¥¬®© (â¥à¬®áâ â®¬) \à §¬¥è¨¢ ¥â" íâ¨ ç¨áâë¥ ª¢ ­â®¢ë¥¬�ªà®á®áâ®ï­¨ï ¢ ¥¥ á¬¥è ­­®¥ ¬�ªà®á®áâ®ï­¨¥ b% (2.10)  ­á ¬¡«ï â ª¨åç¨áâëå á®áâ®ï­¨©, ª ª  ­á ¬¡«ï ­ å®¤ïé¨åáï ¢ ­¨å ¯®¤á¨áâ¥¬ (áà. (5.15)).2 �à ¢­¥­¨¥ ä®­ �¥©¬ ­ � ¯à¥¤áâ ¢«¥­¨¨�à¥¤¨­£¥à  § ¢¨á¨¬®áâì ¢¥ªâ®à  á®áâ®ï­¨ï ®â ¢à¥¬¥­¨t § ¤ ¥âáï ãà ¢­¥­¨¥¬ �à¥¤¨­£¥à  i�h@tj�k(t)i = cHj�k(t)i, íª¢¨¢ «¥­â-­ë¬ ¢ëà ¦¥­¨î: j�k(t)i = exp ��icHt=�h� j�k(0)i. �á¯®«ì§ãï ¯à¥¤áâ ¢«¥-­¨¥ (2.10), ­ ©¤¥¬ ¬ âà¨æã ¯«®â­®áâ¨ b%(t) ª ª äã­ªæ¨î t ¢ ¢¨¤¥:b%(t) =Xk j�k(t)iwkh�k(t)j = exp ��icHt=�h� b%(0) exp �icHt=�h� : (2.17)�¨ää¥à¥­æ¨à®¢ ­¨¥¬ ¯® t á ãç¥â®¬ ¯¥à¥áâ ­®¢®ç­®áâ¨ cH ¨ exp(icHt=�h),¯®«ãç¨¬: @ b%(t)=@t = �(icH=�h) exp(�icHt=�h) b%(0) exp(icHt=�h) ++ exp(�icHt=�h) b%(0) exp(icHt=�h)(icH=�h) = �(i=�h)[cH b%(t)� b%(t)cH ]; (2.18){ ãà ¢­¥­¨¥ ä®­ �¥©¬ ­  í¢®«îæ¨¨ áâ â¨áâ¨ç¥áª®£® ®¯¥à â®à , ¨«¨ ¢



|25|â¥à¬¨­ å ¥£® ª®¬¬ãâ â®à  á £ ¬¨«ìâ®­¨ ­®¬, cH b%(t)� b%(t)cH � [cH; b%(t)]:@ b%(t)@t = � i�h [cH; b%(t)]; ¢ ®â«¨ç¨¥ ®â: dcOH(t)dt = i�h [cH; cOH(t)]: (2.19)�.¥.  ­ «®£¨ç­® à §«¨ç¨î ª« áá¨ç¥áª¨å ãà ¢­¥­¨© � ¬¨«ìâ®­  (1.9) ¨�¨ã¢¨««ï (1.23), ãà ¢­¥­¨ï ¤¢¨¦¥­¨ï ®¯¥à â®à®¢ cOH(t) ¨§®«¨à®¢ ­­®©ª¢ ­â®¢®© á¨áâ¥¬ë ¢ £¥©§¥­¡¥à£®¢áª®¬ ¯à¥¤áâ ¢«¥­¨¨ ¢ (2.19) â ª¦¥ ®â-«¨ç îâáï å à ªâ¥à®¬ ¯à®¨§¢®¤­®© ¨ ®â­®á¨â¥«ì­ë¬ §­ ª®¬ áâ®à®­.3 �á­®¢­®© ¯®áâã« â ª¢ ­â®¢®© áâ âä¨§¨ª¨�«¥¤ãï ä®­ �¥©¬ ­ã [41] ­ «®¦¨¬ «¨­¥©­®áâì (1.30), (2.8) ¨ ­  á®®â-¢¥âáâ¢¨¥ �: : :� ¬¥¦¤ã ª¢ ­â®¢ë¬¨ ®¯¥à â®à ¬¨ bb ¨ ­ ¡«î¤ ¥¬ë¬¨ B.�¢®¤ï ¢ ¯à®¨§¢®«ì­®¬ ®àâ®­®à¬¨à®¢ ­­®¬ ¡ §¨á¥ (2.1), (2.12) ¯®¤á¨áâ¥¬ë1 ®¯¥à â®à­®§­ ç­ãî ¬ âà¨æã ¨§ ®¯¥à â®à®¢ cc�)c�li = j'lih'ij á à ¢­ë¬ 1¥¤¨­áâ¢¥­­ë¬ ­¥­ã«¥¢ë¬ l; i-âë¬ ¬ âà¨ç­ë¬ í«¥¬¥­â®¬, ¨ 8 bb § ¯¨á ¢ ¢­¥¬: bb � bI1bb bI1 = Pi;l blic�li á bli = h'ljbbj'ii, ¢¢¥¤¥¬ ¬ âà¨æã %il(t) = �c�li�.�®£¤ : ¬�ªà®á®áâ®ï­¨¥ ¯®¤á¨áâ¥¬ë ¢ ¬®¬¥­â ¢à¥¬¥­¨ t ¯®«­®áâìî®¯à¥¤¥«ï¥âáï § ¤ ­¨¥¬ áâ â¨áâ¨ç¥áª®£® ®¯¥à â®à  b%(t) { ¬ âà¨æë ¯«®â-­®áâ¨ ¥¥ á¬¥è ­­ëå ¬�ªà®á®áâ®ï­¨©,   ­ ¡«î¤ ¥¬ ï B ¥áâì áà¥¤­¥¥¯® â ª¨¬ á®áâ®ï­¨ï¬ ®â ®¯¥à â®à  bb íâ®© ¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ë B,§ ¤ ¢ ¥¬®¥ ä®à¬ã«®© (2.5), £¤¥, á ãç¥â®¬ ¯®«­®âë (2.1), ¯à¨Tr1( b%) =�Spfcc�g� !!� � bI1� = 1| {z }: B =�bb� =Xi;l bli%il�Tr1(bb b%): (2.20)�« áá¨ç¥áª¨© ¯à¥¤¥« �h ! 0 ãà ¢­¥­¨ï ä®­ �¥©¬ ­  (2.19) ¤ ¥â ãà ¢­¥­¨¥ �¨ã¢¨««ï,á ãç¥â®¬ ¯à ¢¨«  á®®â¢¥âáâ¢¨ï: (i=�h)[cH; b%] ! fH; %g, ¬¥¦¤ã ª®¬¬ãâ â®à®¬ ¨ áª®¡ª®©�ã áá®­ . �à¨ íâ®¬ ä®à¬ã«ë (2.20) ¥áâ¥áâ¢¥­­® ¯¥à¥å®¤ïâ ¢ ª« áá¨ç¥áª¨¥ ä®à¬ã«ë¤«ï ä §®¢®£® áà¥¤­¥£® (1.32) ¨ ­®à¬¨à®¢ª¨ ä §®¢®© ¯«®â­®áâ¨ (1.33). �¤­ ª® ¢¢¥¤¥­-­ ï ¢ëè¥ ¬ âà¨æ  ¯«®â­®áâ¨ ­¥ ¨¬¥¥â á¢®¨¬ ª« áá¨ç¥áª¨¬ ¯à¥¤¥«®¬ ­¥¯®áà¥¤áâ¢¥­­®ä §®¢ãî ¯«®â­®áâì % (fqtgs1; fptgs1; t). �¤¨­ ¨§ ¬­®£¨å á¯®á®¡®¢ ¥¥ ¯®«ãç¥­¨ï á®áâ®¨â¢ ¯¥à¥å®¤¥ ª äã­ªæ¨¨ �¨£­¥à , ®¯à¥¤¥«ïîé¥© áâ â¨áâ¨ç¥áª¨© ®¯¥à â®à ¢ á¬¥è ­­®¬hfqgs1j; jfpgs1i ¯à¥¤áâ ¢«¥­¨¨ á ¯®¬®éìî ã¯®àï¤®ç¥­­®£® ¯® �¥©«î ®¯¥à â®à­®£® ¯à¥®¡à -§®¢ ­¨ï �ãàì¥ ª®®à¤¨­ â­®© ¬ âà¨æë ¯«®â­®áâ¨; bqi á«¥¢  ®â bpi, ¯à¨ bqi ! qi, bpi ! pi:Rt (fxgs1; fygs1) = hfxgs1j b%(t)jfygs1i =Xk hfxgs1j�k(t)iwk h�k(t)jfygs1i;dW(f bqgs1; f bpgs1; t) = Z dsz Rt (f bq + z=2gs1 ; f bq � z=2gs1) e�i(z�bp)=�h;% (X ; t) = % (fqgs1; fpgs1; t) = hfqgs1jdW(f bqgs1; f bpgs1; t) jfpgs1i: (2.21)



|26|4 �à¨¬¥àë ¬ âà¨æë ¯«®â­®áâ¨� áá¬®âà¨¬, ­ ¯à¨¬¥à, ¬ âà¨æã ¯«®â­®áâ¨ ¤«ï ¯®«ïà¨§®¢ ­­®£® á¢¥â .�«ï ¯ãçª , à á¯à®áâà ­ïîé¥£®áï ¢¤®«ì ®á¨ Z, ¢¢¥¤¥¬ ¢¥ªâ®àë á®áâ®ï-­¨©: j'1i á ¯®«ïà¨§ æ¨¥© ¢¤®«ì ®á¨ X ¨ j'2i { á ­¥© ¦¥ ¢¤®«ì ®á¨ Y :j'1i = 0@ 10 1A ; j'2i = 0@ 01 1A : (2.22)�î¡®¥ ç¨áâ®¥ á®áâ®ï­¨¥ j�i ¥áâì ®¤­®§­ ç­ ï «¨­¥©­ ï áã¯¥à¯®§¨æ¨ïíâ¨å ®àâ®£®­ «ì­ëå ¤àã£ ¤àã£ã ¢¥ªâ®à®¢ j'1i ¨ j'2i, h'ij'ji = �ij :j�i = C1j'1i + C2j'2i = 0@ C1C2 1A ; h�j = (C�1 ; C�2) ; (2.23)á  ¬¯«¨âã¤ ¬¨ C1 = h'1j�i, C2 = h'2j�i, ¯à¨ h� j�i = jC1j2 + jC2j2 = 1.1. � ©¤¥¬ ¬ âà¨ç­ë¥ í«¥¬¥­âë b% ¢ â ª®¬ ç¨áâ®¬ á®áâ®ï­¨¨ b%c = j�ih�j:( b%c)il = h'ij b%cj'li =) h'ij�ih�j'li, â.¥. ¯à¨: C1 = cos#, C2 = sin#. �.ª.:b%c = j�ih�j =)!!! 0@ C1C2 1A (C�1 ; C�2) = 0@ C1C�1 C1C�2C2C�1 C2C�2 1A = b%c;#;â®: á¢¥âã, ¯®«ïà¨§®¢ ­­®¬ã ¢¤®«ì ®á¨ X , ¯à¨ # = 0 (C1 = 1; C2 = 0),®â¢¥ç ¥â ¬ âà¨æ  ¯«®â­®áâ¨:b%Xc = 0@ 1 00 0 1A = b%c;0) j'1ih'1j;á®áâ®ï­¨î ¯®«ïà¨§ æ¨¨ ¢¤®«ì ®á¨ Y , ¯à¨ # = �=2 (C1 = 0; C2 = 1):b%Yc = 0@ 0 00 1 1A = b%c;�=2 ) j'2ih'2j;á®áâ®ï­¨î ¯®«ïà¨§ æ¨¨ ¯®¤ ã£«®¬ # = �=4 ª ®á¨ X (C1 = C2 = 1=p2):b%c;�=4 = 0@ 1=2 1=21=2 1=2 1A) j��=4ih��=4j;  ¯®«ïà¨§ æ¨¨ ¯®¤ ã£«®¬ # = 3�=4 ª ®á¨ X (C1 = �C2 = �1=p2):b%c;3�=4 = 0@ 1=2 �1=2�1=2 1=2 1A) j�3�=4ih�3�=4j:



|27|2. �®£« á­® (2.10), á¬¥è ­­ë¥ á®áâ®ï­¨ï ¬®¦­® ¯à¨£®â®¢¨âì, \á¬¥è ¢"íâ¨ ç¨áâë¥ á®áâ®ï­¨ï á á®®â¢¥âáâ¢ãîé¨¬¨ ¢¥á ¬¨ wk:b% = Xk wk b%c;k; Xk wk = 1: (2.24)�«ï ¯ãçª , ï¢«ïîé¥£®áï á¬¥áìî á®áâ®ï­¨© 0; 5%Xc ¨ 0; 5%Yc , ¨«¨ ¤«ï á¬¥á¨0; 5 b%c;�=4 á 0; 5 b%c;3�=4, ¯à¨å®¤¨¬ ª ®¤­®© ¨ â®© ¦¥ ¬ âà¨æ¥ ¯«®â­®áâ¨ b%:b% = 0; 5 b%Xc + 0; 5 b%Yc = 0; 5 b%c;�=4 + 0; 5 b%c;3�=4 = 0@ 1=2 00 1=2 1A ; (2.25)¨ íâ¨ ¤¢  á¬¥è ­­ëå á®áâ®ï­¨ï ®ª §ë¢ îâáï ä¨§¨ç¥áª¨ ­¥à §«¨ç¨¬ë: b%¢ (2.25) ¯à¥¤áâ ¢«ï¥â ¥¤¨­ãî á¬¥áì ç¨áâëå á®áâ®ï­¨© á ®â­®á¨â¥«ì­ë¬ã£«®¬ ¯®«ïà¨§ æ¨¨ �=2 ¨ ¢¥á ¬¨ w1 = w2 = 0; 5. �.¥. ¢ íâ®¬ ¥¤¨­®¬á¬¥è ­­®¬ á®áâ®ï­¨¨ ãâ¥àï­  ç áâì ¨­ä®à¬ æ¨¨ ® á¯®á¡¥ ¯à¨£®â®¢«¥­¨ïá¨áâ¥¬ë, ¯® áà ¢­¥­¨î á «î¡ë¬ ¨§ ¥¥ ç¨áâëå á®áâ®ï­¨© (2.23).�î¡ ï íà¬¨â®¢  2�2 ¬ âà¨æ  á ¥¤¨­¨ç­ë¬ á«¥¤®¬ ¯à¥¤áâ ¢�̈¬  ª®¬-¡¨­ æ¨¥© ¥¤¨­¨ç­®© 1 ¨ âà¥å ¬ âà¨æ � ã«¨ �y = � ) (�1;2;3) [30]x50:1 = 0@ 1 00 1 1A ; �1 = 0@ 0 11 0 1A ; �2 = 0@ 0 �ii 0 1A ; �3 = 0@ 1 00 �1 1A ; (2.26)�2j = 1; T r(�j) = 0; b% = 12 [1+ (� � �)] � 12 0@ 1 + �3 �1 � i�2�1 + i�2 1 � �3 1A : (2.27)�ç¥¢¨¤­®, Tr( b%) = 1. �®£¤  ¤«ï «î¡®© â ª®© íà¬¨â®¢®© ¬ âà¨æë ¢¥ªâ®à3-å ¢¥é¥áâ¢¥­­ëå ¯ à ¬¥âà®¢ �â®ªá  � ! (�1;2;3) (¢¬¥áâ® ¨¬¥¢è¨åáï 8)¯®«­®áâìî å à ªâ¥à¨§ã¥â á®áâ®ï­¨¥ á® á¬¥è ­­®© ¯®«ïà¨§ æ¨¥©:�l�j = �ljk�k����l 6=j ; �j = 12Tr ( b%�j) ; det( b%) = 14 �1� �2� :� ç¨áâ®¬ á®áâ®ï­¨¨ det( b%) = 0, â.¥. �2 = 1,   áâ¥¯¥­ì ¯®«ïà¨§ æ¨¨á¬¥è ­­®£® á®áâ®ï­¨ï �2 < 1. �¥©áâ¢¨â¥«ì­®, â.ª. á®¡áâ¢¥­­ë¥ §­ ç¥­¨ïíâ®© ¬ âà¨æë b%: 0 < w1; w2 < 1, Tr( b%) = w1 + w2 = 1; det( b%) = w1w2; â®:�2 = 1 � 4 det( b%) = (w1 + w2)2 � 4w1w2 = (w1 � w2)2 � 1:([6] x5, [7], [9], [39], [41])� ¤ ç¨8.1. �á¯®«ì§ãï (2.10), (2.11), ¯à¨ n � 2, ¯®ª § âì, çâ® Tr ( b%n) � 1, £¤¥à ¢¥­áâ¢® ®â¢¥ç ¥â â®«ìª® ç¨áâ®¬ã á®áâ®ï­¨î.8.2. � ©â¨ ®¡é¨© ¢¨¤ � ¨ j
i, â ª¨å, çâ® ¤«ï ¬ âà¨æë (2.27) b%j
i = 0:



�¥ªæ¨ï 3�¨ªà®ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥�¥à¥©¤¥¬ ª ¨§ãç¥­¨î ª®­ªà¥â­ëå à ¢­®¢¥á­ëå áâ â¨áâ¨ç¥áª¨å á¨áâ¥¬.�®®â¢¥âáâ¢ãîé ï ª« áá¨ç¥áª ï áâ â¨áâ¨ç¥áª ï äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï%(X) ¯®¤ç¨­ï¥âáï áâ æ¨®­ à­®¬ã ãà ¢­¥­¨î �¨ã¢¨««ï (1.24) ¨, á®£« á­®(1.29), ï¢«ï¥âáï ­¥ª®â®à®© äã­ªæ¨¥©, %(X) = w (H(X)), â®«ìª® ®â £ -¬¨«ìâ®­¨ ­  á¨áâ¥¬ë. �® ¦¥ ®â­®á¨âáï ¨ ª ãà ¢­¥­¨î ä®­ �¥©¬ ­  ¤«ï¬ âà¨æë ¯«®â­®áâ¨ à ¢­®¢¥á­®£®, áãâì áâ æ¨®­ à­®£® ¬�ªà®á®áâ®ï­¨ï:@ b%@t = 0; â.¥. [cH; b%] = 0(= [cH; ln b%]; b% = w(cH): (3.1)�¤­ ª® íâ® ¯®çâ¨ ­¨ª ª ­¥ ®¡«¥£ç ¥â § ¤ çã ­ å®¦¤¥­¨ï %(X) ¨«¨ b% ¢ª« áá¥, ¢®®¡é¥ £®¢®àï, ®¡®¡é¥­­ëå äã­ªæ¨©, â ª ª ª ®áâ ¥âáï ¯à®¨§-¢®« ¢ ¢ë¡®à¥ á ¬®© äã­ªæ¨¨ w(E). �  ¯®¬®éì ¯à¨å®¤ïâ í¢à¨áâ¨ç¥áª¨¥á®®¡à ¦¥­¨ï, ï¢­® áä®à¬ã«¨à®¢ ­­ë¥ �. �®«¬¥­®¬, ª ª1 �à¨­æ¨¯ à ¢­ëå  ¯à¨®à­ëå ¢¥à®ïâ­®áâ¥©� áá¬®âà¨¬ ¢­®¢ì ¨§®«¨à®¢ ­­ãî ª¢ ­â®¢®¬¥å ­¨ç¥áªãî á¨áâ¥¬ã, § -ª«îç¥­­ãî ¢ á®áã¤ ®¡ê¥¬®¬ V � V¬®« � 10�24á¬3, á ç¨á«®¬ ç áâ¨æN � 1. � à ¢­®¢¥á¨¨ â ª ï á¨áâ¥¬  ¬�ªà®áª®¯¨ç¥áª¨ å à ªâ¥à¨§ã¥âáï¯®áâ®ï­­®© í­¥à£¨¥© E. �à ªâ¨ç¥áª¨ ¦¥ íâ® ®§­ ç ¥â, çâ® ­¥®¯à¥¤¥«¥­-­®áâì �E(E) ¥¥ í­¥à£¨¨ ¬�ªà®áª®¯¨ç¥áª¨ ­¥­ ¡«î¤ ¥¬ : �E � E. �®ã á¨áâ¥¬ë á ®£à®¬­ë¬ ç¨á«®¬ áâ¥¯¥­¥© á¢®¡®¤ë ç¨á«® ¬�ªà®á®áâ®ï­¨©­  ¥¤¨­¨ç­®¬ í­¥à£¥â¨ç¥áª®¬ ¨­â¥à¢ «¥ ­ áâ®«ìª® ¢¥«¨ª®, çâ® áà¥¤­¥¥à ááâ®ï­¨¥ ¬¥¦¤ã ­¨¬¨ �(Em) � �E,   ¯®â®¬ã íâ®â ¬�ªà®áª®¯¨ç¥áª¨¬ «ë© ¨­â¥à¢ « í­¥à£¨¨ �E ¥é¥ á®¤¥à¦¨â ®£à®¬­®¥ ¬­®¦¥áâ¢® à §«¨ç-­ëå á®¡áâ¢¥­­ëå ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© á¨áâ¥¬ë jmi á® á¯¥ªâà®¬í­¥à£¨© Em ¢ ¨­â¥à¢ «¥ E < Em < E + �E ¨ ¯®«­ë¬ ­ ¡®à®¬ fmgª¢ ­â®¢ëå ç¨á¥«, å à ªâ¥à¨§ãîé¨å ª ¦¤®¥ ¨§ íâ¨å ¬�ªà®á®áâ®ï­¨©.28



|29|�®áª®«ìªã ­¨ ®¤­® ¨§ â ª¨å ®â¤¥«ì­ëå ­¥¢ëà®¦¤¥­­ëå ¬�ªà®-á®áâ®ï­¨© jmi ¬�ªà®áª®¯¨ç¥áª¨ ­¨ç¥¬ ­¥ ¢ë¤¥«¥­®, ã ­ á ­¥â ®á­®¢ -­¨© áç¨â âì, çâ® ¢ª« ¤ íâ¨å á®áâ®ï­¨© ¢  ­á ¬¡«ì à §«¨ç¥­. �®íâ®¬ã¢á¥¬ ­¥¢ëà®¦¤¥­­ë¬ ª¢ ­â®¢ë¬ ¬�ªà®á®áâ®ï­¨ï¬ jmi, á®¢¬¥áâ¨¬ë¬á ¤ ­­ë¬¨ ¬�ªà®ãá«®¢¨ï¬¨, ¥áâ¥áâ¢¥­­® ¯à¨¯¨á âì ¨§­ ç «ì­® ®¤¨­ -ª®¢ë¥ ¥¤¨­¨ç­ë¥ ¢¥á  aE(Em),   §­ ç¨â, ¨ à ¢­ë¥ ¢¥à®ïâ­®áâ¨,   ¢á¥¬­¥á®¢¬¥áâ¨¬ë¬ { ­ã«¥¢ë¥ ¢¥á  ¨ ¢¥à®ïâ­®áâ¨. �â® ¨ ¥áâì ¯à¨­æ¨¯ �®«-¬¥­  à ¢­ëå  ¯à¨®à­ëå ¢¥à®ïâ­®áâ¥© ¤«ï ¬�ªà®ª ­®­¨ç¥áª®£® ª¢ ­â®-¢®£®  ­á ¬¡«ï ¯à¨ �(Em)� �E(E)� E (�¨á. 3.1) (áà. á (1.37)):aE(Em)| {z } = 8<:1; Em 2 (E; E +�E)0; Em =2 (E; E +�E)9=; = �(E +�E � Em) �(Em � E)| {z } : (3.2)�®£¤  à á¯à¥¤¥«¥­¨¥ ¢¥à®ïâ­®áâ¥© â®£® ¨«¨ ¨­®£® ­¥¢ëà®¦¤¥­­®£®¬�ªà®á®áâ®ï­¨ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ª ª í«¥¬¥­â®¢ wm = %mm ¤¨ £®-­ «ì­®© ¬ âà¨æë ¯«®â­®áâ¨ (2.10) â ª®£® ¬�ªà®ª ­®­¨ç¥áª®£® ª¢ ­â®-¢®£®  ­á ¬¡«ï, å à ªâ¥à¨§ã¥¬®£® í­¥à£¥â¨ç¥áª®© è¨à¨­®© �E, ¥áâì:wm ) w
(Em) = aE(Em)
(E;�E) � 1
(E;�E) E+�EZE dE 0 �(Em � E 0)| {z } : (3.3)�®áâ®ï­­ãî 
(E;�E) ­ ©¤¥¬ ¨§ ãá«®¢¨ï ­®à¬¨à®¢ª¨, £¤¥ á®£« á­® (3.2),¢ëà®¦¤¥­­ë¥ ¯® í­¥à£¨¨ Em á®áâ®ï­¨ï á¨áâ¥¬ë fjmiiggi=1 ¢ª« ¤ë¢ îâ ¢áã¬¬ã áâ®«ìª® à §, ª ª®¢  ¨å ®¡é ï ªà â­®áâì ¢ëà®¦¤¥­¨ï g(Em):1 =Xm wm = XEm gXi=1w
(Em) =)XEm g(Em)w
(Em); ®âªã¤ : (3.4)
(E;�E) =Xm aE(Em)| {z } = XEm g(Em) aE(Em)| {z }; ¯à¨ g(Em) = gXi=1 1: (3.5)�¥«¨ç¨­  
 ­ §ë¢ ¥âáï áâ â¨áâ¨ç¥áª¨¬ ¢¥á®¬ ¬�ªà®á®áâ®ï­¨ï á¨áâ¥¬ë¨ à ¢­  ç¨á«ã ¥¥ ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨©, á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï í­¥à-£¨© ª®â®àëå ¯®¯ ¤ îâ ¢ ¨­â¥à¢ « (E;E +�E). �®áª®«ìªã, ¯à¨ ª¢ ­-â®¢ ­¨¨ í­¥à£¨¨ ¢ ïé¨ª¥ ®¡ê¥¬®¬ V = L3: Em / q2n, qn = 2�n=L, ¨Em = Em(V ), â® áâ â¨áâ¨ç¥áª¨© ¢¥á § ¢¨á¨â ®â ¬�ªà®áª®¯¨ç¥áª¨å ¯ -à ¬¥âà®¢: 
 = 
(E; V;N ; �E). �­ ï¢«ï¥âáï ®á­®¢­®© å à ªâ¥à¨áâ¨ª®©,®¯à¥¤¥«ïîé¥© â¥à¬®¤¨­ ¬¨ç¥áª¨¥ á¢®©áâ¢  ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë1.1¨ ¤ ¥âáï ç¨á«®¬ ¢á¥å ¬�ªà®á®áâ®ï­¨©, ¯à¥¤áâ ¢«ïîé¨å ¤ ­­®¥ à ¢­®¢¥á­®¥ ¬�ªà®á®áâ®-ï­¨¥,   ¢ á¨«ã (3.5) ¯à¨ �E = 0 ¬®¦¥â á¢®¤¨âìáï ª ªà â­®áâ¨ ¢ëà®¦¤¥­¨ï g(Em) ®¤­®£®(­ ¯à¨¬¥à, ®á­®¢­®£®) ¬�ªà®á®áâ®ï­¨ï á ¤ ­­®© í­¥à£¨¥© Em ) E, â.¥. �E ) �E(E).



|30|2 �ëç¨á«¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­�áâ ¢¨¢ ¤«ï ¯à®áâ®âë «¨èì ­¥§ ¢¨á¨¬ë¥ ¯ à ¬¥âàë E ¨ V à ¢­®¢¥á­®£®¬�ªà®á®áâ®ï­¨ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë áà ¢­¨¬ ¤¨ää¥à¥­æ¨ « í­âà®-¯¨¨ dS ¢ ãà ¢­¥­¨¨ II-£® � ç «  â¥à¬®¤¨­ ¬¨ª¨ (1.1) ¯à¨ U 7! E:dS(E; V ) = 1T dE + PT dV; á ¯®«­ë¬ ¤¨ää¥à¥­æ¨ «®¬: (3.6)d ln
(E; V ) =  @ ln
@E !V dE +  @ ln
@V !E dV: �®£¤  ¯®« £ ï: (3.7)S = k ln
 ¨ ¯à¨: 1T =  @S@E!V =  @k ln
@E !V ¨¬¥ï: (3.8)PT =  @S@V !E=  @k ln
@V !E= @ (k ln
; V )@ (V;E) �@ (ln
; E)@ (ln
; V ) = � 1T � @E@V !ln
; (3.9)ã§­ ñ¬ ¢ (3.7) íâ® ¦¥ ®á­®¢­®¥ ãà ¢­¥­¨¥ â¥à¬®¤¨­ ¬¨ª¨ (3.6) ª ª @E@k ln
!V dk ln
 = dE �  @E@V !ln
)S dV =) TdS = dE + PdV: (3.10)�®à¬ã«ë (3.8), (3.9) á¢ï§ë¢ îâ ¬�ªà®ª ­®­¨ç¥áª¨©  ­á ¬¡«ì á â¥à¬®-¤¨­ ¬¨ª®© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë. �®áâ®ï­­ ï �®«ìæ¬ ­  k � kB =1; 38 � 10�23�¦/� ®¡¥á¯¥ç¨¢ ¥â â¥à¬®¤¨­ ¬¨ç¥áªãî à §¬¥à­®áâì í­âà®-¯¨¨ �¦/�. �«ï ¡¥§à §¬¥à­®© ¢¥«¨ç¨­ë í­âà®¯¨¨ â¥¬¯¥à âãà  � = kT¨¬¥¥â à §¬¥à­®áâì í­¥à£¨¨. �®à¬ã«  �®«ìæ¬ ­  (3.8) ¤ ¥â ®¤­® ¨§ áâ -â¨áâ¨ç¥áª¨å ®¯à¥¤¥«¥­¨© í­âà®¯�̈¨ à ¢­®¢¥á­®£® ¬�ªà®á®áâ®ï­¨ï, ª ª«®£ à¨ä¬¨ç¥áª®© ¬¥àë ç¨á«  ¯à¥¤áâ ¢«ïîé¨å ¥£® ¬�ªà®á®áâ®ï­¨©:S(E; V;N) = k ln
(E; V;N ; �E); 
(E; V;N ; �E) = eS(E;V;N )=k: (3.11)�¤­ ª® äã­ªæ¨ï ln
 ¯®ª  ­¨ç¥¬ ­¥ ®¯à ¢¤ ­ . �¥ ã¬¥áâ­®áâì ¢ëï¢«ï-¥âáï à áá¬®âà¥­¨¥¬ ­¥à ¢­®¢¥á­®© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë, á®áâ ¢«¥­-­®© ¨§ ¤¢ãå ã¦¥ à ¢­®¢¥á­ëå ¯®¤á¨áâ¥¬ 1 ¨ 2, çìï à¥« ªá æ¨ï ª à ¢-­®¢¥á¨î á®¯à®¢®¦¤ ¥âáï ã¢¥«¨ç¥­¨¥¬ ¥¥ í­âà®¯¨¨ ª ª ¬¥àë ç¨á«�  ¢á¥å¤®áâã¯­ëå ¥© ¬�ªà®á®áâ®ï­¨©,   à ¢­®¢¥á­®¬ã ¬�ªà®á®áâ®ï­¨î ®â¢¥-ç ¥â ¨å ¬ ªá¨¬ã¬, â.¥. ¬ ªá¨¬ã¬ ¥¥ áâ â¨áâ¨ç¥áª®£® ¢¥á : �
 = 0. �®á¯¥ªâàë E1m;2n � E1;2 á®áâ®ï­¨© à ¢­®¢¥á­ëå ¬�ªà®¯®¤á¨áâ¥¬ ¨ ¢­¥ ¨å®¡é¥£® à ¢­®¢¥á¨ï ®áâ îâáï ¯à ªâ¨ç¥áª¨ ­¥§ ¢¨á¨¬ë,   áâ â¨áâ¨ç¥áª¨©¢¥á ¢á¥© ­¥à ¢­®¢¥á­®© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ¢á¥ ¥é¥ á¢®¤¨âáï ª ¯à®-¨§¢¥¤¥­¨î áâ â¢¥á®¢ ¥¥ à ¢­®¢¥á­ëå ¬�ªà®¯®¤á¨áâ¥¬, ¨ â® ¦¥ ¨¬¥¥â¬¥áâ® ¤«ï ¢¥à®ïâ­®áâ¥© (3.3) ¤®áâã¯­ëå ¨¬ ¬�ªà®á®áâ®ï­¨©:
 =) 
1
2; çâ® ¯® (3.3) ¨ ®§­ ç ¥â: w
(Emn) = w
1(E1m)w
2(E2n); (3.12)



|31|ª ª ¨å áâ â¨áâ¨ç¥áªãî ­¥§ ¢¨á¨¬®áâì (1.26) ¨ ¢ íâ¨å ®âª«®­¥­­ëå ®âà ¢­®¢¥á¨ï ¬�ªà®á®áâ®ï­¨ïå ¢á¥© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë2. �®£¤  ln
¨ í­âà®¯¨ï (3.11) ¥áâì  ¤¤¨â¨¢­ë¥ äã­ªæ¨¨ ®â í­¥à£¨© ª ¦¤®© ¨§ ¯®¤á¨-áâ¥¬ Sne(E1; E2) 6= S(E). �«ï ¬ «ëå ®âª«®­¥­¨© ®â à ¢­®¢¥á¨ï ¨§ (3.12):ln
 = ln
1 + ln
2; â.¥.: Sne(E1; E2) = S1(E1) + S2(E2); (3.13)¨: 0( �
 � 
� ln
 = � [
1 (E1; V1) 
2 (E2; V2)] � 
1
2 � ln (
1
2) ;£¤¥ (áà. (3.7)), ¯à¨ i = 1; 2 : � ln
i (Ei; Vi) = @ ln
i@Ei �Ei + @ ln
i@Vi �Vi:�à¨ Emn = E1m + E2n � E1 + E2 = E = const ¨ V1 + V2 = V = const, ¢á¨«ã ¯à®¨§¢®«ì­®áâ¨ ¢ à¨ æ¨© �E1 = ��E2; �V1 = ��V2, íâ® ¤ ¥â:�
 = 
1
2 " @ ln
1@E1 � @ ln
2@E2 ! �E1 +  @ ln
1@V1 � @ ln
2@V2 ! �V1# =) 0;1kT1 � @ ln
1@E1 = @ ln
2@E2 � 1kT2 ; P1kT1 � @ ln
1@V1 = @ ln
2@V2 � P2kT2 : (3.14)�ë ã§­ �ñ¬ ¢ (3.14) ãá«®¢¨ï à ¢­®¢¥á¨ï ¤¢ãå ç áâ¥© ®¤­®à®¤­®© á¨áâ¥¬ë:T1 = T2; P1 = P2; (3.15)¥á«¨ à ¢¥­áâ¢  (3.8), (3.9) ¨¬¥îâ ¬¥áâ® ¤«ï ª ¦¤®© ¨§ ¯®¤á¨áâ¥¬ 1 ¨ 2.3 �¢ §¨ª« áá¨ç¥áª®¥ ¯à¨¡«¨¦¥­¨¥�­¥à£¥â¨ç¥áª¨© á¯¥ªâà ¬�ªà®á¨áâ¥¬ë á®£« á­® ¯ã­ªâã 1 ï¢«ï¥âáï ª¢ §¨-­¥¯à¥àë¢­ë¬, ¨ ¥é¥ ¡®«ìè¥ ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© 
(E; dE) ¯®¯ -¤ ¥â ¢ ä¨§¨ç¥áª¨ ¡¥áª®­¥ç­® ¬ «ë© ¨­â¥à¢ « ¥¥ í­¥à£¨© E � dE � �E.�¢®¤ï í­¥à£¥â¨ç¥áªãî ¯«®â­®áâì D(E; V;N) á®áâ®ï­¨© ª ª ¨å ç¨á«® ­ ¥¤¨­¨ç­®¬ ¨­â¥à¢ «¥ í­¥à£¨¨, ­ ©¤¥¬ áâ â¨áâ¨ç¥áª¨© ¢¥á á¨áâ¥¬ë ª ªç¨á«® ¬�ªà®á®áâ®ï­¨©, \à §¬ § ­­ëå" ¢ ¨­â¥à¢ «¥ (E;E +�E):D(E; V;N) = 
(E; V;N ; dE)dE ; 
(E; V;N ; �E) = D(E; V;N)�E: (3.16)� ª¢ §¨ª« áá¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ (3.37), (�¨á. 3.2) íâ®¬ã ¨­â¥à¢ «ã ®â-¢¥ç ¥â â®­ª¨© á«®© / �E â®«é¨­ë ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥, £¤¥ ¢ á¨«ãá®®â­®è¥­¨ï ­¥®¯à¥¤¥«¥­­®áâ¥© �¥©§¥­¡¥à£ : �q�p � h ª ¦¤®¥ ¨§ à ¢-­®¤®áâã¯­ëå ¯® (3.2) ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© jmii á í­¥à£¨¥©Em � E§ ­¨¬ ¥â ®¤­ã ïç¥©ªã ®¡ê¥¬®¬ hs = (2��h)s. �®£¤  ¯®«­®¥ ç¨á«® dd� ¢á¥åª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© ¢ ¬�ªà®áª®¯¨ç¥áª¨ ¬ «®¬ í«¥¬¥­â¥ ®¡ê¥¬ 2%(X) 7! w
; ¢á¥, ¢ â®¬ ç¨á«¥ \®âª«®­¥­­ë¥ ®â à ¢­®¢¥á¨ï" ¬�ªà®á®áâ®ï­¨ï ¬�ªà®ª ­®-­¨ç¥áª®£®  ­á ¬¡«ï, ¨¬¥îâ ®¤¨­ ª®¢ãî ¢¥à®ïâ­®áâì (3.3) (á¬. (9.44) � ¤. 15.5., [8] xI.3).



|32|d2sX (3.17) ª« áá¨ç¥áª®£® ä §®¢®£® ¯à®áâà ­áâ¢ , ¨ ¨å í­¥à£¥â¨ç¥áªãî¯«®â­®áâì D(E; V;N) (3.16) ¤«ï í­¥à£¨¨ E ¬®¦­®, á â®ç­®áâìî ¤® ®¯¥à -æ¨¨ ¨­â¥£à¨à®¢ ­¨ï*) ¯® íâ®¬ã á«®î ¢ (3.39), (3.40), ­ ©â¨ ¯® ä®à¬ã« ¬:d2sX= sYi=1 dqidpi; dd�� d2sXhs � dd�dEdE*) @�@EdE= 
(E; dE); ¢ á¬ëá«¥: (3.17)dd�dE *) 0@@�(E)@E 1AV;N� D(E; V;N); £¤¥: �(E) = O(E)hs = ZH(X)�Edd�; (3.18)¥áâì ¯®«­®¥ ç¨á«® ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© ¢ ®¡ê¥¬¥ O(E) (3.38) ä §®-¢®£® ¯à®áâà ­áâ¢ , § ­ïâ®¬ ª« áá¨ç¥áª¨¬  ­á ¬¡«¥¬ ¨§®«¨à®¢ ­­®© á¨-áâ¥¬ë ¨ ®£à ­¨ç¥­­®¬ ¯®¢¥àå­®áâìî ¯®áâ®ï­­®© í­¥à£¨¨ H(X) = E.�¯¥à æ¨ï ¨­â¥£à¨à®¢ ­¨ï ¯® á«®î *) ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥ (3.16) {(3.18) ¤ ¥â á¢ï§ì ¤¨áªà¥â­®© ¢¥à®ïâ­®áâ¨ ¬�ªà®á®áâ®ï­¨ï wm (3.3) áª¢ §¨ª« áá¨ç¥áª®© ¤¨ää¥à¥­æ¨ «ì­®© ¢¥à®ïâ­®áâìî á¬¥è ­­®£® ¬�ªà®-á®áâ®ï­¨ï (1.11) { â®£®, çâ® á¨áâ¥¬  ®ª ¦¥âáï ¢ í«¥¬¥­â¥ ®¡ê¥¬  ä §®-¢®£® ¯à®áâà ­áâ¢  ¢¡«¨§¨ â®çª¨ X = fxjg2s1 , ®â¢¥ç îé¥© §­ ç¥­¨î í­¥à-£¨¨ ¬�ªà®á®áâ®ï­¨ï Em � E ­  £¨¯¥à¯®¢¥àå­®áâ¨ á ¤ ­­®© í­¥à£¨¥©H(X) = E, ¢­ãâà¨ á«®ï E 2 (E;E + �E) ¯à¨ 
(E;�E) = D(E; V )�E¨«¨ 
(E; dE) = D(E; V )dE (�¨á. 3.2);   â ª¦¥ á ¤¨ää¥à¥­æ¨ «ì­®© ¢¥-à®ïâ­®áâìî ¬�ªà®á®áâ®ï­¨ï| {z } á í­¥à£¨¥© E ¢ ¨­â¥à¢ «¥ dE (�¨á. 3.1):ddW (X; t)) ddW (X) � %(X)d2sXhs = w
(H(X))dd�*) (3.19)*) w
(E)
(E; dE)| {z } = dW (E) � gW(E)dE| {z }) aE(E) dE�E; (3.20)£¤¥ %(X) = w
(H(X)) = w
(E) � [
(E;�E)]�1aE(E)) w
(E) (3.21){ ¡¥§à §¬¥à­ ï áâ â¨áâ¨ç¥áª ï äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï ¢ ª¢ §¨ª« áá¨ç¥-áª®¬ ¯à¨¡«¨¦¥­¨¨, ¯®áâ®ï­­ ï ¯® ¢á¥¬ã á«®î. �à¨ �E ! 0 ¢á¥ á®áâ®ï-­¨ï á®áà¥¤®â®ç¥­ë ­  á ¬®© íâ®© £¨¯¥à¯®¢¥àå­®áâ¨3 á ç¨á«®¬ ¨§¬¥à¥­¨©2s�1, ­  ¥¤¨­¨æã ¬¥­ìè¨¬ à §¬¥à­®áâ¨ ä §®¢®£® ¯à®áâà ­áâ¢ . �«ï ¢ë-¯®«­¥­¨ï ãá«®¢¨ï ­®à¬¨à®¢ª¨ (1.12) ­¥®¡å®¤¨¬® ®¡à é¥­¨¥ %(X) ¢ ¡¥áª®-­¥ç­®áâì ­  íâ®© £¨¯¥à¯®¢¥àå­®áâ¨: %(X) � w(H(X))) C� �H(X)� E�,çâ®, á®£« á­® (3.3) ª ª (1.37) ¨ (3.16), á ãç¥â®¬ (3.17) { (3.21), ®¯à¥¤¥«ï¥âá®®â¢¥âáâ¢ãîéãî ª®­áâ ­âã ­®à¬¨à®¢ª¨ C (áà. á D(E; V ) ¢ (3.40)):3�­â¥£à¨à®¢ ­¨¥ ¯® á«®î ¢ëà®¦¤ ¥âáï ¢ ¨­â¥£à¨à®¢ ­¨¥ ¯® £¨¯¥à¯®¢¥àå­®áâ¨ H(X) = E.



|33|1 =Z cd�%(X) �Z dE w(E)I cd�dE �Z dE w(E)@�(E)@E )CZ dE�(E � E)D(E; V ) = (3.22)= Z dW (E)()Z dE w(E)Z cd� � (E �H(X)) ; £¤¥: 1 �Z dE � (E �H(X)) ; (3.23)¢ ¢¨¤¥: C = 1D(E; V ) ; â.¥.: %(X) = 1D(E; V ) � �H(X) �E� ; £¤¥ ¯à¨ íâ®¬ (3.24)%(X)cd�*)w(E)@�(E)@E dE = dW (E) � fW(E)dE; ¨ fW(E))�(E � E)( aE(E)�E ; (3.25)â®£¤  ª ª (áà. (3.40)): cd�dE *) @�(E)@E = I cd�dE = Z cd� � (E �H(X)) = D(E; V ): (3.26)�.¥. (3.19){(3.26) à¥ «¨§ãîâ ¯¥à¥å®¤ ®â à á¯à¥¤¥«¥­¨ï ¢¥à®ïâ­®áâ¥© ¯® í­¥à£¨ï¬ ®â-¤¥«ì­ëå ¬�ªà®á®áâ®ï­¨© %(X) ) w(E) ª à á¯à¥¤¥«¥­¨î ¢¥à®ïâ­®áâ¥© fW(E) ¯® í­¥à-£¨¨ ¬�ªà®á®áâ®ï­¨©, ®ç¥¢¨¤­®¬ã ¤«ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ¢ (3.25).�­âà®¯¨ï (3.11) ª ª «®£ à¨ä¬¨ç¥áª ï ¬¥à  ç¨á«  ¤®áâã¯­ëå á¨áâ¥¬¥¬�ªà®á®áâ®ï­¨© ¬®¦¥â ¡ëâì ¢ëç¨á«¥­  ¯® «î¡®© ¨§ á«¥¤ãîé¨å ä®à¬ã«:S(E) = k ln��(E) � k ln
(E;�E) � k ln [D(E; V;N)�E] ; ¨«¨ (3.27)S(E) = k ln�(E) � S(E; V;N) = k ln�(E; V;N); (¨ ¢ á¬ëá«¥ E 7! E) (3.28)¨«¨ S(E; V;N) = k lnD(E; V;N) � k ln0@@�(E; V;N)@E 1AV;N ; â®£¤ : (3.29)1kT � 0@@S(E)k @E 1AV= 0@@ ln
(E;�E)@E 1AV= 0@@ ln�(E; V )@E 1AV= D(E; V )�(E; V ) : (3.30)� §«¨ç­ë¥ ¢ëà ¦¥­¨ï ¤«ï í­âà®¯¨¨ (3.27) { (3.29), ª ª ¨ ¤«ï â¥¬¯¥à -âãàë (3.30), ¬�ªà®áª®¯¨ç¥áª¨ íª¢¨¢ «¥­â­ë ¤«ï à ¢­®¢¥á­ëå á¨áâ¥¬ áâ®ç­®áâìî ¤®  ¤¤¨â¢­ëå ¯®¯à ¢®ª � lnN , â.¥. ®â­®á¨â¥«ì­ëå ¯®¯à ¢®ª� N�1 lnN , ¨áç¥§ îé¨å ¢ â¥à¬®¤¨­ ¬¨ç¥áª®¬ ¯à¥¤¥«¥ N !1.�à¨¬¥à 1. � áá¬®âà¨¬ á¨áâ¥¬ã ¨§ N á¯¨­®¢ 1=2, ª ¦¤ë© ¨§ ª®â®àëå¬®¦¥â ­¥§ ¢¨á¨¬® ®â ¤àã£¨å ­ å®¤¨âìáï ¢ ¤¢ãå á®áâ®ï­¨ïå á ®¯à¥¤¥«¥­-­®© ¯à®¥ªæ¨¥© ­  ¯à®¨§¢®«ì­® ¢ë¡à ­­ãî ®áì z, à ¢­®© sz = �1=2. �«¥-¤®¢ â¥«ì­®, ª ¦¤®¬ã á¯¨­ã ¤®áâã¯­® 
 = 2 á®áâ®ï­¨ï. �®«­®¥ ç¨á«®¤®áâã¯­ëå á¨áâ¥¬¥ ¬�ªà®á®áâ®ï­¨©: �N = (
)N = 2N . �¥ ¬ ªá¨¬ «ì­ ïí­âà®¯¨ï (3.28): SN = k ln�N = kN ln 2.� ©¤¥¬ â¥¯¥àì áâ â¨áâ¨ç¥áª¨© ¢¥á 
N;eq à ¢­®¢¥á­®£® ¬�ªà®á®áâ®ï­¨ï.� ®âáãâá¢¨¥ ¢­¥è­¥£® ¯®«ï ¢ á®áâ®ï­¨¨ à ¢­®¢¥á¨ï ¯®«®¢¨­  N+ = N=2á¯¨­®¢ ¨¬¥¥â ¯à®¥ªæ¨î sz = +1=2,   ¯®«®¢¨­  N� = N=2 á¯¨­®¢ { ¯à®-¥ªæ¨î sz = �1=2. �®£¤  ¯¥à¥áâ ­®¢ª¨ ¯® ®â¤¥«ì­®áâ¨ ª ª â¥å, â ª ¨¤àã£¨å N�!) (N=2)! ã¦¥ ¯ à ««¥«ì­ëå ¬¥¦¤ã á®¡®© á¯¨­®¢ ­¥ ¤ îâ­®¢ëå ¬�ªà®á®áâ®ï­¨© á¨áâ¥¬ë ¨ ¤®«¦­ë ¡ëâì ¨áª«îç¥­ë ¨§ ¯®«­®£®



|34|ç¨á«  N ! ¯¥à¥áâ ­®¢®ª ¢á¥å á¯¨­®¢ ¯à¨ ¯®¤áç¥â¥ áâ â¨áâ¨ç¥áª®£® ¢¥á 
N;eq ª ª ç¨á«  ­¥íª¢¨¢ «¥­â­ëå, ­¥§ ¢¨á¨¬ëå ¬�ªà®ª®­ä¨£ãà æ¨©:
N;eq � ��N;eq = N !N+!N�! ) N ![(N=2)!]2 = CN=2N ; (3.31)â®£¤  ¯à¨¡«¨¦¥­¨¥: lnN ! � N lnN �N + 12 ln(2�N); ¤ ¥â:SN;eq = k ln��N;eq � k "N ln 2 � 12 ln �N2 !# �!N!1 kN ln 2 = SN ; (3.32)(áà. á (9.44)). �® ¥áâì ã «î¡®© á«®¦­®© á¨áâ¥¬ë ¢á¥£¤  ¥áâì í­âà®¯¨ï!�á«¨ ¦¥ ã ­¥¥ ¥áâì ¥é¥ ¨ í­¥à£¨ï, â® ¬®¦­® ®¯à¥¤¥«¨âì ¨ à ¢­®¢¥á­ãîâ¥¬¯¥à âãàã (3.30). � å®âï ¢ âà¤. ¯à¤.: S � N , E � N , �E � N , ­®¯à¨ �E � E ¢á¥ á®áâ®ï­¨ï à ¢­®¢¥á­®© á¨áâ¥¬ë ®ª §ë¢ îâáï á®áà¥¤®-â®ç¥­ë ¢¡«¨§¨ ¯®¢¥àå­®áâ¨ ¯®áâ®ï­­®© í­¥à£¨¨H(X) = E ¢ â®­ª®¬ á«®¥ä §®¢®£® ¯à®áâà ­áâ¢  â®«é¨­®© / �E (¨ â¥¬ ¡®«¥¥, ¤«ï �E 7! dE):�à¨¬¥à 2. �¥©áâ¢¨â¥«ì­®, ç¨á«® íâ¨å á®áâ®ï­¨© áãâì § ­¨¬ ¥¬ë© á¨-áâ¥¬®© ä §®¢ë© ®¡ê¥¬ â ª®£® á«®ï (�¨á. 3.2), ­ ¯à¨¬¥à, ¢ á«ãç ¥ ¨¤¥- «ì­®£® £ §  (3.52) ¯à¨ sXi=1 p2i � 2mE, £¤¥ s = 3N , ¬®¦­® ¤«ï�N (E) = ANE 32N ; ¯®áª®«ìªã, 1N � �EE � dEE � 1; ®æ¥­¨âì ª ª: (3.33)
N (E;�E) � ��N(E) = �N(E)� �N(E ��E) == �N (E) 2641�  1� �EE !32N375 = �N(E) "1� exp 3N2 ln 1 � �EE !!# �� �N (E) "1 � exp � 3N2 �EE !# � �N(E) � ��N (E); £¤¥: (3.34)ln 1� �EE ! ' ��EE ; ­® exp � 3N2 �EE !� 1 ¯à¨ N !1:�.¥. ã¦¥ ¢ s = 3N � 1- ¬¥à­®¬ ä §®¢®¬ ¯®¤¯à®áâà ­áâ¢¥ ®¡ê¥¬ è à®-¢®£® á«®ï, ¯® áãâ¨, á®¢¯ ¤ ¥â á ®¡ê¥¬®¬ á ¬®£® è à  ¨ ã¦¥ ­¥ § ¢¨á¨â®â â®«é¨­ë á«®ï! �á«¨ ç áâ¨æë â®¦¤¥áâ¢¥­­ë, â®, á®£« á­® �à¨¬¥àã1, ¢á¥ ®¡« áâ¨ â ª®£® ¨§®í­¥à£¥â¨ç¥áª®£® ä §®¢®£® ¯®¤¯à®áâà ­áâ¢ , ®â-«¨ç îé¨¥áï «¨èì ¯¥à¥áâ ­®¢ª®© ç áâ¨æ, ¤®«¦­ë ãç¨âë¢ âìáï ª ª ®¤­ ®¡« áâì, ¨ ª®­áâ ­â  AN ¢ (3.33), (3.52) ®ª §ë¢ ¥âáï ¥é¥ ¢N ! à § ¬¥­ìè¥.�® ¥áâì ¢ N- ç áâ¨ç­®¬ á«ãç ¥ ¯à¨ j = 1 � N , s = Nd ¢ (3.17) ¨¬¥¥¬:dd�N =) 1N ! d2sXhs � 1N ! sYi=1 (dqidpih ) � 1N ! NYj=1 d
j ; d
j = ddqjddpjhd : (3.35)



|35|� ¯®á«¥¤®¢ â¥«ì­® ª« áá¨ç¥áª®¬ ®¯¨á ­¨¨ áâ â¨áâ¨ç¥áª ï äã­ªæ¨ï à á-¯à¥¤¥«¥­¨ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë á äã­ªæ¨¥© � ¬¨«ìâ®­  H(X), ¯®áãâ¨, á®¢¯ ¤ ¥â á (3.24): %cl(X) = � �H(X)� E�=G(E). �¤­ ª® ¢¥«¨ç¨­ G(E) á¢ï§ ­  §¤¥áì ã¦¥ «¨èì á ¬¥à®© d� = n�jd�j ¢¥ªâ®à­®£® í«¥¬¥­â ¯«®é ¤¨ £¨¯¥à¯®¢¥àå­®áâ¨ ¯®áâ®ï­­®© í­¥à£¨¨ H(X) = E, ¯ à ««¥«ì-­®£® ¢¥ªâ®àã ¥¥ £à ¤¨¥­â , ¢¤®«ì ª®â®à®£® ¤«ï ¢¥ªâ®à  ¯à¨à é¥­¨ï dX,â.ª. d� � rXH(X)jrXH(X)j jd�j ; ¨ (dX �rXH(X)) � dH(X) = dE; (3.36)â®: d2sX=) (dX � d�)����H(X)=E= jd�jdH(X)jrXH(X)j = jd�j dEjrXH(X)j; (3.37)¨ ¤«ï ¯®«­®£® ä §®¢®£® ®¡ê¥¬ , ¤®áâã¯­®£® ª« áá¨ç¥áª®¬ã  ­á ¬¡«î:O(E) � ZH(X)�Ed2sX � ZfXgd2sX �(E �H(X)); (áà. (3.26), (�¨á. 3.2)) (3.38)­ ©¤¥¬: d2sXdE *) @O(E)@E = IH(X)=E d2sXdE = IH(X)=E jd�jjrXH(X)j � G(E): (3.39)� íâ®¬ á«ãç ¥ ã¦¥ ­¥«ì§ï ®¤­®§­ ç­® ®¯à¥¤¥«¨âì í­âà®¯¨î á ¯®¬®éìîä®à¬ã«ë ¢¨¤  (3.28): S ??=) k lnO(E), â ª ª ª O(E) ï¢«ï¥âáï à §¬¥à­®©¢¥«¨ç¨­®©. �¬¥­­® ­¥¢®§¬®¦­®áâì ¢ëç¨á«¨âì í­âà®¯¨©­ãî ª®­áâ ­âãï¢«ï« áì ¯à¨­æ¨¯¨ «ì­ë¬ ­¥¤®áâ âª®¬ ª« áá¨ç¥áª®£® áâ â¨áâ¨ç¥áª®£®®¯¨á ­¨ï ¨, ¯®¬¨¬® N ! ¢ (3.35), á¢ï§ ­  á ¯à®¡«¥¬®© \®¡¥§à §¬¥à¨¢ ­¨ï"®ç¥­ì ¡®«ìè®© à §¬¥à­®áâ¨ hs ¤«ï ¢¥«¨ç¨­ ¢ (3.18), (3.21):%(X)N ! = hs%cl(X); �(E) = O(E)N !hs ; D(E; V ) = G(E)N !hs = ZfXgdd��(E �H(X));£¤¥ ¢ á®®â¢¥âáâ¢¨¨ á (3.38), (3.39), (3.26): @@E �(E �H(X)) = �(E �H(X)). (3.40)�­â¥£à « (3.40) 7! (3.39) ¨ § ¤ ¥â ¯¥à¥å®¤ *) ¢ (3.17), (3.18), \á®¡¨à ï"á¬¥è ­­ë¥ ¬�ªà®á®áâ®ï­¨ï ¯® á«®î �E ¢ ®¤­® ¬�ªà®á®áâ®ï­¨¥ ­  £¨-¯¥à¯®¢¥àå­®áâ¨ á í­¥à£¨¥©E ¢ (3.26)) ¢ á¬ëá«¥ (3.19)*) (3.20) ¯à¨E � E.4 �­âà®¯¨ï ¨ ¢¥à®ïâ­®áâì�«ï ¬�ªà®ª ­®­¨ç¥áª®£® à á¯à¥¤¥«¥­¨ï (3.24), (3.25) áà¥¤­¥¥ §­ ç¥­¨¥í­¥à£¨¨�E� à ¢­® ¥¥ ­ ¨¡®«¥¥ ¢¥à®ïâ­®¬ã §­ ç¥­¨î E, ®â¢¥ç îé¥¬ã¬ ªá¨¬ã¬ã äã­ªæ¨¨ gW(E) (3.25). �á«¨ ¢­®¢ì à §¬ § âì íâã ¤¥«ìâ -



|36|äã­ªæ¨î ¢ ã§ª¨© ¯àï¬®ã£®«ì­¨ª (3.25) ¢ëá®â®© gW(E) á è¨à¨­®© \à §-¬ §ª¨" �E(E) � E, ¢­ãâà¨ ª®â®à®© ¢á¥ §­ ç¥­¨ï Em � E à ¢­®¢¥à®-ïâ­ë, â®, á®£« á­® (3.2), (3.3), ¨§ (3.16), (3.20), (3.21), (3.25) ¨¬¥¥¬ [20]:1|{z} = Z dW (E) = Z dEgW(E) =)�E(E)gW(E)| {z } = ��(E)w
(E); £¤¥: (3.41)gW(E) � w
(E)D(E; V ); ��(E)�
(E; V ; �E) = �E(E)D(E; V ) (3.42){ áâ â¨áâ¨ç¥áª¨© ¢¥á â ª®£® à á¯à¥¤¥«¥­¨ï,   ¥£® í­âà®¯¨ï (3.27) à ¢­ :S(E) = k ln��(E) =) �k lnw
(E) � �k�E(E)gW(E)| {z } lnw
(E); (3.43)¨ áà¥¤­¥¥ à ááâ®ï­¨¥ ¬¥¦¤ã á®á¥¤­¨¬¨ ª¢ ­â®¢ë¬¨ ãà®¢­ï¬¨ á¨áâ¥¬ë áí­¥à£¨¥© Em � E § ¤ ¥âáï ¥£® ª®­áâ ­â®© ­®à¬¨à®¢ª¨ C (3.24):�(E) � �E(E)��(E) � 1D(E; V;N) = C =) �E(E) exp 24� S(E)k 35 : (3.44)�®ç­®¥ áâ â¨áâ¨ç¥áª®¥ ®¯à¥¤¥«¥­¨¥ í­âà®¯¨¨ «¨èì ¡®«¥¥  ªªã-à â­® ãç¨âë¢ ¥â ¢®§­¨ª îé¨© ¢ (3.43) ¯à¨ \à á¯«ë¢ ­¨¨" íâ®£® ¯àï-¬®ã£®«ì­¨ª  (3.3), (3.21), (3.20) ¢ª« ¤ ¬ «®¢¥à®ïâ­ëå á®áâ®ï­¨© { ¢¢¨¤¥ áà¥¤­¥£® ®â «®£ à¨ä¬  ¢¥à®ïâ­®áâ¨ ®â¤¥«ì­ëå ¬�ªà®á®áâ®ï­¨©:S(E)k =��lnw(E)���Xm w(Em) lnw(Em)=�XEm g(Em)w(Em)| {z } lnw(Em)=)(4:19) � Z 
(E; dE)w(E)| {z } lnw(E) = � Z dE gW(E)| {z } lnw(E) ; (3.45)¯à¨ ãá«®¢¨ïå, çâ®: �(Em)) �(E) ' �(E)� �E(E)� dE � E � E;  ¢ª« ¤ ¢ áã¬¬ã ¢á¥å ¢ëà®¦¤¥­­ëå ¯® í­¥à£¨¨ Em)E ¬�ªà®á®áâ®ï­¨©fjmiiggi=1, á®£« á­® (3.4), (3.5), (3.16), § ¤ ¥âáï ¨å ®¡é¥© ªà â­®áâìî ¢ë-à®¦¤¥­¨ï g(Em)) 
(E; dE). �¯à¥¤¥«¥­¨¥ (3.45) ¢®§¢à é ¥âáï ª (3.43)¤«ï ¢¥à®ïâ­®áâ¨ (3.3), £¤¥ w lnwjw=0 = 0,   â ª¦¥, ¤«ï ¯à¥¤áª § ­­®© ¢(1.28), (1.29) «¨­¥©­®© § ¢¨á¨¬®áâ¨ ¥¥ «®£ à¨ä¬  ®â í­¥à£¨¨4 (áà. (4.32)):lnw(E) =) �� � �E; ¥á«¨, ¯® ¯à¥¦­¥¬ã: �E� =) E: (3.46)�  ï§ëª¥ áâ â¨áâ¨ç¥áª®£® ®¯¥à â®à  { ¬ âà¨æë ¯«®â­®áâ¨ (2.3), ¨«¨ä §®¢®© ¯«®â­®áâ¨ (3.19) ®¯à¥¤¥«¥­¨¥ í­âà®¯¨¨ (3.45) ¯à¨­¨¬ ¥â ¢¨¤:Sk = ��ln b%� = �Tr ( b% ln b%)) ��ln %(X)� = �Z dd�%(X) ln%(X); (3.47)¨ ¯à¨ %(X))%1%2 : S = �kZ dd�1%1 dd�2%2(ln%1 + ln %2)=)S1+ S2; (3.48)4� ª ª ª â®£¤ : �lnw(E)� =) ��� � �E� = ��� ��E� = lnw(�E�) =) lnw(E).



|37|¢¢¨¤ã ãá«®¢¨ï ­®à¬¨à®¢ª¨ (3.22) ¯à¨ dd� = dd�1dd�2. �.¥. í­âà®¯¨ï áâ â¨-áâ¨ç¥áª¨ ­¥§ ¢¨á¨¬ëå ¯®¤á¨áâ¥¬ (1.26)  ¤¤¨â¨¢­ , çâ® ¯®§¢®«¨â ®¯à¥-¤¥«¨âì ¥¥ íâ¨¬ áà¥¤­¨¬ (3.47) ®â ln b% ¯® b% ¨ ¢ ®¡é¥¬ á«ãç ¥ ¤«ï ­¥à ¢-­®¢¥á­ëå á®áâ®ï­¨© [2], [36]. �¯à¥¤¥«¥­¨ï í­âà®¯¨¨ (3.45), (3.47) ¡ã¤ãâ®¡®á­®¢ ­ë ­¨¦¥ ¢ (5.23) á ¯®¬®éìî ¬¥â®¤   ­á ¬¡«¥© �¨¡¡á .� ª ª ª ¢áïª ï á¨áâ¥¬  áâà¥¬¨âáï ¢ á¢®¥ ­ ¨¡®«¥¥ ¢¥à®ïâ­®¥ ¬�ªà®-á®áâ®ï­¨¥ á ­ ¨¡®«¥¥ ¢¥à®ïâ­®© í­¥à£¨¥© E! E, ¯à¨ w(E) � 1, â®, ¢á¨«ã (3.27) 8E, íâ®â ¬ ªá¨¬ã¬ ¢¨¤  (3.25) ã gW(E) � eS(E)w(E)=�E(E)á ¯¥à¥å®¤®¬ (3.45) 7! (3.43) ®§­ ç ¥â ¢®§à áâ ­¨¥ ­¥à ¢­®¢¥á­®© í­âà®-¯¨¨ (3.13) § ¬ª­ãâ®© á¨áâ¥¬ë ¨ ª ª ä®à¬ «ì­®© äã­ªæ¨¨ S(E) (3.27)¯®«­®© í­¥à£¨¨ E, ¢ á¬ëá«¥ [6] x112 ¨ (�¨á. 9.1), ¨ ¥¥ ¬ ªá¨¬ã¬ S(E) ¢á®áâ®ï­¨ïå â¥à¬®¤¨­ ¬¨ç¥áª®£® à ¢­®¢¥á¨ï ¢ (3.30), â.¥. ¢â®à®¥ ­ ç «®â¥à¬®¤¨­ ¬¨ª¨ [á â®çª¨ §à¥­¨ï â¥à¬®¤¨­ ¬¨ç¥áª®© â¥®à¨¨ ä«ãªâã æ¨© ¢ (9.23)].5 �­âà®¯¨ï ¨ ¨­ä®à¬ æ¨ï�â â¨áâ¨ç¥áª¨¥ ®¯à¥¤¥«¥­¨ï í­âà®¯¨¨ (3.11), (3.45) ¨¬¥îâ â ª¦¥ £«ã¡®-ª¨© á¬ëá« á ¨­ä®à¬ æ¨®­­®© â®çª¨ §à¥­¨ï. �ãáâì à §«¨ç­ë¥ ¬�ªà®-á®áâ®ï­¨ï á¨áâ¥¬ë 1; � � � ; i; � � � à¥ «¨§ãîâáï ¢¬¥áâ® (3.3) á à §«¨ç­ë¬¨¢¥à®ïâ­®áâï¬¨ w1; � � � ; wi; � � �. �¢¥¤¥¬ ­¥®¯à¥¤¥«¥­­®áâì ¬�ªà®á®áâ®ï­¨©ª ª äã­ªæ¨î ®â ¨å ¢¥à®ïâ­®áâ¥© wi, ã¤®¢«¥â¢®àïîéãî á«¥¤ãîé¨¬ ãá«®-¢¨ï¬: 1) á®áâ®ï­¨¥, ¢¥à®ïâ­®áâì ª®â®à®£® à ¢­  1, ¨¬¥¥â ­ã«¥¢ãî ­¥®¯à¥-¤¥«¥­­®áâì: � (w = 1) = 0, ¨ �(wi) > 0 ¯à¨ 0 � wi < 1; 2) ¤«ï wk > wi¨¬¥¥¬ � (wk) < � (wi); 3) ­¥®¯à¥¤¥«¥­­®áâì á®áâ®ï­¨ï á¨áâ¥¬ë, á®áâ®ï-é¥© ¨§ ¤¢ãå ­¥§ ¢¨á¨¬ëå ¯®¤á¨áâ¥¬, ¥áâì áã¬¬  ­¥®¯à¥¤¥«¥­­®áâ¥© á®-áâ®ï­¨© íâ¨å ¯®¤á¨áâ¥¬: � (wk w0i) = � (wk) + � (w0i). �â¨¬ ãá«®¢¨ï¬1) { 3) ã¤®¢«¥â¢®àï¥â ¥¤¨­áâ¢¥­­ ï ¢¥é¥áâ¢¥­­ ï äã­ªæ¨ï { «®£ à¨ä¬:�i = �(wi) = �c lnwi, á «î¡ë¬ ç¨á«®¬ c > 0. �¬¥ï ­¥®¯à¥¤¥«¥­­®áâì i-ëåá®áâ®ï­¨© á¨áâ¥¬ë �i, § ¤ ¤¨¬ ­¥®¯à¥¤¥«¥­­®áâì ¢á¥© á¨áâ¥¬ë áà¥¤­¨¬®â �i ¯® à á¯à¥¤¥«¥­¨î ¢¥à®ïâ­®áâ¥© wi ª ª äã­ªæ¨®­ «:��� �Xi wi�i = �(fwig) = �cXi wi lnwi: (3.49)�à¨ c = k íâ  ä®à¬ã«  ¢­®¢ì á®¢¯ ¤ ¥â á ®¯à¥¤¥«¥­¨¥¬ (3.45) í­âà®¯¨¨á¨áâ¥¬ë, ¢ ª®â®à®© ¤®¯ãáâ¨¬ë ¨ ­¥à ¢­®¢¥à®ïâ­ë¥ á®áâ®ï­¨ï wi 6= wj.� á«ãç ¥ à ¢­ëå ( ¯à¨®à­ëå) ¢¥à®ïâ­®áâ¥© ¢­®¢ì «¥£ª® ã¢¨¤¥âì, çâ® ¥á«¨w1 = w2 = � � � = w
 = 1
 ; â®: � = �c lnw
 = c ln
; £¤¥ 
 =Xi 1(i); (3.50)çâ® ¯à¨ c = k ®¯ïâì ¦¥ á®¢¯ ¤ ¥â á í­âà®¯¨¥© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë (3.8), (3.27).



|38|�®ª ¦¥¬, ¯®«ì§ãïáì ¬¥â®¤®¬ ­¥®¯à¥¤¥«¥­­ëå ¬­®¦¨â¥«¥© � £à ­¦ ,çâ® ¨¬¥­­® íâ® à ¢­®¢¥à®ïâ­®¥ à á¯à¥¤¥«¥­¨¥ ¤ ¥â ¬ ªá¨¬ã¬ äã­ªæ¨¨­¥®¯à¥¤¥«¥­­®áâ¨ á¨áâ¥¬ë �(fwig) = �Pi wi lnwi, ¯à¨ ãá«®¢¨¨ Pi wi = 1:�(fwig) = �0@Xi wi � 11A + �; @�@wl = �Xi @wi@wl + @�@wl = � � 1� lnwl = 0:(3.51)�âªã¤  wl = exp(�� 1). � ª ª ª 1 = Pi wi = Pi exp(�� 1) = 
 exp(�� 1),â® wi = w
 = 1=
, { ­¥§ ¢¨á¨¬® ®â ¢¥«¨ç¨­ë c, çâ® ¨ âà¥¡®¢ «®áì.[� ¬¥ç ­¨¥ I. �®« £ ï ¢ (3.49) c = 1= ln 2, ¯®«ãç¨¬ ¢ëà ¦¥­¨¥ ¤«ï ¨­ä®à-¬ æ¨®­­®© í­âà®¯¨¨ ¢ ¡¨â å: ��� = �Pi wi (lnwi= ln 2) = �Pi wi log2wi.�â® §­ ç¥­¨¥ í­âà®¯¨¨ ¤ ¥â ®æ¥­ªã á­¨§ã ¤«ï áà¥¤­¥£® ç¨á«  ¢®¯à®á®¢,§ ¤ ¢ ¥¬ëå ¤«ï ¯à¥¤¢ à¨â¥«ì­®£® ®¯à¥¤¥«¥­¨ï à¥§ã«ìâ â  ¨á¯ëâ ­¨ï ¢á«ãç ©­®© áå¥¬¥ á ª®­¥ç­ë¬ ç¨á«®¬ i-ëå ¨áå®¤®¢: 1 � i � 
, ¯à¨ ãá«®-¢¨¨, çâ® ­  ¢á¥ íâ¨ ¢®¯à®áë ¥áâì â®«ìª® ¤¢  ®â¢¥â : \¤ " ¨«¨ \­¥â".�â® ¥áâì â¥®à¥¬  ® ª®¤¨à®¢ ­¨¨ ¤«ï ª ­ «  ¡¥§ èã¬  ¢ â¥®à¨¨¨­ä®à¬ æ¨¨. �à¨ c = 1 ¨­ä®à¬ æ¨®­­ ï í­âà®¯¨ï ¨§¬¥àï¥âáï ¢ ­ â å. ]6 �¤¥ «ì­ë© £ § ¢ ¬¨ªà®ª ­®­¨ç¥áª®¬  ­á ¬¡«¥.� ¯à¥­¥¡à¥¦¥­¨¨ áâ®«ª­®¢¥­¨ï¬¨ ¨ ¬¥¦¬®«¥ªã«ïà­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬à §à¥¦¥­­ë© ¨ ã¦¥ ®âà¥« ªá¨à®¢ ¢è¨© ª à ¢­®¢¥á¨î à¥ «ì­ë© £ § ¢ë-£«ï¤¨â ¯®çâ¨ ª ª ¨¤¥ «ì­ë© £ §, ¤«ï ª®â®à®£®, á®£« á­® (3.35), ¨¬¥¥¬5:d=3; s=3N; H(X)= 3NXi=1 p2i2m; �(E; V;N)= 1N ! ZH(X)�E sYi=1 dqidpih =)=) V NN !h3N ZP p2i�2mE dp1 : : : dp3N = V N (2mE)32NN !h3N cB3N�ANE 32N ; £¤¥: (3.52)pi = xip2mE; cBn = ZnPi=1x2i�1dx1 : : : dxn = cBn�1B  12 ; n + 12 ! = �n=2(n=2)! ; (3.53){ ®¡ê¥¬ ¥¤¨­¨ç­®£® n-¬¥à­®£® è à , n! '  ne!n ; lnn! ' n lnn � n;5¨­â¥£à « ¢ (3.53): bBn = 1R�1 dx1 RnPi=2 x2i�1�x21dx2 : : : dxn = bBn�1 1R�1 dx1(1� x21)(n�1)=2, x21 7! t.



|39|�(E; V;N) = V N (2m�E)32NN !h3N (3N=2)! '  VN !N  2mE3N !32N 0@(2�)32e52h3 1AN ; (3.54)S(E; V;N) = k ln� = Nk 24ln VN + 32 ln 2E3N ! + ln0@(2�m)32e52h3 1A35 : (3.55)1kT = 1k 0@@S(E; V;N)@E 1AV;N= 3N2E ; â.¥. E = 3N kT2 = skT2 = CV T; (3.56)PT =  @S@V !E;N= NkV ; S(T; V;N) = Nk ln 24V e5=2N  2�mkTh2 !3=235 ; (3.57)�kT = � 1k  @S@N !E;V ) � ln 24VN  2�mkTh2 !3=235 � ln hn�3(T )i ; (3.58)n = NV ; �3(T )=0@ h22�mkT 1A3=2; dS = dET + PT dV � �T dN: (3.59)([4] x10, [5] x61, [6] xx6,7,8, [7], [13], [15], [36])� ¤ ç¨9.1. � ãç¥â®¬ (3.35), (3.38), (3.39), ¢ëà §¨âì ¯®«­®¥ ç¨á«® á®áâ®ï­¨© N-ç áâ¨æ ¨¤¥ «ì­®£® £ §  �(E; V;N) (3.52) ç¥à¥§ ç�̈á«  á®áâ®ï­¨© ª ¦¤®©¨§ ­¨å 
("j ; V ); ¨ â® ¦¥ ¤«ï "pj 7! "(pj)+ u(qj)) "(pj ;qj) � "j (áà. (7.4)):�(E; V;N) = 1N ! NYj=18><>:1Z0 d"j D("j; V )9>=>; � 0@E � NXl=1 "l1A ; (3.60)D("j; V ) = dd"j Z"(pj;qj)�"j gsddqjddpjhd � d
("j ; V )d"j =)D3=2 A3=2p"j : (3.61)�¤¥: �(E; V;N) = Z dd�N � 1N ! NYj=1 �Z d
j� � 0@E � NXl=1 "(pl;ql)1A ;NYj=1 1j � NYj=18><>:1Z0 d"j � �"j � "(pj ;qj)�9>=>; ; � ("j � :::) = dd"j � ("j � :::) ;D("j; V ) = Z d
j � �"j � "(pj ;qj)� ; Z d
j ::: � gs Z ddqjddpjhd ::: :9.2. �à®¢¥à¨âì (3.45) ¤«ï (3.3), ¢ë¢¥¤ï ¨§ (1.37), (3.5), (3.16), çâ®:D(E; V ) =Xm �(E � Em) = XEm g(Em)�(E � Em); (3.62)



|40|9.3. �® ª ª®¬ã  ­á ¬¡«î ¤®«¦­® ¢ë¯®«­ïâìáï ãáà¥¤­¥­¨¥ ¢ íà£®¤¨ç¥áª®©â¥®à¥¬¥ (1.35)? �à®¢¥à¨âì ¥¥ ¤«ï ¬�ªà®ª ­®­¨ç¥áª®£®  ­á ¬¡«ï, ¨á¯®«ì-§ãï (3.17), (3.18), (3.39) ¨ ¢ëâ¥ª îé¥¥ ¨§ (1.6) ¢ëà ¦¥­¨¥ ¤«ï áª®à®áâ¨¯¥à¥¬¥é¥­¨ï l(t) ä §®¢®© â®çª¨ ¢¤®«ì ä §®¢®© âà ¥ªâ®à¨¨ ([20] xII.2):dl(t)dt � ���� _Xt���� = jV(X t)j = ���rXtH(X t)��� ; â.ª.: _xtj = �j@H(X t)@xt̀(j) ; â.¥.: (3.63)(V(X))j= �j(rXH(X))`(j); `(j)=j + �js; �j=8<: +1; j=1�s;�1; j=s+1�2s: (3.64)9.4. � ©â¨ áâ â¨áâ¨ç¥áª¨© ¢¥á ­¥à ¢­®¢¥á­®© ¨¤¥ «ì­®© á¨áâ¥¬ë, á®áâ -¢«¥­­®© ¨§ k-ëå ¯®¤á¨áâ¥¬ á Nk � 1 ç áâ¨æ ¬¨ ¢ ª ¦¤®©, ­ å®¤ïé¨¬¨áï¢ Gk � 1 à §«¨ç­ëå á®áâ®ï­¨ïå á ¡«¨§ª¨¬¨ ¨«¨ ®¤¨­ ª®¢ë¬¨ í­¥à£¨ï¬¨"k, ¥á«¨: ¢ ®¤­®¬ á®áâ®ï­¨¨ ¬®¦¥â ­ å®¤âìáï â®«ìª® ®¤­  ä¥à¬¨-ç áâ¨æ ;ç¨á«® ¡®§¥-ç áâ¨æ ¢ ®¤­®¬ á®áâ®ï­¨¨ ­¨ç¥¬ ­¥ ®£à ­¨ç¥­®. � ©â¨ ­¥à ¢-­®¢¥á­ãî í­âà®¯¨î ¢¨¤  (8.74), ª ª äã­ªæ¨î ¨å \áà¥¤­¨å ç¨á¥« § ¯®«-­¥­¨ï" hnki = Nk=Gk ¨ à ¢­®¢¥á­ë¥ à á¯à¥¤¥«¥­¨ï (8.51), ¢®§­¨ª îé¨¥¨§ ãá«®¢¨ï ¥¥ ¬ ªá¨¬ã¬  ¯à¨ ãá«®¢¨ïå (6.16) ­  ¯®«­ë¥ ç¨á«® ç áâ¨æ ¨í­¥à£¨î á¨áâ¥¬ë. � ©â¨ ¯à¥¤¥« hnki � 1 ([6] x40,55, [36] x5.3, 3.3).
�k = CNkGk = Gk!Nk!(Gk �Nk)! ; 
�k = CGk�1Nk+Gk�1 = (Nk +Gk � 1)!(Gk � 1)!Nk! ; (3.65)
 = Yk 
k; S =Xk Gk [�(1 + �hnki) ln(1 + �hnki)� hnki ln hnki] ; (3.66)� = �1, ¤«ï ä¥à¬¨-ç áâ¨æ; � = +1, ¤«ï ¡®§¥-ç áâ¨æ. \�¬¥áâ®" � = 0 ¨¬¥¥¬hnki � 1; â.¥. ¡®«ìæ¬ ­®áª¨© ¯à¥¤¥«: 1 � Nk � Gk; 
k = GNkkNk! :�¡à â­ë© á«ãç © ¢®§¬®¦¥­ ¤«ï ¡®§®­®¢: 1� Gk � Nk; 
k = NGk�1k(Gk � 1)! :



|41|7 �à¨¬¥àë ¨§ â¥®à¨¨ ¨­ä®à¬ æ¨¨ ¨ ª®¤¨à®¢ ­¨ï.1. �à¨¬¥à á«ãç ©­®© áå¥¬ë á ª®­¥ç­ë¬ ç¨á«®¬ ¨áå®¤®¢ N :�ãáâì § £ ¤ ­® ®¤­® ç¨á«® x ¨§ N = 16 = 24 ¯®á«¥¤®¢ â¥«ì­ëå ç¨á¥«(­ ¯à¨¬¥à 1 � 16). �á­®, çâ®  ¯à¨®à¨, ¢á¥ ®­¨ ¬®£«¨ ¡ë ¡ëâì § £ ¤ ­ëá à ¢­®© ¢¥à®ïâ­®áâìî wi = 1=N . �«ï ¯à®¨§¢®«ì­ëå wi ¢¢¥¤¥¬ £à ­¨æãn1 < N â ª, çâ®¡ë:n1Xi=1wi = NXi=n1+1wi =) 12 ; ¯à¨: NXi=1wi = 1: (3.67)�®¯à®á: \x < n1 ?" ¨¬¥¥â â®«ìª® ¤¢  ®â¢¥â  \¤ " ¨«¨ \­¥â". � § -¢¨á¨¬®áâ¨ ®â ®â¢¥â , ¯®¤¥«¨¬ ¯® â®¬ã ¦¥ ¯à¨­æ¨¯ã (3.67) á®¤¥à¦ é¨©x ¨­â¥à¢ « ­®¢®© £à ­¨æ¥© n2, ¨ á­®¢  § ¤ ¤¨¬ â®â ¦¥ ¢®¯à®á, ¨ â.¤.�à¥¤­¥¥ ç¨á«® â ª¨å è £®¢ { ¢®¯à®á®¢, § ¤ ¢ ¥¬ëå ¤«ï ¯à¥¤¢ à¨â¥«ì-­®£® ®¯à¥¤¥«¥­¨ï ¨áå®¤  ¨á¯ëâ ­¨ï ¨ ãª § ­® ª ª:��� = � NXi=1wi log2wi:2. �à¨¬¥à â¥®à¥¬ë ® ª®¤¨à®¢ ­¨¨:�à¨¯¨è¥¬ ª ¦¤®© ¨§ N ¡ãª¢  «ä ¢¨â  á¢®î ¢¥à®ïâ­®áâì wi ¢ á®®â¢¥â-áâ¢¨¨ á ç áâ®â®© ¥¥ ¯®ï¢«¥­¨ï, ­ ¯à¨¬¥à, ¢ \�¢£¥­¨¨ �­¥£¨­¥", ¨ ã¯®-àï¤®ç¨¬ íâ¨ ¡ãª¢ë ¯® ã¡ë¢ ­¨î ¨å ¢¥à®ïâ­®áâ¨, â.¥. i < j 7�! wi > wj.� §¤¥«¨¬ â¥¯¥àì íâ® ã¯®àï¤®ç¥­­®¥ ¬­®¦¥áâ¢® ¡ãª¢ ­  ¤¢¥ £àã¯¯ë á®-£« á­® ªà¨â¥à¨î (3.67). �à¨¯¨è¥¬ ª ¦¤®© ¨§ ¡ãª¢ 1, ¥á«¨ i < n1, ¨«¨0, ¥á«¨ i > n1. � ¦¤ãî ¨§ íâ¨å ¤¢ãå £àã¯¯ á­®¢  à §¤¥«¨¬ ­  ¤¢¥ ¢á®®â¢¥âáâ¢¨¨ á ªà¨â¥à¨¥¬ (3.67) á ¯®¬®éìî ­®¢ëå £à ­¨æ n2, n02. �­®¢ ¯à¨¯¨è¥¬ \1" ¡ãª¢ ¬ ¢ £àã¯¯ å á i < n2, i < n02, ¨ ¯à¨¯¨è¥¬ \0" ¢£àã¯¯ å á i > n2, i > n02, ¨ â.¤. � à¥§ã«ìâ â¥ ª ¦¤®© ¡ãª¢¥ á®¯®áâ -¢¨âáï ã­¨ª «ì­ë© ª®¤ ¢ ¢¨¤¥ ¯®á«¥¤®¢ â¥«ì­®áâ¨ ¨§ N ­ã«¥© ¨ ¥¤¨­¨æ.�â¡à áë¢ ¥­¨¥ ¢á¥å ­ã«¥© ¯®á«¥ ªà ©­¥© ¯à ¢®© ¥¤¨­¨æë ­¥ ­ àãè¨â®¤­®§­ ç­®áâ¨ íâ®£® ª®¤ . �¥®à¥¬  ® ª®¤¨à®¢ ­¨¨ ãâ¢¥à¦¤ ¥â, çâ® íâ®®¯â¨¬ «ì­ë© ª®¤ ¤«ï ª ­ «  ¡¥§ èã¬ , ¢ á¬ëá«¥ ¬¨­¨¬ã¬  á¨¬¢®«®¢¤«ï ¥£® ¯¥à¥¤ ç¨, ¨ ­¥¢®§¬®¦­®áâ¨ à áè¨äà®¢ª¨. �¤­ ª® ¤®áâ â®ç­®®¤­®£® ­¥¢¥à­®£® á¨¬¢®«  \0" ¨«¨ \1" (èã¬ ), çâ®¡ë à áè¨äà®¢ª  ¢á¥©¤ «ì­¥©è¥© â ª®© ¯®á«¥¤®¢ â¥«ì­®áâ¨ áâ «  ­¥¢®§¬®¦­®©.
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�¨á. 3.1. �¯à¨®à­ë© ¢¥á aE(E) ¬�ªà®á®áâ®ï­¨© á í­¥à£¨¥© E ¨ ®â¢¥ç îé ï ¥¬ã ¯«®â­®áâì¢¥à®ïâ­®áâ¨ ¬�ªà®á®áâ®ï­¨ï á í­¥à£¨¥© E: fW (E)) aE(E)�E(E) 7�! �(E � E) ¯à¨ �E ! 0.

�¨á. 3.2. �­â¥£à¨à®¢ ­¨¥ ¯® à §«¨ç­ë¬ á«®ï¬ ¢ ä §®¢®¬ ¯à®áâà ­áâ¢¥, £¤¥ ¯®çâ¨ ¢¥áì®¡ê¥¬ 2s- ¬¥à­®£®  ¯¥«ìá¨­  (3.52) á®áà¥¤®â®ç¥­ ¢ ¥£® áª®«ì ã£®¤­® â®­ª®© ª®àª¥ / �E.



�¥ªæ¨ï 4� ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ �¨¡¡á 1 �¥¯«®¢®¥ à ¢­®¢¥á¨¥ ¨ ¬¨ªà®ª ­®­¨ç¥áª®¥à á¯à¥¤¥«¥­¨¥� ¯à¥¤ë¤ãé¥© «¥ªæ¨¨ ¯à¨¡«¨¦¥­­® ¯à¨­¨¬ «®áì, çâ® ¢¡«¨§¨ à ¢­®¢¥-á¨ï í­¥à£¥â¨ç¥áª¨¥ á¯¥ªâàë ¬�ªà®¯®¤á¨áâ¥¬ ¯à ªâ¨ç¥áª¨ ã¦¥ ­¥ ¢«¨ïîâ¤àã£ ­  ¤àã£  ¨ áâ â¨áâ¨ç¥áª¨© ¢¥á ¬�ªà®á¨áâ¥¬ë á¢®¤¨âáï ª ¯à®¨§¢¥¤¥-­¨î áâ â¨áâ¨ç¥áª¨å ¢¥á®¢ ¥¥ à ¢­®¢¥á­ëå ¬�ªà®¯®¤á¨áâ¥¬, ª ª ãá«®¢¨î¨å ¯®«­®© áâ â¨áâ¨ç¥áª®© ­¥§ ¢¨á¨¬®áâ¨. �â®ç­¨¬ â¥¯¥àì ­ è¥ ¯à¥¤-áâ ¢«¥­¨¥ ® â¥¯«®¢®¬ ª®­â ªâ¥ ¨ â¥¯«®¢®¬ à ¢­®¢¥á¨¨ [18].�¢¥ ¯®¤á¨áâ¥¬ë 1 ¨ 2 ­ å®¤ïâáï ¢ à ¢­®¢¥á­®¬ â¥¯«®¢®¬ ª®­â ªâ¥,¥á«¨ ¢§ ¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ­¨¬¨Hint, ã¤®¢«¥â¢®àïï ãá«®¢¨ï¬ (áà. (1.26)):" = jHintj � (jH1j; jH2j) ; H = H1 +H2 +Hint; â.¥. E �= E1 + E2; (4.1)¯à¨ E1;2 = jH1;2j, E = jHj, ¯®§¢®«ï¥â ¨¬ ¯à¨ íâ®¬ ¤®áâ â®ç­® ¡ëáâà® ®¡-¬¥­¨¢ âìáï ¬ «ë¬¨ ¯®àæ¨ï¬¨ í­¥à£¨¨ " (á¬. (4.8)), á¯®á®¡­ë¬¨ ¯®¤¤¥à¦¨-¢ âì ¨å ¢ íâ®¬ á®áâ®ï­¨¨ â¥¯«®¢®£® à ¢­®¢¥á¨ï. �®£¤  áâ â¨áâ¨ç¥áª¨©¢¥á ª ª ç¨á«® ¬�ªà®á®áâ®ï­¨© ¯®«­®© á¨áâ¥¬ë ¢ ¨­â¥à¢ «¥ (E; E+�E)¡®«¥¥ â®ç­®, á ãç¥â®¬ ¢ª« ¤  ¬ «®¢¥à®ïâ­ëå á®áâ®ï­¨© (áà. á(3.43) 7! (3.45)) ¡ã¤¥â ®¯à¥¤¥«ïâìáï ã¦¥ ¨­â¥£à «®¬ ®â ¯à®¨§¢¥¤¥­¨ï áâ -â¨áâ¨ç¥áª¨å ¢¥á®¢ ¯®¤á¨áâ¥¬ (3.12), ã¦¥ ¯à¨ dE1; dE2 � �E:
(E;�E) � D(E; V )�E = Z Z 
1(E1; dE1) 
2(E2; dE2) = (4.2)= ZE�E1+E2�E+�E Z dE1dE2D1(E1; V1)D2(E2; V2) == E+�EZE dE Z dE1D1(E1; V1)D2(E � E1; V2); £¤¥: E = E1 +E2:�à¨ �E ! 0 ¬®¦­® ¯® â¥®à¥¬¥ ® áà¥¤­¥¬ ¢áî¤ã § ¬¥­¨âì E 7! E. �.¥.¢ D2(E2; V2): E2 = E � E1 7! (E � E1) (á V = V1 + V2 ¨«¨ V = V1 = V2), ¨43
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(E;�E) =) �E Z dE1D1(E1; V1)D2(E � E1; V2); ®âªã¤ : (4.3)D(E; V ) = EZ0 dE1D1(E1; V1)D2(E � E1; V2); ¥á«¨ E1 > 0; E2 > 0; (4.4)¨«¨: D(E; V ) = E�E02ZE01 dE1D1(E1; V1)D2(E � E1; V2);¥á«¨ E1 > E01 ; E2 > E02 , £¤¥ E01 ; E02 , { ®á­®¢­ë¥ á®áâ®ï­¨ï ¯®¤á¨áâ¥¬ 1,2.�.¥. í­¥à£¥â¨ç¥áª ï ¯«®â­®áâì á®áâ®ï­¨© á®áâ ¢­®© ¨§®«¨à®-¢ ­­®© á¨áâ¥¬ë ¥áâì á¢¥àâª  ¯«®â­®áâ¥© á®áâ®ï­¨© á®áâ ¢«ïî-é¨å ¥¥ ¯®¤á¨áâ¥¬, ­ å®¤ïé¨åáï ¢ â¥¯«®¢®¬ ª®­â ªâ¥ (áà. (7.8)).�á«¨ ¯®«­ ï í­¥à£¨ï ¢á¥© á¨áâ¥¬ë «¥¦¨â ¢ ¨­â¥à¢ «¥ (E; E + �E),â® ¯à¨ ª ¦¤®¬ ä¨ªá¨à®¢ ­­®¬ §­ ç¥­¨¨ E1 ¨ E2 = E � E1 ¯®¤á¨áâ¥¬ 2 ¨¬¥¥â í­¥à£¨î ¢ ¨­â¥à¢ «¥ (E2; E2 + �E). �®£¤  á®®â¢¥âáâ¢ãîé ï®¯à¥¤¥«¥­¨ï¬ (3.3), (3.12) ãá«®¢­ ï ¢¥à®ïâ­®áâì [3], [19] ®¡­ àã¦¨âì ¯®¤-á¨áâ¥¬ã 1 ¢ ¬�ªà®á®áâ®ï­¨¨ á í­¥à£¨¥© ¢ ¨­â¥à¢ «¥ (E1; E1 + dE1) ¯à¨ãá«®¢¨¨, çâ® ¯®¤á¨áâ¥¬  2 ¨¬¥¥â í­¥à£¨î ¢ ¨­â¥à¢ «¥ (E2; E2 +�E), à ¢­ 1:dW1(E1) = w
1(E1) 
1(E1; dE1) = w
(E;�E)w
2(E2;�E) 
1(E1; dE1) = (4.5)= 
2(E � E1;�E) 
1(E1; dE1)
(E;�E) = D2(E � E1; V2)D(E; V ) D1(E1; V1) dE1: (4.6)�®áª®«ìªã, äã­ªæ¨ï 
1(E1; dE1) (3.34), (3.33) à¥§ª® ¢®§à áâ ¥â á à®áâ®¬E1,   äã­ªæ¨ï 
2(E � E1;�E) ¯à¨ íâ®¬ â ª¦¥ à¥§ª® ã¡ë¢ ¥â, ¨å ¯à®-¨§¢¥¤¥­¨¥ ¢ ¢¥à®ïâ­®áâ¨ (4.6) ¤ ¥â ®áâàë© ¬ ªá¨¬ã¬ ¯à¨ E1 = E1 ádW1(E1) ' 1, ®â¢¥ç îé¨© á®áâ®ï­¨î â¥¯«®¢®£® à ¢­®¢¥á¨ï ¢ (3.12), ª®-â®à®¥, á®£« á­® (3.13), ¤®áâ ¢«ï¥â ¬ ªá¨¬ã¬ í­âà®¯¨¨ ¢á¥© á¨áâ¥¬ë ª ªln
 =) ln[
1
2]. �áá«¥¤ã¥¬ ¥£® ¯®¤à®¡­¥¥, à áá¬®âà¥¢ á¯¥à¢ 2 �¢ ­â®¢ë¥ á¨áâ¥¬ë�ãáâì ¬�ªà®¯®¤á¨áâ¥¬  1 ®¡¬¥­¨¢ ¥âáï í­¥à£¨¥© á â¥à¬®áâ â®¬ ª ª ¬�-ªà®¯®¤á¨áâ¥¬®© 2, ï¢«ïïáì «¨èì ¬ «®© ç áâìî ¥¤¨­®© á®áâ ¢­®© ¨§®«¨-à®¢ ­­®© ¬�ªà®á¨áâ¥¬ë 1�2 á ¯®«­®© í­¥à£¨¥© E, ª®â®à ï ®¯¨áë¢ ¥âáïã¦¥ ¬�ªà®ª ­®­¨ç¥áª¨¬  ­á ¬¡«¥¬. � ª çâ® ¢ ¤®¯®«­¥­¨¥ ª (4.1) ¡ã¤¥¬¯®« £ âì, çâ®: V1 � V2 � V , E1 � E2 � E, ¨ 1� N � N1� N2.1�.¥. ¯®-¯à¥¦­¥¬ã w
(E;�E) = w
1(E1)w
2(E2;�E)



|45|� ¯à¥¤áâ ¢«¥­¨ (4.1) ¯®«­®© í­¥à£¨¨ ¢á¥© á¨áâ¥¬ë ¢ ¢¨¤¥ áã¬¬ë âà¥å á« £ ¥¬ëå¢ âà¤. ¯à¤. ¬®¦­® ¢­®¢ì ¯à¥­¥¡à¥çì ¢ª« ¤®¬ Hint ¯à¨ à §ã¬­ëå ¯à¥¤¯®«®¦¥­¨ïå® ¯®â¥­æ¨ «¥ ¯ à­®£® ¬¥¦¬®«¥ªã«ïà­®£® ¢§ ¨¬®¤¥©áâ¢¨ï '(r). �£® ¯à¨¬¥à­ ï ¬®¤¥«ìª ª äã­ªæ¨ï à ááâ®ï­¨ï r ¨¬¥¥â ¢¨¤:'(r) = 8<:1; r < 2r0;�'0; 2r0 < r < R0;0; r > R0. (4.7)�®áª®«ìªã ¢§ ¨¬®¤¥©áâ¢ãîâ «¨èì ¬®«¥ªã«ë ¨§ â®­ª®£® ¯®£à ­¨ç­®£® á«®ï â®«é¨­ëR0 ¬¥¦¤ã ¯®¤á¨áâ¥¬ ¬¨ 1 ¨ 2, á ®¡ê¥¬®¬ Vint � L21R0, £¤¥ L1;2 { «¨­¥©­ë¥ à §¬¥àë¯®¤á¨áâ¥¬ 1, 2, â®, ª ª ¨ ¯à¨ ¢ë¢®¤¥ (1.26), ¤«ï ¥¤¨­®© ¯®áâ®ï­­®© ¯«®â­®áâ¨ ç¨á« ç áâ¨æ n ¨¬¥¥¬ ®æ¥­ª¨2: jHintj � Vint, E1;2 � V1;2 � L31;2. � âà¤. ¯à¤.: L1;2 !1, ¨:"E1;2 = jHintjE1;2 � R0L1;2 �! 0;   â®ç­¥¥: jHintjE1;2 � 12 �R02r0�3 '0kBT R0L1;2 � 1: (4.8)�.¥. ¤«ï ¬�ªà®¯®¤á¨áâ¥¬ E �= E1 + E2, ¢ á®®â¢¥âáâ¢¨¨ á (1.28), (4.1).� ©¤¥¬ ¢¥à®ïâ­®áâì w1m ®¡­ àã¦¨âì ¯®¤á¨áâ¥¬ã 1 ¢ ®â¤¥«ì­®¬ § -¤ ­­®¬ ª¢ ­â®¢®¬ ¬�ªà®á®áâ®ï­¨¨ j1;mi, ª®£¤  ¯®«­ ï á¨áâ¥¬  1 � 2¯à¥¤áâ ¢«¥­  ¬�ªà®ª ­®­¨ç¥áª¨¬ à á¯à¥¤¥«¥­¨¥¬. � â ª®¬ á®áâ®ï­¨¨¯®¤á¨áâ¥¬ë 1 ¬®¦­® £®¢®à¨âì, ª ª ® áâ æ¨®­ à­®¬, «¨èì ¢ ¯à¥­¥¡à¥-¦¥­¨¨ ¢§ ¨¬®¤¥©áâ¢¨¥¬ Hint ¬¥¦¤ã ­¨¬¨. �.ª. áâ â¢¥á â ª®£® ­¥¢ë-à®¦¤¥­­®£® ¬�ªà®á®áâ®ï­¨ï á ¤ ­­®© í­¥à£¨¥© ¯®¤á¨áâ¥¬ë E1 = E1mà ¢¥­ ¥¤¨­¨æ¥: 
1 ) 1, â® ¤«ï ãá«®¢­®© ¢¥à®ïâ­®áâ¨ ®¡­ àã¦¨âì ¯®¤-á¨áâ¥¬ã 1 ¢ íâ®¬ ¤¨áªà¥â­®¬ ¬�ªà®á®áâ®ï­¨¨, ¨§ à ¢¥­áâ¢ (4.5), (4.6) ¯à¨dW1(E1) 7! w1m(E1m), á ãç¥â®¬ (3.11), ¯®«ãç ¥¬ ¢ëà ¦¥­¨¥ ¢ ¢¨¤¥ ¤®«¨á®áâ®ï­¨© â¥à¬®áâ â  ¢ ¯®«­®¬ ç¨á«¥ á®áâ®ï­¨© ¢á¥© á¨áâ¥¬ë: (kB = 1)w1m(E1m) = 
2(E � E1m;�E)
(E;�E) = D2(E � E1m; V2)D(E; V ) ; (4.9)ln [w1m(E1m)] = S2(E � E1m)� S(E); E � E1m � E2; (4.10)£¤¥ ¢ á¨«ã ¯à¨­æ¨¯  à ¢­ëå  ¯à¨®à­ëå ¢¥à®ïâ­®áâ¥© (3.2) ¢á¥ ­¥¨­-â¥à¥á­ë¥ ­ ¬ à ¢­®¢¥à®ïâ­ë¥ á®áâ®ï­¨ï â¥à¬®áâ â  áã¬¬¨àã¥îâáï ¢¥£® áâ â¢¥á 
2(E2;�E). � §« £ ï S2 = ln
2(E2), ®£à ­¨ç¨¬áï ­¨§è¨¬¨áâ¥¯¥­ï¬¨ ¢¥«¨ç¨­ë E1m = E � E2 � E ¢ ®ªà¥áâ­®áâ¨ E1m = 0, E2 = E:S2(E � E1m) ' S2(E)� E1m 0@@S2(E2)@E2 1AE2=EV2 + E21m2 0@@2S2(E2)@E22 1AE2=EV2 + : : : :(4.11)2�­¥à£¨ï ¢§ ¨¬®¤¥©áâ¢¨ï ¬®«¥ªã« ¢ ®¡ê¥¬¥ Vint: jHintj ' 12'0�(ç¨á«® ¬®«¥ªã« ¢ ­¥¬)�(¬ ªá¨¬ «ì­®¥ ç¨á«® ¬®«¥ªã«, ®¤­®¢à¥¬¥­­® ­ å®¤ïé¨åáï ¢ §®­¥ à ¤¨ãá  ¤¥©áâ¢¨ï á¨« ¯à¨-âï¦¥­¨ï) = 12'0 � (nVint) � (R30=(2r0)3), â®£¤  ª ª: E1;2 � CV 1;2T � kBnV1;2T .



|46|�¢®¤ï  ¡á®«îâ­ãî â¥¬¯¥à âãàã ¨ â¥¯«®¥¬ª®áâì â¥à¬®áâ â  à ¢¥­áâ¢ ¬¨:0@@S2(E2)@E2 1AE2=EV2 = � = 1T2 ; E21m 0@@2S2(E2)@E22 1AE2=EV2 = E21m  @@E2 1T2!V2= (4.12)= �E21mT 22  @T2@E2!V2= �E21mT 22 1CV 2 ' �E1mT2 E1mE ; â.ª.: CV 2T2 ' E2 = E; (4.13)¨ ¯à¥­¥¡à¥£ ï ¢ (4.11) ¯®á«¥¤­¨¬ á« £ ¥¬ë¬, á®£« á­® (4.12) 7! (4.13),¢¢¨¤ã áâ®«ì ®£à®¬­®© â¥¯«®¥¬ª®áâ¨ â¥à¬®áâ â ,   § â¥¬, ¯®« £ ï:S2(E)� S(E) � ln 
2(E;�E)
(E;�E) � lnD2(E; V2)D(E; V ) = � lnZN ; (4.14)¨ ¯®¤áâ ¢«ïï (4.11), (4.12), (4.14) ¢ ¢ëà ¦¥­¨¥ ¤«ï lnw1m (4.10), ­ ©¤¥¬ã¦¥ ãª § ­­®¥ à ­¥¥ ¢ (1.28), (3.46) ¨§ á®®¡à ¦¥­¨©  ¤¤¨â¨¢­®áâ¨ «®£ -à¨ä¬  ä §®¢®© ¯«®â­®áâ¨ à á¯à¥¤¥«¥­¨¥ ¢¥à®ïâ­®áâ¥©, ­ §ë¢ ¥¬®¥ ª -­®­¨ç¥áª¨¬ à á¯à¥¤¥«¥­¨¥¬ �¨¡¡á  ¤«ï § ªàëâ®© á¨áâ¥¬ë ¢ â¥à¬®áâ â¥:lnw1m(E1m) = S2(E � E1m)� S(E) =) � lnZN � �E1m; (4.15)w1m(E1m) = 1ZN e��E1m � 1ZN exp(�E1mT2 ) = %mm(E1m); (4.16)Xm w1m(E1m) = 1; â.¥.: ZN (�; V1) =Xm e��E1m =XE1m e��E1mg(E1m): (4.17)� áã¬¬ å ¯® m (4.17) ª ¦¤ë© í­¥à£¥â¨ç¥áª¨© ãà®¢¥­ì á í­¥à£¨¥© E1m¢ª« ¤ë¢ ¥â, ª ª ¨ ¢ (3.4), (3.45), áâ®«ìª® à §, ª ª®¢  ¥£® ªà â­®áâì ¢ë-à®¦¤¥­¨ï g(E1m), ª®â®à ï ¯® á¢®¥¬ã á¬ëá«ã ¨§ (3.5) á®¢¯ ¤ ¥â á® áâ -â¨áâ¨ç¥áª¨¬ ¢¥á®¬ ¢á¥å ¤¨áªà¥â­ëå ¬�ªà®á®áâ®ï­¨© fjmiiggi=1 á ¤ ­­®©í­¥à£¨¥© E1m, ¢®§¢à é ï ­ á, ¯® áãâ¨, ª ¢¥à®ïâ­®áâ¨ (4.5), ª®â®à ï á¯¥à¥å®¤®¬ () ª ­¥¯à¥à¢ë­®¬ã á¯¥ªâàã E1m () E1 ¯à¨­¨¬ ¥â ¢¨¤:w1m(E1m)() w1(E1); g(E1m)() 
1(E1; dE1) = D1(E1; V1)dE1; (4.18)(4.5) =) w1m(E1m) g(E1m)() w1(E1) 
1(E1; dE1) = gW1(E1) dE1 � (4.19)� 1ZN e��E1
1(E1; dE1) = 1ZN e��E1 D1(E1; V1)dE1 � dW1(E1); (4.20)£¤¥: Xm w1m(E1m) = XE1mw1m(E1m) g(E1m)() 1Z0 dW1(E1) = 1; ¨: (4.21)ZN (�;V1)� (4.17)() 1Z0 e��E1D1(E1; V1)dE1 = � 1Z0 e��E1�1(E1)dE1; (4.22)£¤¥, á®£« á­® (3.18): D1(E1; V1)dE1 = d�1(E1); �1(0) = 0:



|47|�¥«¨ç¨­ã ZN (�; V ) ­ §ë¢ îâ ª ­®­¨ç¥áª®© áâ â¨áâ¨ç¥áª®© áã¬¬®©. �­ § ¢¨á¨â ®â � ¨ ¢­¥è­¨å ¯ à ¬¥âà®¢, ­ ¯à¨¬¥à, ®¡ê¥¬  V ,   ¨­¤¥ªá N®§­ ç ¥â, çâ® à áá¬ âà¨¢ ¥¬ ï ¯®¤á¨áâ¥¬  1 ®áâ ¥âáï ¯®-¯à¥¦­¥¬ã § -ªàëâ®©, â.¥. N1 = N = const. �®£¤  ¥¤¨­áâ¢¥­­®© ¢¥«¨ç¨­®©, å à ª-â¥à¨§ãîé¥© ¢§ ¨¬®¤¥©áâ¢¨¥ á â¥à¬®áâ â®¬, ï¢«ï¥âáï ¥£® â¥¬¯¥à âãà T2 = T . �â âáã¬¬  ª ­®­¨ç¥áª®£®  ­á ¬¡«ï ZN (�; V ) ï¢«ï¥âáï ¢ ¦-­¥©è¥© ¢¥«¨ç¨­®©, ª®â®à ï ¯®§¢®«ï¥â ­ ©â¨ â¥à¬®¤¨­ ¬¨ç¥áª¨¥ ¯®â¥­-æ¨ «ë á¨áâ¥¬ë (4.34),   á«¥¤®¢ â¥«ì­®, ¨ ¥¥ ãà ¢­¥­¨ï á®áâ®ï­¨ï.�¥à®ïâ­®áâì (4.16) ¥áâì í«¥¬¥­â wk ¤¨ £®­ «ì­®© ¬ âà¨æë ¯«®â­®-áâ¨ (2.10). � ¤àã£¨å ¯à¥¤áâ ¢«¥­¨ïå, £¤¥ £ ¬¨«ìâ®­¨ ­ cH ­¥ ¤¨ £®­ «¥­,¢¬¥áâ® (4.17), (4.22) ¤«ï áâ â¨áâ¨ç¥áª®£® ®¯¥à â®à  ¨ áâ âáã¬¬ë ¨¬¥¥¬:b% = 1ZN exp(�� cH); £¤¥ â¥¯¥àì ZN (�; V ) = Tr �e�� bH� : (4.23)�¯à¥¤¥«¥­¨¥ ¯ à ¬¥âà  � (4.12) ¯à¨ ¯¥à¥å®¤¥ ®â (4.10) ª (4.15), ¯® áãâ¨,á®¢¯ ¤ ¥â á ¢ëà ¦¥­¨¥¬ ¤«ï ®¡à â­®© â¥¬¯¥à âãàë (3.8). � áá¬®âà¨¬á­®¢  ¨§®«¨à®¢ ­­ãî á¨áâ¥¬ã, á®áâ ¢«¥­­ãî ¨§ ¤¢ãå ¯®¤á¨áâ¥¬ 1 ¨ 2,­ å®¤ïé¨åáï ¢ â¥¯«®¢®¬ à ¢­®¢¥á¨¨ ¯à¨ â¥¬¯¥à âãà¥ 1=�. �§ (4.22) ­ -å®¤¨¬ ¥¥ ª ­®­¨ç¥áªãî áâ âáã¬¬ã ª ª ¯à¥®¡à §®¢ ­¨¥ � ¯« á  á¢¥àâª¨¯«®â­®áâ¥© (4.4) ¬�ªà®ª ­®­¨ç¥áª¨å à á¯à¥¤¥«¥­¨© ¯®¤á¨áâ¥¬, ä ªâ®à¨-§ãîé¥¥áï ¢ ¯à®¨§¢¥¤¥­¨¥ á®®â¢¥âáâ¢ãîé¨å ª ­®­¨ç¥áª¨å áâ âáã¬¬:Z1+2N (�) = 1Z0 dEe��ED(E; V ) = 1Z0 dEe��E EZ0 dE1D1(E1; V1)D2(E � E1; V2)= 1Z0 e��E1D1(E1; V1) dE1 1Z0 e��E2D2(E2; V2) dE2 = Z1N1(�)Z2N2(�): (4.24)� ª çâ® ¢ á®áâ®ï­¨¨ â¥à¬®¤¨­ ¬¨ç¥áª®£® à ¢­®¢¥á¨ï á¨áâ¥¬ë 1� 2:�1 = �2 = �; lnZ1+2N (�) = lnZ1N1(�) + lnZ2N2(�): (4.25)�¥à¢®¥ à ¢¥­áâ¢® ¯®¤â¢¥à¦¤ ¥â, çâ® ¯ à ¬¥âà � ¥áâì â¥¬¯¥à âãà­ë©¯ à ¬¥âà,   ¢â®à®¥ { çâ® lnZ1+2N (�) ¥áâì  ¤¤¨â¨¢­ ï äã­ªæ¨ï ¤«ï á®-áâ ¢­®© á¨áâ¥¬ë 1� 2. �® ¨ ¤«ï á¨áâ¥¬ë 1� 2 ¢ â¥à¬®áâ â¥ 3, á®£« á­®(1.26), ¢ à ¢­®¢¥á¨¨ í­¥à£¥â¨ç¥áª¨¥ á¯¥ªâàë ¬�¨ªà®á®áâ®ï­¨© E1m ¨ E2n®â¤¥«ì­ëå ¬�ªà®¯®¤á¨áâ¥¬,   á«¥¤®¢ â¥«ì­®, ¨ ¢¥à®ïâ­®áâ¨ ¨å à¥ «¨§ -æ¨¨ ¬®¦­® áç¨â âì,  ­ «®£¨ç­® (3.12), áâ â¨áâ¨ç¥áª¨ ­¥§ ¢¨á¨¬ë¬¨:w1+2mn = w1mw2n =) exp(��Emn)Z1+2N (�) = exp(��1E1m)Z1N1(�1) exp(��2E2n)Z2N2(�2) : (4.26)



|48|�à¨ Emn =) E1m + E2n � x + y íâ® ¤ ¥â ¢ëà ¦¥­¨¥ ¤«ï ª®­áâ ­âë:const � Z1(�1)Z2(�2)Z1+2(�) = exp [x(� � �1) + y(� � �2)] 7�! 1;¢ á¨«ã ¯à®¨§¢®«ì­®áâ¨ x; y, çâ® ¢­®¢ì ¯à¨¢®¤¨â ª à ¢¥­áâ¢ ¬ (4.25).3 �¢ §¨ª« áá¨ç¥áª¨© ¯à¥¤¥«�«ï ¯¥à¥å®¤  ª ª¢ §¨ª« áá¨ç¥áª®¬ã ¯à¨¡«¨¦¥­¨î ­ã¦­® ¢­®¢ì § ¬¥­¨âìáã¬¬ã ¯® á®áâ®ï­¨ï¬ ¢ (4.17) ¨­â¥£à «®¬ ¯® ­¥¯à¥àë¢­®¬ã á¯¥ªâàã í­¥à-£¨© (4.22) ¨ ¤ «¥¥ ¨­â¥£à «®¬ ¯® ä §®¢®¬ã ®¡ê¥¬ã (3.19){(3.23). �à¨íâ®¬ ¤«ï ®¤¨­ ª®¢ëå ç áâ¨æ ¢­®¢ì ¯à¨å®¤¨¬ ª â®¬ã, çâ® ª®­ä¨£ãà æ¨¨â®¦¤¥áâ¢¥­­ëå, ­® ¥é¥ à §«¨ç¨¬ëå ç áâ¨æ, ¯®«ãç¥­­ë¥ ¢ à¥§ã«ìâ â¥N !¯¥à¥áâ ­®¢®ª íâ¨å ç áâ¨æ ¢ ª®®à¤¨­ â­®¬ ¯à®áâà ­áâ¢¥, ï¢«ïîâáï íª¢¨-¢ «¥­â­ë¬¨ ¨ ¤®«¦­ë áç¨â âìáï §  ®¤­ã. �®£¤ , ¯®áª®«ìªã ¤«ï «î¡®©äã­ªæ¨¨ F(E), ¢ á®®â¢¥âáâ¢¨¨ á (3.4), (3.19), (3.35) ¨ (4.17) 7!(4.22),  â ª¦¥ á (3.62), (3.22){(3.26), (3.45), ¨ ¯à¨ %N (X) = w(H(X)), ¨¬¥¥¬:Xm F(Em) = XEmF(Em)g(Em)()1Z0 F(E)D(E; V )dE =ZfXgF(H(X))dd�; (4.27)£¤¥, ¢ á¨«ã (3.23), (3.40): D(E; V ) = ZfXgdd� ��E �H(X)�; â® ¨: (4.28)w(Em)g(Em)()w(E)
(E; dE)*) %N (X)dd�N� exp [��H(X)] d2sXZqs:clN N !hs ;(4.29)¨: ZN () Zqs:clN = 1Z0 e��ED(E; V )dE = ZfXgexp [��H(X)] d2sXN !hs ; (4.30)£¤¥ s = Nd,   d { ç¨á«® ¯à®áâà ­áâ¢¥­­ëå áâ¥¯¥­¥© á¢®¡®¤ë ç áâ¨æë.�âà®£® à¥§ã«ìâ âë (4.29), (4.30) ¯®«ãç îâáï à §«®¦¥­¨¥¬ ª¢ ­â®¢®© áâ â-áã¬¬ë (4.23) ¢ ¯à¥¤áâ ¢«¥­¨ïå â¨¯  (2.21) ¯® áâ¥¯¥­ï¬ �h ¯à¨ �h! 0.�«®â­®áâì à á¯à¥¤¥«¥­¨ï à §«¨ç­ëå §­ ç¥­¨© B «î¡®© ¤¨­ ¬¨ç¥-áª®© ¢¥«¨ç¨­ë b(X) ¢ à ¢­®¢¥á­®¬ ¬�ªà®á®áâ®ï­¨¨, å à ªâ¥à¨§ã¥¬®¬«î¡®© ä §®¢®© ¯«®â­®áâìî %N (X), ¤ ¥âáï áà¥¤­¨¬ (1.31){(1.32) ¢ ¢¨¤¥:f(B) = ����B � b(X)��� = ZfXg ��B � b(X)�%N (X)dd�N : (4.31)



|49|4 �¯à¥¤¥«¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­�â àâãï â¥¯¥àì á ®¯à¥¤¥«¥­¨ï í­âà®¯¨¨ (3.45), ¯®¤áâ ¢¨¬ ¢ ­¥£® «®£ -à¨ä¬ ¢¥à®ïâ­®áâ¨ ª ­®­¨ç¥áª®£® à á¯à¥¤¥«¥­¨ï �¨¡¡á  (4.15):S = �kXmwm lnwm = kXm wm(�Em + lnZN )= k�Xm wmEm + k lnZN :(4.32)�® ®á­®¢­®¬ã ¯®áâã« âã ¢­ãâà¥­­ïï í­¥à£¨ï ¥áâì ãáà¥¤­¥­­ ï ¯®  ­á ¬-¡«î í­¥à£¨ï ¬�ªà®á®áâ®ï­¨© á¨áâ¥¬ë, ¨ (4.32) ¯¥à¥¯¨è¥âáï ¢ ¢¨¤¥:Xm wmEm � �E� = U; £¤¥ Xm wm = 1; ¨ � 1� lnZN = U � Sk� : (4.33)� íâ®© ä®à¬ã«¥ «¥£ª® ã§­ âì ¢ëà ¦¥­¨¥ ¤«ï á¢®¡®¤­®© í­¥à£¨¨, ¥á«¨1k� = T; � = 1kT ; F = � 1� lnZN = �kT lnZN = U � TS: (4.34)�.¥. á¢®¡®¤­ ï í­¥à£¨ï F (T; V;N) ¢¯®«­¥ ®¯à¥¤¥«ï¥âáï áâ â¨áâ¨ç¥áª®©áã¬¬®© ZN (T; V ), ®âªã¤  ã¦¥ ¡¥§ âàã¤  ¢ëç¨á«ïîâáï ®áâ «ì­ë¥ â¥à¬®-¤¨­ ¬¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨ á¨áâ¥¬ë. � ©¤¥¬ ¢ª« ¤ ¤¨ää¥à¥­æ¨ « lnZN ¢ ¯®«­ë© ¤¨ää¥à¥­æ¨ « í­âà®¯¨¨ ¢¨¤  (4.32) S = k�U + k lnZN :dS = kd(�U) + kd lnZN = Ukd� + k�dU + kd lnZN : (4.35)�à¨ N = const ¤«ï äã­ªæ¨¨ ZN (�; V ) ­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­­ëå �; V :d lnZN = 1ZN @ZN@� d� + 1ZN @ZN@V dV � d ln Xm e��Em! = dZNZN == 1ZN Xm (�Em) exp(��Em)d� + �ZN Xm  � @Em@V ! exp(��Em)dV �� ��E� d� + � **� @E@V ++ dV = d lnZN ; £¤¥ wm = e��EmZN ; (4.36)¨ ¯à¨ ª¢ ­â®¢ ­¨¨ í­¥à£¨¨ ¢ ïé¨ª¥ ¢á¥ Em / q2n á qn = 2�n=L § ¢¨áïââ®«ìª® ®â ¥£® ®¡ê¥¬  V = L3: Em = Em(V );   â.ª. �E� = U(S; V;N)¯à¨ dU = TdS � PdV + �dN , â®, ª ª ¨ ¢ (3.9), (3.10), ¨ §¤¥áì3:**� @E@V ++ �Xm wm  � @Em@V ! =)[wm=const] �  @�E�@V !S;N = P; (4.37)¨ ¥áâì áà¥¤­ïï ®¡®¡é¥­­ ï á¨« , â¥à¬®¤¨­ ¬¨ç¥áª¨ á®¯àï¦¥­­ ï ®¡ê¥¬ã,â.¥. ¤ ¢«¥­¨¥ ª ª  ¤¨ ¡ â¨ç¥áª¨© ®âª«¨ª á¨áâ¥¬ë ­  ¨§¬¥­¥­¨¥ ®¡ê¥¬ .3â.¥. ¯à®¨§¢®¤­ ï �E� = (4.33) ¯à¨ wm = const ¥áâì ¯à®¨§¢®¤­ ï ¯à¨ S = (4.32) = const.



|50|�®£¤  � @Em=@V ï¢«ï¥âáï \¯ àæ¨ «ì­ë¬" ¢ª« ¤®¬ ¢ ¤ ¢«¥­¨¥ ®â¤¥«ì-­®£® ¬�ªà®á®áâ®ï­¨ï jmi á í­¥à£¨¥© á¨áâ¥¬ë Em. �.¥. ¨§ (4.36), (4.37):1� d lnZN = � 1�Ud� + PdV; ¨ ¯à¨ 1� = kT; 1T = k�; d�� = �dTT ; (4.38)¯®¤áâ ¢¨¢ íâ® ¢ (4.35), ¯à¨¤¥¬ ª ®á­®¢­®¬ã ãà ¢­¥­¨î â¥à¬®¤¨­ ¬¨ª¨:1k� dS = dU + PdV: � ãç¥â®¬ � @@� = �T @@T ; T @@T + 1 = @@T T ;ä®à¬ã«ë (4.32){(4.34) ¨ (4.36){(4.38) ­¥¯®áà¥¤áâ¢¥­­® ¢®á¯à®¨§¢®¤ïâ ¢á¥á®®â¢¥âáâ¢ãîé¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨¥ ®¯à¥¤¥«¥­¨ï ¤«ï ZN = ZN (�; V ):F =)(4:34) �kT lnZN ; U =)(4:36) �  @ lnZN@� !V;N =)(4:34) �T 2  @@T  FT !!V;N ; (4.39)P =)(4:38) kT  @ lnZN@V !T;N = �  @F@V !T;N ; CV =)(4:39) k�2 0@@2 lnZN@�2 1AV;N ; (4.40)S =)(4:34)U � FT =)(4:39)�  T @@T + 1! FT � �  @F@T !V;N= 0@@(kT lnZN )@T 1AV;N: (4.41)�¥à®ïâ­®áâì wm = w(Em) = 1ZN exp (��Em) � exp (�F � �Em) ; (4.42)­ ©â¨ à ¢­®¢¥á­ãî á¨áâ¥¬ã ¢ ¬�ªà®á®áâ®ï­¨¨ á ¯®«­®© í­¥à£¨¥© Em ¯à¨â¥¬¯¥à âãà¥ T á®£« á®¢ ­  á ­ ©¤¥­­ë¬¨ à ­¥¥ ¢¥à®ïâ­®áâï¬¨ ª ª (3.3),(3.46), â ª ¨ á (3.25), ¯®áª®«ìªã ¢¥à®ïâ­®áâì ®¯à¥¤¥«¥­­®£® §­ ç¥­¨ï í­¥à-£¨¨ ¬�ªà®á®áâ®ï­¨ï ¢ (4.20) ¨¬¥¥â ¯®-¯à¥¦­¥¬ã à¥§ª¨© ¯¨ª ¯à¨ ­ ¨¡®«¥¥¢¥à®ïâ­®¬ §­ ç¥­¨¨ í­¥à£¨¨ E, ª®â®à®¥ ¯®-¯à¥¦­¥¬ã ¯à ªâ¨ç¥áª¨ á®¢¯ -¤ ¥â ¯à¨ N � 1 á ¥¥ áà¥¤­¨¬ §­ ç¥­¨¥¬ E � �E� = U . � ¯à¨¬¥à, ¤«ï¨¤¥ «ì­®£® £ §  (3.33) á ãç¥â®¬ (3.25) 7�! (4.19), (4.20) ­ å®¤¨¬:gWN (E) = w(E) @�N(E)@E = fAN exp(��E)ZN E 32N�1; ddE gWN (E) = 0; (4.43)®âªã¤  E =  32N � 1! kT; �E� = R E gWN (E) dER gWN (E) dE = 32NkT: (4.44)�à¨ íâ®¬ ¤«ï ®¤­®© ç áâ¨æë, N = 1 íâ¨ §­ ç¥­¨ï à §«¨ç îâáï ¢ âà¨à § ! �æ¥­ª  ®â­®á¨â¥«ì­®© è¨à¨­ë ¯¨ª  ¡ã¤¥â ¯à®¢¥¤¥­  ­¨¦¥ ¢ (9.2).�­  â ª¦¥ áãé¥áâ¢¥­­® § ¢¨á¨â ®â N ¨ ¨¬¥¥â ¯®àï¤®ª [áà. (4.13)]:�2(E) � q�(�E)2��E� � vuut kCV � 1pN � 1: (4.45)



|51|([1] xx4.1-4.4, [4] xx11{13, [5] x61, [6] xx28,31,36, [7], [36])� ¤ ç¨10.1. �¥¯«®¥¬ª®áâì ­¥ª®â®à®© á¨áâ¥¬ë á®áâ®ïé¥© ¨§ ¡®«ìè®£® ç¨á«  ç -áâ¨æ ¨¬¥¥â ¢¨¤ CV = aT n. � ©â¨ ¨ áà ¢­¨âì í­¥à£¥â¨ç¥áªãî ¯«®â­®áâìá®áâ®ï­¨© ¨ ¯®«­ë© ¤®áâã¯­ë© â ª®© á¨áâ¥¬¥ ä §®¢ë© ®¡ê¥¬, ¥á«¨ ®­ : )  ¤¨ ¡ â¨ç¥áª¨ ¨§®«¨à®¢ ­ ; ¡) ­ å®¤¨âáï ¢ â¥à¬®áâ â¥ [24].10.2. �áå®¤ï ¨§ (4.31), ­ ©â¨ ¯«®â­®áâì à á¯à¥¤¥«¥­¨ï ¢¥à®ïâ­®áâ¨ à §-«¨ç­ëå §­ ç¥­¨© í­¥à£¨¨ f(E) = gWN (E) ¤«ï ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ¨á¨áâ¥¬ë ¢ â¥à¬®áâ â¥.10.3. �¨ää¥à¥­æ¨àãï áà¥¤­¥¥ ¯® ª ­®­¨ç¥áª®¬ã à á¯à¥¤¥«¥­¨î ®â «î¡®©¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ë b(X; a), £¤¥X = fqi; pigsi=1- ä §®¢ë¥ ª®®à¤¨­ âë,¤®ª § âì ¤¢¥ «¥¬¬ë �¨¡¡á  [4] x13 (áà ¢­¨ á (4.37), (5.31)): çâ® ¯à¨TdS = d�E� +Xk �Ak�dak; dF (T; a) = �SdT �Xk �Ak�dak; (4.46)%N (X) = w(H(X; a)) = exp f�[F (T; a)�H(X; a)]g ; £¤¥: a = fakg;(4.47)�E���H(X; a)�; �b���b(X; a)�; F (T; a) =�E�� TS; (4.48)�Ak��**�@H(X; a)@ak ++= �  @�E�@ak !S;aj 6=ak= �0@@F (T; a)@ak 1AT;aj 6=ak; (4.49)¨¬¥¥¬:  @�b�@ak !T�  @�b�@ak !S (4:37)=)?? @�b�@ak � **@b(X; a)@ak ++ = (4.50)= � 1T **�b(X; a)��b��0@@H(X; a)@ak � **@H(X; a)@ak ++1A++; (4.51) @�b�@T !a= 1T 2���b(X; a)��b���H(X; a)��E����; (4.52)â.ª. �b� = B(T; a). �®«ãç¨âì ®âáî¤  ä®à¬ã«ë ¤«ï ä«ãªâã æ¨© à §-«¨ç­ëå â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­ ¢¨¤  (9.2).10.4. �®à¬¨àãï ¢¥à®ïâ­®áâì ¬�ªà®á®áâ®ï­¨ï (4.43) ­  ¥¤¨­æã, ­ ©â¨äã­ªæ¨î gWN (E) ¨ ª ­®­¨ç¥áªãî áâ âáã¬¬ã ¨¤¥ «ì­®£® £ §  (á¬. (3.59)):gWN (E) = e�E=(kT )E 32N�1(kT )3N=2�(3N=2) ; ZN = 1N ! 0@ V�3(T )1AN : (4.53)�à¨ N = 1 ¨ �(3=2) = p�=2 áà ¢­¨âì á efT (") (6.30), (10.27).



�¥ªæ¨ï 5�®«ìè®© ª ­®­¨ç¥áª¨©  ­á ¬¡«ì�¡®¡é¨¬ áå¥¬ã, ª®â®à ï ¯à¨¢¥«  ­ á ª ª ­®­¨ç¥áª®¬ã à á¯à¥¤¥«¥­¨î�¨¡¡á , ­  á«ãç © ¯®¤á¨áâ¥¬ë 1, ®¡¬¥­¨¢ îé¥©áï á \â¥à¬®áâ â®¬" 2 ­¥â®«ìª® í­¥à£¨¥©, ­® ¨ ¢¥é¥áâ¢®¬, ª®£¤  ¨ ¥¥ ç¨á«® ç áâ¨æ N1, { ¯¥à¥¬¥­-­ ï ¢¥«¨ç¨­ . � ª®¢  ¢¥à®ïâ­®áâì ®¡­ àã¦¨âì ¯®¤á¨áâ¥¬ã 1 ¢ ª¢ ­â®-¢®¬ á®áâ®ï­¨¨ jm;Ni á í­¥à£¨¥© E1m ) EmN ¨ ç¨á«®¬ ç áâ¨æ N1 ) N?�â¢¥â ­  íâ®â ¢®¯à®á ¤ ¥â1 �®«ìè®¥ ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ �¨¡¡á �­®¢ì áã¬¬¨àãï ¯® ¢á¥¬ à ¢­®¢¥à®ïâ­ë¬ ¢ á¨«ã ¯à¨­æ¨¯  à ¢­ëå  ¯à¨-®à­ëå ¢¥à®ïâ­®áâ¥© ­¥¨­â¥à¥á­ë¬ ­ ¬ á®áâ®ï­¨ï¬ â¥à¬®áâ â  2 ¢ ¨­-â¥à¢ « å í­¥à£¨¨ (E�EmN = E2; E2+�E) ¨ ç¨á«  ç áâ¨æ (N0�N = N2,N2 + �N0) ¨ á«¥¤ãï à ááã¦¤¥­¨ï¬ (4.5) { (4.10), ¢­®¢ì ­ ©¤¥¬ ¨áª®¬ãî¢¥à®ïâ­®áâì ®â¤¥«ì­®£® ¬�ªà®á®áâ®ï­¨ï ¯®¤á¨áâ¥¬ë 1 ª ª ¤®«î íâ¨åá®áâ®ï­¨© â¥à¬®áâ â  2 ¢ ¯®«­®¬ ç¨á«¥ á®áâ®ï­¨© ¢á¥© á¨áâ¥¬ë 1 � 2,®¯à¥¤¥«ï¥¬ãî á­®¢  ®â­®è¥­¨¥¬ ¨å áâ â¨áâ¨ç¥áª¨å ¢¥á®¢: (kB = 1)wmN = 
2 (E � EmN ;�E;N0 �N;�N0)
 (E;�E;N0;�N0) = eS2(E2;N2)�S(E;N0); (5.1)lnwmN = ln
2(E � EmN ;N0 �N)� ln
(E;N0);lnwmN = S2(E � EmN ;N0 �N)� S(E;N0): (5.2)� ª ª ª EmN � E, N � N0, â® ¢ à §«®¦¥­¨¨ S2(E2; N2) = ln
2(E2; N2)¬®¦­® ¢­®¢ì ®£à ­¨ç¨âìáï á« £ ¥¬ë¬¨ ¯¥à¢®© áâ¥¯¥­¨ ¯® EmN = E�E2¨ N = N0 �N2, ®â¡à áë¢ ï ¢ª« ¤ë ®â­®á¨â¥«ì­®£® ¯®àï¤ª  O(N=N0):S2(E�EmN ;N0�N) = S2(E;N0)�EmN  @S2@E2!E2=EV2;N2 �N  @S2@N2!N2=N0V2;E2 + : : : :(5.3)52



|53|�®« £ ï â¥¯¥àì S(E;N0)� S2(E;N0) = lnQ ¨ ¢¢®¤ï, ª ª ¨ ¯à¥¦¤¥� = 1kT =  @S2@E2!E2=EV2; N2=N0 ¯à¨ 
 = �  @S2@N2!N2=N0V2; E2=E ; (5.4)¨áª®¬®¥ à á¯à¥¤¥«¥­¨¥ ¢¥à®ïâ­®áâ¥©, ¯®¤áâ ¢«ïï (5.3), (5.4) ¢ (5.1), § -¯¨è¥¬ ¤«ï wmN () w(EmN ); gmN () g(EmN ) ®ª®­ç â¥«ì­® ¢ ¢¨¤¥:wmN = exp(��EmN + 
N)Q(�; V; 
) ; XN;mwmN � 1XN=0 XEmN wmNgmN = 1; (5.5)á ®¯à¥¤¥«ï¥¬®© íâ¨¬ ãá«®¢¨¥¬ ­®à¬¨à®¢ª¨ ¡®«ìè®© áâ âáã¬¬®© Q:Q(�; V; 
) = 1XN=0Xm exp(��EmN + 
N) = 1XN=0 e
N Xm exp(��EmN ): (5.6)�¥«¨ç¨­  Q(�; V ; 
) ª ª äã­ªæ¨ï ¯ à ¬¥âà®¢ �; V; 
 ¨£à ¥â §¤¥áì â ªãî¦¥ ¢ ¦­ãî à®«ì, ª ª áâ âáã¬¬  ZN (�; V ) ¢ ª ­®­¨ç¥áª®¬  ­á ¬¡«¥.�®®â¢¥âáâ¢ãîé ï ¬ âà¨æ  ¯«®â­®áâ¨ b% â ª®£®  ­á ¬¡«ï ¢ «î¡®¬­¥¤¨ £®­ «ì­®¬ ¯à¥¤áâ ¢«¥­¨¨ á [cH; cN ] 6= 0 ¬®¦¥â ¡ëâì § ¯¨á ­  ¢ ¢¨¤¥:b% = exp(�� cH + 
 cN)Q ; £¤¥: Tr nb%o = 1; Q = Tr nexp(��cH + 
 cN)o ; (5.7)â®£¤  ª ª § ¯¨áì E = EmN ã¦¥ ¯à¥¤¯®« £ « , çâ® [cH; cN ] = 0.� ª¢ §¨ª« áá¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ á­®¢  ¨¬¥¥¬ ä §®¢ãî ¯«®â­®áâì ¢ í«¥-¬¥­â¥ N- ç áâ¨ç­®£® ä §®¢®£® ®¡ê¥¬  á s = Nd áâ¥¯¥­ï¬¨ á¢®¡®¤ë, £¤¥:wmNgmN *) %N (X)dd�N ; dd�N = d2NdXN !hNd ; ¨ %N (X) = exp(��H(X) + 
N)Q(�; V ; 
) (5.8){  ­ «®£¨ç­ ï (4.29) áâ â¨áâ¨ç¥áª ï äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï ¤«ï ¡®«ì-è®£® ª ­®­¨ç¥áª®£®  ­á ¬¡«ï,   ¡®«ìè ï áâ âáã¬¬  â¥¯¥àì ¨¬¥¥â ¢¨¤:1XN=0 Z %N (X)dd�N = 1; Q = 1XN=0 1N ! Z exp(��H(X) + 
N)d2NdXhNd ; (5.9)¨ ¢ ®¡®¨å á«ãç ïå (5.6), (5.9) ¯à¥¤áâ ¢¨¬  ¢ ¢¨¤¥ áâ¥¯¥­­®£® àï¤ :Q(�; V ; �) = 1XN=0 �NZN (�; V ); (5.10)



|54|£¤¥ � = exp 
 {  ªâ¨¢­®áâì á¨áâ¥¬ë,   ZN { ª ­®­¨ç¥áª ï áâ âáã¬¬ .�§ (5.10) ®ç¥¢¨¤­®, çâ® ¡®«ìèãî áâ â¨áâ¨ç¥áªãî áã¬¬ã Q(�) ¬®¦­®à áá¬ âà¨¢ âì ª ª ¯à®¨§¢®¤ïéãî äã­ªæ¨î ¤«ï ª ­®­¨ç¥áª¨å áâ âáã¬¬ZN (�; V ), à¥£ã«ïà­ãî ¢ ª®¬¯«¥ªá­®© ¯«®áª®áâ¨ � ¢ ®ªà¥áâ­®áâ¨ â®çª¨� = 0, çâ®, ¢ á¨«ã ¨­â¥£à «ì­®© ä®à¬ã«ë �®è¨ ¤«ï ¯à®¨§¢®¤­®©, ¤ ¥â¢ëà ¦¥­¨¥ ª ­®­¨ç¥áª®© áâ âáã¬¬ë ¯ãâ¥¬ ®¡à é¥­¨ï àï¤  (5.10):ZN (�; V ) = 1N ! 0@@NQ(�)@�N 1A�=0 � 12�i IC Q(�)�N+1d� (5.11){ ¢ ¢¨¤¥ ª®­âãà­®£® ¨­â¥£à « , £¤¥ § ¬ª­ãâë© ª®­âãà � ¢®ªàã£ â®çª¨� = 0 ¤®«¦¥­ ®â¤¥«ïâì ¥¥ ®â ¢á¥å ®á®¡ëå â®ç¥ª �j 6= 0 äã­ªæ¨¨ Q(�).�¬ëá« ¢¢¥¤¥­­ëå ¯ à ¬¥âà®¢ � ¨ 
 ¢ëâ¥ª ¥â ­¥¯®áà¥¤áâ¢¥­­® ¨§ ä®à-¬ã« (5.4). �¯à¥¤¥«¥­¨¥ � â® ¦¥, çâ® ¨ ¢ á«ãç ¥ ª ­®­¨ç¥áª®£®  ­á ¬¡«ï:� = 1=kT . �¯à¥¤¥«¥­¨¥ ¦¥ 
 ãª §ë¢ ¥â ­  á¢ï§ì íâ®© ¢¥«¨ç¨­ë á å¨¬¨-ç¥áª¨¬ ¯®â¥­æ¨ «®¬, ¯®áª®«ìªã íâ®â ¯ à ¬¥âà å à ªâ¥à¨§ã¥â ¨­â¥­á¨¢-­®áâì ®¡¬¥­  ç áâ¨æ ¬¨ ¯®¤á¨áâ¥¬ë 1 á â¥à¬®áâ â®¬ 2 ª ª ®â­®á¨â¥«ì-­ãî áª®à®áâì ¨§¬¥­¥­¨ï áâ â¨áâ¨ç¥áª®£® ¢¥á  
2 á ¨§¬¥­¥­¨¥¬ N2.� áá¬®âà¨¬ ¤¢¥ ¯®¤á¨áâ¥¬ë 1 ¨ 2, ­ å®¤ïé¨¥áï ¢ â¥à¬¨ç¥áª®¬ ¨ å¨-¬¨ç¥áª®¬ à ¢­®¢¥á¨¨ ¤àã£ á ¤àã£®¬ ¨ á ®ç¥­ì ¡®«ìè¨¬ â¥à¬®áâ â®¬ -à¥§¥à¢ã à®¬ 3. � á¨«ã áâ â¨áâ¨ç¥áª®© ­¥§ ¢¨á¨¬®áâ¨ à ¢­®¢¥á­ëå ¯®¤-á¨áâ¥¬ 1; 2; 1� 2, ¨ 3 ¢ à ¢­®¢¥á¨¨ ¨ âà ­§¨â¨¢­®áâ¨ à ¢­®¢¥á­®£® á®áâ®-ï­¨ï, ¯à¥­¥¡à¥£ ï í­¥à£¨ï¬¨ ¢§ ¨¬®¤¥©áâ¢¨ï ¢á¥å ¯®¤á¨áâ¥¬ 1, 2, 3 ¤àã£á ¤àã£®¬, ¨§ (5.5), ­ å®¤¨¬, çâ®,  ­ «®£¨ç­® (1.26), (3.12), (4.26), ¯à¨E1+2mN = Em1N1 + Em2N2 � x+ y; N1+2 � N = N1 +N2 � u + v : (5.12)w1+2mN =) w1m1N1 w2m2N2; ¨«¨: w1+2mN = 1Q1+2 exp(��EmN + 
N) =)=) 1Q1 exp(��1Em1N1 + 
1N1) 1Q2 exp(��2Em2N2 + 
2N2); â.¥.: (5.13)const � Q1(�1; 
1)Q2(�2; 
2)Q1+2(�; 
) = ex(���1)+y(���2)+u(
1�
)+v(
2�
) 7�! 1;¢ á¨«ã ¯à®¨§¢®«ì­®áâ¨ x; y; u; v, ¥á«¨ 
 = 
1 = 
2 ¨ � = �1 = �2 ¢ à ¢­®¢¥-á¨¨, ï¢«ïïáì ¨­â¥­á¨¢­ë¬¨ ¯ à ¬¥âà ¬¨,   lnQ-  ¤¤¨â¨¢­®© ¢¥«¨ç¨­®©:Q1+2 = Q1Q2; â.¥. lnQ1+2 = lnQ1 + lnQ2: (5.14)



|55|2 �¥â®¤ ­ ¨¡®«¥¥ ¢¥à®ïâ­®£® à á¯à¥¤¥«¥­¨ï�®«ìè®¥ ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥, ª ª ¨ ª ­®­¨ç¥áª®¥, ¬®¦­® ¯®«ã-ç¨âì, ï¢­® ¨á¯®«ì§ãï ¯®­ïâ¨¥  ­á ¬¡«ï ¨ ¯®« £ ï, çâ® à ¢­®¢¥á­®¬ãá®áâ®ï­¨î á¨áâ¥¬ë ®â¢¥ç ¥â ­¥ ¯à®áâ® ¥¥ ­ ¨¡®«¥¥ ¢¥à®ïâ­ ï í­¥à£¨ï(3.46), (4.44) ¢ ¤ ­­®¬  ­á ¬¡«¥ ¨ ¢ (3.24), (3.43), á®£« á­® ª®­æã ¯. 3.4.,­® ¨ ¬ ªá¨¬ã¬ ç¨á«  á¯®á®¡®¢ à á¯à¥¤¥«¥­¨ï ¯®«­®© í­¥à£¨¨ E = const¨ ¯®«­®£® ç¨á«  ç áâ¨æ N = const ¢ ¡®«ìè®¬  ­á ¬¡«¥ áà¥¤¨ ¢á¥å ¥£®e� = const ª®¯¨© íâ®© á¨áâ¥¬ë. �.¥. ­ ¨¡®«¥¥ ¢¥à®ïâ­®¥ à á¯à¥¤¥«¥­¨¥ª ª ¬ ªá¨¬ã¬ ç¨á«  à¥ «¨§ æ¨© â ª®© ª®­ä¨£ãà æ¨¨. �á«¨ ¢á¥ ª®¯¨¨íâ®£®  ­á ¬¡«ï à §¡¨âë ­  £àã¯¯ë ¯® �mN ª®¯¨© ¢ ª ¦¤®©, £¤¥ ¨­¤¥ªáëfmNg ®§­ ç îâ, çâ® ¤ ­­ ï ª®¯¨ï ¯à¥¤áâ ¢«ï¥â ­¥¢ëà®¦¤¥­­®¥ ¬�ªà®-á®áâ®ï­¨¥ jm;Ni á¨áâ¥¬ë á í­¥à£¨¥© EmN , ç¨á«®¬ ç áâ¨æ N , ¨ ®¤­®§­ ç-­ë¬ (¯®«­ë¬) ­ ¡®à®¬ ¥£® ª¢ ­â®¢ëå ç¨á¥« m, â®, ¢®-¯¥à¢ëå, ¯®«­®¥ç¨á«® ª®¯¨©, ¯®«­ ï í­¥à£¨ï ¨ ¯®«­®¥ ç¨á«® ç áâ¨æ ¢  ­á ¬¡«¥ à ¢­ë:1XN=0Xm �mN = e�; 1XN=0Xm �mN EmN = E ; 1XN=0Xm �mN N = N : (5.15)�®-¢â®àëå, ®¡é¥¥ ç¨á«® â ª¨å áâ â¨áâ¨ç¥áª¨ à §«¨ç¨¬ëå ª®­ä¨£ãà -æ¨© ¨ ¡ã¤¥â ª ª à § à ¢­® ç¨á«ã à §«¨ç­ëå á¯®á®¡®¢ à §¡¨¥­¨ï ¯®«­®£®ç¨á«  e� !1 ª®¯¨© ¢  ­á ¬¡«¥ ­  £àã¯¯ë ¯® �mN ª®¯¨© ¢ ª ¦¤®©1, áãâìáâ â¨áâ¨ç¥áª®¬ã ¢¥áã ¢á¥£®  ­á ¬¡«ï ª ª ¨¤¥ «ì­®£® £ §  â ª¨å ª®¯¨©,à á¯à¥¤¥«¥­­ëå ¯® à §­ë¬ £àã¯¯ ¬ �mN à §­ëå á®áâ®ï­¨© jm;Ni (3.31):f
 (f�mNg) = e�!Qm;N (�mN !) = C [�mN ]e� ; ¨: 
 = hf
 (f�mNg)i1=e� (5.16){ ¥áâì â®£¤  áà¥¤­¨© áâ â¨áâ¨ç¥áª¨© ¢¥á, ¯à¨å®¤ïé¨©áï ­  ®¤­ã ª®¯¨î2.�«ï lnf
 ¯® ¯à¨¡«¨¦¥­­®© ä®à¬ã«¥ �â¨à«¨­£  ¯à¨ �mN � 1 ¯®«ãç¨¬3lnf
 (f�mNg)= ln e�! � 1XN=0Xm ln �mN ! � e� ln e�e!� 1XN=0Xm �mN ln �mNe !| {z }(?) : (5.17)1�®­¥ç­®áâì N ¨ E ¢ (5.15) ®§­ ç ¥â, çâ® áã¬¬ë ¯® N à¥ «ì­® ¤®«¦­ë ®¡àë¢ âìáï ­ áª®«ì ã£®¤­® ¨ ­¥¢®®¡à §¨¬® ¡®«ìè®¬, ­® ª®­¥ç­®¬ §­ ç¥­¨¨ eN , â.¥.: �mN / �( eN �N).2� á¬ëá«¥ áà¥¤­¥£® £¥®¬¥âà¨ç¥áª®£®, â.ª. á®£« á­® (3.12) áâ â¨áâ¨ç¥áª¨¥ ¢¥á�  ­¥§ ¢¨á¨-¬ëå ¯®¤á¨áâ¥¬ ¯¥à¥¬­®¦ îâáï, ª ª ¤«ï ¨§®«¨à®¢ ­­®© á®¢®ªã¯­®© á¨áâ¥¬ë, á®áâ ¢«¥­­®© ¨§­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ª®¯¨©  ­á ¬¡«ï, ª ª ¨¤¥ «ì­®£® £ §  íâ¨å ª®¯¨©. � (5.17) e 7! 1 7! e�| {z }.3�à¨ � � 1, â.ª.: ln �! = �Ps=1 ln s � �R0 ds ln s = � ln � � � � � ln��e�| {z }; â®: dd� ln �! � ln �.



|56|�â®¡ë ­ ©â¨ ­ ¨¡®«¥¥ ¢¥à®ïâ­ãî ª®­ä¨£ãà æ¨î  ­á ¬¡«ï, ­ã¦­® ®âëá-ª âì ¬ ªá¨¬ã¬ lnf
(f�mNg) (5.17) ¯à¨ ãá«®¢¨ïå (ãà ¢­¥­¨ïå á¢ï§¨) (5.15).�â  § ¤ ç  ­  ãá«®¢­ë© íªáâà¥¬ã¬  ­ «®£¨ç­  (3.49){(3.51) ¨ á¢®¤¨âáïª ®âëáª ­¨î ¡¥§ãá«®¢­®£® íªáâà¥¬ã¬  ¢á¯®¬®£ â¥«ì­®© äã­ªæ¨¨ � £à ­¦ 	(f�mNg) = lnf
(f�mNg) + � 24 1XN=0Xm �mN � e�35�� � 24 1XN=0Xm �mN EmN � E35+ 
 24 1XN=0Xm �mN N �N 35 ;£¤¥ �; �; 
 { ­¥®¯à¥¤¥«¥­­ë¥ ¬­®¦¨â¥«¨ � £à ­¦ , ª®â®àë¥ ¤®«¦­ë®¡¥á¯¥ç¨âì ®¡à é¥­¨¥ ¢ ­ã«ì ª®íää¨æ¨¥­â®¢ ¯à¨ ��mN ª ª ¯à¨ ¢ à¨- æ¨ïå ã¦¥ ­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­­ëå:�	 = � lnf
 + 1XN=0Xm (� � �EmN + 
N) ��mN = 0; (5.18)� lnf
 = 1XN=0Xm @ lnf
@�mN ��mN � � 1XN=0Xm ln �mN ��mN : (5.19)�®¤áâ ¢¨¢ (5.19) ¢ (5.18) ¨ ¯à¨à ¢­ï¢ ª ­ã«î ª®íää¨æ¨¥­âë ¯à¨ ��mN ,¯®«ãç¨¬ ­ ¡®à �mN = exp (� � �EmN + 
N) ; ®¡¥á¯¥ç¨¢ îé¨© ¬ ªá¨¬ã¬lnf
. � ª ª ª, á®£« á­® ¯¥à¢®¬ã à ¢¥­áâ¢ã (5.15), § ¯¨á ­­®¬ã ª ª ãá«®-¢¨¥ ­®à¬¨à®¢ª¨, ¢¥à®ïâ­®áâì ­ ©â¨ á¨áâ¥¬ã ¢ ¬�ªà®á®áâ®ï­¨¨ jm;Niá N ç áâ¨æ ¬¨ ¨ í­¥à£¨¥© EmN ¥áâì ®â­®á¨â¥«ì­®¥ ç¨á«® ­ å®¤ïé¨åáï¢ ­¥¬ ¥¥ ª®¯¨© ¢á¥£® íâ®£® (¢®§¬®¦­®, ¤ ¦¥ ­¥à ¢­®¢¥á­®£®)  ­á ¬¡«ï:1XN=0Xm wmN = 1; wmN � �mNe� =) �mNe� = 1e� exp (� � �EmN + 
N) ;(5.20)â®, ¨áª«îç ï � ¨ e� á ¯®¬®éìî ãá«®¢¨ï ­®à¬¨à®¢ª¨, ¯à¨¤¥¬ ª §­ ª®¬®©ä®à¬¥ (5.5), (5.6) à ¢­®¢¥á­®£® ¡®«ìè®£® ª ­®­¨ç¥áª®£® à á¯à¥¤¥«¥­¨ï:wmN =) 1Q exp (��EmN + 
N) � exp [�(J � EmN + �N)] ; (5.21)¨ ª ®¡é¨¬ ¢ëà ¦¥­¨ï¬ ¤«ï áà¥¤­¨å ¯®  ­á ¬¡«î §­ ç¥­¨© í­¥à£¨¨ ¨ ç¨-á«  ç áâ¨æ, ª®­¥ç­ë¬ ¢ âà¤. ¯à¤.: e�!1; �mN!1; E!1; N!1:�E� = Ee� = 1XN=0Xm wmN EmN ; �N� = Ne� = 1XN=0Xm wmN N; (5.22)á ®ç¥¢¨¤­®áâìî ¢ëâ¥ª îé¨¬ â®£¤  ¨§ ¯®á«¥¤­¨å ¤¢ãå à ¢¥­áâ¢ (5.15).



|57|3 �­âà®¯¨ï ¨ �¥®à¥¬  �¥à­áâ �¯à¥¤¥«ïï í­âà®¯¨î á¨áâ¥¬ë «®£ à¨ä¬®¬ áâ â¨áâ¨ç¥áª®£® ¢¥á  ¢á¥£® ­á ¬¡«ï (5.15) ª ª ¨§®«¨à®¢ ­­®£® ®¡ê¥ªâ , lnf
 (5.17), ®â­¥á¥­­ë¬ ª®¤­®¬ã íª§¥¬¯«ïàã á¨áâ¥¬ë, â.¥. ln
 (5.16), ¢­®¢ì ­ ©¤¥¬ ¤«ï ­¥¥ ¢ëà -¦¥­¨¥ (3.45), ­® ª ª ¯à¨£®¤­®¥ ã¦¥ ¨ ¢ ­¥à ¢­®¢¥á­®¬ á«ãç ¥ (5.20):Sk = lnf
e� = ln
| {z }(?)=e� = � 1XN=0Xm �mNe� ln��mNe� � = � 1XN=0Xm wmN lnwmN : (5.23)�à¨ T ! 0 ¢á¥ ª®¯¨¨ á¨áâ¥¬ë ¯¥à¥å®¤ïâ ¢ ¥¥ ®á­®¢­®¥ á®áâ®ï­¨¥ ám 2 0 ¨�m>0;N = 0. �á«¨ ®­® á ªà â­®áâìî g ¢ëà®¦¤¥­­® â ª¦¥ ¯® ç¨á«ã ç áâ¨æN , E0N = E0() 0), â® â ª®¬ã ¬�ªà®á®áâ®ï­¨î á¨áâ¥¬ë ®â¢¥ç ¥â ã¦¥¬�ªà®ª ­®­¨ç¥áª¨©  ­á ¬¡«ì (3.2) á �E(E0) = 0 ¨ ¢á¥¬¨ ®¤¨­ ª®¢ë¬¨â®£¤  ¢¥á ¬¨ �0N = �0 ¯à¨ N � fN , ¨ �0N = 0 ¯à¨ N > fN , ®âªã¤  ¯à¨Xm201=g0 : e�= 1XN=0 Xm20�0N = 1XN=0�(fN �N)Xm20�0=(fN + 1)g0�0 � g�0; (5.24)w0N = �0Ne� = 1g�(fN �N); limT!0S = �k 1XN=0 Xm20w0N ln 1g = k ln g > 0; (5.25)¤«ï 1 < g = (fN + 1)g0 < 1, ­® limT!0S = 0 ¤«ï g = 1. �.¥. í­âà®¯¨ï á¨-áâ¥¬ë ¢ ­¥¢ëà®¦¤¥­­®¬ ®á­®¢­®¬ á®áâ®ï­¨¨ à ¢­  ­ã«î ¨ ¯®«®¦¨â¥«ì­ ¤«ï ¢ëà®¦¤¥­­®£® ®á­®¢­®£® á®áâ®ï­¨ï. � ¯®á«¥¤­¥¬ á«ãç ¥ á¨áâ¥¬  ¡ë-¢ ¥â ­¥ãáâ®©ç¨¢  ¯® ®â­®è¥­¨î ª á¯®­â ­­®¬ã ­ àãè¥­¨î á¨¬¬¥âà¨¨,çâ® á®¯à®¢®¦¤ ¥âáï ä §®¢ë¬ ¯¥à¥å®¤®¬ ¯à¨ T > 0 ¨ à¥¤ãªæ¨¥© ¬­®£¨å®¤­®ç áâ¨ç­ëå áâ¥¯¥­¥© á¢®¡®¤ë ª ª®««¥ªâ¨¢­ë¬, ¢­®¢ì ¯à¨¢®¤ïé¥© ¥¥¯à¨ T = 0 ¢ ­¥¢ëà®¦¤¥­­®¥ ®á­®¢­®¥ á®áâ®ï­¨¥ á ­ã«¥¢®© í­âà®¯¨¥© [56].4 �ëç¨á«¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­�®ª ¦¥¬, çâ® �(1=�) lnQ ¯à¥¤áâ ¢«ï¥â ¯à¨ 
 = �� ¡®«ìè®© â¥à¬®¤¨­ -¬¨ç¥áª¨© ¯®â¥­æ¨ « á¨áâ¥¬ë J . �®¤áâ ¢¨¬ (5.21) ¢ ®¯à¥¤¥«¥­¨¥ í­âà®-¯¨¨ (5.23). � ãç¥â®¬ ®¯à¥¤¥«¥­¨© (5.22) áà¥¤­¨å í­¥à£¨¨ ¨ ç¨á«  ç áâ¨æ:S = �k 1XN=0Xm wmN lnwmN = �k 1XN=0Xm wmN (��EmN + 
N � lnQ) == k��E�� k
�N� + k lnQ; â.¥. ¯à¨ � = 1kT ; 
 = �� = �kT : (5.26)� 1� lnQ =�E�� 1k�S � 
��N� =) U � TS � �N�J = �PV; (5.27)



|58|£¤¥ ¯® ®á­®¢­®¬ã ¯®áâã« âã áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ (2.20), ¥á«¨ U { ¢­ã-âà¥­­ïï í­¥à£¨ï, r { áà¥¤­¥¥ ç¨á«® ¬®«¥©, n { áà¥¤­ïï ¯«®â­®áâì ç¨á« ç áâ¨æ, â®, ¤ ¦¥ ¥á«¨ ¯®«­®¥ ç¨á«® ç áâ¨æ N áâà®£® ä¨ªá¨à®¢ ­®,¨¬¥¥¬ ª ª U = E =�E�; â ª ¨ V n = rNA = N =�N�; (5.28)¨ U � TS ¢ (5.27) ¤ ¥â á¢®¡®¤­ãî í­¥à£¨î F (4.34),   ¢á¥ ¢ëà ¦¥­¨¥(5.27) ¤ ¥â ¨§¢¥áâ­®¥ ¢ â¥à¬®¤¨­ ¬¨ª¥ ¯à¥¤áâ ¢«¥­¨¥ ¡®«ìè®£® â¥à¬®¤¨-­ ¬¨ç¥áª®£® ¯®â¥­æ¨ «  J . � â® ¦¥ ¢à¥¬ï ¤¨ää¥à¥­æ¨ « d(�(1=�) lnQ)¤«ï áâ âáã¬¬ë Q = Q(�; V ; �) ¢¨¤  (5.6)=(5.10) ¤¥©áâ¢¨â¥«ì­® ï¢«ï¥âáï¤¨ää¥à¥­æ¨ «®¬ íâ®£® ¡®«ìè®£® â¥à¬®¤¨­ ¬¨ç¥áª®£® ¯®â¥­æ¨ «  J , ¯®-áª®«ìªã ¤«ï ­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­­ëå �; �; V ¨¬¥¥¬ ¯à¨d  � 1� lnQ! = lnQ� d�� � 1�d(lnQ); wmN = �N exp(��EmN )Q ; (5.29)çâ®: d(lnQ) = @ lnQ@� d� + @ lnQ@� d� + @ lnQ@V dV =XN N�N�1ZNQ d� ++XN Xm (�EmN )�N exp(��EmN )Q d� + �XN Xm �N exp(��EmN )Q  � @EmN@V ! dV=XN Xm NwmN d�� �XN Xm EmNwmNd� + �XN Xm  � @EmN@V !wmNdV =)=)�N�d�� ��E�d� + �**� @E@V ++dV = d(lnQ); (áà. (4.36)); (5.30)á®£« á­® ®¯à¥¤¥«¥­¨î áà¥¤­¨å (5.22). �§ @N=@V � 0,  ­ «®£¨ç­® (4.37):**� @E@V ++ � 1XN=0Xm wmN  � @EmN@V ! [wmN=const]=)[�N�=const]�  @�E�@V !S;�N�= P (5.31)¢­®¢ì ¥áâì ¤ ¢«¥­¨¥ ¢ á¨áâ¥¬¥ ¨, ¯®¤áâ ¢¨¢ (5.30), (5.27) ¢ (5.29), ­ ©¤¥¬:d  � lnQ� ! = ��N�d ln �� +�E�d�� � PdV +  ��E� + Sk�++
��N�! d�� = ��N�d ln �� � PdV + S d�k�2 +�N� 
�2d�;  â ª ª ª d ln � = d
 = d(��) = �d� + �d� ¨ d� = �k�2dT , ¯®«ãç¨¬:d  � 1� lnQ! = ��N�d� � PdV � SdT =) dJ(T; V; �): (5.32)



|59|�.¥. á¯à ¢  ¢ (5.32) ¨¬¥¥¬ ¨§¢¥áâ­®¥ ¨§ â¥à¬®¤¨­ ¬¨ª¨ ¢ëà ¦¥­¨¥ ¤«ï¤¨ää¥à¥­æ¨ «  ¡®«ìè®£® â¥à¬®¤¨­ ¬¨ç¥áª®£® ¯®â¥­æ¨ « ,   ¯®â®¬ã:J(T; V; �) = �kT lnQ(T; V; �) = �PV; � � exp(
) = exp(��); (5.33)P = kT  @ lnQ@V !T;� = �  @J@V !T;� � � JV =)!!! P (T; �); (5.34)�N�V = kTV  @ lnQ@� !T;V = � 1V  @J@�!T;V =  @P@� !T =)!!! n(T; �); (5.35)S = S(T; V; �) = 0@@(kT lnQ)@T 1AV;� = �  @J@T !V;� =)!!! V  @P@T !� : (5.36)�§ (5.30): �E� = �  @ lnQ@� !V;�= 0@@(�J)@� 1AV;�= V 0@T  @P@T !� � P1A : (5.37)� ª¨¬ ®¡à §®¬, ¨ ¤ ¢«¥­¨¥, ¨ ¯«®â­®áâ¨ ç¨á«  ç áâ¨æ, í­¥à£¨¨ ¨ í­âà®-¯¨¨ ï¢«ïîâáï ¨­â¥­á¨¢­ë¬¨ äã­ªæ¨ï¬¨ â®«ìª® â¥¬¯¥à âãàë T ¨ å¨¬¯®-â¥­æ¨ «  �. �¥à¬¨ç¥áª®¥ ãà ¢­¥­¨¥ á®áâ®ï­¨ï ¯®«ãç ¥âáï ¨áª«îç¥­¨¥¬å¨¬¯®â¥­æ¨ «  � ¨§ ãà ¢­¥­¨© (5.34) ¨ (5.35),   ª «®à¨ç¥áª®¥ { ¨áª«îç¥-­¨¥¬ å¨¬¯®â¥­æ¨ «  � ¨§ (5.35) ¨ (5.36), ¨«¨ ¨§ (5.35) ¨ (5.37).5 � §ë ¢ ¡®«ìè®¬  ­á ¬¡«¥� ¬® ¯®­ïâ¨¥ ®â¤¥«ì­®© ä §ë ¯à¥¤¯®« £ ¥â, çâ® íâ¨ ä §ë ¬®¦­® ¢ ¯¥à-¢®¬ ¯à¨¡«¨¦¥­¨¨ áç¨â âì áâ â¨áâ¨ç¥áª¨­¥§ ¢¨á¨¬ë¬¨, ¨ ¡®«ìè ï áâ â-áã¬¬  ¢á¥© á¨áâ¥¬ë ¤ ¥âáï ¯à®¨§¢¥¤¥­¨¥¬ (5.14) áâ âáã¬¬ ¤«ï ª ¦¤®©ä §ë. �®£¤  ãáà¥¤­¥­¨¥ áã¬¬ (5.12) ¯® ®¯à¥¤¥«¥­¨ï¬ (5.22), (5.23), (5.35){(5.37) ¯à¨¢®¤¨â ª â¥à¬®¤¨­ ¬¨ç¥áª¨¬ ãá«®¢¨ï¬ à ¢­®¢¥á¨ï ¯à¨V = V1 + V2 : U = U1 +U2; N =�N1�+�N2�; S = S1 + S2; (5.38)®¯¨áë¢ îé¨¬ à ¢­®¢¥á¨¥ ¤¢ãå ä § ¢ ®¤­®ª®¬¯®­¥­â­®© á¨áâ¥¬¥,   ¨§ á -¬®£® á¯®á®¡  ¨å ¯®«ãç¥­¨ï ïá­®, çâ®  ¤¤¨â¨¢­®áâì íâ¨å â¥à¬®¤¨­ ¬¨ç¥-áª¨å ¯¥à¥¬¥­­ëå ¥áâì ¯àï¬®¥ á«¥¤áâ¢¨¥ áâ â¨áâ¨ç¥áª®© ­¥§ ¢¨á¨¬®áâ¨(5.13), (5.14) ¯®¤á¨áâ¥¬ 1 ¨ 2 ¢ ®¯à¥¤¥«¥­¨ïå áà¥¤­¨å (5.22), (5.23), á®®â-¢¥âáâ¢ãîé¨å ¢ â®¬ ç¨á«¥ ¨ ª ¦¤®© ®â¤¥«ì­®© ä §¥.�á«¨ ¯ëâ âìáï ¨§¢«¥çì ¢áî â¥à¬®¤¨­ ¬¨ªã á¨áâ¥¬ë ­¥¯®áà¥¤áâ¢¥­­®¨§ ¢ëà ¦¥­¨ï (5.6) = (5.10) ¤«ï Q1+2, â® ¢®§­¨ª ¥â á«®¦­ ï ¯à®¡«¥¬ ®¯à¥¤¥«¥­¨ï á®áâ®ï­¨© ª ­®­¨ç¥áª®£®  ­á ¬¡«ï, ¢ ª®â®àëå ¯à¨ ãá«®-¢¨ïå (5.38) N1 ç áâ¨æ ¨§ N ­ å®¤ïâáï ¢ ä §¥ 1, § ­¨¬ ï ®¡ê¥¬ V1,   N2ç áâ¨æ ­ å®¤ïâáï ¢ ä §¥ 2, § ­¨¬ ï ®¡ê¥¬ V2. �¤­ ª® â ª ï ¥¥ ä®à¬ã«¨-



|60|à®¢ª  ª¢ §¨ª« áá¨ç¥áª¨ ¯à¥¤¯®« £ ¥â ¢®§¬®¦­®áâì \¯®¬¥â¨âì" ç áâ¨æëå®âï ¡ë ¨§ à §­ëå ä §, çâ® ¢­®¢ì ®§­ ç ¥â ä ªâ®à¨§ æ¨î, ­® ã¦¥ ª -­®­¨ç¥áª®© áâ âáã¬¬ë Z1+2N ) Z1N1Z2N2 ª ª á«¥¤áâ¢¨¥ áâ â¨áâ¨ç¥áª®©­¥§ ¢¨á¨¬®áâ¨ ä § ¢ ª ­®­¨ç¥áª®¬  ­á ¬¡«¥ (4.25), (4.26). � ª ¦¥ íâ®á®£« á®¢ ­® á® áâ â¨áâ¨ç¥áª®© ­¥§ ¢¨á¨¬®áâìî ¯®¤á¨áâ¥¬ 1 ¨ 2 ¢ ¡®«ì-è®¬  ­á ¬¡«¥ (5.13), (5.14)? � ª ª ª, á®£« á­® (5.10),Q1Q2 = 1XN1=0�N11 Z1N1 1XN2=0�N22 Z2N2)Q1+2= 1XN=0�NZ1+2N ;  : 1= 1XN=0�N;N1+N2 ;â®: Z1+2N = 1XN1=0 1XN2=0Z1N1Z2N2�N;N1+N2= NXN1=0Z1N1Z2N�N1 =) Z1N1Z2N2; (5.39)£¤¥ á®áâ®ï­¨î â¥à¬®¤¨­ ¬¨ç¥áª®£® à ¢­®¢¥á¨ï ®â¢¥ç ¥â �1 = �2 = � ¨N ) N , ¨,  ­ «®£¨ç­® § ¢¨á¨¬®áâ¨ ®â E1 ¢ (4.4), (4.6), ¢ ¯®á«¥¤­¥©áã¬¬¥ ¯® N1 â ª¦¥ § ¬¥â­® ®â«¨ç­® ®â ­ã«ï ¥¤¨­áâ¢¥­­®¥ á« £ ¥¬®¥ áä¨ªá¨à®¢ ­­ë¬¨ à ¢­®¢¥á­ë¬¨ §­ ç¥­¨ï¬¨N1 = N 1, N2 = N2 = N�N 1.�á«¨ ¦¥ à áá¬ âà¨¢ âì ¯®¤á¨áâ¥¬ë 1 ¨ 2 ª ª § ¢¨á¨¬ë¥, ãç¨âë¢ ïâ®¦¤¥áâ¢¥­­®áâì ç áâ¨æ ¨§ à §­ëå ä §, â® ¯à¨ ¯®¯ëâª¥ ¢ª«îç¥­¨ï íâ®©¨­ä®à¬ æ¨¨ ¢ ¯®«­ãî ¢®«­®¢ãî äã­ªæ¨î á®áâ®ï­¨ï ¢á¥© á¨áâ¥¬ë ¯à¨-¤¥¬ ª ¥é¥ ¡®«¥¥ á«®¦­®© ª¢ ­â®¢®© § ¤ ç¥ ¬­®£¨å â¥« ¨§ �¥ªæ¨¨ 16.([1] xx4.1-4.5, [4] x19, [5] x62, [6] x35, [7], [36])� ¤ ç¨11.1. �®«ãç¨âì ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ �¨¡¡á  (4.42) ¬¥â®¤®¬ ­ ¨-¡®«¥¥ ¢¥à®ïâ­®£® à á¯à¥¤¥«¥­¨ï [5], [43].11.2. �«ï ¨¤¥ «ì­®£® £ §  (6.45) ¯à®¢¥à¨âì ä®à¬ã«ë (5.35){(5.37) ¢ ¢¨¤¥:�E� = �V 0@�  @P@� !
 + P1A ;  @�E�@V !T;� = 0@T  @P@T !
 � P1A : (5.40)¢ ç¥¬ ¨å ®â«¨ç¨¥ ®â ¢ëà ¦¥­¨ï:  @U@V !T;N=  T  @P@T !�� P! ?11.3. �â® §­ ç¨â ¢ (5.24), (5.25) áã¬¬  ¯® m 2 0, ¨ çâ® à ¢­®¢¥á­®¥ á®áâ®-ï­¨¥ \à §¬ § ­®" ¯® ­ ¨¡®«ìè¥¬ã ¢®§¬®¦­®¬ã ç¨á«ã ª®¯¨©  ­á ¬¡«ï?11.4. � ¡®«ìè®¬  ­á ¬¡«¥ ­ ©â¨ ¢¥à®ïâ­®áâì ®¡­ àã¦¨âì á¨áâ¥¬ã ¢ á®-áâ®ï­¨¨ á ¤ ­­ë¬ ç¨á«®¬ ç áâ¨æ N . � ©â¨, çâ® ¤«ï ¨¤¥ «ì­ëå á¨áâ¥¬(¢ ®¡ê¥¬¥ V á¬. (4.53)) ®­  á¢®¤¨âáï ª à á¯à¥¤¥«¥­¨î �ã áá®­  [24]:fwN = �NZNQ 7�! e��N��N�NN ! ; £¤¥: �N� 7�! �Z1) � V�3(T ) : (5.41)



�¥ªæ¨ï 6� á¯à¥¤¥«¥­¨¥ �®«ìæ¬ ­  ¤«ï¨¤¥ «ì­ëå á¨áâ¥¬1 �¥®à¥¬  ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ ¯®áâ¥¯¥­ï¬ á¢®¡®¤ë�¤¨­ â®ç­ë© à¥§ã«ìâ â ª¢ §¨ª« áá¨ç¥áª®© áâ â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨á«¥¤ã¥â ã¦¥ ¨§ ª« áá¨ç¥áª®£® à á¯à¥¤¥«¥­¨ï �¨¡¡á  á® áâ â¨áâ¨ç¥áª¨¬¨­â¥£à «®¬ ¤«ï s áâ¥¯¥­¥© á¢®¡®¤ë (4.30), Zqs:clN 7! ZN , ¯à¨ N !hs 7! 1:%N (X) = 1ZN exp (��H(X)) = exp (�F � �H(X)) ; � = 1kT ; (6.1)ZN = Z d2sX exp (��H (X)) ; xi = ffqkgs1; fpjgs1g; i = 1 � 2s; (6.2)d2sX = dq1 � � �dqsdp1 � � �dps = dx1 � � �dx2s � d2sXdxi dxi ; 8 i (­¥â áã¬¬ë):(6.3)�«ï «î¡®© £« ¤ª®© äã­ªæ¨¨F(X) ¨ ¢®§à áâ îé¥© ¤® ¡¥áª®­¥ç­®áâ¨ ¯à¨xi ! �1, 8 i = 1 � 2s, äã­ªæ¨¨ � ¬¨«ìâ®­ :H(X) = H (x1; : : : x2s) � H (q1; : : : qs; p1; : : : ps)! +1; (6.4)®­ £« á¨â, çâ®: **F(X) @H@xi++ = kT **@F(X)@xi ++: (6.5)�¥©áâ¢¨â¥«ì­®, ¨­â¥£à¨àãï «¥¢ãî ç áâì íâ®£® à ¢¥­áâ¢  ¯® ¯¥à¥¬¥­­®©xi ¯® ç áâï¬, ¢ á¨«ã ¨áç¥§­®¢¥­¨ï ¢­¥¨­â¥£à «ì­®£® ç«¥­ , ¯®«ãç¨¬:Z d2sX F(X) @H@xi exp (��H(X))ZN � �kT Z d2sXdxi F(X)dxi@%N (X)@xi =)�kT Z d2sXdxi F(X)%N(X)�����xi=+1xi=�1+ kT Z d2sX%N(X)@F(X)@xi = kT**@F(X)@xi ++;çâ®, ¯® ®¯à¥¤¥«¥­¨î, á®¢¯ ¤ ¥â á ¯à ¢®© ç áâìî (6.5). �à¨ F(X) = xn¯®«ãç ¥¬ â¥®à¥¬ã ® \à ¢­®à á¯à¥¤¥«¥­¨¨" í­¥à£¨¨ ¯® áâ¥¯¥­ï¬ á¢®¡®¤ë:61



|62|Z d2sX xn@H@xi %N (X) � **xn@H@xi++ = kT **@xn@xi ++ = kT �ni: (6.6)�à¨ xi = qi íâ® â¥®à¥¬  ® áà¥¤­¥¬ ¢¨à¨ «¥,   ¤«ï xi = pj , j = i � s, íâ®â¥®à¥¬  ® \áà¥¤­¥© ª¨­¥â¨ç¥áª®© í­¥à£¨¨": (­¥â áã¬¬¨à®¢ ­¨ï ¯® i; j)**qi@�(fqg)@qi ++(= **qi@H@qi ++ = kT = **pj @H@pj ++ =) **pj @K(fpg)@pj ++: (6.7)�á«®¢¨ï (6.4) íâ®© â¥®à¥¬ë ¢á¥£¤  ¢ë¯®«­ïîâáï, ¥á«¨ ª¨­¥â¨ç¥áª ï í­¥à-£¨ï á¨áâ¥¬ë ¥áâì ¢®§à áâ îé ï ¤® ¡¥áª®­¥ç­®áâ¨ äã­ªæ¨ï ¨¬¯ã«ìá®¢ ¨á¨áâ¥¬  ®£à ­¨ç¥­  áâ¥­ª ¬¨ ïé¨ª , §  ª®â®àë¬¨ ¯®â¥­æ¨ «ì­ ï í­¥à-£¨ï ¡¥áª®­¥ç­ , ¨ ª®â®àë¥, áâ «® ¡ëâì, â ª¦¥ ¤.¡. ¢ª«îç¥­ë ¢ � ¬¨«ì-â®­¨ ­ H(X). �àã£¨¬ ¯à¨¬¥à®¬ ï¢«ï¥âáï ¢ëç¨á«¥­¨¥ áà¥¤­¥£® ®â � -¬¨«ìâ®­¨ ­  H(X) = K(fpg) + �(fqg) ª ª áã¬¬ë ®¤­®à®¤­ëå äã­ªæ¨©áâ¥¯¥­¥© ` ¨ r á®®â¢¥âáâ¢¥­­®, `; r > 0, ¨ K(f�pg) = �`K(fpg), ­ ¯à¨¬¥à:K(fpg)) 0@ sKXj=1 ajp`=�j 1A� ; �(fqg)) 0@ s�Xi=1 biqr=�i 1A� ; �; � «î¡ë¥ (6.8)¨ sK ; s� � s. �®£¤  ¯® â¥®à¥¬¥ �©«¥à  ®¡ ®¤­®à®¤­ëå äã­ªæ¨ïå:sKXj=1 pj @K(fpg)@pj =) `K(fpg); s�Xi=1 qi@�(fqg)@qi =) r�(fqg); (6.9)¨, ãáà¥¤­ïï íâ®, ¯® â¥®à¥¬¥ ® à ¢­®à á¯à¥¤¥«¥­¨¨ (6.7) ­ å®¤¨¬:`�K� = sKXj=1 **pj @K@pj ++ = sK kT; r��� = s�Xi=1 **qi@�@qi++ = s� kT; (6.10)®âªã¤ : �E� � �H� =�K�+��� =) kT sK̀ + kT s�r : (6.11)�.¥. ª ¦¤ ï ®¤­®à®¤­ ï ä®à¬  ª®®à¤¨­ âë áâ¥¯¥­¨ r, ¨«¨ ¨¬¯ã«ìá áâ¥¯¥­¨ ` (6.9), ¢å®¤ïé ï ¢ äã­ªæ¨î � ¬¨«ìâ®­ 1, ¤ ¥â ¢® ¢­ãâà¥­­îîí­¥à£¨î (6.11) ¢ª« ¤, à ¢­ë©, á®®â¢¥âáâ¢¥­­®, kT=r ¨ kT=`.�«ï ¨¤¥ «ì­®£® £ §  (3.52): sK = s = 3N , s� = 0, ` = 2, (� = 1) ¨áà¥¤­ïï í­¥à£¨ï �E�)�K� = 3NkT=2 = CV T , ¢ á®£« á¨¨ á (3.56).1� §«®¦¥­¨¥ ¢¨¤  (6.11) ­  ¢ª« ¤ë à §­ëå ®¤­®à®¤­ëå äã­ªæ¨© ¬®¦­® ¯à®¤®«¦¨âì, ­ -¯à¨¬¥à, ¯à¨ �(fqg) =) �s1r (fqg) + �s2n (fqg); s� = s1 + s2, ¨¬¥¥¬ ��� = kT (s1=r + s2=n) :



|63|2 �â â¨áâ¨ç¥áª ï áã¬¬  ¨¤¥ «ì­®© á¨áâ¥¬ë�â â¨áâ¨ç¥áª®¥ ®¯¨á ­¨¥ ¯à®¢®¤¨âáï ¤® ª®­æ  ¤«ï ¨¤¥ «ì­ëå á¨áâ¥¬.� ¬¨«ìâ®­¨ ­ ¨¤¥ «ì­®© á¨áâ¥¬ë ­¥ á®¤¥à¦¨â ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ãá®áâ ¢«ïîé¨¬¨ ¥¥ ç áâï¬¨, ¨ ¥£® ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥ áã¬¬ë:cHN = NXj=1 bhj ; ®â¤¥«ì­ëå ­¥§ ¢¨á¨¬ëå ®¤¨­ ª®¢ëå á« £ ¥¬ëå bhj; (6.12)ª ¦¤®¥ ¨§ ª®â®àëå ¥áâì £ ¬¨«ìâ®­¨ ­ ­¥ª®â®à®© j- ®© áâàãªâãà­®© ¥¤¨-­¨æë á¨áâ¥¬ë, ®â¢¥ç îé¨© ª®­¥ç­®¬ã ç¨á«ã áâ¥¯¥­¥© á¢®¡®¤ë. � ª®©¥¤¨­¨æ¥© ¬®¦¥â ¡ëâì  â®¬, ¬®«¥ªã«  ¨«¨ ª¢ §¨ç áâ¨æ . � §®¢¥¬ íâãáâàãªâãà­ãî ¥¤¨­¨æã ç áâ¨æ¥©. �á­®¢­®¥ á¢®©áâ¢® ¨¤¥ «ì­®© á¨áâ¥¬ë{  ¤¤¨â¨¢­®áâì ¥¥ £ ¬¨«ìâ®­¨ ­  (6.12) { á¢®¤¨â ¨§ãç¥­¨¥ í¢®«îæ¨¨ â -ª®© N-ç áâ¨ç­®© á¨áâ¥¬ë ª ¨§ãç¥­¨î ®¤­®ç áâ¨ç­®© í¢®«îæ¨¨, ã¯à -¢«ï¥¬®© ®â¤¥«ì­ë¬ ®¤­®ç áâ¨ç­ë¬ £ ¬¨«ìâ®­¨ ­®¬ bhj = bh1, j = 1 �N .� ¯à¥­¥¡à¥¦¥­¨¨ ¢§ ¨¬®¤¥©áâ¢¨¥¬, ¯¥à¥à á¯à¥¤¥«ïîé¨¬ í­¥à£¨î¬¥-¦¤ã à §­ë¬¨ ç áâ¨æ ¬¨, â.¥. ¬¥¦¤ã à §«¨ç­ë¬¨ áâ¥¯¥­ï¬¨ á¢®¡®¤ë,¨¤¥ «ì­ ï á¨áâ¥¬ , áâà®£® £®¢®àï, ­¨ª®£¤  ­¥ á¬®¦¥â ¤®áâ¨çì à ¢­®¢¥á-­®£® á®áâ®ï­¨ï. �¤­ ª® ®âà¥« ªá¨à®¢ ¢è ï ª à ¢­®¢¥á¨î à¥ «ì­ ï á¨-áâ¥¬  ¯à¨ ­¥ª®â®àëå ãá«®¢¨ïå ¢ë£«ï¤¨â ¯®çâ¨ ª ª ¨¤¥ «ì­ ï, ¨ ¬ «ë¬¢ª« ¤®¬ íâ®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ¯®«­ãî í­¥à£¨î á¨áâ¥¬ë ¢ à ¢­®¢¥á­®¬á®áâ®ï­¨¨ ã¦¥ ¬®¦­® ¯à¥­¥¡à¥çì (á¬. ¨¤¥ «ì­ë© £ § ¢ (3.52){(3.61)).�ãáâì ª¢ ­â®¢ ï á¨áâ¥¬  á®áâ®¨â ¨§ N \­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å" ¨¤¥­-â¨ç­ëå ç áâ¨æ. �®âï í­¥à£¨ï E[m] ¬�ªà®á®áâ®ï­¨ï j[m]i ¢á¥© á¨áâ¥¬ë,¢ á¨«ã (6.12), ¢¯®«­¥ ®¯à¥¤¥«ï¥âáï í­¥à£¨ï¬¨ ®â¤¥«ì­ëå ç áâ¨æ, íâ® ã¦¥­¥ â ª ¤«ï á®®â¢¥âáâ¢ãîé¨å ªà â­®áâ¥© ¢ëà®¦¤¥­¨ï. �®áª®«ìªã ¥¥ç¨áâ®¥ á®áâ®ï­¨¥ ­¥ á¢®¤¨âáï «¨èì ª ç¨áâë¬ á®áâ®ï­¨ï¬ íâ¨å ç áâ¨æ,­ å®¤ïé¨åáï, ¢®®¡é¥ £®¢®àï, ¢ á¬¥è ­­ëå á®áâ®ï­¨ïå (á¬. â¥ªáâ ¯®á«¥(2.10)), â® ª¢ ­â®¢ë¥ ç¨á«  ¥¥ ¬�ªà®á®áâ®ï­¨© [m] 6= fm1: : :mNg; â.¥.:E[m] =) Efm1:::mj :::mNg � NXj=1 "mj ; ­®: G(E[m]) 6= NYj=1 ng("mj )o ; (6.13)£¤¥ ª¢ ­â®¢ë¥ ç¨á«  mj å à ªâ¥à¨§ãîâ à §«¨ç­ë¥ á®áâ®ï­¨ï jmji ®â-¤¥«ì­®© j-®© ç áâ¨æë á í­¥à£¨¥© "mj ,   á®®â¢¥âáâ¢ãîé ï ¨¬ ä®à¬ «ì­ ï¯¥à¥§ ¯¨áì áâ âáã¬¬ë (4.17) ¨ á ¬ ­ ¡®à [m] ­ã¦¤ îâáï ¢ ãâ®ç­¥­¨¨:ZN � Xfmg exp ���E[m]� 6= Xm1 Xm2 � � �XmN exp0@�� NXj=1 "mj1A : (6.14)



|64|�¥«® ¢ â®¬, çâ® ¢ á¨«ã â®¦¤¥áâ¢¥­­®áâ¨ { ¨¤¥­â¨ç­®áâ¨ ¨ ¢®§¬®¦­®©­¥à §«¨ç¨¬®áâ¨ ç áâ¨æ ¨å í­¥à£¥â¨ç¥áª¨¥ á¯¥ªâàë ¨ ªà â­®áâ¨ â ª¦¥¨¤¥­â¨ç­ë 8 j: jmji)jki; "mj)"k; g("mj))g("k);   ¯®â®¬ã (6.15)§ ¤ ­­®¥ à á¯à¥¤¥«¥­¨¥ ç áâ¨æ ¯® à §­ë¬ (­¥¢ëà®¦¤¥­­ë¬) ®¤­®ç áâ¨ç-­ë¬ á®áâ®ï­¨ï¬ jki å à ªâ¥à¨§ã¥âáï «¨èì ç¨á« ¬¨ § ¯®«­¥­¨ï nk íâ¨åá®áâ®ï­¨© ª ª ç¨á« ¬¨ ç áâ¨æ ¢ ª ¦¤®¬ â ª®¬ ­¥¢ëà®¦¤¥­­®¬ ®¤­®ç -áâ¨ç­®¬ á®áâ®ï­¨¨ á "k, ¨ § ä¨ªá¨à®¢ ­­®¥ «¨èì ¯®«­ë¬ ç¨á«®¬ N íâ¨åç áâ¨æ ¨ ¨å ¯®«­®© í­¥à£¨¥© E[m] ¢ ¬�ªà®á®áâ®ï­¨¨ j[m]i ¢á¥© á¨áâ¥¬ë:ª ª: N � NXj=1 1 = Xk nk � N [nk]; E[m] � NXj=1 "mj = Xk nk"k � E [nk]; (6.16)®­® ¤®¯ãáª ¥â à¥ «¨§ æ¨î C [nk]N = N !Qk (nk!) à §«¨ç­ë¬¨ á¯®á®¡ ¬¨, (6.17)¯à¥¤áâ ¢«ïîé¨¬¨ ­  á ¬®¬ ¤¥«¥ ®¤­® ¨ â® ¦¥ ª¢ ­â®¢®¥ ¬�ªà®á®áâ®ï­¨¥j[nk]i = j[m]i ¢á¥© á¨áâ¥¬ë, ª®â®à®¥ áâ®«ìª® ¦¥ à § ¨ ¢áâà¥ç ¥âáï ¢ ¯à -¢®© ç áâ¨ (6.14). �®íâ®¬ã «¥¢ ï ç áâì (6.14) ¤¥©áâ¢¨â¥«ì­® à §­ëå ¬�-ªà®áâ â¨áâ¨ç¥áª¨ à §«¨ç�̈¬ëå ª¢ ­â®¢ëå ¬�ªà®á®áâ®ï­¨© j[m]i ) j[nk]i¨¤¥ «ì­®© N- ç áâ¨ç­®© á¨áâ¥¬ë, á®¤¥à¦¨â ¢® áâ®«ìª® ¦¥, C [nk]N à §¬¥­ìè¥2, ç¥¬ ¢áï N- ªà â­ ï áã¬¬  ¢ ¯à ¢®© ç áâ¨ (6.14), çâ® ¤ ¥â(áà. (8.37){(8.39)):ZN�Xfnkgexp (��E [nk]) �N;N [nk] =Xm1 Xm2� � �XmN exp0@�� NXj=1 "mj1AQk (nk!)N ! : (6.18)[� ¬¥ç ­¨¥ II. �®£« á­® (3.31) ¨ (5.15), (5.16), ä®à¬ «ì­® â ª®© ¦¥ ª®¬-¡¨­ â®à­®© ¢¥«¨ç¨­®© (6.17) 7! (5.16) ®¯à¥¤¥«ï¥âáï ç¨á«® ¢á¥å (¬�ªà®)ª®­ä¨£ãà æ¨© { áâ â¢¥á ¬�ªà®á®áâ®ï­¨ï (6.16) á¨áâ¥¬ë (7!  ­á ¬¡«ï),ª ª ªà â­®áâì ¢ëà®¦¤¥­¨ï íâ®£® ¦¥ ¥¥ (7! ¥£®) ¬�ªà®á®áâ®ï­¨ï (6.16)á ¯®«­®© í­¥à£¨¥© E [nk] (7! E (5.15)), à á¯à¥¤¥«¥­­®© ¬¥¦¤ã N â®¦¤¥-áâ¢¥­­ë¬¨ ç áâ¨æ ¬¨ (7! e� ª®¯¨ï¬¨), ¯à¨ § ¤ ­­ëå § á¥«¥­­®áâïå nk {ç¨á« å ç áâ¨æ (7! �mN ª®¯¨©) ­  ª ¦¤®¬ ­¥¢ëà®¦¤¥­­®¬ ®¤­®ç áâ¨ç­®¬(7! ®¤­®á¨áâ¥¬­®¬) í­¥à£¥â¨ç¥áª®¬ ãà®¢­¥ jki(7! jm;Ni) á "k(7! EmN ).�.¥. ¯®«­®¥ ç¨á«® (6.17) à §«¨ç­ëå á¯®á®¡®¢ à áá ¤¨âì N à §«¨ç¨¬ëå ç áâ¨æ ¯® à §-­ë¬ k-âë¬ á®áâ®ï­¨ï¬ ¯® nk ç áâ¨æ ¢ ª ¦¤®¬ á®¢¯ ¤ ¥â á® áâ â¢¥á®¬ (5.16), ª ª áç¨á«®¬ à §«¨ç­ëå ¨ à §«¨ç¨¬ëå ¬�ªà®á®áâ®ï­¨©, ¯®áà¥¤áâ¢®¬ ª®â®àëå à¥ «¨§ã¥âáï2�­ «®£¨ç­® â®¬ã, ª ª, áà¥¤¨ ¢á¥å N ! ¯à®áâà ­áâ¢¥­­ëå ¯¥à¥áâ ­®¢®ª, ¯à®¨§¢¥¤¥­¨¥Qk (nk !) ¯¥à¥áâ ­®¢®ª ¬¥¦¤ã á®¡®© â®«ìª® ç áâ¨æ, ­ å®¤ïé¨åáï ­  ª ¦¤®¬ ®â¤¥«ì­®¬ ®¤­®¬ ¨â®¬ ¦¥ k-®¬ ­¥¢ëà®¦¤¥­­®¬ ®¤­®ç áâ¨ç­®¬ ãà®¢­¥ ¯à¥¤áâ ¢«ï¥â, ­  á ¬®¬ ¤¥«¥, ®¤¨­ ¨ â®â¦¥ á¯®á®¡ à á¯à¥¤¥«¥­¨ï, ã¬¥­ìè ï ¢® áâ®«ìª® ¦¥ à § á ¬® ç¨á«® à §«¨ç­ëå á¯®á®¡®¢ (6.17).



|65|¬�ªà®á®áâ®ï­¨¥ á â®© ¦¥ í­¥à£¨¥© ¨ ç¨á«®¬ ç áâ¨æ (6.16)(7! (5.15)), ª ª á ªà â­®áâìî¢ëà®¦¤¥­¨ï íâ®£® ¬�ªà®á®áâ®ï­¨ï. �®£« á­® (4.22), ¢ íâ®¬ á«ãç ¥ ­  ­¥£® (­  ­¥¥)­ ¤®, ­ ®¡®à®â, ã¬­®¦¨âì, ¨ ¯®â®¬ã ¥£® ¨ ­¥â ¢ «¥¢®© ç áâ¨ (6.18)! �.¥. ¨¬¥¥âáï ¯à¨­-æ¨¯¨ «ì­ ï à §­¨æ  ¬¥¦¤ã â®¦¤¥áâ¢¥­­®áâìî ®â¤¥«ì­ëå ¬�ªà®ç áâ¨æ, ­¥à §«¨ç¨¬ëå¢ ®¡ê¥¬¥ ¬�ªà®á¨áâ¥¬ë, ¨ â®¦¤¥áâ¢¥­­®áâìî { ¢ëà®¦¤¥­­®áâìî ®â¤¥«ì­ëå ª¢ ­â®¢ëå¬�ªà®á®áâ®ï­¨© [m] 7! [nk] ¢á¥© íâ®© ¬�ªà®á¨áâ¥¬ë (áà. (8.21), (8.34), (8.54)).]�à¨ ¤®áâ â®ç­® ­¨§ª®© ¯«®â­®áâ¨ ç¨á«  ç áâ¨æ ¨ ¤®áâ â®ç­® ¢ëá®ª®©â¥¬¯¥à âãà¥ á¨áâ¥¬ë ¬­®¦¥áâ¢® ¤®áâã¯­ëå ¥¥ ç áâ¨æ ¬ ®¤­®ç áâ¨ç­ëåá®áâ®ï­¨© fjmjig = fjkig ¢® ¬­®£® à § ¯à¥¢®áå®¤¨â ä¨ªá¨à®¢ ­­®¥ ç¨á«®á ¬¨å ç áâ¨æ N . �®£¤  ¯à ªâ¨ç¥áª¨ ¤«ï ¢á¥å ¥¥ ¬�ªà®á®áâ®ï­¨© § á¥-«¥­­®áâ¨ nk = 0,1, ¨ ¬®¦­® áç¨â âì ¢á¥ nk! = 1. �â® ¯®§¢®«ï¥â ¯à¨­ïâì§  ­ ¡®à ¥¥ ª¢ ­â®¢ëå ç¨á¥« [m] ã¦¥ á ¬ ­ ¡®à fmjgNj=1. � íâ®¬ ¢ëá®ª®-â¥¬¯¥à âãà­®¬ { ¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨ ª ­®­¨ç¥áª ï áâ âáã¬¬ ¨¤¥ «ì­®© á¨áâ¥¬ë (6.18), ¢ë£«ï¤¨â ã¦¥ ª ª ¯¥à¥å®¤ ®â (4.30) ª (4.53):ZN =) 1N !Xm1 Xm2 � � �XmN exp0@�� NXj=1 "mj1A = 1N ! NYj=1 24Xmj exp(��"mj )35 ; (6.19)â.¥.: [m] 7! fmjgN1 ; ZN =) 1N ! (Z1)N ; £¤¥: Z1 =Xk exp(��"k); (6.20)¯®áª®«ìªã ¢á¥ áã¬¬ë ¯® mj ¢ (6.19) ®¤¨­ ª®¢ë ¨ ¢ á¨«ã (6.15) ¯®á«¥ áã¬-¬¨à®¢ ­¨ï ¤«ï ®¤¨­ ª®¢ëå ç áâ¨æ ã¦¥ ­¥ § ¢¨áïâ ®â ¨­¤¥ªá  j. � ª¨¬®¡à §®¬, à §«®¦¨¬®áâì ¯®«­®£® £ ¬¨«ìâ®­¨ ­  ­  áã¬¬ã (6.12) ®¤¨­ -ª®¢ëå ®¤­®ç áâ¨ç­ëå £ ¬¨«ìâ®­¨ ­®¢ ¯à¨¢®¤¨â ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¨-¡«¨¦¥­¨¨ ª ä ªâ®à¨§ æ¨¨ ¯®«­®© ª ­®­¨ç¥áª®© áâ âáã¬¬ë (6.20) ¢ ¯à®-¨§¢¥¤¥­¨¥ ®¤¨­ ª®¢ëå ®¤­®ç áâ¨ç­ëå áâ âáã¬¬ Z1. �à¨¡«¨¦¥­¨¥ (6.19)ãâ®ç­ï¥âáï á¢®©áâ¢ ¬¨ á¨¬¬¥âà¨¨ ¢.ä. ¢ (8.53) { (8.56) ¨ (10.23) { (10.26).�­¤¥ªá ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© fkg ï¢«ï¥âáï ¥é¥ á«®¦­ë¬ ¨ á®-áâ ¢«¥­ ¨§ ª¢ ­â®¢ëå ç¨á¥« fpg, ®â¢¥ç îé¨å ¯®áâã¯ â¥«ì­ë¬ áâ¥¯¥­ï¬á¢®¡®¤ë ¤¢¨¦¥­¨ï ®â¤¥«ì­®© ç áâ¨æë ª ª æ¥«®£®, ¨ ª¢ ­â®¢ëå ç¨á¥« ¥¥¢­ãâà¥­­¨å áâ¥¯¥­¥© á¢®¡®¤ë fig: fkg = fpg � fig. �®ª  íâ¨ áâ¥¯¥­¨á¢®¡®¤ë ­¥§ ¢¨á¨¬ë, â.¥. ­¥ ¢§ ¨¬®¤¥©áâ¢ãîâ, á®®â¢¥âáâ¢ãîé ï íâ®¬ã ¤¤¨â¨¢­®áâì ã¦¥ ®¤­®ç áâ¨ç­®£® £ ¬¨«ìâ®­¨ ­  bhj = Kj+�j ¯à¨¢®¤¨âª ¤ «ì­¥©è¥© ä ªâ®à¨§ æ¨¨ ®¤­®ç áâ¨ç­®© áâ âáã¬¬ë (6.20) ¢ ¢¨¤¥ ¯à®-¨§¢¥¤¥­¨ï âà ­á«ïæ¨®­­®© áâ âáã¬¬ë Ztr1 ¨ áâ âáã¬¬ë ¤«ï ¢­ãâà¥­­¨åáâ¥¯¥­¥© á¢®¡®¤ë Zin1 : â.ª. "k ) "p + "i, â® Z1 ) Ztr1 Zin1 , ¯à¨ç¥¬:Ztr1 =Xp exp(��"p); Zin1 =Xi exp(��"i); ¨ ZN =) 1N ! �Ztr1 �N ; (6.21)



|66|¤«ï £ §  ¡¥ááâàãªâãà­ëå ç áâ¨æ. �â®¡ë ¯¥à¥©â¨ ª ª¢ §¨ª« áá¨ç¥áª®¬ã¯à¥¤¥«ã (4.30), ­¥®¡å®¤¨¬® à áá¬®âà¥âì, ¯® áãâ¨, ¢á¥£¤  ¤®¯ãáâ¨¬®¥3 �¢ §¨ª« áá¨ç¥áª®¥ ¯à¨¡«¨¦¥­¨¥ ¤«ï¯®áâã¯ â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë� ®âáãâáâ¢¨¥ ¢­¥è­¨å ¯®«¥© ®¤­®ç áâ¨ç­ ï ­¥à¥«ïâ¨¢¨áâáª ï í­¥à£¨ï"p ) p2=2m, £¤¥ á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï ª®¬¯®­¥­â i = x; y; z = 1; 2; 3 ¢¥ª-â®à  p ¨¬¯ã«ìá  ç áâ¨æë ¯à¨ ª¢ ­â®¢ ­¨¨ ¢ ïé¨ª¥ V = L1L2L3 ®¯à¥¤¥-«¥­ë á®®â­®è¥­¨ï¬¨: pi(�) = h(�i=Li), �i = 0;�1;�2; : : :, h = 2��h.�®£¤ : Ztr1 =Xp exp(��"p)) X�1�2�3exp 24� � h22m 0@�21L21 + �22L22 + �23L231A35 : (6.22)� ¬�ªà®áª®¯¨ç¥áª®© á¨áâ¥¬¥ §¤¥áì ¤«ï ¯®¤ ¢«ïîé¥£® ç¨á«  á« £ ¥¬ëå�i � ��i � 1,   ¯à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å è £ ª¢ ­â®¢ ­¨ï ¨¬¯ã«ìá �pi = h=Li ¡ã¤¥â ¯à¥­¥¡à¥¦¨¬® ¬ « ¯® áà ¢­¥­¨î á å à ªâ¥à­ë¬ ¨¬-¯ã«ìá®¬ â¥¯«®¢®£® ¤¢¨¦¥­¨ï pT =p2�mkT � pTp� ¢ ª ç¥áâ¢¥ ¬ áèâ ¡ :1� �ppT = hLp2�mkT ��(T )L � TLT !1=2; �(T ) = hpT ; TL=�"Lk� ; (6.23)£¤¥ �"L = (�pi)2=2m ¨ ¢¬¥áâ® pT ¢¢¥¤¥­ë ¤«¨­  �(T ) ¨ å à ªâ¥à¨áâ¨ç¥-áª ï â¥¬¯¥à âãà  ¯®áâã¯ â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë TL = h2=(2�mkL2).�.ª. TL � 10�16K, ãá«®¢¨¥ T � TL ¢ (6.23), ¯® áãâ¨, ¢á¥£¤  ¢ë¯®«­ï¥âáï.� ª çâ® í­¥à£¥â¨ç¥áª¨© á¯¥ªâà ç áâ¨æë ï¢«ï¥âáï ª¢ §¨­¥¯à¥àë¢­ë¬,  ¥¥ ¯®áâã¯ â¥«ì­®¥ ¤¢¨¦¥­¨¥ ¬®¦­® ¯®çâ¨ ¢áî¤ã áç¨â âì ª¢ §¨ª« áá¨ç¥-áª¨¬ ¨,  ­ «®£¨ç­® (4.27), § ¬¥­¨âì áã¬¬¨à®¢ ­¨¥ ¢ (6.22) ¨­â¥£à¨à®¢ -­¨¥¬ ¯® ®¤­®ç áâ¨ç­®¬ã ä §®¢®¬ã ¯à®áâà ­áâ¢ã3: �i = Lipi=h, 1 � d�i,X�1�2�313) ZV dxdydzZ dpxdpydpzh3 ; Ztr1 (T; V ) def==8 "p Vh3 Z d3p exp0@�"(p)kT 1A : (6.24)�¥à¥å®¤ï ¢ (6.24) ª ¨­â¥£à¨à®¢ ­¨î ¯® í­¥à£¨¨, á®£« á­® (3.18), (4.27),¢¢¥¤¥¬ ¯®«­®¥ ç¨á«® á®áâ®ï­¨© ç áâ¨æë á ¨¬¯ã«ìá ¬¨ jpj = p � p("):
(p(")) = 
("; V ) = ZV d3r Zp<p(") d3ph3 = Vh3 Zp<p(") d3p = Vh3 4�p3(")3 ; â®£¤ : (6.25)D("; V ) = d
(p("))d" = d
(p)dp dpd" = Vh34�p2(")dp(")d" = Vh34�p2(")v(") ; (6.26)3d�i = Lidpi=h, â.ª. ¯«®áª®¢®«­®¢®¥ á®áâ®ï­¨¥ á ¨¬¯ã«ìá®¬ pi § ­¨¬ ¥â ¢¥áì \®¡ê¥¬" Li.



|67|¤ ¥â ®¡é¥¥ ¢ëà ¦¥­¨¥ ¤«ï í­¥à£¥â¨ç¥áª®© ¯«®â­®áâ¨ á®áâ®ï­¨© (ª¢ §¨)ç áâ¨æë ¢ ¯à®áâà ­áâ¢¥­­® ®¤­®à®¤­®© á¨áâ¥¬¥ ¢ ®âáãâáâ¢¨¥ ¢­¥è­¨å¯®«¥©. �à¨ " � "p ) p2=2m, ¨¬¥¥¬: p(") ) p2m", ¨ ¯«®â­®áâì (6.26) ¨®¤­®ç áâ¨ç­ ï âà ­á«ïæ¨®­­ ï áâ âáã¬¬  (6.24) ¯à¨­¨¬ îâ ¢¨¤ (3.61):D("; V ) =)D3=2 D3=2("; V ) = 2�V  2mh2 !3=2p" � A� "��1; � = 32 ; ¨: (6.27)Z1(T; V ) � 1Z0 d"D("; V ) exp (��") =)D3=2 Ztr1 = V  2�mkTh2 !3=2= V�3(T ) ; (6.28)£¤¥, ¯®¤áâ ¢¨¢ (6.27) ¢ (6.28) ¨ ¯à®¨§¢¥¤ï ¨­â¥£à¨à®¢ ­¨¥, ¨á¯®«ì§ã¥¬ ¨§(6.23) ¤«¨­ã \â¥¯«®¢®©" ¢®«­ë ¤¥ �à®©«ï �(T ) = h=pT = h=p2�mkT . � -¯¨á ¢ (6.28) ª ª ãá«®¢¨¥ ­®à¬¨à®¢ª¨ ¬ ªá¢¥««®¢áª®£® à á¯à¥¤¥«¥­¨ï ¯®í­¥à£¨¨ efT (") ¤«ï ¯«®â­®áâ¨ ¢¥à®ïâ­®áâ¨ ®¡­ àã¦¨âì ç áâ¨æã á ª¨­¥â¨-ç¥áª®© í­¥à£¨¥© ¢¡«¨§¨ " ¢ ¨­â¥à¢ «¥ d", á ¯®¬®éìî (6.26) ¬®¦­® ­ ©â¨áà¥¤­îî ª¨­¥â¨ç¥áªãî í­¥à£¨î (â ª¦¥ ¨ ­¥à¥«ïâ¨¢¨áâáª®© (6.27)) ç áâ¨æë:efT (") = exp(��")Z1 D("; V ); ®âªã¤ : �"� = 1Z0 " efT (")d" =)D3=2 32 kT; (6.29)£¤¥ efT (") =)D3=2 2p" e��"p�(kT )3=2 , ¨ ¢ (6.24): Z tr1 = Vh3 0@ 1Z�1dp1e��p211A3= Vh3 ����3=2= V�3(T ) . (6.30)4 � á¯à¥¤¥«¥­¨¥ � ªá¢¥««  { �®«ìæ¬ ­ � ¯¨á ¢ ¦¥ æ¥«¨ª®¬ ¡®«ìæ¬ ­®¢áª®¥ ¯à¨¡«¨¦¥­¨¥ (6.19) ª ª ãá«®¢¨¥ ­®à-¬¨à®¢ª¨ á ¢ëà ¦¥­¨¥¬ (6.20) ¤«ï ZN ¨ á®ªà é ï ­  N !, ­ ©¤¥¬:1 = Xfm1:::mNg 1ZNN ! NYj=1 exp(��"mj ) =) Xfm1:::mNg Wfm1:::mNg; (6.31)çâ® ¢ \á®áâ®ï­¨¨" jm1 : : : mN i, ª ª ¢ ç¨áâ®¬ ¬�ªà®á®áâ®ï­¨¨ j[m]i ¨¤¥- «ì­®© á¨áâ¥¬ë á í­¥à£¨¥© E[m] (6.13), ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ ¢¥à®-ïâ­®áâ¨ �¨¡¡á  á¢®¤¨âáï ª ¯à®¨§¢¥¤¥­¨î ¢¨¤  (4.26), ª ¦¤ë© á®¬­®¦¨-â¥«ì ª®â®à®£® ¥áâì �¨¡¡á®¢áª ï ¦¥ ¢¥à®ïâ­®áâì w1mj ­ å®¦¤¥­¨ï ®â¤¥«ì-­®© j-®© ç áâ¨æë ¢ á®áâ®ï­¨¨ á í­¥à£¨¥© "mj : â.ª. ZNN ! = ZN1 , â®:Wfm1:::mNg = exp ���Efm1:::mNg�ZNN ! � NYj=1w1mj ; w1mj = exp(��"mj )Z1 : (6.32)�â® ¨ ¥áâì ª« áá¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ �®«ìæ¬ ­  (¨«¨ �-�) ¤«ï ¤¨á-ªà¥â­®£® á¯¥ªâà , ®âà ¦ îé¥¥, á®£« á­® (1.26), áâ â¨áâ¨ç¥áªãî ­¥§ ¢¨-á¨¬®áâì ã¦¥ ®â¤¥«ì­ëå ç áâ¨æ ¨¤¥ «ì­®£® £ § , ª ª ¢á¥ ¥é¥ ­¥§ ¢¨á¨¬ëå



|68|¢ íâ®¬ ¯à¨¡«¨¦¥­¨¨ \¬�ªà®¯®¤á¨áâ¥¬". � ®âáãâáâ¢¨¨ ¢­¥è­¨å ¯®«¥© ¢­¥¬ ¬®¦­® ¯¥à¥©â¨ ª ª¢ §¨­¥¯à¥àë¢­®¬ã à á¯à¥¤¥«¥­¨î w1mj = w1("mj)¯® ®¤­®ç áâ¨ç­®¬ã á¯¥ªâàã "mj ) "p 7! p2=2m í­¥à£¨¨ ¯®áâã¯ â¥«ì­ëåáâ¥¯¥­¥© á¢®¡®¤ë, £¤¥, á®£« á­® (3.25), (4.29)w1mjg("mj)*) dw1MB("p)= exp(��"p)Z1 d3r d3ph3 ;  : Z1 )D3=2V  2�mkTh2 !3=2; (6.33)á¢®¤¨âáï â®£¤  ª ®¤­®ç áâ¨ç­®© âà ­á«ïæ¨®­­®© áâ âáã¬¬¥ (6.24), (6.30).�­â¥£à¨àãï (6.33) â®«ìª® ¯® ª®®à¤¨­ â ¬, ¯®«ãç¨¬ ¢ëà ¦¥­¨¥ ¤«ï ¢¥-à®ïâ­®áâ¨ â®£®, çâ® ç áâ¨æ  ¨¬¥¥â ¨¬¯ã«ìá ¢ ªã¡¨ª¥ d3p 7! (p;p + dp)ª ª à á¯à¥¤¥«¥­¨¥ � ªá¢¥««  ¯® ª®¬¯®­¥­â ¬ ¨¬¯ã«ìá  p) (px; py; pz):dw1M (p) = fT (p) d3p; fT (p) = exp ��p2=2mkT �(2�mkT )3=2 � e�p2=p2T�3=2p3T ; ¨«¨: (6.34)dw1M (v) = fT (v) d3v; fT (v) = e�v2=v2T�3=2v3T ; vT = vuut2kTm ; ¤«ï v = pm; (6.35)�¥à¥å®¤ï ¢ (6.34) ª áä¥à¨ç¥áª¨¬ ª®®à¤¨­ â ¬ p = pnp, d3p = p2dp d
(np)¨ ¨­â¥£à¨àãï ¯® ã£«®¢ë¬ ¯¥à¥¬¥­­ë¬ np(#; ') í«¥¬¥­â  â¥«¥á­®£® ã£« d
(np) = sin#d#d', ¯®«ãç¨¬ à á¯à¥¤¥«¥­¨ï � ªá¢¥««  ¯®  ¡á®«îâ­®©¢¥«¨ç¨­¥ ¨¬¯ã«ìá  p = jpj ¯à¨ pT = p2mkT � mvT ¨ áª®à®áâ¨ v = jvj:dfw1M (p) = efT (p)dpdfw1M (v) = efT (v)dv9=;; efT (p) = 4� p2e�p2=p2T�3=2p3T ; efT (v) = 4� v2e�v2=v2T�3=2v3T ; (6.36)®â ª®â®àëå ¯à¨ "p) mv2=2 «¥£ª® ¢¥à­ãâìáï ª ¬ ªá¢¥««®¢áª®¬ã à á¯à¥-¤¥«¥­¨î ¯® ª¨­¥â¨ç¥áª®© í­¥à£¨¨ (6.30). �ª«îç¥­¨¥ ¢­¥è­¥£® ¯®«ï u(r)­¥ ­ àãé ¥â ¨¤¥ «ì­®áâì £ §  (6.12), ¨ ¢ (6.33) ¢¬¥áâ® "p ­¥®¡å®¤¨¬® ¯®¤-áâ ¢¨âì ¯®«­ãî í­¥à£¨î ®¤­®© ç áâ¨æë ¢ íâ®¬ ¯®«¥ "(p; r) = "p + u(r):p22m ) "p 7! "(p; r); ¯à¨: Z1 = Z d3x e��u(x)Z d3ph3 e��"p=)8 "p Z(u)1�3(T ) : (6.37)� á¯à¥¤¥«¥­¨ï (6.34){(6.36) ¯® ¨¬¯ã«ìá ¬ ¨ áª®à®áâï¬ ®áâ îâáï ¢ á¨«¥.�à®¨­â¥£à¨à®¢ ¢ (6.33) ¯® ¨¬¯ã«ìá­®© ç áâ¨ ä §®¢®£® ®¡ê¥¬ , ¯®«ãç¨¬:Zfpgdw1MB ("(p; r)) � dw1B(r) =) exp (��u(r)) d3rZ exp (��u(x)) d3x Z d3p fT (p)| {z }1 == e��u(r)Z(u)1 d3r = fB(r)d3r = n(r)N d3r 7�!bu d3rV ; £¤¥ Z(u)1 = Z d3x e��u(x); (6.38){ á®¡áâ¢¥­­®, à á¯à¥¤¥«¥­¨¥ �®«ìæ¬ ­  ¤«ï ¯«®â­®áâ¨ ¢¥à®ïâ­®áâ¨ fB(r)



|69|­ ©â¨ ç áâ¨æã â ª®£® à ¢­®¢¥á­®£® ¨¤¥ «ì­®£® £ §  ¢ í«¥¬¥­â¥ ®¡ê¥¬ d3r ¢®ªàã£ â®çª¨ r, £¤¥ ¯à¨¬¥à®¬ ¢­¥è­¥£® ¯®«ï u(x) ¬®£ãâ á«ã¦¨âì ¨á ¬¨ áâ¥­ª¨ ®¡ê¥¬  V : bu(x) = 0, x 2 V ; bu(x) = +1, x =2 V , (15.11)(áà ¢­¨ á ãá«®¢¨¥¬ (6.4) â¥®à¥¬ë ® \à ¢­®à á¯à¥¤¥«¥­¨¨" (6.5)).5 �à ¢­¥­¨ï á®áâ®ï­¨ï ¡®«ìæ¬ ­®¢áª®£® £ § � ª ç¥áâ¢¥ ¯à¨¬¥à  ­ ©¤¥¬ ¢ª« ¤ ¯®áâã¯ â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë ¨¤¥- «ì­®£® £ §  (6.21), (6.28) ¢ ¥£® á¢®¡®¤­ãî í­¥à£¨î: F = �kT lnZN ,F = �kT ln24 1N !  V�3(T )!N35 ' �NkT ln24eVN  2�mkTh2 !3=235 � �NkT ln " en�3(T )#| {z };F = �NkT ln�eVN �� CV T ln(kT )�NkT�; £¤¥: n = NV ; � = 32 ln�2�mh2 � ; (6.39){ å¨¬¨ç¥áª ï ¯®áâ®ï­­ ï £ § , ¨ ¯®«ãç¨¬ ¤ ¢«¥­¨¥, å¨¬¯®â¥­æ¨ «, í­-âà®¯¨î, ¨ â¥¯«®¥¬ª®áâì íâ®£® £ §  (áà. á (3.55){(3.58)): cP = cV + k,P = �  @F@V !T;N = NkTV = nkT; � =  @F@N !T;V = kT ln hn�3(T )i ; (6.40)S = �  @F@T !V;N = Nk 8<:52 + ln24VN  2�mkTh2 !3=2359=; � CP � N�T = (6.41)= Nk (ln eVN !+ 32 ln(kT ) + � + 32) ; CV = T  @S@T !V;N = 32Nk: (6.42)�â® ­e çâ® ¨­®¥, ª ª, á®®â¢¥âáâ¢¥­­®, â¥à¬¨ç¥áª®¥ { �« ¯¥©à®­  { �¥­-¤¥«¥¥¢ , ¨ ª «®à¨ç¥áª®¥ { � ªãà  { �¥âà®¤¥, ãà ¢­¥­¨ï á®áâ®ï­¨ï ¨¤¥- «ì­®£® £ § . �®£¤  (6.39) ¯à¥¤áâ ¢«ï¥â á®®â­®è¥­¨¥ F = N� � PV| {z }.�­ãâà¥­­îî í­¥à£¨î U ¬®¦­® ­ ©â¨ â¥¯¥àì «¨¡® ¨§ ¥¥ ®¯à¥¤¥«¥­¨ï,«¨¡® ¨áå®¤ï ¨§ (6.29) ¨ à ¢¥­áâ¢  U =�E�) N�"�, «¨¡® ¨§ ãà ¢­¥-­¨ï U = F +TS, ¨, ¢ á®®â¢¥âáâ¢¨¨ á â¥®à¥¬®© ® à ¢­®à á¯à¥¤¥«¥­¨¨í­¥à£¨¨ (6.11), ¯à¨ ` = 2; s = sK = 3N; s� = 0, ¢­®¢ì ¯®«ãç¨âì:U � �E� = �  @ lnZN@� !V = �T 2  @@T FT !V ) 3N kT2 = CV T: (6.43)�â ª, ­ ©¤¥­ë ¢á¥ ãà ¢­¥­¨ï á®áâ®ï­¨ï, ®¯¨áë¢ îé¨¥ â¥à¬®¤¨­ ¬¨ªã®¤­® â®¬­®£® ¡®«ìæ¬ ­®¢áª®£® ¨¤¥ «ì­®£® £ § . �å ¬®¦­® â ª¦¥ ¯®«ã-ç¨âì, ¨áå®¤ï ¨§ ¢ëà ¦¥­¨© ¤«ï ¡®«ìè®£® ¯®â¥­æ¨ «  (5.33) ¨ ¨§ (5.35),(5.37), ª ª �J = PV = kT lnQ ¯à¨ � = e�� ¨  @@(��)!�= @@
 = � @@� :



|70|Q(T; V ; �) = 1XN=0 �NZN =) 1XN=0(�Ztr1 )NN ! = exp ��Ztr1 � ; Ztr1 = V�3(T ) ; (6.44)PkT = lnQV ) �V Ztr1 = e�� 2�mkTh2 !3=2( �V  @ lnQ@� !T;V= �N�V = n; (6.45)�E� � �  @ lnQ@� !V;�=) � �0@@Ztr1@� 1AV= 32 �Ztr1� = 32�N� kT: (6.46)�¤¥áì ¯à®¨§¢®¤­ ï ¯® � ¯à¨ � = const, á®£« á­® (5.33), (5.37), ­¥ á®¢¯ ¤ ¥âá ¯à®¨§¢®¤­®© ¯® � ¯à¨ � = const! �à¨�N� 7! N : (6.45) 7!(6.40).([4] x17, [5] x36,37,40-43,63, [6] xx40-46, [7], [36], [43])� ¤ ç¨12.1. �æ¥­¨âì â¥¯«®¥¬ª®áâì á¨áâ¥¬: 1) N ã«ìâà à¥«ïâ¨¢¨áâáª¨å ç áâ¨æ;2) N ­¥à¥«ïâ¨¢¨áâáª¨å ç áâ¨æ ¢ ¯®«¥ âï¦¥áâ¨ ã ¯®¢¥àå­®áâ¨ �¥¬«¨.12.2. �«ï d- ¬¥à­ëå  ­ «®£®¢ à á¯à¥¤¥«¥­¨© � ªá¢¥««  (6.35), (6.29): ) § ¯¨á âì à á¯à¥¤¥«¥­¨¥ ¯® ª®¬¯®­¥­â ¬ áª®à®áâ¥© ¨ ­ ©â¨ áà¥¤­¨¥§­ ç¥­¨ï�v2x�, �v2�, �v�, �p�, ¨ ­ ¨¡®«¥¥ ¢¥à®ïâ­ë¥ §­ ç¥­­¨ï v,p  ¡á®«îâ­ëå ¢¥«¨ç¨­ áª®à®áâ¨ ¨ ¨¬¯ã«ìá , áà. (6.48){(6.50);¡) § ¯¨á âì à á¯à¥¤¥«¥­¨¥ ¯® ª¨­¥â¨ç¥áª®© í­¥à£¨¨ " = "p. � ©â¨ ­ ¨¡®-«¥¥ ¢¥à®ïâ­®¥ " ¨ áà¥¤­¥¥�"� §­ ç¥­¨ï í­¥à£¨¨,  ¡á®«îâ­ãîD2(") ¨ ®â-­®á¨â¥«ì­ãî �2(") ¤¨á¯¥àá¨¨ (9.2), ¨ áà ¢­¨âì ¨å á (4.44), (4.45). � ©â¨,çâ® ¯à¨ d=3: " = kT=2, �"� = 3kT=2, D2(") = 3(kT )2=2, �2(") = q2=3;¢) ­ ©â¨ áà¥¤­¥¥ ¢à¥¬ï, ­¥®¡å®¤¨¬®¥ ¤«ï ¯à®«¥â  à ááâ®ï­¨ï ` ¢ ¯à¥-­¥¡à¥¦¥­¨¨ áâ®«ª­®¢¥­¨ï¬¨ ç áâ¨æ ¬¥¦¤ã á®¡®©; ¯à¨¢¥áâ¨ ç¨á«¥­­ãî®æ¥­ªã ¯à¨ ` � 10�6 ¬ ¤«ï ¢®§¤ãå  ¯à¨ ­.ã.: n � 3 � 1019cm�3;£) ®¯à¥¤¥«¨âì ¯®«­ãî ¯«®â­®áâì ¯®â®ª  ç áâ¨æ J�(N�) ¨§ ¬ «®£® ®â¢¥à-áâ¨ï � ¢ áâ¥­ª¥ á®áã¤  á à §à¥¦¥­­ë¬ ¨¤¥ «ì­ë¬ £ §®¬ ¯à¨ â¥¬¯¥à âãà¥T ¨ ¯«®â­®áâ¨ n = const; ­ ©â¨ áà¥¤­îî í­¥à£¨î ¨ áà¥¤­îî  ¡á®«îâ-­ãî áª®à®áâì ç áâ¨æ ¢ íâ®¬ ¯®â®ª¥; ª ª®¢® áà¥¤­¥¥ ¢à¥¬ï ¯à¥¡ë¢ ­¨ïç áâ¨æë ¢ á®áã¤¥ á ãç¥â®¬ ¨§¬¥­¥­¨ï ¯«®â­®áâ¨ n) n(t) (11.53), [3] xI.7;¤) ã¡¥¤¨âìáï, çâ® ¢ëà ¦¥­¨¥ ¤«ï áà¥¤­¥© ¤«¨­ë á¢®¡®¤­®£® ¯à®¡¥£ :`d = �v��u��dnd = 1p2 �dnd ; (6.47)­¥ § ¢¨á¨â ®â à §¬¥à­®áâ¨ ¯à®áâà ­áâ¢  d. �¤¥áì �u� { áà¥¤­¥¥  ¡á®-«îâ­®© ¢¥«¨ç¨­ë ®â­®á¨â¥«ì­®© áª®à®áâ¨, �d { á¥ç¥­¨¥ à áá¥ï­¨ï.12.3. �«ï à á¯à¥¤¥«¥­¨ï� ªá¢¥««  ¯® ª¨­¥â¨ç¥áª®© í­¥à£¨¨ (6.29) ­ ©â¨¢¥à®ïâ­®áâì wM ("0) ®¡­ àã¦¨âì ç áâ¨æã á í­¥à£¨¥© ¡®«ìè¥ (¬¥­ìè¥) "0.



|71|12.4. � ©â¨, çâ® ¤«ï à á¯à¥¤¥«¥­¨ï � ª¢¥««  ¢ d- ¬¥à­®¬ ¯à®áâà ­áâ¢¥:dfw(d)T (") = (�")d=2�(d=2) e��"d"" = 2�(d=2)  ��T !d e��2=�2T d�� = dfw(d)T (�); (6.48)�T = vuut2kTm ; ��n�(d) = �nT �((d + n)=2)�(d=2) ; �"�(d) = d2 kT; (6.49)�"2�(d)=d2 d2 + 1!(kT )2; �(�")2�(d)= d2(kT )2; �(d)2 (")= vuut2d : (6.50)12.5. �®«ì§ãïáì (11.54) áà ¢­¨âì à á¯à¥¤¥«¥­¨¥ ¯® í­¥à£¨ï¬ ç áâ¨æ ¢¯®â®ª¥ ¨§ ®â¢¥àáâ¨ï ¢ áâ¥­ª¥ 3-å ¬¥à­®£® á®áã¤  á ¬ ªá¢¥««®¢áª¨¬ à á-¯à¥¤¥«¥­¥¬ (6.48) ¯® ¨å í­¥à£¨ï¬ ¢ ­¥¬. � ©â¨ áà¥¤­îî í­¥à£¨î ç áâ¨æ¢ íâ®¬ ¯®â®ª¥ ¨ à §¬¥à­®áâì d, ¤«ï ª®â®à®© ¯®«ãç¥­­®¥ à á¯à¥¤¥«¥­¨¥ ¢¯®â®ª¥ ï¢«ï¥âáï â ª ¦¥ ¬ ªá¢¥««®¢áª¨¬ (6.48). �®«ì§ãïáì (6.48), (6.49),(11.74) à¥è¨âì âã ¦¥ § ¤ çã ¤«ï «î¡®© à §¬¥à­®áâ¨ á®áã¤  d.12.6. �¯à ¢¥¤«¨¢® «¨ ¢ëà ¦¥­¨¥ áà¥¤­¥© ¤«¨­ë á¢®¡®¤­®£® ¯à®¡¥£ (6.47) ¤«ï ­¥¨¤¥ «ì­®£® £ §  (15.1), ¤«ï á¥ç¥­¨ï ­¥ § ¢¨áïé¥£® ®â áª®-à®áâ¨? � ©â¨ ¥£® ®¡®¡é¥­¨¥ ¤«ï á¥ç¥­¨ï § ¢¨áïé¥£® ®â áª®à®áâ¨.



�¥ªæ¨ï 7�®áâã¯ â¥«ì­ë¥ ¨ ¢­ãâà¥­­¨¥áâ¥¯¥­¨ á¢®¡®¤ë1 �¯¨­. �«®â­®áâì á®áâ®ï­¨© ¬¨ªà®ª ­®­¨ç¥áª®£® ­á ¬¡«ï ¤«ï ¨¤¥ «ì­®© á¨áâ¥¬ë.�â®ç­¨¬ ¢¥«¨ç¨­ã ¯«®â­®áâ¨ á®áâ®ï­¨© ¯®áâã¯ â¥«ì­ëå áâ¥¯¥­¥© á¢®-¡®¤ë ¤«ï ç áâ¨æë ¢ ¯®â¥­æ¨ «ì­®¬ ¢­¥è­¥¬ ¯®«¥ u(r) ¯à¨ ­ «¨ç¨¨ ã­¥¥ â ª®© ¢­ãâà¥­­¥© å à ªâ¥à¨áâ¨ª¨, ª ª á¯¨­. � ®âáãâáâ¢¨¨ ¬ £­¨â-­®£® ¯®«ï í­¥à£¨ï ç áâ¨æë ­¥ § ¢¨á¨â ®â á¯¨­ , ¨ ¥¥ á®áâ®ï­¨ï á ¤ ­­®©í­¥à£¨¥© ¢ëà®¦¤¥­ë ¯® §­ ç¥­¨ï¬ ¯à®¥ªæ¨¨ á¯¨­  á ªà â­®áâìî ¢ëà®-¦¤¥­¨ï ¤«ï ¬ áá¨¢­ëå ç áâ¨æ á m 6= 0 à ¢­®© gs = 2s + 1, £¤¥ s- æ¥«®¥¨«¨ ¯®«ãæ¥«®¥ á¯¨­®¢®¥ ª¢ ­â®¢®¥ ç¨á«®. � ãç¥â®¬ íâ¨å ¢­ãâà¥­­¨å áâ¥-¯¥­¥© á¢®¡®¤ë ¯®«­®¥ ç¨á«® á®áâ®ï­¨© ç áâ¨æë á í­¥à£¨¥© "p < ", â.¥.á ¨¬¯ã«ìá ¬¨ jpj = p < p(") (6.25) ¨ ¯«®â­®áâì á®áâ®ï­¨© (6.26) 8 "pá®®â¢¥âáâ¢¥­­®1, ¥áâì:
("; V ) = sX�=�s ZV d3r Z d3ph3 � (p(") � p) = gsVh3 4�3 p3("); ¨: (7.1)D("; V ) = d
("; V )d" = dd" gsh3 ZV d3rZ d3p � ("� "p) = gsVh3 4�p2(")dp(")d" ; (7.2)çâ® «¨èì ¬­®¦¨â¥«¥¬ gs ®â«¨ç ¥âáï ®â (6.25), (6.26). �«ï á¨áâ¥¬ë ¢®¢­¥è­¥¬ ¯®«¥ u(r), ­¥ á­¨¬ îé¥¬ á¯¨­®¢®£® ¢ëà®¦¤¥­¨ï ¨ ¬¥­ïîé¥¬áï¤®áâ â®ç­® ¬¥¤«¥­­®, çâ®¡ë ãá«®¢¨ï ª¢ §¨ª« áá¨ç¥áª®£® ¯à¨¡«¨¦¥­¨ïjr�("; r)j � 1 ¢ë¯®«­ï«¨áì ¨ ¤«ï ®¤­®ç áâ¨ç­®© í­¥à£¨¨ (6.37) ¯à¨:"p ) "(p; r) = "p + u(r); ¨: �("; r) = hp("; r) =)D3=2 hq2m [" � u(r)] (7.3)1� (p(")� p) = � (" � "p), â.ª. " = "p ¨ p = p(") { ¢§ ¨¬­® ®¡à â­ë¥ äã­ªæ¨¨.72



|73|¢¬¥áâ® (7.2) ¨¬¥¥¬: D(u)("; V ) = gsh3 ZV d3r Z d3p � ("� "(p; r)) =)"(jpj;r) (7.4)=)"(jpj;r) 4�gsh3 ZV d3r Z d"p p2("p) @p("p)@"p �("� u(r)� "p) ==8 "p (7.5)= 4�gsh3 ZV d3r0@p2("p)v("p) 1A�����"p= "�u(r))==8 "p D(u)("; V ); £¤¥ jpj = p("; r); (7.6)=)D3=2 D(u)3=2("; V ) = 2�gs(2m)3=2h3 ZV d3rq" � u(r) ; ¥á«¨: "p =)D3=2 p22m ; (7.7)  v(p) = @"(jpj; r)=@p � @"p=@p { áª®à®áâì ç áâ¨æë (áà. (6.26)). �¥£ª®¢¨¤¥âì, çâ® ¬­®¦¨â¥«ì gs ¢ D("; V ) ­¥ ¬¥­ï¥â ãà ¢­¥­¨© á®áâ®ï­¨ï £ § (6.40), (6.43), áª §ë¢ ïáì «¨èì ­  ª®­áâ ­â¥ � (6.39) ¢ (6.40) { (6.42).� ©¤¥¬ ¯®«­ë© áâ â¨áâ¨ç¥áª¨© ¢¥á ¬�ªà®ª ­®­¨ç¥áª®£® à á¯à¥¤¥«¥-­¨ï ¨ ¯®«­ãî ¯«®â­®áâì á®áâ®ï­¨© ¨¤¥ «ì­®© á¨áâ¥¬ë ¢ â¥à¬¨­ å ®¤-­®ç áâ¨ç­®© ¯«®â­®áâ¨ (7.2), (7.4). � ¬¥â¨¬, çâ® ¢ â¥à¬®¤¨­ ¬¨ç¥áª®¬à ¢­®¢¥á¨¨ â ª®© ¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ä¨ªá¨à®¢ ­  «¨èì ¯®«­ ï í­¥à-£¨ï E ¢á¥å ¥¥ ®â¤¥«ì­ëå, áâ â¨áâ¨ç¥áª¨ ­¥§ ¢¨á¨¬ëå ç áâ¨æ. � ãç¥â®¬(3.38), (3.40), â.¥. d�(E)=dE = �(E), ®â¢¥â ¤ ¥âáï â®£¤  ®ç¥¢¨¤­ë¬ ®¡®¡-é¥­¨¥¬ (3.60) ä®à¬ã« (7.1), (7.2), (7.4) ¨ ä®à¬ã«ë á¢¥àâª¨2 (4.4) 8D("):�(E; V;N)D(E; V;N) 9=; = 1N ! NYj=1 2641Z0 d"jD("j; V )3758>>>><>>>>: �  E � NPj=1 "j!�  E � NPj=1 "j! 9>>>>=>>>>; ; ®âªã¤ : (7.8)ZN = 1Z0 dE D(E; V;N) e��E = (Z1)NN ! ; Z1 = 1Z0 d"D("; V ) e��"; (7.9) ­ «®£¨ç­® (4.24) ¨ ¢ á®®â¢¥âáâ¢¨¨ á (4.28) 7! (7.4), ¨ (6.20), (6.26), (6.28).2 �â¥¯¥­ì ¨®­¨§ æ¨¨ £ § . �®à¬ã«  � å �à¨¬¥à ¨á¯®«ì§®¢ ­¨ï (7.9) ¤ ¥â à áç¥â ç¨á«  ¨®­®¢ áà¥¤¨ ­¥©âà «ì­ëå â®¬®¢ £ § , ¨®­¨§®¢ ­­®£® ¯à¨ ¤ ­­®© â¥¬¯¥à âãà¥ T . � áá¬ âà¨¢ ï¯à®æ¥áá ®¤­®í«¥ªâà®­­®© ¨®­¨§ æ¨¨ ª ª å¨¬¨ç¥áªãî à¥ ªæ¨î:A+ + e� � A0 = 0; (7.10)®¡®§­ ç¨¬ ª ªN0; N+; Ne á®®â¢¥âáâ¢ãé¨¥ ç¨á«  ­¥©âà «ì­ëå  â®¬®¢, ¨®-­®¢ ¨ í«¥ªâà®­®¢. �®£¤  ¨¬¥¥¬ ¤¢  ®ç¥¢¨¤­ëå á®®â­®è¥­¨ï:2§ ¯¨á ­­®© ¢ ¢¨¤¥: ER0 dE1D1(E1)D2(E � E1) = 1R0 dE1 1R0 dE2D1(E1)D2(E2) �(E �E1 �E2).



|74|N+ = Ne � N = N0 +N+ ) const; (7.11)£¤¥ N { ¯®«­®¥ ç¨á«®  â®¬®¢ ¨ ¨®­®¢ (¨«¨  â®¬®¢ ¥é¥ ­¨ à §ã ­¥ ¨®­¨§®¢ ­-­®£® £ § ). �é¥ ®¤­® á®®â­®è¥­¨¥ á«¥¤ã¥â ¨§ ãá«®¢¨ï ¬¨­¨¬ã¬  á¢®¡®¤­®©í­¥à£¨¨ ¯à¨ å¨¬¨ç¥áª®¬ à ¢­®¢¥á¨¨, â.ª. áâ âáã¬¬  â¥à¬¨ç¥áª¨ à ¢­®-¢¥á­®© á¬¥á¨ ¨¤¥ «ì­ëå £ §®¢ { ¨§  â®¬®¢, ¨®­®¢ ¨ í«¥ªâà®­®¢ à ¢­ :Ztot = Ze Z+ Z0 ; £¤¥ ®â¤¥«ì­ë¥ áâ âáã¬¬ë ¤«ï a = e;+; 0; ¨ (7.12)Za = (Z1a)NaNa! ; à ¢­ë: Ze = (Z1e)NeNe! ; Z+ = (Z1+)N+N+! ; Z0 = (Z10)N0N0! ; (7.13)¯à¨: Z1a = gsaV  2�makTh2 !3=2 e�"0a=(kT ) � gsaV�3a(T ) e�"0a=(kT ): (7.14)�­¥à£¨ï \ â®¬ " "pa = p2=(2ma) + "0a, £¤¥ "0a { í­¥à£¨ï ®á­®¢­®£® á®-áâ®ï­¨ï ¯®ª®ïé¥£®áï  â®¬ , ¨®­ , í«¥ªâà®­ . �ëà ¦¥­¨ï ¤«ï Z1e, Z1+,Z10 ¤ îâáï § ¬¥­®© a 7! e;+; 0. �­®¦¨â¥«¨ gsa ¯®ª §ë¢ îâ ç¨á«® ¢®§-¬®¦­ëå á¯¨­®¢ëå á®áâ®ï­¨©, ¢ ç áâ­®áâ¨, ¤«ï í«¥ªâà®­  e gse = 2,  ¤«ï ¢®¤®à®¤  H gs+ = 2, gs0 = 4. �®ï¢«¥­¨¥ ¯®á«¥¤­¥£® ¬­®¦¨â¥«ï ¢(7.14), ­¥®¡å®¤¨¬® ¤«ï á®£« á®¢ ­¨ï ­ ç « ®âáç¥â  í­¥à£¨© ã à §«¨ç­®£®¢¨¤  \ â®¬®¢", ¢áâã¯ îé¨å ¢ à¥ ªæ¨î. �®£¤  ¬¨­¨¬ «ì­® ­¥®¡å®¤¨¬ ï¤«ï ¨®­¨§ æ¨¨ í­¥à£¨ï { ¯®â¥­æ¨ « ¨®­¨§ æ¨¨ { ¥áâì à §­®áâì í­¥à£¨©®á­®¢­ëå á®áâ®ï­¨© ¯®ª®ïé¨åáï ¨®­¨§®¢ ­­®£® ¨ ­¥©âà «ì­®£®  â®¬®¢:â.¥. ¤¥ä¥ªâ ¬ áá: J0 = "0e + "0+ � "00 � mec2 +m+c2 �m0c2 > 0; (7.15)�¢®¡®¤­ ï í­¥à£¨ï á¬¥á¨ à ¢­  áã¬¬¥ á¢®¡®¤­ëå í­¥à£¨© ª®¬¯®­¥­â:F tot = �kT lnZtot = Fe(Ne) + F+(N+ = Ne) + F0(N0 = N �Ne) : (7.16)�à¨­¨¬ ï, çâ® £ §ë ­ å®¤ïâáï ¢ â¥à¬®áâ â¥ ¨ ¨¬¥îâ § ¤ ­­ë© ®¡ê¥¬V , ¢¥«¨ç¨­ã Ne ¡ã¤¥¬ áç¨â âì ¢ àì¨àã¥¬ë¬ ¯ à ¬¥âà®¬ ¨ ¯®âà¥¡ã¥¬¢ë¯®«­¥­¨ï ãá«®¢¨© íªáâà¥¬ã¬  ¤«ï á¬¥á¨, ¯®« £ ï: (lnNa!)0Na ) lnNa;@F tot@Ne = 0; ¯à¨ dNe = dN+ = �dN0; @Fe@Ne = � @@Ne (kT lnZe) == �kT @@Ne (Ne lnZ1e � lnNe!) =) �kT (lnZ1e � lnNe) = �kT ln Z1eNe ! ;@F tot@Ne = �kT ln Z1eZ1+Z10 N0NeN+!= 0; â.¥.: NeN+N0 = Z1eZ1+Z10 ; gs+gsegs0 � eg;çâ® ¨ ¤ ¥â âà¥âì¥ á®®â­®è¥­¨¥ ¤«ï ®¯à¥¤¥«¥­¨ï ç¨á¥« ç áâ¨æ ã ª®¬¯®-­¥­â á¬¥á¨. �¢®¤ï ®â­®á¨â¥«ì­ãî áâ¥¯¥­ì ¨®­¨§ æ¨¨ �, ¯®«ãç¨¬ ¯à¨0 �N+= �N�N; N0=N �N+=N(1� �); J0 = kI0; â.ª. m+' m0 :



|75|NeN+N0N � �21� � = Z1eZ1+Z10N �G(T )2 e�I0=T ' V egN�3e(T ) e�J0=(kT ) (7.17){ § ª®­ ¤¥©áâ¢ãîé¨å ¬ áá, ®¯à¥¤¥«ïîé¨©, á®£« á­® � å , â¥¬¯¥à âãàã¨®­¨§ æ¨¨ T1. � ­¥¥ ¢ (6.23) T � TLe. � §¤¥áì ¢¥áì ¯¥à¢ë© á®¬­®¦¨â¥«ìG(T )2 = egn�3e(T ) �30(T )�3+(T ) ' egn�3e(T ) = eg VN  2�mekTh2 !3=2� eg  TTe!3=2� 1(7.18)¤®«¦¥­ ¡ëâì ®ç¥­ì ¡®«ìè¨¬, çâ®¡ë £ § ¡ë« ¡®«ìæ¬ ­®¢áª¨¬3: T � Te,V � N�3e(T ), ¨ ¥é¥ ¡®«ìè¥ çâ®¡ë ¢®®¡é¥ ¬®¦­® ¡ë«® £®¢®à¨âì ®¡ ¨®-­¨§ æ¨¨ (eg � 1). �®£¤   ­ «¨§ § ¢¨á¨¬®áâ¨ (7.17) ®â T ¤ ¥â, çâ®, ¢ á®®â-¢¥âáâ¢¨¨ á® áâ â¨áâ¨ç¥áª¨¬ á¬ëá«®¬ ¯®­ïâ¨ï à ¢­®¢¥á­®© â¥¬¯¥à âãàëT , ¨®­¨§ æ¨ï ¯à®¨áå®¤¨â ¯à¨ â¥¬¯¥à âãà å, ®â¢¥ç îé¨å áà¥¤­¨¬ ª¨­¥-â¨ç¥áª¨¬ í­¥à£¨ï¬ ç áâ¨æ, £®à §¤® ¬¥­ìè¨¬, ç¥¬ ¯®â¥­æ¨ « ¨®­¨§ æ¨¨!�¥©áâ¢¨â¥«ì­®, � = 1=2 ¯à¨ â¥¬¯¥à âãà¥ T1 = I0= lnG(T1). �, â ª ª ªlnG(T1)� 1, â® T1 � I0. �®¤ §­ ª®¬ ¦¥ «®£ à¨ä¬  ¤«ï ®æ¥­ª¨ á å®à®è¥©â®ç­®áâìî ¬®¦­® § ¬¥­¨âì T1 ­  I0. �­â¥à¢ « â¥¬¯¥à âãà � T1 ¯¥à¥å®¤ ®â ¬ «®© ¨®­¨§ æ¨¨ ª ¯®çâ¨ ¯®«­®© ®æ¥­¨¢ ¥âáï ª ª ¨­â¥à¢ « ¨§¬¥­¥­¨ï­  ¥¤¨­¨æã ¢¥«¨ç¨­ë y1 � lnG(T1) = I0=T1 ¨ ¤«ï lnG(T1) ' lnG(I0)� 1,â.¥. y1� 1, �y1 � 1, ®ª §ë¢ ¥âáï ®ç¥­ì ã§ª¨¬:j� lnG(T1)j = I0�T1T 21 � 1; �T1 � T 21I0 ' I0[lnG(I0)]2 � T1 ' I0lnG(I0) � I0:�ã¤ì ¨®­¨§ æ¨ï ®¡ï§ ­  á®ã¤ à¥­¨ï¬ â®«ìª® á® áâ¥­ª ¬¨, â® ¢ à ¢­®¢¥á¨¨ ¯à¨ T = T1:� = N+N ' wM (" > J0) = 1ZJ0 d" efT1(") = 1Zy1 dy2py e�yp� � 2py1e�y1p� ' qlnG(T1)G(T1) � 1:�.¥. ¯à¨ç¨­  áâ®«ì ­¨§ª®© â¥¬¯¥à âãàë ¨®­¨§ æ¨¨ ¢ N(N�1)=2 áâ®«ª­®¢¥­¨ïå  â®¬®¢,â.¥. ¢ á ¬®¬ ¯à®æ¥áá¥ â¥à¬ «¨§ æ¨¨ { ¢ëà ¢­¨¢ ­¨ï â¥¬¯¥à âãàë íâ®£® £ § . � ç¥-áâ¢¥­­® â ª®© ç áâ¨ç­® ¨®­¨§®¢ ­­ë© £ §  ­ «®£¨ç¥­  ­á ¬¡«î íää¥ªâ¨¢­ëå ¤¢ãåã-à®¢­¥¢ëå á¨áâ¥¬, ¢ ª®â®àëå í«¥ªâà®­ ¬®¦¥â ­ å®¤¨âìáï «¨¡® ¢ á¢ï§ ­­®¬ á®áâ®ï­¨¨á í­¥à£¨¥© e"1e = 0 ¨ ªà â­®áâìî ¢ëà®¦¤¥­¨ï gse = g1, «¨¡® ¢ á¢®¡®¤­®¬ á®áâ®ï­¨¨ áí­¥à£¨¥© e"2e = J0 ¨ ¡®«ìè®© ®â­®á¨â¥«ì­®© ªà â­®áâìî ¢ëà®¦¤¥­¨ï g2=g1 � G(T )� 1.�â âáã¬¬  ª ¦¤®© â ª®© á¨áâ¥¬ë Z = Pi gie��e"ie = g1 + g2e��J0 ¯à¨¢®¤¨â ª å à ª-â¥à­®¬ã ã§ª®¬ã ¯¨ªã ¢ § ¢¨á¨¬®áâ¨ ¥¥ â¥¯«®¥¬ª®áâ¨ ®â â¥¬¯¥à âãàë (â¥¯«®¥¬ª®áâì�®ââª¨) á ¬ ªá¨¬ã¬®¬ CVm ' k(lnG)2 ¯à¨ kTm ' J0= lnG � J0, ¢ ®¡« áâ¨ è¨à¨­®©�Tm ' J0=CV m ' J0=k(lnG)2 = Tm= lnG� Tm, £¤¥ Tm ) T1 ¯à¨ lnG� 1 [5, 13, 24].3áà. á ãá«®¢¨¥¬ (10.29): Te = N2=3TLe = n2=3h2=(2�kme) � 1K, ¯à¨ Ne � N � 1024.



|76|3 �¥¯«®¥¬ª®áâì £ §  ¬­®£® â®¬­ëå ¬®«¥ªã«�á«¨ ç áâ¨æ ¬¨ £ §  ï¢«ïîâáï ¬­®£® â®¬­ë¥ ¬®«¥ªã«ë, â® ­¥®¡å®¤¨¬®ãç¥áâì ¢ª« ¤ë ¨å ¢­ãâà¥­­¨å áâ¥¯¥­¥© á¢®¡®¤ë, ®¡ãá«®¢«¥­­ëå ¢à é¥-­¨¥¬ ¬®«¥ªã« ¢ ¯à®áâà ­áâ¢¥ ¨ ª®«¥¡ ­¨ï¬¨  â®¬®¢ ¢ ¬®«¥ªã«¥. � ¯¥à-¢®¬ ¯à¨¡«¨¦¥­¨¨ ¢à é â¥«ì­ë¥ ¨ ª®«¥¡ â¥«ì­ë¥ áâ¥¯¥­¨ á¢®¡®¤ë ­¥§ -¢¨á¨¬ë ®â ¯®áâã¯ â¥«ì­ëå ¨ ¤àã£ ®â ¤àã£ , ®âªã¤  "fi=j��g = "j + "�;£¤¥ "j { ¢à é â¥«ì­ë©,   "� { ª®«¥¡ â¥«ì­ë© á¯¥ªâàë ¬®«¥ªã« á®®â¢¥â-áâ¢¥­­®. �®£¤  ¢­ãâà¥­­ïï ®¤­®ç áâ¨ç­ ï áâ âáã¬¬  (6.21) ä ªâ®à¨§ã-¥âáï ¤ «¥¥ ¢ ¯à®¨§¢¥¤¥­¨¥: Zin1 = Zr1 Zv1 , ¨ ¢ª« ¤ë ¢à é¥­¨© ¨ ª®«¥¡ ­¨©¢ á¢®¡®¤­ãî í­¥à£¨î, í­âà®¯¨î, ¢­ãâà¥­­îî í­¥à£¨î, â¥¯«®¥¬ª®áâì¨ â.¤. ¢­®¢ì  ¤¤¨â¨¢­ë: F inN = �NkT (lnZr1+ lnZv1 ) = F (r)N + F (v)N : (7.19)�.ª. á¯¥ªâàë "j , "� ¢ íâ®¬ ¯à¨¡«¨¦¥­¨¨ § ¢¨áïâ â®«ìª® ®â ¢­ãâà¨¬®«¥-ªã«ïà­ëå ¯ à ¬¥âà®¢: â¥­§®à  ¬®¬¥­â  ¨­¥àæ¨¨ I ¨ å à ªâ¥à¨áâ¨ç¥áª¨åç áâ®â !�, â® ¤®¡ ¢ª¨ F (r);(v)N (T ) ¢ (7.19) ª F (T; V;N) (6.39) ¥áâì äã­ª-æ¨¨ â®«ìª® â¥¬¯¥à âãàë ¨ ­¥ § ¢¨áïâ ®â ®¡ê¥¬ , § ­¨¬ ¥¬®£® £ §®¬.�®íâ®¬ã â¥à¬¨ç¥áª®¥ ãà ¢­¥­¨¥ á®áâ®ï­¨ï (6.40), P = nkT ®áâ ­¥âáï¯à¥¦­¨¬,   ª «®à¨ç¥áª®¥ ãà ¢­¥­¨¥ (6.43) ¨§¬¥­¨âáï, ¨ â¥¯«®¥¬ª®áâì¨¤¥ «ì­®£® £ §  ®ª ¦¥âáï äã­ªæ¨¥© T . �à¨ç¨­®© ¯®ï¢«¥­¨ï íâ®© ¥¥­¥âà¨¢¨ «ì­®© â¥¬¯¥à âãà­®© § ¢¨á¨¬®áâ¨ ï¢«ï¥âáï ¤¨áªà¥â­ë© å à ª-â¥à á®®â¢¥âáâ¢¥­­® ª¢ ­â®¢ ­­ëå í­¥à£¥â¨ç¥áª¨å á¯¥ªâà®¢ ¬®«¥ªã«ë.�á«¨ â¥¬¯¥à âãà  â ª®¢ , çâ® kT � �"i = "i+1 � "i; â® ¯¥à¥å®¤ë¬®«¥ªã«ë ¢ ¢®§¡ã¦¤¥­­®¥ á®áâ®ï­¨¥ ¯à®¨áå®¤ïâ ªà ©­¥ à¥¤ª® ¨ á®®â¢¥â-áâ¢ãîé¨¥ áâ¥¯¥­¨ á¢®¡®¤ë ­¥ ¤ îâ ¢ª« ¤  ¢ á¢®¡®¤­ãî í­¥à£¨î ¨ â¥¯«®-¥¬ª®áâì CV , â.¥. ï¢«ïîâáï \§ ¬®à®¦¥­­ë¬¨". �¡à â­®, ¯à¨ kT � �"iá®ã¤ à¥­¨ï ¬®«¥ªã« á® áâ¥­ª ¬¨ ¨ ¤àã£ á ¤àã£®¬ ¢ë§ë¢ îâ ¨­â¥­á¨¢­ë¥¯¥à¥å®¤ë ¢ ¢ëá®ª®¢®§¡ã¦¤¥­­ë¥ á®áâ®ï­¨ï "i ¤ ­­®£® â¨¯ , ç¥© á¯¥ªâà¬®¦­® ­ ®¡®à®â áç¨â âì â®£¤  ª¢ §¨­¥¯à¥àë¢­ë¬ ¢ á¨«ã ®â­®á¨â¥«ì-­®© ¬ «®áâ¨ í­¥à£¥â¨ç¥áª®£® \§ §®à " �"i. �â «® ¡ëâì, CV á à®áâ®¬ T¡ã¤¥â áâà¥¬¨âìáï ª ¯®áâ®ï­­®¬ã §­ ç¥­¨î, á®®â¢¥âáâ¢ãîé¥¬ã ¥¥ ª« á-á¨ç¥áª®¬ã ¯à¥¤¥«ã, ¯®ª  ­¥ ¯à®ï¢¨âáï ¢ª« ¤ ­®¢ëå à §¬®à ¦¨¢ îé¨åáïáâ¥¯¥­¥© á¢®¡®¤ë. �® ¬¥à¥ ã¢¥«¨ç¥­¨ï â¥¬¯¥à âãàë ¢á¥ ¡�®«ìè¥¥ ç¨á«®à §¬®à®¦¥­­ëå áâ¥¯¥­¥© á¢®¡®¤ë ¡ã¤¥â ¤ ¢ âì § ¬¥â­ë© ¢ª« ¤ ¢ CV .�­ «®£¨ç­® TL (6.23), ¨ ¤«ï ª ¦¤®£® â¨¯  � ¢­ãâà¥­­¥© áâ¥¯¥­¨ á¢®-¡®¤ë ¬®«¥ªã«ë ã¤®¡­® ¢¢¥áâ¨ á¢®î å à ªâ¥à¨áâ¨ç¥áªãî â¥¬¯¥à âãàã,®¯à¥¤¥«ï¥¬ãî ­ ¨¬¥­ìè¨¬ è £®¬ ª¢ ­â®¢ ­¨ï ¥¥ í­¥à£¨¨ �� = �"�=k.



|77|�®£¤  áà ¢­¥­¨¥ â¥¬¯¥à âãàë á¨áâ¥¬ë T á íâ¨¬ ¯ à ¬¥âà®¬ ¯®§¢®-«¨â áã¤¨âì ® áâ¥¯¥­¨ \§ ¬®à®¦¥­­®áâ¨" á®®â¢¥âáâ¢ãîé¨å ¯¥à¥å®¤®¢:T � �� { ¯¥à¥å®¤ë § ¬®à®¦¥­ë; T � �� { ª¢ §¨ª« áá¨ç¥áª¨© à¥¦¨¬.3.1 �à é â¥«ì­ë¥ áâ¥¯¥­¨ á¢®¡®¤ë�ª« ¤ ¢à é â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë ¤¢ãx â®¬­®© £¥â¥à®ï¤¥à­®© (¨§à §­ëå  â®¬®¢) ¬®«¥ªã«ë á ¦¥áâª®© á¢ï§ìî ¤ ¥âáï ¬®¤¥«ìî à®â â®à  {®¤­®© â®ç¥ç­®© ¯à¨¢¥¤¥­­®© ¬ ááë m� ­  áä¥à¥ à ¤¨ãá  R = jr1 � r2j á¬®¬¥­â®¬ ¨­¥àæ¨¨ I = m�R2. � ¥¥ �� á £ ¬¨«ìâ®­¨ ­®¬ cH :cH jj; jzi = � bL�22I jj; jzi = "j jj; jzi ; bL = �hcJ ; "j = �h22I j(j + 1); (7.20)ª¢ ­â®¢®¥ ç¨á«® j = 0; 1; 2; ::: ®â¢¥ç ¥â ®¯¥à â®àã ª¢ ¤à â  ã£«®¢®£® ¬®-¬¥­â : cJ2 jj; jzi = j(j+1) jj; jzi : �®áâ®ï­¨¥ á ®¯à¥¤¥«¥­­ë¬ j ¢ëà®¦¤¥­­®¯® z-¯à®¥ªæ¨¨ jz ã£«®¢®£® ¬®¬¥­â  á ªà â­®áâìî ¢ëà®¦¤¥­¨ï gj = 2j+1.�®íâ®¬ã áâ âáã¬¬ë (4.17) ¯® á®áâ®ï­¨ï¬ jmi = jj; jzi ¨ (4.22) ¯® ãà®¢­ï¬"j â ª®¢ë:Zr1 = 1Xj=0 jXjz=�jexp (��"j) = 1X"j=0 gj exp (��"j)� 1Xj=0 (2j + 1) exp"��rT j(j + 1)#;(7.21)£¤¥ �r = �h2=(2Ik) { å à ªâ¥à¨áâ¨ç¥áª ï â¥¬¯¥à âãà  ¢à é â¥«ì­ëå áâ¥-¯¥­¥© á¢®¡®¤ë. [�«ï ¬®«¥ªã«ë ¨§ ¤¢ãå ®¤¨­ ª®¢ëå  â®¬®¢ à¥è¥­¨ï ¨¢à é â¥«ì­ë© á¯¥ªâà ãà ¢­¥­¨ï (7.20) ¨¬¥îâ ¤®¯®«­¨â¥«ì­®¥ ¯à ¢¨«®®â¡®à  ¯® ç¥â­®áâ¨ (�1)j , ¢¤¢®¥ ã¬¥­ìè ï ç¨á«® á« £ ¥¬ëå ¢ (7.21).]�ëç¨á«¨¬ Zr1 ¢ ¤¢ãå ¯à¥¤¥«ì­ëå á«ãç ïå: T � �r ¨ T � �r. �à¨ ­¨§ª¨åâ¥¬¯¥à âãà å, T � �r, íªá¯®­¥­â  ¡ëáâà® ã¡ë¢ ¥â á à®áâ®¬ j, ¨ ®á­®¢­®©¢ª« ¤ ¢ áâ âáã¬¬ã (7.21) ¤ îâ ¯¥à¢ë¥ ¤¢  ¥¥ ç«¥­  [20]:x = �r=T = �k�r � 1; Zr1 ' 1 + 3e�2x; lnZr1 ' 3e�2x: (7.22)�à¥¤­ïï í­¥à£¨ï ¢à é â¥«ì­®£® ¤¢¨¦¥­¨ï ¬®«¥ªã«ë ®¯à¥¤¥«ï¥âáï ª ª:�"r� = �@ lnZr1@� � �k�r@ lnZr1@x ' 6k�re�2x; (7.23)¨ ¢ ¯¥à¥áç¥â¥ ­  ®¤­ã ¬®«¥ªã«ã ¢ª« ¤ ¢ â¥¯«®¥¬ª®áâì ¨¬¥¥â ¢¨¤ [5]:crV (T ) = @�"r�@T � kx2 @2 lnZr1@x2 ' 12kx2e�2x; ¨: crV (T ) �!T!0 0; (7.24)¯®¤ç¨­ïïáì § ª®­ã �¥à­áâ  ¯à¨ x = �r=T = �k�r ! +1 ¨ T@T = �x@x.



|78|�à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å T � �r, â.¥. x = �k�r � 1, áã¬¬¨à®¢ ­¨¥¢ (7.21) ¢ë¯®«­ï¥âáï á ¯®¬®éìî  á¨¬¯â®â¨ç¥áª®© ä®à¬ã«ë �©«¥à  [11]:Zr1 � 1Xj=0 f(j) � 1Z0 f(j) dj + 12 f(0)� 112 f 0(0) + 1720 f 000(0) + � � � ; (7.25)ª®â®à ï ¤ ¥â å®à®è¥¥ ¯à¨¡«¨¦¥­¨¥ ¤«ï íâ®£® àï¤ , ¥á«¨ f(j) ¬ «® ¨§¬¥-­ï¥âáï ­  ®¤­®¬ è £¥, j ! j + 1. �.ª. (2j + 1)dj = d(j(j + 1)), â®:f(j) dj = (2j + 1) exp [�xj(j + 1)] dj = � 1xd (exp [�xj(j + 1)]) ; ¨Zr1 ' 1x + 12 � 112 (2 � x) + 1720(�12x) +O �x2� ' 1x 241 + x3 + x21535 ; (7.26)®âªã¤ : lnZr1 ' ln 1x + ln241 + x3 + x21535 ' ln 1x + x3 + x290 ; (7.27)£¤¥ ¯¥à¢ë¥ á« £ ¥¬ë¥ ¢áî¤ã { ª¢ §¨ª« áá¨ç¥áª¨© ¢ª« ¤ (7.41) ª ª ¨­â¥-£à «  ¯® dj ¢ (7.25),   (7.27) ¤ ¥â ¢ª« ¤ ¢à é â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë¢® ¢­ãâà¥­­îî í­¥à£¨î ®¤­®© ¤¢ãå â®¬­®© ¬®«¥ªã«ë ¯à¨ T � �r [11]:�"r� = kT 2@ lnZr1@T = �k�r@ lnZr1@x ' kT 241 � x3 � x24535 ; (7.28)¨ ¤«ï N ¬®«¥ªã« ¯à¨ x = k�r=(kT ) ¢ ¯à¥¤¥«¥ T !1 ¯à¨­¨¬ ¥â ¢¨¤:â.ª.: U r =�Er� = N�"r�; â®: U r ' NkT �Nk�r=3 ; (7.29)çâ® ®â«¨ç ¥âáï ª®­áâ ­â®© ®â ª« áá¨ç¥áª®£® áâ â¨áâ¨ç¥áª®£® ®¯¨á ­¨ï,£¤¥ U rcl ) NkT ¯à¨ «î¡ëå T . �«ï â¥¯«®¥¬ª®áâ¨ CrV ¨§ (7.28), ¯à¨ T � �r,­ å®¤¨¬  ­®¬ «ì­®¥ ¯®¢¥¤¥­¨¥, ®§­ ç îé¥¥ ­ «¨ç¨¥ ã ­¥¥ ¬ ªá¨¬ã¬ ¯¥à¥¤ ¢ëå®¤®¬ ­  ª« áá¨ç¥áª¨© à¥¦¨¬ [11], [20]: x = �r=T = �k�r ! 0,CrV = @U r@T � Nk�2@2 lnZr1@�2 � Nkx2@2 lnZr1@x2 ' Nk 241 + x24535 ; (7.30)ª®â®àë© ¨¬¥¥â âã ¦¥ \¤¢ãåãà®¢­¥¢ãî" ¯à¨à®¤ã, ®¯¨á ­­ãî ¢ à §¤¥«¥ 2.�à¥¤¥« T !1 ¤ ¥â ª« áá¨ç¥áª¨© à¥§ã«ìâ â CrV = Nk, áà §ã á«¥¤ãîé¨©¨§ â¥®à¥¬ë ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ (6.11). �¢  ã£« , § ¤ îé¨å­ ¯à ¢«¥­¨¥ ¢¥ªâ®à  R = Rn(#; ') ¯®«®¦¥­¨ï ¯à¨¢¥¤¥­­®© ¬ ááë íâ®©\£ ­â¥«¨" ­  áä¥à¥ { íâ® ¤¢¥ ª¢ ¤à â¨ç­ë¥ ª¨­¥â¨ç¥áª¨¥ áâ¥¯¥­¨ á¢®-¡®¤ë à®â â®à : ( _#)2; ( _')2, ª®â®àë¥ ¨ ¤ îâ ¢ áà¥¤­îî í­¥à£¨î ¢ª« ¤,à ¢­ë© 2(kT=2) = kT . �®£¤  ¢ ®¡é¥¬ á«ãç ¥, á âà¥¬ï ã£« ¬¨ �©«¥à ,å à ªâ¥à¨§ãîé¨¬¨ ®à¨¥­â æ¨î ¯à®¨§¢®«ì­®© ¬®«¥ªã«ë ã¦¥ ª ª ®¡ê¥¬-­®£® ¢®«çª  [31], ¡ã¤¥â á¢ï§ ­ ¢ª« ¤ 3(kT=2).



|79|3.2 �®«¥¡ ­¨ï ¬®«¥ªã«�®«¥¡ ­¨ï ¢ ¬­®£® â®¬­ëå ¬®«¥ªã« å ¢ £ à¬®­¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨¬®¦­® ¯à¥¤áâ ¢¨âì ª ª áã¯¥à¯®§¨æ¨î f ­®à¬ «ì­ëå ª®«¥¡ ­¨© � = 1� fá å à ªâ¥à¨áâ¨ç¥áª¨¬¨ ç áâ®â ¬¨ !�. �¨á«® f ª®«¥¡ â¥«ì­ëå áâ¥¯¥­¥©á¢®¡®¤ë ã ¬®«¥ªã«ë, á®áâ®ïé¥© ¨§ `  â®¬®¢, à ¢­® ¯®«­®¬ã ç¨á«ã ¨åáâ¥¯¥­¥© á¢®¡®¤ë 3` §  ¢ëç¥â®¬ 5{6 ¯®áâã¯ â¥«ì­ëå ¨ ¢à é â¥«ì­ëåáâ¥¯¥­¥© á¢®¡®¤ë ¤¢¨¦¥­¨ï ¨å ª ª æ¥«®£®:f = ( 3`� 5; «¨­¥©­ ï æ¥¯®çª   â®¬®¢, ª ª 2-å  â®¬­ ï ¬®«¥ªã« ;3`� 6; ­¥«¨­¥©­ ï ª®­ä¨£ãà æ¨ï  â®¬®¢, 2-å, 3-å ¬¥à­ ï. (7.31)� ¯¥à¢®¬ á«ãç ¥ ¯®¤à §ã¬¥¢ ¥âáï, çâ® ¢à é â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ëâ®«ìª® ¤¢¥: ¢à é¥­¨¥ ¢®ªàã£ ®á¨, ¯à®å®¤ïé¥© ç¥à¥§ æ¥­âàë  â®¬®¢, ¤ ¥â¯à¥­¥¡à¥¦¨¬® ¬ «ë© ¢ª« ¤, â ª ª ª ¬ áá   â®¬  á®áà¥¤®â®ç¥­  ¢ ®¡« -áâ¨ 10�13 á¬, çâ® ¢ 105 à § ¬¥­ìè¥ å à ªâ¥à­ëå ¬®«¥ªã«ïà­ëå à §¬¥à®¢.�®¡áâ¢¥­­ë¥ §­ ç¥­¨ï í­¥à£¨¨ £ à¬®­¨ç¥áª®£® ®áæ¨««ïâ®à , ¯à¥¤-áâ ¢«ïîé¥£® ¢ª« ¤ ®¤­®© ­®à¬ «ì­®© ¬®¤ë ª®«¥¡ ­¨© á ç áâ®â®© !�,¤ îâáï ä®à¬ã«®© (8.66) "�� = �� + 12� �h!�, £¤¥ � = 0; 1; 2; : : :, ¨ ¥£® áâ â¨-áâ¨ç¥áª ï áã¬¬ , á å à ªâ¥à¨áâ¨ç¥áª®© â¥¬¯¥à âãà®© �-¬®¤ë ª®«¥¡ ­¨©k�� = �h!�, à ¢­ :Z�1 = 1X�=0exp (��"�� ) = 1X�=0 exp "���h!�  � + 12!#= e�y�=21 � e�y� = 12 sh(y�=2) :(7.32)�®«¥¡ â¥«ì­ ï áâ âáã¬¬  ¢á¥© ¬®«¥ªã«ë ¥áâì â®£¤  ¨å ¯à®¨§¢¥¤¥­¨¥:Zv1 (�) = fY�=1Z�1 = fY�=1 1X�=0e��"�� = fY�=1 "2 sh y�2 !#�1; y� = ��h!� = ��T = �k��;(7.33)¨ ¢ª« ¤ ¢ í­¥à£¨î ¢á¥å ª®«¥¡ â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë ¢ áã¬¬¥ ¤ ¥â:�"v�=�@ lnZv1@� = @@� fX�=1 ln 2 shy�2 != fX�=1�h!�2 cthy�2 � fX�=1�"v��; (7.34)£¤¥ ®â ®¤­®£® ®áæ¨««ïâ®à  ¢ áà¥¤­îî í­¥à£¨î ¨ ¢ â¥¯«®¥¬ª®áâì ¨¬¥¥¬:(y� = y); �"v�� = �h!�2 cth y2 = �h!�2 + �h!�ey � 1 ; c� = @�"v��@T = (7.35)= ky2@2 lnZ�1@y2 = k y2 ey(ey � 1)2 = k E(y)| {z }; E(y)| {z } = 24 y=2sh (y=2)352 : (7.36)



|80|�¤¥áì ¢ë¤¥«¥­ ¢ª« ¤ ­ã«¥¢ëå ª®«¥¡ ­¨© �h!�=2, ¨ E(y) { äã­ªæ¨ï �©­-èâ¥©­  ®â y = ��h!� = �k�� = ��=T . �à¨ ­¨§ª¨å â¥¬¯¥à âãà å, T � ��,¨§ (7.36) ¢­®¢ì ­ å®¤¨¬, çâ®, ¢ á®£« á¨¨ á § ª®­®¬ �¥à­áâ , ¯à¨ T ! 0c� ' k y2 e�jyj| {z } �!y!+1 0: (7.37)�à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å, à §« £ ï cth z ¯à¨ z = y=2! 0, ¨¬¥¥¬:cth z ' 1z + z3 ; �"v�� ' kT 241 + y21235 �!T!1 kT; (y ! 0); (7.38)c� ' k 241� y21235| {z } �!T!1 k = k2 + k2 ; â.¥. íâ  â¥¯«®¥¬ª®áâì (7.39)(áà. (7.30)) áâà¥¬¨âáï ª á¢®¥¬ã ª« áá¨ç¥áª®¬ã §­ ç¥­¨î k á­¨§ã. �®â¥®à¥¬¥ ® à ¢­®à á¯à¥¤¥«¥­¨¨, ®¤­®© ®áæ¨««ïâ®à­®© ¬®¤¥ ®â¢¥ç îâ ¤¢ ª¢ ¤à â¨ç­ëå á« £ ¥¬ëå ¢ � ¬¨«ìâ®­¨ ­¥ (ª ª ¨ ¤«ï à®â â®à ):"�(p; q) = p22m + m!2�q22 ; "r(p#; p') = 12I 0@p2# + p2'sin2 #1A : (7.40)�ªá¯¥à¨¬¥­â «ì­® �CCl4� = 1116K, �H2� = 6100K, â.¥. �(v)� � 103K, ¨ ¯à¨ª®¬­ â­ëå â¥¬¯¥à âãà å ª®«¥¡ â¥«ì­ë¥ áâ¥¯¥­¨ á¢®¡®¤ë, ¯® áãâ¨, § ¬®-à®¦¥­ë. �«ï ¢à é â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë �N2r =2; 86K, �H2r =85; 4K,â.¥. �r � 100K, ¨ â¥ ¦¥ ãá«®¢¨ï ®â¢¥ç îâ ã¦¥ ¨å ª« áá¨ç¥áª®© ®¡« -áâ¨, ¯à¨¢®¤ï ª â¥¯«®¥¬ª®áâ¨ £ §  ¤¢ãå â®¬­ëå ¬®«¥ªã« CV = 5R=2,cV = 5k=2, ­¥®¡êïá­¨¬®© ¢ à ¬ª å ª« áá¨ç¥áª®© áâ â¨áâ¨ª¨.([5] xx46-50, [6] xx47-51, [13], [36])� ¤ ç¨13.1. �áå®¤ï ¨§ ®¤­®ç áâ¨ç­®£® à á¯à¥¤¥«¥­¨ï � ªá¢¥««  ¯® í­¥à£¨¨(6.30), áâ â¨áâ¨ç¥áª®£® á¬ëá«  ¯®­ïâ¨ï à ¢­®¢¥á­®© â¥¬¯¥à âãàë ¨ á¢ï§¨¬�ªà®¯à®æ¥áá®¢ ¨®­¨§ æ¨¨ ¨ â¥à¬ «¨§ æ¨¨ ®¡êïá­¨âì ¬ «®áâì â¥¬¯¥à -âãàë ¨®­¨§ æ¨¨ T1 ' I0= lnG(I0) � I0 ¯® áà ¢­¥­¨î á í­¥à£¨¥© ¨®­¨§ -æ¨¨ J0 = kI0 (7.15) ¢§ ¨¬­ë¬¨ N(N � 1)=2 áâ®«ª­®¢¥­¨ï¬¨  â®¬®¢.13.2. �â®¬ë £¥«¨ï  ¤á®à¡¨àãîâáï ¯®¢¥àå­®áâìî ¬¥â «« . � ©â¨ áà¥¤-­¥¥ ç¨á«®  â®¬®¢ nM ,  ¤á®à¡¨à®¢ ­­ëå ¥¤¨­¨æ¥© ¯«®é ¤¨ ¯®¢¥àå­®áâ¨,¯à¨ à ¢­®¢¥á­®¬ ¤ ¢«¥­¨¨ P ¨ â¥¬¯¥à âãà¥ T , áç¨â ï ¤¢¨¦¥­¨¥ ¨å ¯®¯®¢¥àå­®áâ¨ ¨ ­ ¤ ­¥© á¢®¡®¤­ë¬, à ¡®âã ¢ëå®¤  ¨§ ¬¥â ««  à ¢­®© A,  ¯®«­®¥ ç¨á«® ç áâ¨æ ä¨ªá¨à®¢ ­­ë¬ ([25] N 8.8).13.3. �á«¥¤áâ¢¨¥ â¥à¬®í«¥ªâà®­­®© í¬¨áá¨¨ ¯à®â¨¢ à ¡®âë ¢ëå®¤  í«¥ª-âà®­  ¨§ ¬¥â ««  à ¢­®© A ¢ ¯®«®áâ¨ ¬¥â ««  ®¡à §®¢ «áï à ¢­®¢¥á­ë©í«¥ªâà®­­ë© £ § ¯à¨ â¥¬¯¥à âãà¥ T . �ç¨â ï ¥£® ¡®«ìæ¬ ­®¢áª¨¬ ¨¤¥-



|81| «ì­ë¬ £ §®¬, ­ ©â¨ ¥£® ¯«®â­®áâì ng:  ) ¯à¨­¨¬ ï í«¥ªâà®­­ë© £ § ¢â®«é¥ ¬¥â ««  â ª¨¬ ¦¥ £ §®¬ á ¤àã£¨¬ �; ¡) áç¨â ï ç¨á«® í«¥ªâà®­®¢¢ ¯®«®áâ¨ ­¥ ä¨ªá¨à®¢ ­ë¬ ¨ § ¤ ¢ ¥¬ë¬ «¨èì ãá«®¢¨¥¬ à ¢­®¢¥á¨ï.�®§¬®¦­® «¨, ¨ çâ® ®§­ ç ¥â à ¢¥­áâ¢® ®¡®¨å ¯®«ãç¥­­ëå ¢ëà ¦¥­¨©?13.4. � ©â¨ ¯¥à¢ë© ç«¥­ ¢à é â¥«ì­®© áâ âáã¬¬ë (7.26) ª ª ª¢ §¨ª« á-á¨ç¥áª¨© áâ â¨­â¥£à « ¤¢ãå â®¬­®© ¬®«¥ªã«ë á ª¨­¥â¨ç¥áª®© í­¥à£¨¥©¢à é¥­¨ï (7.40): "r = I( _#2+(sin#)2 _'2)=2; pq = @"r=@ _q; q = #; ' ([5], [6]):Zr1 � h�2 2�Z0 d' �Z0 d# 1Z�1 dp# 1Z�1 dp' exp [��"r(p#; p')] = T=�r = 1=x: (7.41)13.5. � ©â¨ CV ¨ à ¢­®¢¥á­ë¥ ®â­®è¥­¨ï ç¨á«  ¬®«¥ªã« ®àâ®- (S = 1) ¨¯ à - (S = 0) ¢®¤®à®¤  H2 ¯à¨ T � �r ¨ T � �r ([5]x47, [20]Vx4, [24]145).13.6. � ©â¨ á¢®¡®¤­ãî FN (T; `) ¨ ¢­ãâà¥­­îî UN (T; `) í­¥à£¨î, ¤ ¢«¥-­¨¥ P (T; z � `), â¥¯«®¥¬ª®áâì CN (T; `) áâ®«¡  ®¤­® â®¬­®£® ¨¤¥ «ì­®£®£ §  ¨§ N  â®¬®¢ ¬ ááë m, ¢ëá®âë `, ¢ ¯®«¥ âï¦¥áâ¨ g, ¯à¨ â¥¬¯¥à âãà¥T . � ©â¨ ¨å ¯à¥¤¥«ì­ë¥ á«ãç ¨: mg`� kT ¨ mg`� kT ([24] N 41, 42)?13.7. � ©â¨ á¢®¡®¤­ãî í­¥à£¨î FN (T;R), ¤ ¢«¥­¨¥ P (T; r) ¯à¨ r � R ¢®¢à é îé¥©áï á¨áâ¥¬¥, ¨ ¢­ãâà¥­­îî í­¥à£¨î fUN(T;R) ¨ â¥¯«®¥¬ª®áâìfCN(T;R) ¢ á¨áâ¥¬¥ ¯®ª®ï, ¤«ï ®¤­® â®¬­®£® ¨¤¥ «ì­®£® £ §  ¨§ N  â®¬®¢¬ ááëm, à ¢­®¬¥à­® ¢à é îé¥£®áï á ã£«®¢®© áª®à®áâìî ! ¢ æ¥­âà¨äã£¥à ¤¨ãá  R, ¢ëá®âë `, ¯à¨ â¥¬¯¥à âãà¥ T ([24] N 24, 25).13.8. � ©â¨ ãà ¢­¥­¨¥ á®áâ®ï­¨ï £ §  ¢ á®áã¤¥ ¯®¤ ¬ áá¨¢­ë¬ ¯®àè­¥¬¢ ¯®«¥ âï¦¥áâ¨, ­¥¤¥©áâ¢ãîé¥¬ ­  ¬®«¥ªã«ë £ § . � ª ª¨¬ â¥à¬®¤¨­ -¬¨ç¥áª¨¬ ¯®â¥­æ¨ «®¬ á¢ï§ ­  áâ âáã¬¬  íâ®© á¨áâ¥¬ë ([24] N 53, [5])?13.9. � ©â¨ ¤¨í«¥ªâà¨ç¥áªãî ¯à®­¨æ ¥¬®áâì �(T ) ¡®«ìæ¬ ­®¢áª®£® £ § ¯®«ïà­ëå ¬®«¥ªã« á á®¡áâ¢¥­­ë¬ í«¥ªâà¨ç¥áª¨¬ ¤¨¯®«ì­ë¬ ¬®¬¥­â®¬d0, ¯®¬¥é¥­­®£® ¢® ¢­¥è­¥¥ ®¤­®à®¤­®¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ E. �áá«¥¤®-¢ âì á«ãç ¨ á« ¡®£®, d0E=kT � 1, ¨ á¨«ì­®£®, d0E=kT � 1, í«¥ªâà¨ç¥-áª®£® ¯®«ï. �ëç¨á«¨âì ¤®¯®«­¨â¥«ì­ãî â¥¯«®¥¬ª®áâì, ¯à¨®¡à¥â ¥¬ãîíâ¨¬ £ §®¬ ¢ á« ¡®¬ í«¥ªâà¨ç¥áª®¬ ¯®«¥. � ª ¨§¬¥­ïâáï íâ¨ à¥§ã«ìâ âëá ãç¥â®¬ ¯®«ïà¨§ã¥¬®áâ¨ ¬®«¥ªã« £ § : d = d0 + �E ([24] N 49,50)?13.10. �â®ç­¨âì â¥¬¯¥à âãàã ¨®­¨§ æ¨¨ T1 � I0 ¤«ï G(T ) = fGT � ¢(7.18), ¯à¨ �0 = lnG(I0) � 1, ¯®« £ ï: � = lnG(T1) = I0=T1 ) �0(1 � �),®âªã¤ : � = �0 � � ln � 7�! �0� = � ln �0 + � ln(1� �), � =?.13.11.* �¡®á­®¢ âì £ ¬¨«ìâ®­¨ ­ë (7.20), (7.40), ¨áå®¤ï ¨§ ãà ¢­¥­¨ï�à¥¤¨­£¥à  ¤«ï ¤¢ãå â®¬­®© ¬®«¥ªã«ë ([46, 60]). � ©â¨ ¯à¨¡«¨¦¥­­®¥§­ ç¥­¨¥ ¬ ªá¨¬ã¬  ¥¥ ¢à é â¥«ì­®© áâ âáã¬¬ë (7.21) ([11]).



�¥ªæ¨ï 8�â â¨áâ¨ª  ª¢ ­â®¢ëå á¨áâ¥¬\� áâ â¨áâ¨ç¥áª®© â¥à¬®¤¨­ ¬¨ª¥ ¨¬¥¥âáï, ¢ áãé­®áâ¨,«¨èì ®¤­  ¯à®¡«¥¬ : à á¯à¥¤¥«¥­¨¥ § ¤ ­­®£® ª®«¨ç¥áâ¢ í­¥à£¨¨ E ¬¥¦¤ã N â®¦¤¥áâ¢¥­­ë¬¨ á¨áâ¥¬ ¬¨."�à¢¨­ �à¥¤¨­£¥à [43]20 10 \�¥®¤¨­ ª®¢ë¥ ¢¥áë, ­¥®¤¨­ ª®¢ ï ¬¥à , â® ¨ ¤àã£®¥ {¬¥à§®áâì ¯¥à¥¤ �®á¯®¤®¬." �à¨âç¨ �®«®¬®­  [41]�§-§  ®âáãâáâ¢¨ï â®ç­®© «®ª «¨§ã¥¬®áâ¨ ¢ ª¢ ­â®¢®© ¬¥å ­¨ª¥ â®¦¤¥-áâ¢¥­­®áâì ç áâ¨æ ¬®¦¥â ¯à¨¢®¤¨âì ª ¨å ­¥à §«¨ç¨¬®áâ¨. �®íâ®¬ã¡®«ìæ¬ ­®¢áª®¥ ¯à¨¡«¨¦¥­¨¥ ®ª §ë¢ ¥âáï ­¥¯à¨£®¤­ë¬ ¯à¨ ­¨§ª¨å â¥¬-¯¥à âãà å ¨/¨«¨ ¢ëá®ª¨å ¯«®â­®áâïå á®áâ ¢«ïîé¨å á¨áâ¥¬ã ç áâ¨æ, ª®-£¤  áãé¥áâ¢¥­­ãî à®«ì ­ ç¨­ ¥â ¨£à âì ¨å ª¢ ­â®¢ ï ¯à¨à®¤ . � ç áâ-­®áâ¨, ­ «¨ç¨¥ ã ­¨å æ¥«®£® ¨«¨ ¯®«ãæ¥«®£® á¯¨­  á¢ï§ ­® á® á¢®©áâ¢ ¬¨á¨¬¬¥âà¨¨ ¢®«­®¢®© äã­ªæ¨¨ ¢á¥© á¨áâ¥¬ë ®â­®á¨â¥«ì­® ¯¥à¥áâ ­®¢ª¨â®¦¤¥áâ¢¥­­ëå ç áâ¨æ, ¯à¨¢®¤ïé¨¬¨ ª ã¬¥­ìè¥­¨î ¯®«­®£® ç¨á«  ¥¥¤®¯ãáâ¨¬ëå á®áâ®ï­¨©. (�¥®à¥¬  � ã«¨ ® á¢ï§¨ á¯¨­  á® áâ â¨áâ¨ª®©)1 �¨¬¬¥âà¨¨ ¢®«­®¢ëå äã­ªæ¨©�à®á«¥¤¨¬ íâ® ­  ¯à®áâ®¬ ¯à¨¬¥à¥ ¤¢ãå ç áâ¨æ, ¬®£ãé¨å ­ å®¤¨âìáï ¢¤¢ãå à §«¨ç­ëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨ïå: fjfig = fj�i; j�ig á í­¥à£¨-ï¬¨ "f ¨ ¢®«­®¢ë¬¨ äã­ªæ¨ï¬¨, § ¢¨áïé¨¬¨ ®â ª®®à¤¨­ â ç áâ¨æ x1; x2:hxjjfi =  f (xj) �  f(j); ¯à¨: "f = f"�; "�g; ¨ ¤ «¥¥: xj () j: (8.1)�à¨ "� 6= "� , h�j�i = ��� ¤«ï á®áâ®ï­¨© á¨áâ¥¬ë à §«¨ç�̈¬ëå ç áâ¨æ á¯®«­®© í­¥à£¨¥© E = "� + "� ¢®§¬®¦­ë «¨èì ¤¢  ¢ à¨ ­â  ¨ «¨èì ¯à¨®¡®¨å § ­ïâëå, ¯® ®¤­®© ç áâ¨æ¥ ¢ ª ¦¤®¬, á®áâ®ï­¨ïå f = f�; �g. �.ª.82



|83|E 6= 2"� 6= 2"� ; â® 'Ef��g(1;2) = [¨«¨  �(1) �(2); ¨«¨  �(2) �(1)]; (8.2)¨«¨ ¤¢¥ «î¡ë¥ ¨å «¨­¥©­® ­¥§ ¢¨á¨¬ë¥ ª®¬¡¨­ æ¨¨. �® ¤«ï á¨áâ¥¬ë â®-¦¤¥áâ¢¥­­ëå, «¨è¥­­ëå ¨­¤¨¢¨¤ã «ì­®áâ¨, ­¥à §«¨ç¨¬ëå ç áâ¨æ ¢®§-¬®¦­® â®«ìª® ®¤­® á®áâ®ï­¨¥: á â ª®© «¨­¥©­®© ª®¬¡¨­ æ¨¥© á®áâ®ï­¨©(8.2) ¢ ª ç¥áâ¢¥ ­®à¬¨à®¢ ­­®© ¢®«­®¢®© äã­ªæ¨¨, ª®â®à ï «¨¡® á¨¬¬¥-âà¨ç­  '+E, «¨¡®  ­â¨á¨¬¬¥âà¨ç­  '�E ¯® ¯¥à¥áâ ­®¢ª¥ bSj íâ¨å ç áâ¨æ:'�Ef��g(1;2) = 1p2 [ �(1) �(2)�  �(2) �(1)] ; â.¥.: �2 7�! �22 ; (8.3)£¤¥ ®¡¥ íâ¨ \¤¢®©ª¨": 2 = 2! = 2!1!1! = C [1;1]2 ; ¨ ®ª §ë¢ îâáï (8.4)¢ â®ç­®áâ¨ ­ ©¤¥­­ë¬ à ­¥¥ áâ â¨áâ¨ç¥áª¨¬ ä ªâ®à®¬ (6.17).�ãáâì â¥¯¥àì ' = '(x1; : : : ;xN ) { ¢®«­®¢ ï äã­ªæ¨ï âà¥å¬¥à­®© á¨-áâ¥¬ë N ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ®¤¨­ ª®¢ëå ç áâ¨æ, £¤¥ xj { ¯à®áâà ­-áâ¢¥­­ë¥ ª®®à¤¨­ âë j-© ç áâ¨æë. � á¨«ã â®¦¤¥áâ¢¥­­®áâ¨ ç áâ¨æ £ -¬¨«ìâ®­¨ ­ cHN ¨¤¥ «ì­®© á¨áâ¥¬ë (6.12) ¨ ¥£® á¯¥ªâà E = Efmg (6.13):cHN = NXj=1 bh(j); cHN'E(x1; ::;xN ) = Efmg'E(x1; ::;xN ); ¯à¨ (8.5)bh(j) fj(j) = "fj fj(j); £¤¥ h f1(j)j f2(j)i = hf 1jf2i = �f1;f2; (8.6)¨ ãá«®¢¨¨ ¨å ®¤­®ç áâ¨ç­®© ¯®«­®âë: 1Xf=0 f (x) �f (y) = �3(x � y); (8.7)­¥ ¬®£ãâ § ¢¨á¥âì ®â ­ã¬¥à æ¨¨ ç áâ¨æ, â.¥. ®â â®£®, ª ªãî ¨§ ­¨å áç¨-â âì 1-©, 2-© ¨ â.¤. �®íâ®¬ã cHN ¤®«¦¥­ ¡ëâì á¨¬¬¥âà¨ç¥­ ¯® ®â­®è¥­¨îª «î¡ë¬ ¯¥à¥áâ ­®¢ª ¬ ç áâ¨æ, â.¥. ª®¬¬ãâ¨à®¢ âì á® ¢á¥¬¨ ®¯¥à â®-à ¬¨ ¯¥à¥áâ ­®¢®ª bS: [cHN ; bS] = 0. � ®âáãâáâ¢¨¥ ï¢«¥­¨ï á¯®­â ­­®£® ­ -àãè¥­¨ï á¨¬¬¥âà¨¨ ¢áïª ï á¨¬¬¥âà¨ï £ ¬¨«ìâ®­¨ ­  á¨áâ¥¬ë ¤®«¦­ ¢®á¯à®¨§¢®¤¨âìáï á¨¬¬¥âà¨¥© ¥£® á®¡áâ¢¥­­ëå á®áâ®ï­¨© 'E(x1; : : : ;xN ).�î¡ãî ¯¥à¥áâ ­®¢ªã bS ¬®¦­® ®áãé¥áâ¢¨âì ª ª ¯®á«¥¤®¢ â¥«ì­®áâìª®­¥ç­®£® ç¨á«  PS ¯ à­ëå âà ­á¯®§¨æ¨© cTij = cTji, - ¯¥à¥áâ ­®¢®ª ¬¥¦¤ãá®¡®© ª®®à¤¨­ â â®«ìª® i-®© ¨ j-®© ç áâ¨æë: bS = cT (PS)ab � � � cT (1)ij : �®áª®«ìªã¯à¨ N > 2 ­¥ ¢á¥ N(N � 1)=2 ®¯¥à â®à®¢ cTij ª®¬¬ãâ¨àãîâ1 ¬¥¦¤ã á®¡®©,[cTab; cTij] 6= 0, ¤«ï ­¨å ­¥ áãé¥áâ¢ã¥â ®¡é¥© ¯®«­®© á¨áâ¥¬ë ¨§ N ! ¢ë-à®¦¤¥­­ëå á®¡áâ¢¥­­ëå ¢¥ªâ®à®¢ £ ¬¨«ìâ®­¨ ­  cHN [33]. �¤­ ª® ¯à¨cTij' = �' ¨§ cT 2ij' = �2' = ' á«¥¤ã¥â, çâ® � = �1, â.¥. ¢á¥£¤  ¥áâì ®¤­ ¨§ ¤¢ãå,  ­ «®£¨ç­ëå (8.3), á®¡áâ¢¥­­ëå äã­ªæ¨©, ®¡é ï ¤«ï ¢á¥å cTij ,  1�à¨: bT12 1u 2� 34= 1� 2u 34, ¨¬¥¥¬: h bT13 bT12 � bT12 bT13i 1u 2� 34= 14 2u 3� � 1� 24 3u 6= 0:



|84|§­ ç¨â ¨ ¤«ï «î¡ëå bS: ¥á«¨ cTij'+ = '+, â® ¢®«­®¢ ï äã­ªæ¨ï ¯®«­®áâìîá¨¬¬¥âà¨ç­ , ¨ bS'+ = '+; ¥á«¨ ¦¥ cTij'� = �'�, â® ¢®«­®¢ ï äã­ªæ¨ï¯®«­®áâìî  ­â¨á¨¬¬¥âà¨ç­ , ¨ bS'� = (�1)PS'�. �.ª. [cHN ; bS] = 0, íâ¨á¢®©áâ¢  á¨¬¬¥âà¨¨ ­¥ ¬¥­ïîâáï á â¥ç¥­¨¥¬ ¢à¥¬¥­¨ ¨ PS - ¨­â¥£à «¤¢¨¦¥­¨ï. �ª § ­­ë¥ ¤¢¥ ¢®§¬®¦­®áâ¨ ¯à¨¢®¤ïâ ª ¤¢ã¬ â¨¯ ¬ áâ â¨-áâ¨ª¨: áâ â¨áâ¨ª  �®§¥ { �©­èâ¥©­  ®â¢¥ç ¥â á®áâ®ï­¨ï¬ á á¨¬¬¥âà¨ç-­ë¬¨ ¢®«­®¢ë¬¨ äã­ªæ¨ï¬¨ '+,   áâ â¨áâ¨ª  �¥à¬¨ { �¨à ª  ®â¢¥ç ¥âá®áâ®ï­¨ï¬ á  ­â¨á¨¬¬¥âà¨ç­ë¬¨ ¢®«­®¢ë¬¨ äã­ªæ¨ï¬¨ '�. � ¯¨è¥¬¢®«­®¢ãî äã­ªæ¨î (8.3) ¢ â ª®¬ ¤¨áªà¥â­®¬ fj ¯à¥¤áâ ¢«¥­¨¨:'�Ef��g(1;2) = dXffjg21�ff1;f2g2ffkg21�f�;�g��Ef��g(f1; f2) f1(x1) f2(x2); (8.8)£¤¥: ��Ef��g(f1; f2) = 1p2 [�f1��f2� � �f2��f1�] ; ¨ ¥áâì â®£¤  áã¬¬  ¯® (8.9)¯¥à¥áâ ­®¢ª ¬: ��Ef��g(f1; f2) = 1p2 ddXfbSfjg����hnfki(�1)PS(1�1)=2 bSfj �f1f1�f2f2:(8.10)� ¬¥â¨¬, çâ® ¨ ¢ (8.8), ¨ ¢ (8.11) ¯¥à¥áâ ­®¢ªã ª®®à¤¨­ â fxjgN1 ¢á¥-£¤  ¬®¦­® § ¬¥­¨âì ¯¥à¥áâ ­®¢ª®© ¨­¤¥ªá®¢ ffjgN1 á®áâ®ï­¨© j-å ç áâ¨æ,â®£¤  ª ª ¢ (8.10) áã¬¬  ¯® ¯à¥áâ ­®¢ª ¬ íâ¨å ¨­¤¥ªá®¢ á®áâ®ï­¨© j-åç áâ¨æ íª¢¨¢ «¥­â­  áã¬¬¥ ¯® ¯¥à¥áâ ­®¢ª ¬ ¨­¤¥ªá®¢ ffkg21 � f�; �g ¤®-áâã¯­ëå ¨¬ ®«­®ç áâ¨ï­ëå á®áâ®ï­¨©: fbSfjg21 7! fbSfkg21. �® â ª ¡ë¢ ¥â­¥ ¢á¥£¤ . �á«¨ ®¡¥ ç áâ¨æë ­ å®¤ïâáï ¢ ®¤­®¬ ¨ â®¬ ¦¥ ®¤­®ç áâ¨ç­®¬á®áâ®ï­¨¨, ­ ¯à¨¬¥à, f 1 = � ¯à¨ ¯®«­®© í­¥à£¨¨ á¨áâ¥¬ë E = 2"�, â®:'+Ef��g(1;2) =  �(x1) �(x2) = dXffjg212ffkg21�+Ef��g(f1; f2) f1(x1) f2(x2); (8.11)£¤¥ �+Ef��g(f1; f2) = �f1��f2� � �f1f1�f2f1 á¨¬¬¥âà¨ç­  ¡¥§ ¯¥à¥áâ ­®¢®ª: (8.12)�®£¤  ¯¥à¥áâ ­®¢ª  fbSfjg21 ¨­¤¥ªá®¢ fj ­¥ ¤ ¥â ­®¢®£® á®áâ®ï­¨ï,   ¯¥-à¥áâ ­®¢ª  fbSfkg21 ¤«ï ®¤­®£® ¨­¤¥ªá  fk ) f 1 ¢®¢á¥ ­¥¢®§¬®¦­ . �.¥.¨­â¥à¥áãîé¥¥ ­ á ç¨á«® à §«¨ç­ëå, ­¥íª¢¨¢ «¥­â­ëå, ­¥§ ¢®á¨¬ëå ¯¥-à¥áâ ­®¢®ª ¢ á«ãç ¥ (8.10) à ¢­® 2,   ¢ á«ãç ¥ (8.12) à ¢­® 1,   ¯®â®¬ã ¨­¨¦¥ ¢á¥£¤  á®¢¯ ¤ ¥â ¨¬¥­­® á ç¨á«®¬ ­¥íª¢¨¢ «¥­â­ëå ¯¥à¥áâ ­®-¢®ª ¨­¤¥ªá®¢ fbSfjgN1 { «¨èì ¬¥¦¤ã à §­ë¬¨ £àã¯¯ ¬¨ ¤®áâã¯­ëå ¨¬®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© á ¨­¤¥ªá ¬¨ ffkgs1. �.¥., ¯®â¥àï¢ ¢®§¬®¦­®áâìà §«¨ç âì, ­ã¬¥à®¢ âì ¨ ã¯®àï¤®ç¨¢ âì ç áâ¨æë ¯® ¨å ª®®à¤¨­ â ¬ xj,¬ë à¥ «¨§ã¥¬ ®áâ ¢èãîáï ¢®§¬®¦­®áâì { à §«¨ç âì, ­ã¬¥à®¢ âì ¨ ã¯®-àï¤®ç¨¢ âì «¨èì ª¢ ­â®¢ë¥ ç¨á«  f ¨ í­¥à£¨¨ "f ¤®áâã¯­ëå ¨¬ ®¤­®ç -áâ¨ç­ëå á®áâ®ï­¨© ¨á¯®«ì§ãï ¤«ï íâ®£® ¤ «¥¥



|85|2 �à¥¤áâ ¢«¥­¨¥ ç¨á¥« § ¯®«­¥­¨ï�¡®¡é¥­¨¥ ª®­áâàãªæ¨¨ (8.3) ­  á«ãç ©N ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ç áâ¨æ,çì¨ á®áâ®ï­¨ï fjfjigN1 § ­¨¬ îâ, ®ç¥¢¨¤­® ®¤­®¢à¥¬¥­­® ­¥ ¡®«¥¥ s � N¨­¤¨¢¨¤ã «ì­ëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© fjfkigs1, â.¥. ffjgN1 2 ffkgs1,ã¯®àï¤®ç¥­­ëå, ­ ¯à¬¥à, ¯® ¢®§à áâ ­¨î ¨å í­¥à£¨© "fk 2 (0; E) ª ª` � k, â.¥. f ` � fk ¯à¨ "f ` < "fk , á®áâ®¨â ¢  ­ «®£¨ç­®¬ ¯¥à¥å®¤¥ ®â ¢®«-­®¢®© äã­ªæ¨¨ '�Effkg(x1; ::;xN ) ¢¨¤  (8.3) ­¥¯à¥àë¢­®£® ª®®à¤¨­ â­®£®xj- ¯à¥¤áâ ¢«¥­¨ï ª ¤¨áªà¥â­®¬ã fj *) fk- ¯à¥¤áâ ¢«¥­¨î ¢ ¡ §¨á¥, ¯®-áâà®¥­­®¬ ¨§ ­¥§ ¢¨á¨¬ëå ¯à®¨§¢¥¤¥­¨© ®¤­®ç áâ¨ç­ëå ¢®«­®¢ëå äã­ª-æ¨© ¯®¤å®¤ïé¥© ¯®«­®© ®àâ®­®à¬¨à®¢ ­­®© á¨áâ¥¬ë ®¤­®ç áâ¨ç­ëå á®-áâ®ï­¨©  fk(xj) (8.6), (8.7) [37] (cP â®«ìª® ¯® ffjgN1 2 ffkgs1):'�Effkg(x1; ::;xN ) = dXffjgN1 2ffkgs1��Effkg(ffjgN1 ) f1(x1) � � � fN (xN ); â.¥.: (8.13)��Effkg(ffjgN1 ) = Z  �f1(x1) � � � �fN (xN )'�Effkg(x1 : : : xN )d3x1 � � �d3xN : (8.14)�¤¥áì fj = (pj ; �j)- (ª¢ §¨) ¤¨áªà¥â­ë© ¨­¤¥ªá ª¢ ­â®¢ëå ç¨á¥« fk ¢®«-­®¢®© äã­ªæ¨¨  fj(xj) ®¤­®ç áâ¨ç­®£® á®áâ®ï­¨ï jfki, § ­ïâ®£® j- ®© ç -áâ¨æ¥© ¯à¨ fj = fk, â.¥. ¯à¨ ­ «¨ç¨¨ �fj; fk ¢ ��Effkg(ffjgN1 )- ª ª ¢®«-­®¢®© äã­ªæ¨¨ ¢á¥© á¨áâ¥¬ë ¢ íâ®¬ ¤¨áªà¥â­®¬ fj- ¯à¥¤áâ ¢«¥­¨¨,  ª-ªã¬ã«¨àãîé¥© ¢ á¥¡¥ â ª¨¬ ®¡à §®¬ ¢á¥ ãáâ ­®¢«¥­­ë¥ ¢ëè¥ á¢®©áâ¢ á¨¬¬¥âà¨¨ ¯® ¨­¤¥ªá ¬ fj. �ã­ªæ¨ï �+Effkg(f::fi::fj ::gN1 ) á¨¬¬¥âà¨ç­ ¯® ¯¥à¥áâ ­®¢ª¥ ffi; fjg «î¡®© ¯ àë ¨­¤¥ªá®¢ ¤«ï á¨áâ¥¬ë ¡®§®­®¢,  ��Effkg([::fi::fj::]N1 ) ¯®«­®áâìî  ­â¨á¨¬¬¥âà¨ç­  ¯® ¯¥à¥áâ ­®¢ª¥ [fi; fj]«î¡®© ¯ àë ¨­¤¥ªá®¢ ¨ ¯®â®¬ã ®¡à é ¥âáï ¢ ­ã«ì ¯à¨ ¨å á®¢¯ ¤¥­¨¨, ¢á®®â¢¥âáâ¢¨¨ á ¯à¨­æ¨¯®¬ � ã«¨ ¤«ï á¨áâ¥¬ë ä¥à¬¨®­®¢: cTij��E = ���E.�®£« á­® (6.13), (6.14), ¨§¡ëâ®ç­ë© ­ ¡®à ffjgNj=1 ª¢ ­â®¢ëå ç¨á¥«fj( - mj) á®áâ®ï­¨© ®â¤¥«ì­ëå j-ëå ç áâ¨æ ­¥ § ¤ ¥â ç¨áâ®¥ ¬�ªà®á®-áâ®ï­¨¥ [m] ¢á¥© á¨áâ¥¬ë. �§-§  ¨§¢¥áâ­®© ¨§ (6.15) ®¤¨­ ª®¢®áâ¨ ­ -¡®à®¢ §­ ç¥­¨© ª¢ ­â®¢ëå ç¨á¥« ffjgN1 � ffkgs1, â.¥. f"fjgN1 � f"fkgs1, á1 � k � s � N , ¤®áâã¯­ëå ª ¦¤®© ¨§ N â®¦¤¥áâ¢¥­­ëå ç áâ¨æ ¨¤¥ «ì-­®© á¨áâ¥¬ë, ¥¥ ¢®«­®¢ ï äã­ªæ¨ï fj- ¯à¥¤áâ ¢«¥­¨ï��E (8.14) ¢¨¤  (8.9),(8.10), (8.12) ¬®¦¥â § ¢¨á¥âì ­  á ¬®¬ ¤¥«¥ â®«ìª® ®â, ¢®®¡é¥ £®¢®àï, ¡¥á-ª®­¥ç­®£® ­ ¡®à  ª¢ ­â®¢ëå ç¨á¥« ª ª ç¨á¥« § ¯®«­¥­¨ï [m] ) [nf ]1f=0{ § á¥«¥­­®áâ¥© ª ¦¤®£® ¨§ ®â¤¥«ì­ëå ­¥¢ëà®¦¤¥­­ëå ®¤­®ç áâ¨ç­ëåá®áâ®ï­¨© jfki ) jfi = jfi ¯®«­®© á¨áâ¥¬ë (8.7) á ®¤­®ç áâ¨ç­®© í­¥à-£¨¥© "f , ä¨ªá¨àã¥¬ëå «¨èì ¢ëè¥®¯¨á ­­ë¬¨ á¢®©áâ¢ ¬¨ ¥¥ á¨¬¬¥âà¨¨



|86|¨ ¬�ªà®ãá«®¢¨ï¬¨ (6.16) ­  ¯®«­®¥ ç¨á«® ç áâ¨æ N ¨, ¢®§¬®¦­®, ¥é¥ ­ ¯®«­ãî í­¥à£¨î E íâ®£® ¬�ªà®á®áâ®ï­¨ï, § ¤ ­­ë¬¨ â¥¯¥àì ¢ ¢¨¤¥:N = NXj=1 1 = sXk=1nfk )Xf nf � N [nf ]; (áà. (8.19) ­¨¦¥) (8.15)E = E[m] = NXj=1 "fj = sXk=1 "fknfk)Xf "fnf � E [nf ]; �*) [nf ]; ffkgs1� : (8.16)�¤¥áì ç¨á«  fnfkgsk=1 � 1) [nf ]1f=0 � 0 ¯®ª §ë¢ îâ, áª®«ª® à § ®â¤¥«ì-­®¥ ­¥¢ëà®¦¤¥­­®¥ ®¤­®ç áâ¨ç­®¥ á®áâ®ï­¨¥ ffkgsk=1)ffg1f=0 ¢áâà¥ç -¥áï ¢ ¤ ­­®¬ ä¨ªá¨à®¢ ­­®¬ ­ ¡®à¥ á®áâ®ïï­¨© ffjgNj=1 à §«¨ç­ëå j- ëåç áâ¨æ, ¯à¨ç¥¬ ¢ª« ¤ ­¥§ ­ïâëå á®áâ®ï­¨© á nf = 0 ¢ ¯®á«¥¤­¨å áã¬-¬ å ¯® ¯®«­®¬ã ­ ¡®àã ffg10 á®áâ®ï­¨© (8.7)  ¢â®¬ â¨ç¥áª¨ ¨áç¥§ ¥â.�ã­ªæ¨®­ « N [nf ] § ¢¥¤®¬® ¢§ ¨¬­® ­¥®¤­®§­ ç¥­. �®£¤  ª ª ¢§ ¨¬­ ï ®¤­®§­ ç­®áâìäã­ªæ¨®­ «  E[nf ], ª ª á®®â¢¥âáâ¢¨ï «î¡®£® E á [nf ] ¯à¥¤¯®« £ ¥â ¥é¥ ¢§ ¨¬­ãî ¨àà -æ¨®­ «ì­®áâì à §«¨ç­ëå §­ ç¥­¨© "f ¨ ­ «¨ç¨¥ áà¥¤¨ ­¨å áª®«ì ã£®¤­® ¬ «ëå ¢¥«¨ç¨­.�«ï ä¥à¬¨ - áâ â¨áâ¨ª¨, ¢ á¨«ã ¯à¨­æ¨¯  � ã«¨ s � N : ã  ­â¨á¨¬¬¥-âà¨ç­®© ��E ¢ (8.8){(8.14) ¢á¥ ffjgN1 *) ffkgN1 ¤®«¦­ë ¡ëâì à §«¨ç­ë¬¨.� ª®¥-«¨¡® á®áâ®ï­¨¥ f k ¢áâà¥ç ¥âáï ¢ íâ®¬ ­ ¡®à¥ â®«ìª® ®¤¨­ à § ¨¥£® § á¥«¥­­®áâì nfk = 1. �.¥. ¤«ï «î¡®£® f : nf = 0; 1. � ª¨¥ ç áâ¨æë¨¬¥îâ ¯®«ãæ¥«ë© á¯¨­ ­¥ç¥â­® ªà â­ë© �h=2 ¨ ­ §ë¢ îâáï ä¥à¬¨®­ ¬¨.�«ï ¡®§¥ - áâ â¨áâ¨ª¨ 1 � s � N , â.ª. ¤«ï á¨¬¬¥âà¨ç­®© ¢®«­®-¢®© äã­ªæ¨¨ �+E ¢ (8.8){(8.14) ¢ ­ ¡®à¥ ffjgN1 *) ffkgs1 ¬®¦¥â á®¢¯ -¤ âì «î¡®¥ ç¨á«® á®áâ®ï­¨© ffjgN1 7! fk, â.¥. fk ¬®¦¥â ¢áâà¥â¨âìáï¢ íâ®¬ ­ ¡®à¥ nfk = 1; 2; : : : ; N à §,   8 f § á¥«¥­­®áâì ¬®¦¥â ¡ëâì «î-¡®©: nf = 0; 1; 2; : : :. � ª¨¥ ç áâ¨æë ¨¬¥îâ æ¥«ë© á¯¨­ ªà â­ë© �h ¨­ §ë¢ îâáï ¡®§®­ ¬¨.�¥¯®áà¥¤áâ¢¥­­®¥ ®¡®¡é¥­¨¥ (8.10), (8.12) ¤«ï ¢®«­®¢®© äã­ªæ¨¨ ¤¨á-ªà¥â­®£® ¯à¥¤áâ ¢«¥­¨ï (8.14), á § ¤ ­­ë¬¨ N [nf ] = N ¨ E [nf ] = E, ¨ áç¥â­®áâìî PS ¯¥à¥áâ ­®¢®ª bSfj ¯à¨ ff `gN1 � ffkgs1, ¨¬¥¥â ¢¨¤:��Effkgs1(ffjgN1 ) = �N;N [nf ]qC[nf ] ddXfbSfjgN1 ����hnfki(�1)PS(1�1)=2 bSfj NỲ=1��f`; f`�; â.¥.: (8.17)��Effkgs1(ffjgN1 ) = �N;N [nf ]qC[nf ] ��Effkgs1[nf ]; çì¨ 6= 0 ª®¬¯®­¥­âë ¢ ¡ §¨á¥ (8.6) (8.18)��Effkgs1[nf ] � ��Effkgs1[n0; n1; ::nf 1; ::nf s; ::nf ; ::] ) [�1] ¤«ï § ¤ ­­ëå (8.19)­ ¡®à®¢ ffjgN1 ¨ ffkgs1,   ccP ¥áâì áã¬¬  «¨èì ­¥íª¢¨¢ «¥­â­ëå ¯¥à¥áâ ­®¢®ª fbSfjgN1



|87|áà¥¤¨ N á®áâ®ï­¨© à §«¨ç­ëå j- ëå ç áâ¨æ, à á¯à¥¤¥«ï¥¬ëå ¯® s à «¨ç­ë¬ £àã¯¯ ¬à §­ëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© ff kgs1 á [nfk ]s1 í«¥¬¥­â ¬¨ (á®áâ®ï­¨ï¬¨) ¢ ª ¦¤®©.� ¤ ­­ë© ­ ¡®à ffjgN1 á®áâ®ï­¨© ®â¤¥«ì­ëå j- ëå ç áâ¨æ ®¤­®§­ ç­®®¯à¥¤¥«ï¥â ­ ¡®à ¤®¯ãáâ¨¬ëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© ffkgs1 ¨ á¨áâ¥¬ã¨å ç¨á¥« § ¯®«­¥­¨ï [nfk ]s1. �¡à â­® ¦¥, ¯à¨ § ¤ ­­®© á¨áâ¥¬¥ [nfk ]s1, ¯®¤-ç¨­¥­­®© â¥¯¥àì â®«ìª® ãá«®¢¨î (8.15), á®®â¢¥âáâ¢ãîé¨© ­ ¡®à ffjgN1®¯à¥¤¥«¥­ «¨èì á â®ç­®áâìî ¤® ¨§¢¥áâ­®£® ã¦¥ ç¨á«  (6.17) (á k 7! f k),¨¬¥îé¥£® §¤¥áì, ®¤­ ª®, á®¢¥àè¥­­® ¨­®© á¬ëá«! �¥©áâ¢¨â¥«ì­®:�®áª®«ìªã ¨§ ­ ¡®à  ª ª ¬­®¦¥áâ¢  í«¥¬¥­â®¢ ffjgN1 á®áâ®ï­¨© N ®â-¤¥«ì­ëå j- ëå ç áâ¨æ nf1 í«¥¬¥­â®¢ (á®áâ®ï­¨©) à ¢­ë f1, nfk í«¥¬¥­â®¢(á®áâ®ï­¨©) à ¢­ë fk ¨ â.¤. á k = 1� s, â® «î¡®¥ à á¯à¥¤¥«¥­¨¥ íâ¨å Ná®áâ®ï­¨© (í«¥¬¥­â®¢) ffjgN1 ¯® s £àã¯¯ ¬ ffkgs1 á [nfk ]s1 í«¥¬¥­â ¬¨ (á®-áâ®ï­¨ï¬¨) ¢ ª ¦¤®© ¯à¨¢®¤¨â ª â®© ¦¥ á¨áâ¥¬¥ ç¨á¥« § ¯®«­¥­¨ï [nfk]s1.�.¥. íâ  á¨áâ¥¬  [nfk ]s1 ®¯à¥¤¥«ï¥â ­ ¡®à á®áâ®ï­¨© ffjgN1 á â®ç­®áâìî ¤®­¥§ ¢¨á¨¬ëå, ­¥íª¢¨¢ «¥­â­ëå ¯¥à¥áâ ­®¢®ª N í«¥¬¥­â®¢ (á®áâ®ï­¨©!)¯® s £àã¯¯ ¬ ¨§ [nfk ]s1 á®áâ®ï­¨© (í«¥¬¥­â®¢) ¢ ª ¦¤®©,   ¯®â®¬ã ç¨á«®¢á¥å ¢®§¬®¦­ëå ­ ¡®à®¢ ffjgN1 , ®â¢¥ç îé¨å ¤ ­­®© á¨áâ¥¬¥ § á¥«¥­­®-áâ¥© [nfk]sk=1) [nf ]1f=0 ¨ à ¢­® [37] ç¨á«ã íâ¨å ¯¥à¥áâ ­®¢®ª, ª ª ¨ ¢ (8.10),(8.12) ®¯à¥¤¥«ïîé¥¬ã â ª¦¥ ¨ ª®­áâ ­âã ­®à¬¨à®¢ª¨ ¢ (8.17), (8.18):C[nf ] = ddXfbSfjgN1 2ffkgs1����[nfk ]sk=11 =) ddXfbSfjgN1 2ffg10 ����[nf ]1f=01 = (8.20)= N !sQk=1 �nfk!�) N !1Qf=0 (nf !) � C [nf ]N ; â.ª. ã ­¥§ ­ïâëå á®áâ®ï­¨© 0! = 1; (8.21)£¤¥ ¨§ ¯®«­®£® ç¨á«  N ! ¯¥à¥áâ ­®¢®ª N í«¥¬¥­â®¢ ffjgN1 ­¥®¡å®¤¨¬®¨áª«îç¨âì ¢á¥ sYk=1 �nfk !� ¯¥à¥áâ ­®¢®ª ®¤¨­ ª®¢ëå í«¥¬¥­â®¢ ¢­ãâà¨ ª -¦¤®© ¨§ s £àã¯¯ ff kgs1,   ãç¥â ­¥§ ­ïâëå á®áâ®ï­¨© ã¦¥ ­¨ª ª ­¥ ¨§¬¥­¨âíâ®â à¥§ã«ìâ â. �.¥. ¢ ¡ §¨á¥ ffjgN1 ª¢ ­â®¢ëå ç¨á¥« á®áâ®ï­¨© ®â¤¥«ì-­ëå ç áâ¨æ ª ¦¤®¥ ¬�ªà®á®áâ®ï­¨¥ ¢á¥© á¨áâ¥¬ë (8.15), (8.16), § ¤ ­­®¥«¨èì ­ ¡®à®¬ ª¢ ­â®¢ëå ç¨á¥« § ¯®«­¥­¨ï [nfk]s1 ) [nf ]10 , ®ª §ë¢ ¥âáï¢ëà®¦¤¥­® á ªà â­®áâìî2 ¢ëà®¦¤¥­¨ï (8.21)= (6.17) ª ª áâ â¨áâ¨ç¥-áª¨¬ ¢¥á®¬ ¬�ªà®á®áâ®ï­¨ï (8.15), (8.16). �®â®¬ã ¢ (6.13), (6.14) ®­® ¨ ­¥§ ¤ ¥âáï ®¤­®§­ ç­® íâ¨¬ ­ ¡®à®¬ ª¢ ­â®¢ëå ç¨á¥« ffjgN1 ( - fmjgN1 ).2�¬. (3.31), (5.16) ¨ � ¬¥ç ­¨¥ II ¯®á«¥ (6.18).



|88|�«ï § ¤ ­­®£® ­ ¡®à  ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© ¨ ç¨á¥« ¨å § ¯®«­¥-­¨ï ffkgs1 *) [nfk]s1 ¢®«­®¢ ï äã­ªæ¨ï ��E (8.18) ¨¤¥ «ì­®© á¨áâ¥¬ë ­¥á¥â¨­ä®à¬ æ¨î â®«ìª® ® ¥¥ á¨¬¬¥âà¨¨,   ª®®à¤¨­ â­ ï äã­ªæ¨ï '�E (8.13),(8.17) ä¥à¬¨-á¨áâ¥¬ë ¢ ®¡®§­ ç¥­¨ïå (8.1) ¥áâì ¯à®áâ® ­®à¬¨à®¢ ­­ë©®¯à¥¤¥«¨â¥«ì (8.23), ¤«ï N = 2 à ¢­ë© (8.3) (á® §­ ª®¬ [�]):'�EffkgN1 (1; : : : ;N )����hnfki= 1pN ! dXffjgN1 2ffkgN1 �f1���fN f1(1) � � � fN (N) � (8.22)� 1pN ! det jj fk(j)jj � 1pN ! ddXfbSfjgN1 ����hnfki(�1)PS bSfj  f1(1) � � � fN (N ); (8.23)£¤¥: C[nf ])N !; ��EffkgN1 (ffjgN1 )= �N;N [nf ]pN ! ��E[nf ](ffjgN1 )) �f1���fNpN ! ; (8.24)  �f1���fN - ¥¤¨­¨ç­ë© ¯®«­®áâìî  ­â¨á¨¬¬¥âà¨ç­ë©â¥­§®à à ­£ N (8.75),(�1���N = 1 ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ (8.24)), ¨ bSfj- â®â ¦¥ ®¯¥à â®à ¯¥à¥áâ ­®¢ª¨á®áâ®ï­¨© ffjgNj=1 à §«¨ç­ëå j-ëå ç áâ¨æ ¬¥¦¤ã à §­ë¬¨ ¤®áâã¯­ë¬¨¨¬ ®¤­®ç áâ¨ç­ë¬¨ á®áâ®ï­¨ï¬¨ ffkgNk=1. �®ç­¥¥ (áà. (8.19)):��E[nf ](ffjgN1 ) = ddXfbSfjgN1 �����hnfki(�1)PS bSfj NỲ=1 ��f`; f`� � det ���������fj ; fk �������� = (8.25)= �f1���fN �f1���fN ; £¤¥ �f1���fN ) 1 ¤«ï ã¯®àï¤®ç¥­­®£® ­ ¡®à  ffkgNk=1: (8.26)�«ï ¡®§®­®¢: '+Effkgs1(1; : : : ;N)����hnfki= 1qC[nf ]perm jj fk(j)jj; £¤¥: ¯à¨ (8.27)s = N; C[nf ] = N !; s = N � 1; C[nf ] = N !=2; s = 1; C[nf ] = 1: (8.28)�.¥. ¤«ï § ¤ ­­®£® N ¨ E ª ª ­ ¡®à  ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© ¨ ç¨á¥« ¨å § ¯®«­¥­¨ïffkgs1 *) [nfk ] áã¬¬  (8.13) ¢á¥£¤  á¢¥¤¥âáï ª áã¬¬¥ ¯® ¯¥à¥áâ ­®¢ª ¬ ¢¨¤  (8.23), (8.27).� ãç¥â®¬ ®àâ®­®à¬¨à®¢ ­­®áâ¨ (8.6), ¢®«­®¢ ï äã­ªæ¨ï ��E[nf ] (8.18)­®à¬¨à®¢ ­  ã¦¥ ¢ ¯à¥¤áâ ¢«¥­¨¨ ç¨á¥« § ¯®«­¥­¨ï ¬­®¦¨â¥«¥¬ qC[nf ].�­ ®¡¥á¯¥ç¨¢ ¥â á®åà ­¥­¨¥ ­®à¬ë ¨ áª «ïà­®£® ¯à®¨§¢¥¤¥­¨ï ¯à¨ ¯¥-à¥áâà®©ª¥ ­¥§ ¢¨á¨¬ëå áã¬¬¨à®¢ ­¨© ¯® ¢á¥¬ á®áâ®ï­¨ï¬ à §«¨ç­ëåç áâ¨æ ¢ ¡ §¨á¥ fjfjigNj=1 ª áã¬¬¥ ¯® § ¢¨á¨¬ë¬ ¢ á¨«ã (8.15) â.¥. �N;N [nf ]§ á¥«¥­­®áâï¬ fnfg1f=0 à §­ëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© fjfig1f=0.� ª¨¥ áã¬¬ë ¢®§­¨ª îâ ¢ ®¡é¨å �ãàì¥ - ¯à¥¤áâ ¢«¥­¨ïå â¨¯  (8.13){ ã¦¥ ¤«ï ¯à®¨§¢®«ì­ëå N- ç áâ¨ç­ëå á®áâ®ï­¨© â¨¯  ¢®«­®¢ëå ¯ ª¥-â®¢, ­¥ á¢ï§ ­­ëå ¡®«¥¥ ãá«®¢¨¥¬ (8.16), â.¥. ­¥ ¨¬¥îé¨å ®¯à¥¤¥«¥­-­®© í­¥à£¨¨ E = E [nf ] ¨ áâ «® ¡ëâì ®¯à¥¤¥«¥­­®© á¨áâ¥¬ë ffkgs1 *) [nfk]:'(x1 : : :xN ) = XffjgN1 2ffkgs12ffg10�(f1 : : : fN) f1(x1) � � � fN (xN ): (8.29)



|89|�®áª®«ìªã ¢ª« ¤ ­¥§ ­ïâëå á®áâ®ï­¨© c nf = 0 ¢á¥ à ¢­® ¢áî¤ã  ¢â®-¬ â¨ç¥áª¨ ¨áç¥§ ¥â, ¢¢¥¤¥­¨¥ § á¥«¥­­®áâ¥© nf ¯®§¢®«ï¥â ¯à¥¤áâ ¢¨âì ¨íâ¨ ­ ¨¡®«¥¥ ®¡é¨¥ ª®­¥ç­®ªà â­ë¥ áã¬¬ë ¯® fj 2 ffg1f=0 - ¯® ¢á¥¬,¯à®¨§¢®«ì­ë¬, ®£à ­¨ç¥­­ë¬ «¨èì ãá«®¢¨¥¬ (8.15) à §«¨ç­ë¬ ­ -¡®à ¬ ffkgs1 ¨§ s � N à §«¨ç­ëå § ­ïâëå ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨©ffjgN1 2 ffkgs1 2 ffg1f=0, á ¯à®¨§¢®«ì­®© â¥¯¥àì í­¥à£¨¥© E (8.16), ¢ ¢¨¤¥¡¥áª®­¥ç­®ªà â­ëå áã¬¬ (8.32) ¯® fnfg ¨§ ¨å ¯®«­®£® ­ ¡®à  (8.7) áffg1f=0 3 ffjgN1 (¨ ¯à® s ¨ ffkgs1 â¥¯¥àì ¬®¦­® § ¡ëâì). �®£¤  ¤«ï áª «ïà­®£®¯à®¨§¢¥¤¥­¨ï á®áâ®ï­¨© (8.29), á ãç¥â®¬ ®¤­®ç áâ¨ç­®© ®àâ®£®­ «ì­®áâ¨(8.6) ¨ ­ «¨ç¨ï â®«ìª® �fj ; fk ¢ ¯à¥¤áâ ¢«¥­¨ïå (8.17) { (8.19) ¨¬¥¥¬:('1; '2) =) (�1;�2) � XffjgN1 2ffkgs12ffg10 ��1(f1 : : : fN ) �2(f1 : : : fN ) = (8.30)= XffjgN1 2ffg10 1qC[nf ] ��1[nf ] 1qC[nf ] �2[nf ] �N;N [nf ] =) (�1;�2) def== (8.31)=Xn0=0 Xn1=0� � �Xn1=0��1[nf ]�2[nf ]�N;N [nf ]� 1Yf=08<: Xnf=09=;��1[nf ]�2[nf ]�N;N [nf ]� (8.32)�Xfnfg��1[nf ] �2[nf ] �N;N [nf ] (= Xfnfg��1[nf ] �2[nf ] �N;N [nf ]C[nf ] ddXfbSfjgN1 ����[nf ]1; (8.33)£¤¥: XffjgN1 2ffg10()Xfnfg ddXfbSfjgN1 ����[nf ]; ¨ ddXfbSfjgN1 ����[nf ]1) C[nf ] = N !Qf (nf !) � C [nf ]N ; (8.34)�¥à¢®¥ á®®â­®è¥­¨¥ (8.34) ¯à¥¤áâ ¢«ï¥â ¯¥à¥áâà®©ªã ­¥§ ¢¨á¨¬ëå áã¬-¬¨à®¢ ­¨© ¯® á®áâ®ï­¨ï¬ ®â¤¥«ì­ëå j-ëå ç áâ¨æ ffjgN1 2ffg10 ¢ (8.30),(8.31) ¢ áã¬¬¨à®¢ ­¨¥ ¯® ­¥§ ¢¨á¨¬ë¬ ¯¥à¥áâ ­®¢ª ¬ fbSfjgN1 á®áâ®ï-­¨© ¯à¨ ä¨ªá¨à®¢ ­­ëå § á¥«¥­­®áâïå [nf ] á ¯®á«¥¤ãîé¨¬ áã¬¬¨à®¢ -­¨¥¬ ¯® ¢á¥¬ ¢®§¬®¦­ë¬ à §­ë¬ á¨áâ¥¬ ¬ ç¨á¥« § ¯®«­¥­¨ï fnfg. �®-áª®«ìªã ¯à®¨§¢¥¤¥­¨¥ äã­ªæ¨© ��1[nf ]�2[nf ] (8.17) { (8.19), (8.25) ¤«ïä¨ªá¨à®¢ ­­®© á¨áâ¥¬ë § á¥«¥­­®áâ¥© [nf ] ã¦¥ á¨¬¬¥âà¨ç­® ¯® «î¡ë¬¯¥à¥áâ ­®¢ª ¬3, ®­® ¢ë­®á¨âáï ¨§ ¯®¤ ¨å áã¬¬ë ¯à¨ íâ®¬ ¯¥à¥å®¤¥ ®â(8.31) ª (8.33). �ã¬¬¨à®¢ ­¨¥ 1-¨æ ¢ (8.34) ¯® à §«¨ç­ë¬ ¬�ªà®ª®­ä¨-£ãà æ¨ï¬ fbSfjgN1 , ®â«¨ç îé¨¬áï ¯¥à¥áâ ­®¢ª ¬¨ á®áâ®ï­¨© ¬¥¦¤ã ¨åà §«¨ç­ë¬¨ £àã¯¯ ¬¨ ffkgs1 7! ffg10 ¤ ¥â ¢ á®â¢¥âáâ¢¨¨ á (8.20), (8.21)âã ¦¥ á ¬ãî ª®­áâ ­âã ­®à¬¨à®¢ª¨ ª ª ¯®«­®¥ ç¨á«® â ª¨å ­¥§ ¢¨á¨¬ëå­¥íª¢¨¢ «¥­â­ëå ¯¥à¥áâ ­®¢®ª ¯à¨¢®¤ï ¢ ¨â®£¥ (8.33) ª (8.32).3�§ (8.17){(8.19) ®ç¥¢¨¤­®, çâ® ®­® ¢®¢á¥ ­¥ § ¢¨á¨â ¨ ®â á ¬¨å §­ ç¥­¨© ¯®«­®© í­à£¨¨ E.



|90|3 �®«ìè ï áâ âáã¬¬  ª¢ ­â®¢®© á¨áâ¥¬ë� ª á«¥¤ áâ â¨áâ¨ç¥áª®£® ®¯¥à â®à  (4.23), ª ­®­¨ç¥áª ï áâ âáã¬¬  ­¥§ ¢¨á¨â ®â ¢ë¡®à  ¯à¥¤áâ ¢«¥­¨ï. �®£¤ , ¢ ¯à¥¤áâ ¢«¥­¨¨ (8.29), á ãç¥-â®¬ (8.6), (8.15){(8.19), á«¥¤ãï (8.30){(8.34), ¬®¦­® ¢­®¢ì ¢®á¯à®¨§¢¥áâ¨(6.18) ª ª ¥¥ ®¯à¥¤¥«¥­¨¥ (6.14) ¤«ï ­ ¡®à  ª¢ ­â®¢ëå ç¨á¥« [m]) [nf ]:ZN = Tr �e�� bH� =X[m] exp ���E[m]� h[m]j[m]i| {z } = X' h'je�� bH j'i = (8.35)= Xff1���fNg2ffg10 h�(f1 : : : fN )j exp0@�� NXj=1 "fj1A j�(f1 : : : fN)i = (8.36)= XffjgN1 2ffg10 exp0@�� NXj=1 "fj1A �N;N [nf ]C[nf ] ��[nf ]�[nf ] = [(6.18), fj  - mj ] (8.37)= Xfnfg exp0@��Xf "fnf1A �N;N [nf ]C[nf ] ddXfbSfjgN1 ����[nf ]1 = Xfnfg �N;N [nf ]Yf e��"fnf � (8.38)� Xfnfg exp (��E [nf ]) 1|{z} �N;N [nf ] = ZN � (6.14)� (8.35) ¤«ï [m] � [nf ]; (8.39)£¤¥ (8.39) = (8.37) ) á®¢¯ ¤ ¥â á (6.18), â.ª. á®£« á­® (8.17) { (8.19),(8.25) ®â«¨ç­ë¥ ®â ­ã«ï ª¢ ¤à âë ª®¬¯®­¥­â ��[nf ]�[nf ] = j�[nf ]j2 � 1.�ëç¨á«¥­¨¥ á«¥¤  (8.35) ¯® ¢á¥¬ §­ ç¥­¨ï¬ E = E [nf ] (8.16), ¡« £®¤ àï¤¨ £®­ «ì­®áâ¨ £ ¬¨«ìâ®­¨ ­ , á¢®¤¨âáï ª áã¬¬¨à®¢ ­¨î ¢ (8.39) ¯®¢á¥¬ ¤®¯ãáâ¨¬ë¬ «¨èì ãá«®¢¨¥¬ (8.15) §­ ç¥­¨ï¬ ç¨á¥« § ¯®«­¥­¨ï ¢­ ¡®à å fnfg, ®¤¨­ ª®¢ë¬ ¤«ï ¢á¥å ®¤­®ç áâ¨ç­ëå á®áâ®ï­¨© jfi. �ã¬¬ (8.20) ¯® ¯¥à¥áâ ­®¢ª ¬ fbSfjgN1 á®áâ®ï­¨© ç áâ¨æ ¢ (8.38) ¢­®¢ì ¤ ¥â ª®­-áâ ­âã ­®à¬¨à®¢ª¨4 (8.21), (8.34), C[nf ] = C [nf ]N , ¨§ (8.18), (8.33).� ª ª ª ¯®«­®¥ ç¨á«® ç áâ¨æ N [nf ] = N ¢ ¬�ªà®á®áâ®ï­¨ïå (8.15)®áâ ¥âáï ä¨ªá¨à®¢ ­­ë¬, § á¥«¥­­®áâ¨ fnfg ¢ (8.39) ­¥ ï¢«ïîâáï ­¥§ -¢¨á¨¬ë¬¨ ¨­¤¥ªá ¬¨ áã¬¬¨à®¢ ­¨ï, ¨ â®ç­ ï ª ­®­¨ç¥áª ï áâ âáã¬¬ 4�¢®¤ïáì ª ª®¬¡¨­ â®à­®© § ¤ ç¥ (5.15){(5.16) ¨ � ¬¥ç ­¨î II ®¡ ®¯à¥¤¥«¥­¨¨ ªà â­®áâ¨¢ëà®¦¤¥­¨ï ª¢ ­â®¢®£® ¬�ªà®á®áâ®ï­¨ï (8.15), (8.16) ª ª áâ â¨áâ¨ç¥áª®£® ¢¥á  â¨¯  (3.31)¬�ªà®á®áâ®ï­¨ï (8.15), (8.16) { áãâì ç¨á«  (8.21) ¯à¥¤áâ ¢«ïîé¨å ¥£® ¬�ªà®á®áâ®ï­¨© ¢¬�ªà®ª ­®­¨ç¥áª®¬  ­á ¬¡«¥ á¨áâ¥¬ á § ¤ ­­®© (8.16)=(6.16) ¯®«­®© í­¥à£¨¥© ¨ ç¨á«®¬ N(8.15) ®¤¨­ ª®¢ëå ç áâ¨æ ¯à¨ ä¨ªá¨à®¢ ­­ëå § á¥«¥­­®áâïå [nf ] ¨å à §«¨ç­ëå ®¤­®ç áâ¨ç­ëåá®áâ®ï­¨© jfi. �á«¨ á ¬¨ á®áâ®ï­¨ï jfi ­¥¢ëà®¦¤¥­ë: g("f) = 1, "f 0 6= "f , ¨ 8 fnfg 6= fn0fg:Pf (nf � n0f )"f 6= 0, â® ¨ ¬�ªà®á®áâ®ï­¨ï ¢á¥© á¨áâ¥¬ë á í­¥à£¨¥© E[m] = E [nf ] ¢ (8.39)=(6.18)¡ã¤ãâ ­¥¢ëà®¦¤¥­ë: G(E [nf ]) 7! 1. �¥à¥å®¤ ®â ­ ¡®à  ç¨á¥« fnfg ¢ (8.38) ª á®áâ®ï­¨ï¬ fjà §«¨ç­ëå ç áâ¨æ ¢ (8.37),   § â¥¬ ¨ ª ª á®áâ®ï­¨ï¬ à §«¨ç¨¬ëå ç áâ¨æ [m] 7! ffjg ¢ (6.20)¢­®¢ì \®¦¨¢«ï¥â" ¢ (8.54)) (6.19) íâã áã¬¬ã ¯® ¯¥à¥áâ ­®¢ª ¬ á®áâ®ï­¨© (8.21), (8.34) [7](â.2) ª ª âã ¦¥ ªà â­®áâì ¢ëà®¦¤¥­¨ï: G(E [nf ]) 7! C[nf ] = C [nf ]N .



|91|(8.38), (8.39) ¯® íâ¨¬ ¬�ªà®á®áâ®ï­¨ï¬ ­¥ ä ªâ®à¨§ã¥âáï, çâ® ¨áª«îç ¥â¢®§¬®¦­®áâì ¥¥ â®ç­®£® ¢ëç¨á«¥­¨ï ¢ ®¡é¥¬ ¢¨¤¥. �âã âàã¤­®áâì ¬®¦­®«¥£ª® ®¡®©â¨ ¯¥à¥å®¤®¬ ª ¡®«ìè®¬ã ª ­®­¨ç¥áª®¬ã  ­á ¬¡«î.�®£« á­® (5.10), ¡®«ìèãî áâ â¨áâ¨ç¥áªãî áã¬¬ã â ª®© á¨áâ¥¬ë ¯à¨� = exp(��) ¬®¦­® § ¯¨á âì ª ª:Q = 1XN=0 �NZN = 1XN=0 Xfnfg exp 24��Xf ("f � �)nf35 �N;Pf nf : (8.40)�®áª®«ìªã ®£à ­¨ç¥­¨¥ ­  ç¨á«® ç áâ¨æ â¥¯¥àì á­ïâ®, ª ª Pf nf � N [nf ]¢ (8.40), ®­® ¬®¦¥â ¯à¨­¨¬ âì «î¡ë¥ §­ ç¥­¨ï, ¨ áã¬¬¨à®¢ ­¨ï ¯® à §-«¨ç­ë¬ nf , ¢ ®â«¨ç¨¥ ®â (8.39), ¢ë¯®«­ïîâáï á®¢¥àè¥­­® ­¥§ ¢¨á¨¬®.�®£¤  ¢áï ¡®«ìè ï áâ âáã¬¬  ¯à¨¬¥â ¢¨¤ ¯à®¨§¢¥¤¥­¨ï:Q =Xfnfgexp24��Xf ("f � �)nf35= Yf 8<: Xnf=0exp [��("f � �)nf ]9=;= Yf Qf ; (8.41)Qf = Xnf=0 exp [��("f � �)nf ] = Xnf=0 �e���nf exp [��Ef (nf)] ; (8.42)ª ¦¤ë© á®¬­®¦¨â¥«ì Qf ª®â®à®£® ¥áâì á ¬ ¯® á¥¡¥ ¡®«ìè ï áâ âáã¬¬ (5.6), ®â­®áïé ïáï5 ã¦¥ ª ®â¤¥«ì­®¬ã ­¥¢ëà®¦¤¥­­®¬ã ®¤­®ç áâ¨ç­®¬ãá®áâ®ï­¨î jfi, § á¥«¥­­®¬ã ¯¥à¥¬¥­­ë¬ ç¨á«®¬ nf ç áâ¨æ á í­¥à£¨ï¬¨"f , â.¥. á ¯®«­®© í­¥à£¨¥© Ef (nf ) = "fnf ¨ ¨¬¥îé¥¬ã â¥¯¥àì á¬ëá«®â¤¥«ì­®© â¥à¬®¤¨­ ¬¨ç¥áª®© ¯®¤á¨áâ¥¬ë, ­ å®¤ïé¥©áï ¢ â¥à¬¨ç¥áª®¬¨ ¢ å¨¬¨ç¥áª®¬ à ¢­®¢¥á¨¨ á ®áâ «ì­ë¬¨ ç áâ¨æ ¬¨ á¨áâ¥¬ë { ¢ ¤àã£¨å®¤­®ç áâ¨ç­ëå á®áâ®ï­¨ïå jf 0i á í­¥à£¨ï¬¨ "f 0 6= "f .�«ï �¥à¬¨-á¨áâ¥¬ë nf = 0; 1, ¨ ¡®«ìè ï ®¤­®ãà®¢­¥¢ ï áâ âáã¬¬  (8.42)¯® íâ¨¬ nf ç áâ¨æ ¬ ¢ ®¤­®ç áâ¨ç­®¬ á®áâ®ï­¨¨ jfi á í­¥à£¨¥© "f :QFf = 1Xnf=0 exp [��("f � �)nf ] = 1 + exp [��("f � �)] : (8.43)�«ï �®§¥-á¨áâ¥¬ë nf = 0; 1; 2; : : :, ¨ ¯®â®¬ã ®¤­®ãà®¢­¥¢ ï áâ âáã¬¬ :QBf = 1Xnf=0 exp [��("f � �)nf ] = 11 � exp [��("f � �)] : (8.44)�¨áªà¥â­ë© ¯ à ¬¥âà � = +1 ¤«ï �®§¥- ¨ � = �1 ¤«ï �¥à¬¨-á¨áâ¥¬ë¯®§¢®«ï¥â § ¯¨á âì ¡®«ìè¨¥ áâ âáã¬¬ë (8.41) { (8.44) ¥¤¨­ë¬ ®¡à §®¬:lnQ(�)f = ln�1� � exp [� � ("f � �) ]���; ¨ Q) Q� = Yf Q(�)f : (8.45)5�¬¥áâ® ®â¤¥«ì­®© ç áâ¨æë ¤«ï ¡®«ìæ¬ ­®¢áª®© ª ­®­¨ç¥áª®© áâ âáã¬¬ë (6.20).



|92|�®£« á­® (5.33), ¯®á«¥¤­ïï ¢¥«¨ç¨­  ®¯à¥¤¥«ï¥â ¡®«ìè®© â¥à¬®¤¨­ ¬¨-ç¥áª¨© ¯®â¥­æ¨ « J ¨ ¤ ¢«¥­¨¥ P ¢ ¨¤¥ «ì­®© ª¢ ­â®¢®© á¨áâ¥¬¥ ª ª:�J(T; V; �) = PV = kT lnQ� = kT Xf lnQ(�)f : (8.46)4 �â â¨áâ¨ª  �®§¥ - �©­èâ¥©­  ¨ �¥à¬¨ - �¨à ª �®à¬ã«ë (8.41), (8.42) «¥£ª® ¯à¥¢à â¨âì ¢ ¡®«ìè¨¥ ª ­®­¨ç¥áª¨¥ à á¯à¥-¤¥«¥­¨ï ¢¨¤  (5.5). �¥à®ïâ­®áâì ¬�ªà®á®áâ®ï­¨ï [m] ¨¤¥ «ì­®© ª¢ ­-â®¢®© ¬�ªà®á¨áâ¥¬ë á § ¤ ­­ë¬ ­ ¡®à®¬ ª¢ ­â®¢ëå ç¨á¥« [m] = [nf ]ä ªâ®à¨§ã¥âáï ¢ ¯à®¨§¢¥¤¥­¨¥ (5.13) ®¤­®ãà®¢­¥¢ëå ¢¥à®ïâ­®áâ¥©6:1 = XfnfgW[nf ] ; £¤¥: W [nf ] = 1Q exp"���E [nf ] � �N [nf ]�# = (8.47)= 1Q exp 24��Xf ("f � �)nf35 � Yf wnf ;  , â.ª. Q = Q� = Yf Q(�)f ; (8.48)â® Xnf=0wnf = 1; £¤¥ wnf = 1Q(�)f exp [��("f � �)nf ] (8.49)¥áâì ¢¥à®ïâ­®áâì â®£®, çâ® ®â¤¥«ì­®¥ ­¥¢ëà®¦¤¥­­®¥ á®áâ®ï­¨¥ jfi á ®¤-­®ç áâ¨ç­®© í­¥à£¨¥© "f ¯à¨ à ¢­®¢¥á­®© â¥¬¯¥à âãà¥ kT = 1=� § á¥-«¥­® nf ç áâ¨æ ¬¨, á ¯®«­®© í­¥à£¨¥© Ef (nf ) = "fnf . �®£¤  áà¥¤­ïï§ á¥«¥­­®áâì íâ®£® á®áâ®ï­¨ï ¯® (5.35):�n�("f )� � �n�f� = Xnf=0nfwnf � 0B@@ lnQ(�)f@(��) 1CA� : (8.50)�®¤áâ ¢«ïï ¢ (8.50) ¢ëà ¦¥­¨ï (8.43), (8.44) ¨«¨ (8.45), ­ ©¤¥¬ à á¯à¥-¤¥«¥­¨¥ �¥à¬¨ { �¨à ª  ¨ à á¯à¥¤¥«¥­¨¥ �®§¥ { �©­èâ¥©­  ¢ ¢¨¤¥:�n�f�= 1exp [�("f � �)]� � =8<:�n�=�1�{� ("f )��n�=+1�{� ("f )�9=;= 1exp [�("f � �)] � 1 ; (8.51)£¤¥ â®£¤  ¨§ (8.45): lnQ(�)f = ln�1 + ��n�f��� : (8.52)�® ¥áâì à §«¨ç¨¥ ¢ ª¢ ­â®¢ëå á¢®©áâ¢ å ç áâ¨æ, á®áâ ¢«ïîé¨å ¡®§¥-¨«¨ ä¥à¬¨-á¨áâ¥¬ã, ¯à¨¢®¤¨â «¨èì ª  ¤¤¨â¨¢­®© ¥¤¨­¨æ¥ á à §­ë¬¨§­ ª ¬¨ ¢ §­ ¬¥­ â¥«ïå ª¢ ­â®¢ëå à á¯à¥¤¥«¥­¨©: ª +1 { ¤«ï á¨áâ¥¬ëä¥à¬¨®­®¢ á ¯®«ãæ¥«ë¬ á¯¨­®¬; ¨ ª �1 { ¤«ï á¨áâ¥¬ë ¡®§®­®¢ á æ¥-«ë¬ á¯¨­®¬. � ãá«®¢¨ïå, ª®£¤  íâ®© ¥¤¨­¨æ¥© ¬®¦­® ¯à¥­¥¡à¥çì: ¯à¨6�¬¥áâ® ®¤­®ç áâ¨ç­ëå ¢¥à®ïâ­®áâ¥© (6.32) ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨.



|93|exp(���) � 1 ¤«ï "f > 0, ¯®«ãç¨¬ ­¥§ ¢¨áïé¥¥ ®â ª¢ ­â®¢®© ¯à¨à®¤ëç áâ¨æ à á¯à¥¤¥«¥­¨¥ � ªá¢¥««  { �®«ìæ¬ ­ , ä®à¬ «ì­® { á � = 0:�n�{��{�("f )� 7�!�=0 �n�=0�{�("f )� = exp [��("f � �)]� 1: (8.53)�§ (8.38) ï¢­® ¢¨¤­  ¯à¨à®¤  ­¥¯®á«¥¤®¢ â¥«ì­®áâ¨ íâ®£® { ¡®«ìæ¬ -­®¢áª®£® ¯à¨¡«¨¦¥­¨ï. �­® ¯à¥¤¯®« £ ¥â § ¬¥­ã ®â¢¥ç îé¥£® ¯¥à¥áâ -­®¢ª¥ ç áâ¨æ ä ªâ®à  C[nf ] 7�! N ! ¢ §­ ¬¥­ â¥«¥ (8.38) ¯à¨ á®åà ­¥­¨¨®â¢¥ç îé¥£® ¯¥à¥áâ ­®¢ª¥ á®áâ®ï­¨© ä ªâ®à  C[nf ] = C [nf ]N ¢ ç¨á«¨â¥«¥(8.38), £¤¥ 8f : nf 2 fn0 � n1g � N , ãç¨âë¢ îéãî â®¦¤¥áâ¢¥­­®áâìç áâ¨æ ¡¥§ ãç¥â  ¨å áâ â¨áâ¨ª¨, çâ® ¨ ¯à¨¢®¤¨â ¯® ä®à¬ã«¥ ¯®«¨­®¬ �ìîâ®­ 7 ª ª ­®­¨ç¥áª®© áâ âáã¬¬¥ (6.19), (6.20) (áà. á (5.39)):ZN =) 1N ! Xfnfg �N;Pf nf exp0@��Xf "fnf1AC [nf ]N � 1N ! 0@Xf e��"f1AN� (8.54)� Xfnfg �N;Pf nf Yf 8<:�e��"f �nfnf ! 9=;(= Xfnfg �N;Pf nf Yf nZnf (�; "f )o � ZN ; (8.55)£¤¥: Znf (�; "f ) = 8>>><>>>: e��"fnf ; â®¦¤¥áâ¢¥­­ë¥, ­¥à §«¨ç¨¬ë¥ (8.38);e��"fnfnf ! ; â®¦¤¥áâ¢¥­­ë¥, à §«¨ç¨¬ë¥ (8.54). (8.56)�.¥. ¨¤¥ «ì­ë© ª¢ ­â®¢ë© £ § N ç áâ¨æ ¯à¥¤áâ ¢«¥­ ¡®«ìè¨¬  ­á ¬¡«¥¬ (5.15) ¨ � -¬¥ç ­¨ï II ¨§ ®¤­®ç áâ¨ç­ëå f - á®áâ®ï­¨© á í­¥à£¨ï¬¨ "f ª ª  ­á ¬¡«¥¬ ­ å®¤ïé¨åáï¢ íâ¨å á®áâ®ï­¨ïå nf - ç áâ¨ç­ëå ¯®¤á¨áâ¥¬ á ¯®«­ë¬¨ í­¥à£¨ï¬¨ Ef (nf ) = "fnf . �à¨íâ®¬ ¢ª« ¤ ®¤­ãà®¢­¥¢ëå ª ­®­¨ç¥áª¨å áâ âáã¬¬ Znf (�; "f) (8.56) ¢ ¯®«­ãî ª ­®­¨ç¥-áªãî áâ âáã¬¬ã ¨¤¥ «ì­®£® £ §  ZN (8.38)) (8.55) ®â nf ­¥à §«¨ç¨¬ëå ç áâ¨æ á í­¥à-£¨ï¬¨ "f ¥áâì e��"fnf � (e��"f )nf ,   ¢ª« ¤ ®â nf à §«¨ç¨¬ëå ç áâ¨æ, ª®â®àë¥ ¬®¦­®¯à®­ã¬¥à®¢ âì ¨ ¯¥à¥áâ ¢«ïâì, ¥áâì e��"fnf =(nf !), £¤¥ íâ®â ¯®ï¢¨¢è¨©áï nf ! ¢ ZBnf (�; "f)¡¥§ ¨­ëå ªà â­®áâ¥© ¯® ä®à¬ã«¥ ¯®«¨­®¬  �ìîâ®­  £¥­¥à¨àã¥â  ­ «®£¨ç­ë© N ! ¢ ZN(8.55)) (8.54). �ª« ¤ë ­¥§ ­ïâëå á®áâ®ï­¨© á nf = 0 ¢ «î¡®¬ á«ãç ¥ ¢áî¤ã ¨áç¥§ îâ.� á¯à¥¤¥«¥­¨ï �-� (� = �1), �-� (� = 1), �-� (� = 0) (8.51), (8.53) ¯®§¢®-«ïîâ ¢ëç¨á«ïâì ­ ¡«î¤ ¥¬ë¥ ¢¥«¨ç¨­ë ¯«®â­®áâ¨ ç¨á«  ç áâ¨æ n� ¨¢­ãâà¥­­¥© í­¥à£¨¨ U� ¨¤¥ «ì­®© á¨áâ¥¬ë ª ª áà¥¤­¨¥ ®â (8.15), (8.16):V n� � �N� =Xf �n�("f )�; U� � �E� =Xf "f�n�("f )� : (8.57)7� ¡¨­®¬¥ ¯à¨ f = 1; 2 ¨¬¥¥¬: 1Pn1=0 1Pn2=0C [n1;n2]N �N;n1+n2 an11 an22 = (a1+a2)N , C [n1;n2]N = N !n1!n2! .�®£¤  ª ª ¯à¨ f = 0�1 ¯®«ãç ¥¬: �Xf af�N=XfnfgC [nf ]N �N;Pf nf Yf (af )nf , £¤¥ af = e��"f .



|94|5 � à¬®­¨ç¥áª¨© ®áæ¨««ïâ®à ¢ ¯à¥¤áâ ¢«¥­¨¨ç¨á¥« § ¯®«­¥­¨ï�à®¨««îáâà¨àã¥¬ ¯®­ïâ¨¥ ç¨á¥« § ¯®«­¥­¨ï (§ á¥«¥­­®áâ¥©) ­  ¯à¨¬¥à¥§ ¤ ç¨ ®¡ ®¤­®¬¥à­®¬ £ à¬®­¨ç¥áª®¬ ®áæ¨««ïâ®à¥. �¢ ­â®¢ë© £ ¬¨«ì-â®­¨ ­ cH1 ¤«ï ®áæ¨««ïâ®à  (7.40):cH1 = bp22m + m!22 bq2 = � �h22m d2dq2 + m!22 q2; (8.58)¢¢¥¤¥­¨¥¬ ¡¥§à §¬¥à­®© ª®®à¤¨­ âë � = (m!=�h)1=2 q ¯à¨¢®¤¨â áâ æ¨®-­ à­®¥ ãà ¢­¥­¨¥ �à¥¤¨­£¥à  ª ¤¨ää¥à¥­æ¨ «ì­®¬ã ãà ¢­¥­¨îcH1	 = �	; 7�! �h!2 0@� d2d�2 + �21A	 = �	; (8.59)ª®â®à®¥ ¬®¦­® â®¦¤¥áâ¢¥­­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥�h!2 " � dd� + �!  dd� + �!+  dd� � � � dd� !#	 = �	; ¨ ¢¢®¤ï «¥áâ­¨ç­ë¥®¯¥à â®àë aa+ 9=; = 1p2  � � dd� ! á ãç¥â®¬ ¨å ª®¬¬ãâ â®à®¢ha; a+i�aa+ � a+a =" dd� ; �#= dd� � � � dd� =1; [a; a]= ha+; a+i=0; (8.60)§ ¯¨á âì ¥£® ª ª cH1	 = �h!  a+a+ 12!	 � ��h! a+a+ �0�	 = �	; (8.61)â.¥. á £ ¬¨«ìâ®­¨ ­®¬ ¢ ­®à¬ «ì­®© ä®à¬¥ ç¥à¥§ ¯®­¨¦ îé¨© a ¨ á®-¯àï¦¥­­ë© ¥¬ã ¯®¢ëè îé¨© a+ ®¯¥à â®àë ¯à¨ ha+ai � 0 ¨ í­¥à£¨î®á­®¢­®£® â®£¤  á®áâ®ï­¨ï �0 = �h!=2 (§ ¢¨á¨¬®áâì ®â ¬ ááë m ¨áç¥§« ).�â®¡ë ­ ©â¨ á®¡áâ¢¥­­ë¥ ¢¥ªâ®àë ¨ á¯¥ªâà í­¥à£¨¨ �n, ®¯à¥¤¥«¨¬®á­®¢­®¥ á®áâ®ï­¨¥ (¢ ªãã¬) j0i, ¢ á®®â¢¥âáâ¢¨¨ á (8.61), ª ª á®áâ®ï­¨¥, ­­¨£¨«¨àã¥¬®¥ ¯®­¨¦ îé¨¬ ®¯¥à â®à®¬ a, çâ® ¤ ¥â ¯à®áâ®¥ ¤¨ää¥-à¥­æ¨ «ì­®¥ ãà ¢­¥­¨¥ ¤«ï ¢®«­®¢®© äã­ªæ¨¨ ¢ �- ¯à¥¤áâ ¢«¥­¨¨:a j0i = 0; â.¥.  dd� + �!	0(�) = 0; h� j0i = 	0(�) = p2�1=4 exp0@��22 1A: (8.62)� á¨«ã ª®¬¬ãâ æ¨®­­ëå á®®â­®è¥­¨© (8.60) «î¡®© ¢¥ªâ®à jni á®áâ®ï­¨ïá á®¡áâ¢¥­­ë¬ §­ ç¥­¨¥¬ �n ¯®«ãç ¥âáï ¯ãâ¥¬ ¯®á«¥¤®¢ â¥«ì­®£® ¯à¨¬¥-­¥­¨ï ª ¢ ªãã¬ã (8.62) ¯®¢ëè îé¥£® ®¯¥à â®à  \à®¦¤¥­¨ï" a+:jni = cn �a+�n j0i;



|95|£¤¥ cn ®¡¥á¯¥ç¨¢ îâ ¥¤¨­¨ç­ãî ­®à¬¨à®¢ªã «î¡®£® ¢¥ªâ®à  jni. �¥©-áâ¢¨â¥«ì­®, ¨§ (8.60) ï¢áâ¢ã¥â, çâ® ¯à¨ n = 0; 1; 2; 3; : : :ha ; �a+�ni = nXi=1 �a+�i�1 ha; a+i �a+�n�i =) n �a+�n�1 ; ®âªã¤ 1 = hnjni = jcnj2h0 j (a)n �a+�n j0i = jcnj2h0 j (a)n�1 a �a+�n j0i == jcnj2h0 j (a)n�1 ��a+�n a+ n �a+�n�1� j0i = n jcnj2jcn�1j2 hn � 1jn� 1i;â.¥. jcnj2 = 1njcn�1j2 = 1n(n� 1)jcn�2j2 = � � � = 1n!jc0j2 = 1n! :� ª¨¬ ®¡à §®¬, ¤¥©áâ¢¨¥ ®¯¥à â®à®¢ a+ ¨ a ®¯à¥¤¥«ï¥âáï ãà ¢­¥­¨ï¬¨jni = 1pn! �a+�n j0i = a+pnjn� 1i; â® ¥áâì (8.63)a+jn� 1i = pnjni ¨ ajni = pnjn� 1i; a j0i = 0; (8.64)�â.ª. hn � 1jajni = pnhnjni� ; ®âªã¤ : a+a jni = n jni ; (8.65)â® ¥áâì bn = a+a ¥áâì íà¬¨â®¢ ®¯¥à â®à á á®¡áâ¢¥­­ë¬¨ §­ ç¥­¨ï¬¨, à ¢-­ë¬¨ n, â.¥. ï¢«ï¥âáï ®¯¥à â®à®¬ ­®¬¥à  n á®áâ®ï­¨ï ®áæ¨««ïâ®à  ¨®¯à¥¤¥«ï¥â ¢á¥ á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï �n § ¤ ç¨ (8.59), (8.61) ª ª�h!  a+a+ 12! jni = �njni; £¤¥ �n = �h!  n+ 12! (8.66)¥áâì á¯¥ªâà í­¥à£¨© ®áæ¨««ïâ®à ,   n = 0; 1; 2; : : : { ¨­¤¥ªá á®®â¢¥âáâ¢ã-îé¥£® ãà®¢­ï í­¥à£¨¨, ¨ ¡ë« ¨á¯®«ì§®¢ ­ à ­¥¥ ¢ (7.32).�à¥¤áâ ¢«¥­¨¥ ç¨á¥« § ¯®«­¥­¨ï, ¨«¨ ¯à¥¤áâ ¢«¥­¨¥ ¢â®à¨ç­®£® ª¢ ­-â®¢ ­¨ï, ®á­®¢ ­® ­  á«¥¤ãîé¥© ¨­â¥à¯à¥â æ¨¨ ®¯¥à â®à®¢ (8.64), (8.65).�®áâ®ï­¨¥ j0f i ¥áâì ¢ ªãã¬ f- â®£® ®áæ¨««ïâ®à , ¤¥©áâ¢¨¥¬ ­  ª®â®àë©®¯¥à â®à®¬ a+f ¯®«ãç ¥âáï ®¤­®ç áâ¨ç­®¥ á®áâ®ï­¨¥ j1f i c ®¤­®ç áâ¨ç­®©¦¥ í­¥à£¨¥© "f = �h!f . �¯¥à â®à af ã­¨çâ®¦ ¥â íâ® á®áâ®ï­¨¥ j1f i:af j0f i = 0; a+f j0f i = j1f i ; af j1f i = j0f i ; hnf jmf 0i = �ff 0�nm: (8.67)�®áâ®ï­¨¥, § ¤ ¢ ¥¬®¥ ¢¥ªâ®à®¬ j: : : nf : : : nk : : :i, â®£¤  ¥áâì á®áâ®ï­¨¥ ánf = 0; 1; 2; : : : ç áâ¨æ ¬¨ á í­¥à£¨¥© "f = �h!f ª ¦¤ ï, nk = 0; 1; 2; : : : ç -áâ¨æ ¬¨ á í­¥à£¨¥© "k = �h!k ª ¦¤ ï ¨ â.¤., a ®¯¥à â®à bnf � a+f af â®£¤ ¥áâì ®¯¥à â®à ç¨á«  ç áâ¨æ ¢ á®áâ®ï­¨¨ f : bnf j: : : nf : : :i = nf j: : : nf : : :i,â.¥. ¥£® § á¥«¥­­®áâ¨. � ª¨¬ ®¡à §®¬, nf ç áâ¨æ ¬ ­  f- â®¬ ®¤­®ç áâ¨ç-­®¬ ãà®¢­¥ "f á®¯®áâ ¢«ï¥âáï nf - âë© ãà®¢¥­ì ª¢ ­â®¢®£® ®áæ¨««ïâ®à  áç áâ®â®© !f . �®®â¢¥âáâ¢ãîé¨¥ ®¯¥à â®àë a+f ¨ af ¯®¤ç¨­ïîâáï â¥¯¥àìª®¬¬ãâ æ¨®­­ë¬ á®®â­®è¥­¨ï¬ ¢¨¤  (8.60) ­ ¤ ®¡é¨¬ ¢ ªãã¬®¬ j0i:



|96|j0i = Yf j0f i ; �af ; a+f 0 � = �ff 0 ; haf ; af 0i = �a+f ; a+f 0� = 0 (8.68)¨ ¨­â¥à¯à¥â¨àãîâáï ª ª ¡®§¥-®¯¥à â®àë á®®â¢¥âáâ¢¥­­® à®¦¤¥­¨ï ¨ ã­¨-çâ®¦¥­¨ï ®¤­®© ç áâ¨æë ¢ á®áâ®ï­¨¨ á ª¢ ­â®¢ë¬¨ ç¨á« ¬¨ f; "f = �h!f .�«ï á¨áâ¥¬ë ä¥à¬¨®­®¢ â ª¦¥ ¬®¦­® ¢¢¥áâ¨ ®¯¥à â®àë à®¦¤¥­¨ï b+f¨ ã­¨çâ®¦¥­¨ï bf á  ­ «®£¨ç­®© (8.64), (8.67) ¨­â¥à¯à¥â æ¨¥© ¨ á¢®©-áâ¢ ¬¨, ®¡ãá«®¢«¥­­ë¬¨ â¥¯¥àì  ­â¨á¨¬¬¥âà¨ç­®áâìî ¢®«­®¢®© äã­ª-æ¨¨ (8.22), â® ¥áâì ¯à¨­æ¨¯®¬ � ã«¨. �¯®àï¤®ç¨¬ ¥¥ ç¨á«  § ¯®«­¥­¨ïfnfg = 0 � 1 ª ª nk � nf (nk ¯à¥¤è¥áâ¢ã¥â nf ) ¯à¨ k � f ¤«ï "k < "f .�®£¤  ®¡®¡é¥­¨¥ (8.64) ¨ (8.67) á ¨á¯®«ì§®¢ ­¨¥¬ ¢¬¥áâ® ª®¬¬ãâ â®à (8.60)  ­â¨ª®¬¬ãâ â®à  fa; bg = ab+ ba ¤ ¥â, çâ®: bf j0f i = 0,�bf ; b+f 0� = �ff 0 ; nbf ; bf 0o = �b+f ; b+f 0� = 0; â.¥. b2f = (b+f )2 = 0; (8.69)b+f j: : : nk : : : nf : : :i = q1 � nf (�1)Pk<f nk j: : : nk : : : nf + 1; : : :i ; (8.70)bf j: : : nk : : : nf : : :i = pnf (�1)Pk<f nk j: : : nk : : : nf � 1; : : :i : (8.71)�§ (8.70) ¢¨¤­®, çâ®, ¢ á®®â¢¥âáâ¢¨¨ á ¯à¨­æ¨¯®¬ � ã«¨, ¥á«¨ á®áâ®ï­¨¥§ ­ïâ® ä¥à¬¨®­®¬: nf = 1, â® b+f j: : : 1f : : :i = 0. �¯¥à â®àë ç¨á«  ç áâ¨æ¢ á®áâ®ï­¨¨ f â¥¯¥àì ¥áâì bn(+)f = a+f af ¨«¨ bn(�)f = b+f bf ,   ®¤­®ãà®¢­¥¢ë¥ä¥à¬¨- ¨ ¡®§¥- £ ¬¨«ìâ®­¨ ­ë á®®â¢¥âáâ¢¥­­® à ¢­ë:HFf = "f  b+f bf � 12!; HBf = "f  a+f af + 12!; H (�)f = "f  bn(�)f + �2!: (8.72)� ¬¨«ìâ®­¨ ­ á¨áâ¥¬ë N ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ç áâ¨æ (8.6) ¢ ¯à¥¤áâ -¢«¥­¨¨ ç¨á¥« § ¯®«­¥­¨ï, á®£« á­® (8.16), ¥áâì â®£¤  áã¬¬  â ª¨å ¨­-¤¨¢¨¤ã «ì­ëå, ®¤­®ãà®¢­¥¢ëå, ¬®­®ç áâ®â­ëå £ ¬¨«ìâ®­¨ ­®¢ (8.72) § ¢®§¬®¦­ë¬ ¢ëç¥â®¬ áã¬¬ë E0 í­¥à£¨© ¨å ®á­®¢­ëå á®áâ®ï­¨©:cH � E0 =Xf H (�)f � E(�)0 =Xf "f bn(�)f ; E(�)0 = �Xf "f2 � �Xf �h!f2 : (8.73)([5] x34,35,63,64, [6] xx40,53-55, [7], [33], [36], [43], [48], [49] )� ¤ ç¨14.1. �®ª § âì, çâ® ®¤­  ä¨ªá¨à®¢ ­­ ï ª®¬¯®­¥­â  ¢®«­®¢®© äã­ªæ¨¨(8.13), (8.18) ¨¤¥ «ì­®© á¨áâ¥¬ë N ¡®§®­®¢ �+E(f1 : : : fN ) = 1=qC[nf ] (á¬.(8.9), (8.17), (8.27) [perm { ¯¥à¬ ­¥­â], [14, 38, 35, 46, 48].)14.2. �á¯®«ì§ãï (8.63), ­ ©â¨ ¢®«­®¢ãî äã­ªæ¨î '+ ¨¤¥ «ì­®© á¨áâ¥¬ëN â®¦¤¥áâ¢¥­­ëå ¡®§®­®¢ ¢ ¯à¥¤áâ ¢«¥­¨¨ ¢â®à¨ç­®£® ª¢ ­â®¢ ­¨ï ¨



|97|¯à®¢¥à¨âì ¢ ­¥¬ ãá«®¢¨¥ ­®à¬¨à®¢ª¨ (8.30), (8.33) ([14, 38, 35, 46, 48].)14.3. � ©â¨ í­âà®¯¨î ¨¤¥ «ì­ëå ª¢ ­â®¢ëå £ §®¢, ª ª äã­ªæ¨î áà¥¤­¨åç¨á¥« § ¯®«­¥­¨ï ([5] x34,35,63, [6] x40,55, [10], [24] N 130). �§¬¥­¨âáï «¨¥¥ ¢ëà ¦¥­¨¥ ¤«ï ­¥à ¢­®¢¥á­®£® á«ãç ï (3.66) ¨ ¤«ï £ §  �-� (8.53)?S �hhn�f ii� = kXf h� �1 + � hhn�f ii� ln �1 + � hhn�f ii�� hhn�f ii ln hhn�f iii : (8.74)14.4. �®ª § âì, çâ® ¤«ï ¥¤¨­¨ç­®£® ¯®«­®áâìî  ­â¨á¨¬¬¥âà¨ç­®£® â¥­-§®à  N-£® à ­£  (8.25) �f1���fN 7�! �k1���kN , ¨¬¥îâ ¬¥áâ® â®¦¤¥áâ¢ :NXk1=1� � � NXkN=1 �k1���kN�k1���kN = N !; NXk2=1� � � NXkN=1 �k1k2���kN �j1k2���kN = (N � 1)!�k1j1;NXk3=1� � � NXkN=1 �k1k2k3���kN�j1j2k3���kN = (N � 2)! (�k1j1�k2j2 � �k1j2�k2j1) : (8.75)14.5. � ¯®¬®éìî (8.75) ­ ©â¨ ¢¨¤ ¤¨ £®­ «ì­ëå ¬ âà¨ç­ëå í«¥¬¥­â®¢®¤­®- ¨ ¤¢ãåç áâ¨ç­ëå ®¯¥à â®à®¢ ¯® N- ä¥à¬¨®­­ë¬ á®áâ®ï­¨ï¬ (8.22),£¤¥ áã¬¬  ¨¤¥â «¨èì ¯® § ­ïâë¬ ®¤­®ç áâ¨ç­ë¬ á®áâ®ï­¨ï¬ ([33, 46]):*'�EN ������ NXa=1 bh(a)������'�EN+ = NXk=1h�kjbhj�ki �X� n�h�jbhj�i; (8.76)*'�EN ������ NX1=a NX6=b=1dW(a;b)������'�EN+=X� X
 n�n
hh�; 
jdWj�; 
i�h�; 
jdWj
; �ii== NXk=1 NXr=1 hh�k; �rjdWj�k; �ri � h�k; �rjdWj�r; �kii ; £¤¥: (8.77)h�jbhj
i = Z d31 ��(1) bh(1) 
(1); (8.78)h�; 
jdWj�; �i = Z d31 Z d32 ��(1) �
(2)dW(1;2) �(1) �(2): (8.79)14.6. �®ª § âì, çâ® (áà. (10.9), (10.10), (10.45), (12.43), (13.11), (13.46), (14.45),(14.47), (14.89)) ¤«ï «î¡®£® æ¥«®£® j, «î¡®© £« ¤ª®© äã­ªæ¨¨ D(") ¨
(") = "Z0 d$D($); Y[j]
 (") = "Z0 d"j "jZ0 d"j�1 � � � "2Z0 d"1
("1) � Y[j+1]D (") :�JT� (�) = 1Z0 d"
(")�n�(")� =  @@�!j 1Z0 d"Y[j]
 (")�n�(")�; £¤¥ (8.80)Y[j]
 (") = "Z0 d$
($)(" �$)j�1(j � 1)! = "Z0 d$D($)("�$)jj! = Y[j+1]D ("):� d-¬¥à¨¨ (12.36){(12.44): 
("; Vd)�VdgsBdhd pd(") 7! A�� "�; £¤¥ (8.81)"(p) 7! ap`; � = d̀; ®âªã¤  D(") 7! D�(") = A�"��1; PV 7! U� :



�¥ªæ¨ï 9�«ãªâã æ¨¨ â¥à¬®¤¨­ ¬¨ç¥áª¨å¢¥«¨ç¨­�â ª, âà¨ à §«¨ç­ëå áâ â¨áâ¨ç¥áª¨å  ­á ¬¡«ï: ¬�ªà®ª ­®­¨ç¥áª¨©, ª -­®­¨ç¥áª¨© ¨ ¡®«ìè®© ª ­®­¨ç¥áª¨©, á®®â¢¥âáâ¢ãîâ à §­ë¬ ä¨ªá¨à®-¢ ­­ë¬ ¬�ªà®áª®¯¨ç¥áª¨¬ ãá«®¢¨ï¬, § ¤ ­­ë¬ à §«¨ç­ë¬¨ ­ ¡®à ¬¨¬�ªà®¯ à ¬¥âà®¢, ®¯à¥¤¥«ïîé¨å ¢ à ¢­®¢¥á¨¨ à §«¨ç­ë¥ â¥à¬®¤¨­ -¬¨ç¥áª¨¥ ¯®â¥­æ¨ «ë: S(E; V;N), F (T; V;N), J(T; V; �) á®®â¢¥âáâ¢¥­­®.�®ª ¦¥¬ â¥¯¥àì, çâ® ¢ ¤¥©áâ¢¨â¥«ì­®áâ¨ ¬®¦­® § ¡ëâì ®¡ íâ¨å ®£à ­¨-ç¥­¨ïå, ¯®áª®«ìªã à¥§ã«ìâ âë à áç¥â  â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­ ¯à¨¨á¯®«ì§®¢ ­¨¨ ª ¦¤®£® ¨§ âà¥å ¬¥â®¤®¢ ®ª §ë¢ îâáï ­¥à §«¨ç¨¬® ¡«¨§-ª¨¬¨, ¨ ¢ë¡¨à âì â®â ¨«¨ ¨­®©  ­á ¬¡«ì ¬®¦­®, àãª®¢®¤áâ¢ãïáì â®«ìª®ã¤®¡áâ¢®¬ ¯à ªâ¨ç¥áª¨å ¢ëç¨á«¥­¨©. �.¥. ¨¬¥¥â ¬¥áâ® ¯®«­ ï1 �ª¢¨¢ «¥­â­®áâì à ¢­®¢¥á­ëå  ­á ¬¡«¥©�à¨ç¨­  íª¢¨¢ «¥­â­®áâ¨  ­á ¬¡«¥© { ¢ ¬ «®áâ¨ ®âª«®­¥­¨© ¬�ªà®¢¥-«¨ç¨­ ®â ¨å áà¥¤­¨å §­ ç¥­¨©, â.¥. ¢ ¬ «®áâ¨ ä«ãªâã æ¨© ¢ à ¢­®¢¥á­®¬á®áâ®ï­¨¨. � ª, ¥á«¨ ¢ ¬�ªà®ª ­®­¨ç¥áª®¬  ­á ¬¡«¥ í­¥à£¨ï E = E á¨-áâ¥¬ë ä¨ªá¨à®¢ ­ , â® ¢ ª ­®­¨ç¥áª®¬  ­á ¬¡«¥ ®­  ¬®¦¥â ¡ëâì «î¡®©,å®âï ¬�ªà®áª®¯¨ç¥áª¨ á¨áâ¥¬  ¢ à ¢­®¢¥á¨¨ å à ªâ¥à¨§ã¥âáï áà¥¤­¨¬§­ ç¥­¨¥¬ �E� (4.33). �¤­ ª® ¤«ï ¤®áâ â®ç­® ¡®«ìè®© á¨áâ¥¬ë ¢¥-à®ïâ­®áâì ­ ©â¨ ¢  ­á ¬¡«¥ ¥¥ ª®¯¨î ¢ á®áâ®ï­¨¨ á í­¥à£¨¥© ¢¤ «¨ ®â�E� ¡ã¤¥â ­¨çâ®¦­® ¬ « . � ª çâ® ¯®¤ ¢«ïîé¥¥ ¡®«ìè¨­áâ¢® ¥¥ ª®-¯¨© ¢ ª ­®­¨ç¥áª®¬ (¨ ¡®«ìè®¬ ª ­®­¨ç¥áª®¬)  ­á ¬¡«¥ £àã¯¯¨àã¥âáï ¯®í­¥à£¨¨ ¢ ®ªà¥áâ­®áâ¨ íâ®£® áà¥¤­¥£® §­ ç¥­¨ï, á®¢¯ ¤ îé¥£® á ª®«®á-á «ì­®© â®ç­®áâìî á ­ ¨¡®«¥¥ ¢¥à®ïâ­ë¬ §­ ç¥­¨¥¬ �E� = E (4.44).�® ¦¥ á ¬®¥ ®â­®á¨âáï ¨ ª áà¥¤­¥¬ã ç¨á«ã ç áâ¨æ�N� = N ¢ à ¢­®¢¥á-­®© á¨áâ¥¬¥ ¢ ¡®«ìè®¬ ª ­®­¨ç¥áª®¬  ­á ¬¡«¥ ¯à¨ ãá«®¢¨¨, çâ® N � 1.98



|99|2 �«ãªâã æ¨¨ í­¥à£¨¨�¥©áâ¢¨â¥«ì­®, ¨á¯®«ì§ãï ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ (4.42), á ãç¥â®¬(4.40) ¤«ï í­¥à£¨¨ U(�; V;N) (4.39) (£¤¥: �kT 2@=@T = @=@�) ¨¬¥¥¬:ZN (�; V )=Xm e��Em ; U(�; V;N)=�E� �Xm wmEm= �  @ lnZN@� !V; (9.1)D2(E) � �(�E)2� � �(E ��E�)2� =�E2�� (�E�)2 = (9.2)= 1ZN 0@@2ZN@�2 1AV � 1Z2N  @ZN@� !2V � @2 lnZN@�2 = �  @�E�@� !V = kT 2CV : (9.3)�®à¬ã«ë (9.2), (9.3) ¢ëà ¦ îâ ä«ãªâª æ¨î í­¥à£¨¨ ª ª ¥¥  ¡á®«îâ­ãî¤¨á¯¥àá¨î D2(E) ç¥à¥§ ¨§¬¥àï¥¬ãî ¢¥«¨ç¨­ã â¥¯«®¥¬ª®áâ¨ CV ' kN .�â­®á¨â¥«ì­ ï ¤¨á¯¥àá¨ï ¯à¨ �E� ' CV T â®£¤  à ¢­ :�2(E) � qD2(E)�E� � vuut kCV � 1pN � 1; (9.4)â.¥. ¤«ï á¨áâ¥¬ á N � 1 ®â­®á¨â¥«ì­ ï ä«ãªâã æ¨ï ¬ « , ¯®áª®«ìªã ª ª�E� � N , â ª ¨ CV � N ,   �2(E) � 1=pN �! 0 ¯à¨ N !1 (áà. (4.45)).3 �«ãªâã æ¨¨ ¯®«­®£® ç¨á«  ç áâ¨æ�¥â®¤ ¡®«ìè®£® ª ­®­¨ç¥áª®£®  ­á ¬¡«ï (5.5), (5.6) ¯à¨¬¥­�̈¬ â ª¦¥ ªá¨áâ¥¬ ¬ á ä¨ªá¨à®¢ ­­ë¬ ç¨á«®¬ ç áâ¨æ N , ª®â®à®¥ ¤®«¦­® â®£¤  á®-¢¯ ¤ âì á�N�. � ©¤¥¬ ä«ãªâã æ¨¨ N ¢ ¡®«ìè®¬  ­á ¬¡«¥, ¨á¯®«ì§ãï§ ¤ ¢ ¥¬®¥ ¨¬ ¢ëà ¦¥­¨¥ ¤«ï ¢¥à®ïâ­®áâ¨ ­ ©â¨ ¢ á¨áâ¥¬¥ N ç áâ¨æ:Q = 1XN=0ZN exp (
N) ; ¨ 1 = 1XN=0 fw(N); fw(N) = ZNQ exp (
N) : (9.5)�.¥. (áà. (5.33){(5.35)),  ­ «®£¨ç­® (9.1), ¯à¨ 
 = ��, J = �PV ­ å®¤¨¬:�N�� 1XN=0Nfw(N) =) 1Q  @Q@
 !T;V =  @ lnQ@
 !T;V = (9.6)= 1�  @ lnQ@� !T;V = �  @J@�!T;V (= V  @P@� !T � V n(T; �): (9.7)�«ãªâã æ¨¥© N ¡ã¤¥¬ â ª¦¥ ­ §ë¢ âì ¤¨á¯¥àá¨î { áà¥¤­¥ª¢ ¤à â¨ç­®¥®âª«®­¥­¨¥ N ®â ¥£® áà¥¤­¥£® §­ ç¥­¨ï, â® ¥áâì, ª ª ¨ ¢ëè¥ ¢ (9.2)D2(N) � �(�N)2� =�(N ��N�)2� =�N2�� (�N�)2 ) (9.8)



|100|) 1Q 0@@2Q@
2 1AT;V�  1Q @Q@
 !2T;V= 0@@2 lnQ@
2 1AT;V= 1�2 0@@2 lnQ@�2 1AT;V=)=)  @�N�@
 !T;V = 1�  @�N�@� !T;V = kTV  @n@�!T (�(�N)2�; (9.9)¢ á¨«ã (9.7). �à¨ ¨­â¥­á¨¢­ëå ¯ à ¬¥âà  T; P; � ï¢«ïîâáï § ¢¨á¨¬ë¬¨,á®£« á­® ãà ¢­¥­¨î �¨¡¡á -�î£¥¬ : � = �(T; P ), ¨«¨ (5.34) P = P (T; �), , ¯® ãà ¢­¥­¨î á®áâ®ï­¨ï ¢ ¢¨¤¥ (5.35), n = n(T; �) = n(T; P ) á¢ï§ ­ë¬¥¦¤ã á®¡®© ¨ âà¨ ¨­â¥­á¨¢­ëå ¢¥«¨ç¨­ë T; P; n, ¯®íâ®¬ã: @n@�!T =  @n@P @P@� !T =  @P@� !T  @n@P !T � n  @n@P !T = n2KT ; (9.10)â ª ª ª, ¯à¨ n � NV : KT = � 1V  @V@P !T;N = 1n  @n@P !T ; (9.11)¥áâì ¨§®â¥à¬¨ç¥áª ï á¦¨¬ ¥¬®áâì. � ª çâ® (áà ¢­¨ á (9.36)):�(�N)2� = kT  @�N�@� !T;V= n2kTV KT � (�N�)2 kTKTV : (9.12)�®£¤   ­ «®£¨ç­ ï (9.4) ®â­®á¨â¥«ì­ ï ä«ãªâã æ¨ï â ª¦¥ áâà¥¬¨âáï ª­ã«î ¢ âà¤. ¯à¤., ª®£¤  N; V !1, ¨ kT=V )P=N (¯à¨ PV = NkT ):�2(N) � vuuut�(�N)2�(�N�)2 = vuutkTKTV � 0@@(kT=V )@P 1A1=2T;N � 1pN ! 0: (9.13)� «®áâì �2(N) ®§­ ç ¥â, çâ® ®¯à¥¤¥«ïîé¨© ¡®«ìèãî áâ âáã¬¬ã àï¤Q(�) = 1PN=0 �NZN á®¤¥à¦¨â (áà. (5.39)) ¬ ªá¨¬ «ì­ë© ç«¥­ á fw(N) � 1¨§ (9.5), ¤ îé¨© ®á­®¢­®© ¢ª« ¤, áãé¥áâ¢¥­­® ¯à¥¢ëè îé¨© ¢ª« ¤ë®áâ «ì­ëå N , ¢ë¤¥«ïï ¢ íâ®© áã¬¬¥ á« £ ¥¬®¥ á ­ ¨¡®«¥¥ ¢¥à®ïâ­ë¬(®­® ¦¥ áà¥¤­¥¥) §­ ç¥­¨¥¬ ç¨á«  ç áâ¨æ ¢ á¨áâ¥¬¥�N� = N � 1, ¤«ïª®â®à®£® F = J +N�. �á«®¢¨¥ íâ®£® ¬ ªá¨¬ã¬  § ¤ ¥â å¨¬¯®â¥­æ¨ « �:@fw(N)@N = 0; 7!;0@@ �e��NZN�@N 1AT;V;�= 0; � = �kT @ lnZN@N =  @F@N !T;V: (9.14)�ëç¨á«¨¬ ª®­âãà­ë© ¨­â¥£à « (5.11) ¯® � = exp(��), ®¯à¥¤¥«ïîé¨© ª -­®­¨ç¥áªãî áâ âáã¬¬ã ZN ç¥à¥§ ¡®«ìèãî áâ âáã¬¬ã Q(�) = exp(��J),¨á¯®«ì§ãï ¬¥â®¤ ¯¥à¥¢ «  ¢ ª®¬¯«¥ªá­®© ¯«®áª®áâ¨ � ¯à¨ N � 1:e��F = ZN = 12�i IC Q(�)�N+1 d� = �2�i IeC d� exp f�� [J(T; V; �) +N�]g : (9.15)



|101|�¥¤«®¢ ï â®çª  § ¤ ¥âáï ®¡à é¥­¨¥¬ ¢ ­ã«ì ¯¥à¢®© ¯à®¨§¢®¤­®© ®â äã­ª-æ¨¨ ¢ ¯®ª § â¥«¥ íªá¯®­¥­âë: @(J + N�)=@� = 0; ¨«¨ N = �@J=@�.�à ¢­¨¢ ¯®á«¥¤­¥¥ á ®¯à¥¤¥«¥­¨¥¬ �N� = �@J=@�; ¢¨¤¨¬, çâ® ¢ íâ®¬¯à¨¡«¨¦¥­¨¨ N )�N�,   ZN / exp(��F ), £¤¥ ¢­®¢ì F = J +N� ¥áâìá¢®¡®¤­ ï í­¥à£¨ï á¨áâ¥¬ë.�«ãªâã æ¨¨ N ­¥ ¢á¥£¤  ¡ë¢ îâ ¬ «ë¬¨. � ª, ¢¡«¨§¨ ªà¨â¨ç¥áª®©â®çª¨ ä §®¢®£® ¯¥à¥å®¤  ¢ ªà¨â¨ç¥áªãî ä §ã á¦¨¬ ¥¬®áâì £ §  ­¥®£à -­¨ç¥­­® ¢®§à áâ ¥â, á«¥¤®¢ â¥«ì­®, ­¥®£à ­¨ç¥­­® à áâãâ ¨ ä«ãªâã æ¨¨ç¨á«  ç áâ¨æ ¨ ®¡ê¥¬  (9.12), (9.36). �àã£®© ª®­âà¯à¨¬¥à ¤ îâ4 �«ãªâã æ¨¨ ä¥à¬¨- ¨ ¡®§¥- ç¨á¥« § ¯®«­¥­¨ï�®£« á­® (8.49), ¢¥à®ïâ­®áâì â®£®, çâ® ­  ãà®¢­¥ jfi á ®¤­®ç áâ¨ç­®©í­¥à£¨¥© "f ­ å®¤¨âáï nf ç áâ¨æ á ¯®«­®© í­¥à£¨¥© Ef (nf) = "fnf , à ¢­ :wnf = 1Qf exp [��(Ef (nf )� �nf )] = 1Qf exp [��("f � �)nf ] : (9.16)�â¨ ¢ëà ¦¥­¨ï ®§­ ç îâ, çâ® nf ç áâ¨æ ¢ ª ¦¤®¬ ­¥¢ëà®¦¤¥­­®¬ ®¤­®-ç áâ¨ç­®¬ á®áâ®ï­¨¨ jfi á í­¥à£¨¥© "f ®¡à §ãîâ ª¢ §¨­¥§ ¢¨á¨¬ãî ¯®¤-á¨áâ¥¬ã, ­ å®¤ïéãîáï ¢ â¥à¬¨ç¥áª®¬ ¨ å¨¬¨ç¥áª®¬ à ¢­®¢¥á¨¨ á ®áâ «ì-­ë¬¨ ç áâ¨æ ¬¨ á¨áâ¥¬ë, ª ª á â¥à¬®áâ â®¬, ¨ ¯®â®¬ã ¯®¤ç¨­ïîâáï¡®«ìè®¬ã ª ­®­®­¨ç¥áª®¬ã à á¯à¥¤¥«¥­¨î (5.5), (5.6). �«ãªâã æ¨¨ ç¨-á¥« § ¯®«­¥­¨ï nf , ª ª ¨ áà¥¤­¥¥ (8.50), ¬®¦­®,  ­ «®£¨ç­® (9.8), (9.9),¢ëà §¨âì ç¥à¥§ ¯à®¨§¢®¤­ë¥ lnQ(�)f ¯® 
 = ��. � ª ª ª, á®£« á­® (8.50):�n�f� � �n�("f )� = 0B@@ lnQ(�)f@
 1CA� = 1e�"f�
 � � ; â® ¨¬¥¥¬: (9.17)D(�)2 (nf) � �(�n�f)2� =�(nf)2�� ��n�f��2 = 0B@@2 lnQ(�)f@
2 1CA� ; (9.18)â.¥.: D(�)2 (nf ) = @�n�f�@
 =�n�f� �1 + ��n�f��; � = �1=8<:���� ; (9.19)£¤¥ @@
 1(e�"�
 � �) = e�"�
 � � + �(e�"�
 � �)2 : �«ï áâ â¨áâ¨ª¨ �-� � = 0:�®£¤  ®â­®á¨â¥«ì­ë¥ä«ãªâã æ¨¨ § á¥«¥­­®áâ¥©�n�f� á � = �1 à ¢­ë:��2(nf) = vuuuut D(�)2 (nf)��n�f��2 = vuuut 1�n�f� + � � pe�("f���(T )) 7�!"0=0 pe����(T ); (9.20)



|102|¨«¨: �F�2 (nf ) = vuuut 1�n�f� � 1; �B+2 (nf ) = vuuut 1�n+f� + 1; (9.21)¨ ¨å ¯®¢¥¤¥­¨¥ ¯à¨ áâà¥¬«¥­¨¨ T ! +0; � ! +1, ª ®á­®¢­ë¬ á®áâ®ï-­¨ï¬ f = 0, "0 = 0, ã ä¥à¬¨- ¨ ¡®§¥- á¨áâ¥¬ ¡ã¤¥â ¢ ¯à¨­æ¨¯¥ à §­ë¬.� ä¥à¬¨-á¨áâ¥¬¥: 0 ��n�f�� 1, D�2 (nf) =�n�f� �1��n�f�� � 1=4.�®£¤  ¤«ï á®áâ®ï­¨© á 0� "f <��F (0) ä«ãªâã æ¨¨ ¢®®¡é¥ ®âáãâáâ¢ãîâ:�F2 (nf )!0, ¨ ¢ (9.17){(9.21) �n�f�jT=0!1, çâ® ®§­ ç ¥â ¯®«­ãî ¤¥â¥à-¬¨­¨à®¢ ­­®áâì, â®£¤  ª ª ¤«ï "f >��F(0) ¨¬¥¥¬ �n�f�!0 ¨ �F2 (nf)!1.� ¡®§¥-á¨áâ¥¬¥: �+B(T ) � 0, â.ª. �n+0� > 0, ¨ ¯à¨ T ! 0 ä«ãªâã æ¨¨D+2 (nf ) =�n+f� �1+�n+f�� ¬®£ãâ ­¥®£à ­¨ç¥­­® ¢®§à áâ âì, â.ª. § -á¥«¥­­®áâì ®á­®¢­®£® á®áâ®ï­¨ï "0 = 0 áâ ­®¢¨âáï ¬�ªà®áª®¯¨ç¥áª®©:�n+0��N , â.¥. D+2 (n0)� (�N�)2 ¨ �B2 (n0)!1, çâ® ãª §ë¢ ¥â ­  ­ «¨-ç¨¥ ä §®¢®£® ¯¥à¥å®¤  { ª®­¤¥­á æ¨î ¡®§®­®¢ ¢ ®á­®¢­®¬ á®áâ®ï­¨¨. � ªª ª ¯à¨ íâ®¬ e���(T ) 7! 1, â® ­¥®¡å®¤¨¬®, çâ®¡ë ã¦¥: �+B(TB � T > 0) � 0.5 �¥à¬®¤¨­ ¬¨ç¥áª ï â¥®à¨ï ä«ãªâã æ¨©�¥à®ïâ­®áâ¨ ®â¤¥«ì­ëå ­¥¢ëà®¦¤¥­­ëå à ¢­®¢¥á­ëå ª¢ ­â®¢ëå ¬�ªà®-á®áâ®ï­¨© á¨áâ¥¬ë á í­¥à£¨¥© Em: wm = w(Em), (3.3), (4.42), (5.21) çã¤®-¢¨é­® ¬ «ë. � ¢¥à®ïâ­®áâ¨ dW eq(E) = gW eq(E)dE à ¢­®¢¥á­®£® ¬�ªà®-á®áâ®ï­¨ï (3.20), (3.25), (4.19), (4.43) ¯à¨ Em � E ¢ ¨­â¥à¢ «¥ (E;E+dE)íâ¨ ¬ «®áâ¨ ª®¬¯¥­á¨àãîâáï £à®¬ ¤­ë¬ ç¨á«®¬ ��(E) ¨«¨ 
(E; dE) =dE [��(E)=�E(E)] â ª¨å ¬�ªà®á®áâ®ï­¨© ¢ ¬�ªà®áª®¯¨ç¥áª¨ ¬ «®¬¨­â¥à¢ «¥ �E(E) (3.5), (3.42) ¨«¨ dE (3.16){(3.18), ¯à¥¤áâ ¢«ïîé¨åíâ® ¬�ªà®á®áâ®ï­¨¥. �âª«®­¥­¨¥ íâ®© ¢¥à®ïâ­®áâ¨ ®â á¢®¥£® ¬ ªá¨¬ «ì-­®£® ¯à¨ E = E à ¢­®¢¥á­®£® §­ ç¥­¨ï ¢ ­¥à ¢­®¢¥á­®¬ ¬�ªà®á®áâ®ï-­¨¨ á â®© ¦¥ ¯®«­®© í­¥à£¨¥© E(= E�), ¯à¨ gW eq(E) ' gW(E):dW eq(E) = w(E)��(E)�E(E)dE n:e:7�!E=E dW (E) / w(E)��(E)�E(E)��ne(E)��(E) dE; (9.22)®¡ãá«®¢«¥­® à¥§ª¨¬ ¨§¬¥­¥­¨¥¬ ¥£® áâ â¨áâ¨ç¥áª®£® ¢¥á 1 (3.11) 7!(3.12),(5.16) ��ne(E) = exp (Sne=k) á í­âà®¯¨¥© Sne ­¥à ¢­®¢¥á­®£® á®áâ®ï­¨ï:(3.27), (3.43) 7!(3.13), (5.23) «¨èì ª ª ä®à¬ «ì­®© äã­ªæ¨¥© ¯®«­®© í­¥à-£¨¨ E ¢ á¬ëá«¥ [6] x112 ¨ (�¨á. 9.1): SnejE = S(E) < S(E), £¤¥ E < E.[�  (�¨á. 9.1): SnejE ) Sne� = S�, E ) E�, E ) E� = E� ��Rmin, S(E) ) S�(E�).]�à¨ k = 1, �S(E) = S(E)� S(E) < 0, ®âª«®­¥­¨¥ (9.22) ¯à¨¬¥â ¢¨¤ [8]:1å à ªâ¥à¨§ãîé¥£® \áâ¥¯¥­ì à §¬ § ­­®áâ¨" (3.5) ¬�ªà®á®áâ®ï­¨ï ¯® ¬�ªà®á®áâ®ï­¨ï¬.



|103|dW (E) / gW eq(E)e�S(E)dE; ª®â®àë©, ª ª: dW (x) = Ae�S(x)dx; (9.23)¡ã¤¥â á¯à ¢¥¤«¨¢ ¨ ¤«ï «î¡®© â¥à¬®¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ë x, å à ª-â¥à¨§ãîé¥© á¨áâ¥¬ã ¢ à ¢­®¢¥á¨¨. �â¢«¥ª ïáì ®â ­¥¨§¢¥áâ­®© ­®à¬¨-à®¢ª¨ A = gW(x), á®£« á­® (3.28), (3.34), ¬®¦­® § ¬¥­¨âì ç�̈á«  á®áâ®-ï­¨© �� ¢ á«®ïå �E(E) ¨ �E(E) ­  ¨å ¯®«­ë¥ ç�̈á«  � (3.18), â ªçâ® e�S(E) = �ne(E)=�(E) ®ª®­ç â¥«ì­® ¢®§¢à é ¥â ­ á ª \à §¬ § ­-­®¬ã" ¬�ªà®ª ­®­¨ç¥áª®¬ã  ­á ¬¡«î (3.3), (3.41) á ¥£® ¯®«­ë¬ à ¢­®-¯à ¢¨¥¬ à ¢­®¢¥á­ëå ¨ \®âª«®­¥­­ëå ®â à ¢­®¢¥á¨ï" ¬�ªà®á®áâ®ï­¨©(3.12), (3.13) [8] ¨ ¢ á¨«ã (9.4) ¢­®¢ì ¤¥¬®­áâà¨àã¥â ¥£® íª¢¨¢ «¥­â­®áâì¢ à ¢­®¢¥á¨¨ «î¡®¬ã ¨§ à ¢­®¢¥á­ëå  ­á ¬¡«¥©. � ª ª ª ¢ á®áâ®ï­¨¨áâ â¨áâ¨ç¥áª®£® à ¢­®¢¥á¨ï ¯à¨ x = x ¨¬¥¥¬ gW(x) = maxfgW(x)g ¨,¯® ¢â®à®¬ã ­ ç «ã â¥à¬®¤¨­ ¬¨ª¨, í­âà®¯¨ï â ª®© § ¬ª­ãâ®© á¨áâ¥¬ë¬ ªá¨¬ «ì­ , â® ¢¡«¨§¨ íâ®£® ¬ ªá¨¬ã¬  ¯® ¯¥à¥¬¥­­®© �1 � x � 1á®£« á­® § ª®­ã ¢®§à áâ ­¨ï í­âà®¯¨¨ ¯à¨ x =�x� â.¥. �x� x� = 0:S(x) = S(x) + �S = S(x)� �2 (x� x)2; ¨, â.ª. Z dW (x) = 1; £¤¥ (9.24)dW (x) = A exp(�S)dx = A exp (��2 (x � x)2) dx � gW(x)dx; â®: (9.25)A = s �2� = gW(x)'gW eq(x); D2(x)��(�x)2� =�(x�x)2� = 1� (9.26)¥áâì â  ¦¥ ¤¨á¯¥àá¨ï à ¢­®¢¥á­ëå à á¯à¥¤¥«¥­¨© (9.2), (9.8), å à ªâ¥-à¨§ãîé ï à ¢­®¢¥á­®¥ á®áâ®ï­¨¥ ­¥§ ¢¨á¨¬® ®â á¯®á®¡  ¥¥ ¢ëç¨á«¥­¨ï2.� á«ãç ¥ ` ¯¥à¥¬¥­­ëå ¤«ï xi $ �xi, â.¥. xi = 0 ¯à¨ i = 1 � ` ¨¬¥¥¬:S(x) = S � 12 X̀i;k=1�ikxixk; gW(x)=Ae�S=A exp8<:�12 X̀i;k=1�ikxixk9=;; (9.27)b� = cOT be�cO; 1A = Z d`y exp 24� 12 X̀i=1 e�iiy2i 35 = Ỳi=1vuut2�e�ii =) (2�)`=2qdet[ b�] ; (9.28)£¤¥ á¨¬¬¥âà¨ç­ãî ¯®«®¦¨â¥«ì­® ®¯à¥¤¥«¥­­ãî P̀i;k=1�ikxixk ª¢ ¤à â¨ç-­ãî ä®à¬ã ¢ (9.27) ¢á¥£¤  ¬®¦­® ¯®¢®à®â®¬ yi = (cOx)i ¯à¨¢¥áâ¨ ª ¤¨ £®-­ «ì­®¬ã ¢¨¤ã (9.28), ¢ ª®â®à®¬ ¥¥ ¤¥â¥à¬¨­ ­â ã¦¥ ¥áâì ¯à®¨§¢¥¤¥­¨¥¥¥ á®¡áâ¢¥­­ëå §­ ç¥­¨© e�ii ¨ ­¥ § ¢¨á¨â ®â íâ®© § ¬¥­ë ¯¥à¥¬¥­­ëå,â.ª. det[cO] = 1,   ¨­â¥£à¨à®¢ ­¨¥ ¯® d`y ( d`x ®áâ ¥âáï à á¯à®áâà ­¥­®­  ¢á¥ ¯à®áâà ­áâ¢® (¨¬¥ï ¢ ¢¨¤ã ¨ ¡ëáâàãî áå®¤¨¬®áâì £ ãáá®¢ëå ¨­â¥£à «®¢).2�âà®£® íâ® ¤ ¥â ä«ãªâã æ¨®­­®-¤¨áá¨¯ â¨¢­ ï â¥®à¥¬  ä¨§¨ç¥áª®© ª¨­¥â¨ª¨ [1, 6]



|104|�¥¯¥àì ­¥âàã¤­® ­ ©â¨ ¯à®¨§¢®«ì­ãî áà¥¤­¥ª¢ ¤à â¨ç­ãî ª®àà¥«ï-æ¨î ¯¥à¥¬¥­­ëå�xixk�, ¯®« £ ï, çâ® ¯®-¯à¥¦­¥¬ã�xi� � xi = 0:�xixk� = Z xixkgW(x)d`x = �2A @@�ik Z d`x exp8<:�12 X̀n;j=1�njxnxj9=; == �2A @@�ik 1A = @ lnA2@�ik = 1det[ b�] @ det[ b�]@�ik = � b��1�ik =�xkxi�; (9.29)(áà. (9.26)). �¤¥áì � b��1�ik - í«¥¬¥­âë ¬ âà¨æë, ®¡à â­®© ª b�, ¢ëà ¦¥­-­ë¥ ç¥à¥§ ¥¥ ¤¥â¥à¬¨­ ­â det[ b�] ¨ âà ­á¯®­¨à®¢ ­­ãî ¬ âà¨æã  «£¥¡à -¨ç¥áª¨å ¤®¯®«­¥­¨© @ det[ b�]=@�ik. �«ï «î¡®© £« ¤ª®© äã­ªæ¨¨ '(x) ¯à¨�'(x) = '(x) � '(0) =) X̀i=1 xi @'@xi �����x=0 â®£¤  ¨¬¥¥¬: (9.30)�(�'(x))2� = ** X̀i;k=1xixk @'@xi @'@xk �����x=0++ = X̀i;k=1 � b��1�ik @'@xi @'@xk �����x=0:� ãç¥â®¬ á¨¬¬¥âà¨¨ �jk = �kj ¨ ¢ á¨«ã (9.27) ¤«ï ¢¥«¨ç¨­ Xk â¥à¬®¤¨-­ ¬¨ç¥áª¨ ¢§ ¨¬­ëå ª ¯¥à¥¬¥­­ë¬ xk ¢ â®¬ á¬ëá«¥, çâ®:dS = � X̀k=1 dxkXk; â.¥. Xk � � @S@xk =) X̀j=1�kjxj ; (9.31)­ ©¤¥¬: �Xkxi� = X̀j=1�kj�xjxi� = X̀j=1�kj � b��1�ji = �ik; (9.32)�XiXk� = X̀j=1�ij�xjXk� = X̀j=1�ij�jk = �ik: (9.33)�®£« á­® �©­èâ¥©­ã, ¢ (9.23) ¢¥à®ïâ­®áâì gW / exp(�S�) ®âª«®­¥­¨ï®â à ¢­®¢¥á¨ï § ¬ª­ãâ®©, â¥¯«®¨§®«¨à®¢ ­­®© á¨áâ¥¬ë ®¯à¥¤¥«ï¥âáï ¨§-¬¥­¥­¨¥¬ ¯à¨ ä«ãªâã æ¨¨ ¥¥ ¯®«­®© í­âà®¯¨¨: �S� = �S0+�S < 0, £¤¥á« £ ¥¬®¥ �S0 ®â¢¥ç ¥â à ¢­®¢¥á­®© ç áâ¨ á¨áâ¥¬ë ª ª áà¥¤ë { â¥à¬®-áâ â  á ¯ à ¬¥âà ¬¨ T0; P0; E0; V0,   �S, E; V ®â¢¥ç îâ ¯®£àã¦¥­­®© ¢íâã áà¥¤ã à áá¬ âà¨¢ ¥¬®© ¬ «®© ä«ãªâã¨àãîé¥© ¯®¤á¨áâ¥¬¥, ®â¤¥«¥­-­®© ®â ­¥¥ â®­ª¨¬¨ ¯®¤¢¨¦­ë¬¨ áâ¥­ª ¬¨. �§¬¥­¥­¨¥ í­âà®¯¨¨ à ¢-­®¢¥á­®© áà¥¤ë ®¯à¥¤¥«ï¥âáï ª®«¨ç¥áâ¢®¬ ¯¥à¥¤ ­­®£® ¯®¤á¨áâ¥¬¥ â¥-¯«  �Q = ��Q0 ¯à¨ ä«ãªâã æ¨ïå ¨å í­¥à£¨© �E = ��E0 ¨ ®¡ê¥¬®¢�V = ��V0 ¤«ï ¯®áâ®ï­­ëå E� = E0 + E ¨ V� = V0 + V . � ¤«ï ¤¢ãåà §«¨ç­ëå ¯ãâ¥© ¢¨àâã «ì­®£® ¯¥à¥å®¤  ¨§ à ¢­®¢¥á­®£® á®áâ®ï­¨ï T0,P0 ¯®«­®© á¨áâ¥¬ë ¢ ­¥à ¢­®¢¥á­®¥ á®áâ®ï­¨¥ \b" ­  (�¨á.9.1) ¨¬¥¥¬,



|105|â.ª. «®ª «ì­®: �S� = � dS�(E�)dE� �Rmin � � 1T0 �Rmin = �S0 +�S;¨ ã à ¢­®¢¥á­®© áà¥¤ë: �S0 = �Q0T0 = �E0 + P0�V0T0 = ��E � P0�VT0 ;â®: gW / exp(�S�) � exp "��RminT0 #) exp "��E � T0�S + P0�VT0 # ;£¤¥ �Rmin > 0 { ¬¨­¨¬ «ì­ ï ¯®«®¦¨â¥«ì­ ï à ¡®â 3, ­¥®¡å®¤¨¬ ï ¤«ï¯®«ãç¥­¨ï ®¡à â¨¬ë¬ ¯ãâ¥¬ (�¨á.9.1) â¥å ¦¥ ¨ ¤ ¦¥ ­¥ ¬ «ëå ä«ãªâã -æ¨©�E; �S; �V ¯ à ¬¥âà®¢ ¯®¤á¨áâ¥¬ë. � §« £ ï �E ¢ àï¤ ¤® ¢â®à®£®¯®àï¤ª  ¯® ¬ «ë¬ ®âª«®­¥­¨ï¬ ®â à ¢­®¢¥á¨ï ¥¥ ­¥§ ¢¨á¨¬ëå ¯¥à¥¬¥­-­ëå �S;�V , ­ ©¤¥¬:�E(S; V ) = dE + 12d2E � dE + 12d(dE) = (¯à¨ dS ) �S ¨ dV ) �V )=  @E@S !V �S +  @E@V !S �V + 12 "�S d  @E@S !V +�V d  @E@V !S# =)=) T0�S � P0�V + 12 [�S�T ��V�P ] ; £¤¥, ¢¡«¨§¨ à ¢­®¢¥á¨ï: @E@S !V = T0;  @E@V !S = �P0; d  @E@S !V =) �T; d  @E@V !S=) ��P;¨, ¢¥à­ã¢ ¯®áâ®ï­­ãî �®«ìæ¬ ­  k, ¯à¨¤¥¬ (¯à¨ T0 7! T ) ª ¡ §®¢®©ä®à¬ã«¥ ¤«ï ¢ëç¨á«¥­¨ï ä«ãªâã æ¨© â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­:gW / exp  �S�k ! = exp "� �RminkT #) exp "� �T�S ��P�V2kT # ; (9.34)á ¬ âà¨æ¥© ãáâ®©ç¨¢®áâ¨ ¢ ¯®ª § â¥«¥ íªá¯®­¥­âë. �­  à ¡®â ¥â ¯à®áâ®.� ¯à¨¬¥à, ¤«ï ¢ëç¨á«¥­¨ï ä«ãªâã æ¨© â¥¬¯¥à âãàë T ¨ ®¡ê¥¬  V¯®¤áâ ¢¨¬ ¢ ­¥¥ à §«®¦¥­¨ï ®áâ «ì­ëå ¢¥«¨ç¨­ ¯® ¨å ¯à¨à é¥­¨ï¬:�S =  @S@T !V �T +  @S@V !T �V = CVT �T +  @P@T !V �V;�P =  @P@T !V �T +  @P@V !T �V; ¨, ¯® ®¯à¥¤¥«¥­¨î, �T� � T:�®«ãç¨¬: gW / exp "� CV2kT 2 (�T )2 + 12kT  @P@V !T (�V )2# : (9.35)�à ¢­¥­¨¥ á (9.26), (9.29) á ãç¥â®¬ (9.4), (9.13) ­¥¬¥¤«¥­­® ¤ ¥â, çâ®:3¤®¯®«­¨â¥«ì­®£® ¢¨àâã «ì­®£® â¥¯«®¨§®«¨à®¢ ­­®£® ¢­¥è­¥£® ¨áâ®ç­¨ª  à ¡®âë.



|106|�(�T )2� = kT 2CV ; �(�V )2� = �kT  @V@P !T = kTV KT ; (9.36)��V�T� = 0; �2(T ) � s�(�T )2�T 2 = s kCV � �2(E) � 1pN ; (9.37)�2(V ) � s�(�V )2�V 2 = skTKTV �  @(kT=V )@P !1=2T � �2(N) 7�! 1pN (9.38){ ¤«ï ¨¤¥ «ì­®£® £ §  á ãà ¢­¥­¨ï¬¨ á®áâ®ï­¨ï: PV = NkT , CV � kN , S = CP �N�=T .�­ «®£¨ç­® ¤«ï ¢ëç¨á«¥­¨ï ä«ãªâ æ¨¨ í­âà®¯¨¨ S ¢ ¯ à¥ á ä«ãªâã æ¨¥© ¤ ¢«¥­¨ïP ¯®¤áâ ¢¨¬ ¢ (9.34) à §«®¦¥­¨¥ ¯® ­¨¬ ¢ à¨ æ¨© ®áâ «ì­ëå ¢¥«¨ç¨­:�T =  @T@S!P �S +  @T@P !S �P = TCP �S +  @V@S !P �P;  @T@P !S =  @V@S !P ;�V =  @V@S !P �S +  @V@P !S �P; ¨, â.ª.  @V@P !S = �V KS ;¯®«ãç¨¬: fW / exp "� (�S)22kCP � V KS2kT (�P )2# :�à ¢­¥­¨¥ á (9.26), (9.29) á ãç¥â®¬ (9.4), (9.13) â¥¯¥àì ¤ ¥â, çâ®:�(�S)2� = kCP ; �(�P )2� = �kT  @P@V !S = kTV KS ; ��S�P� = 0; (9.39)�2(S) � s�(�S)2�S2 = pkCPS ' s kCP 7�! 1pN ; (9.40)�2(P ) � s�(�P )2�P 2 = s kTPV 1PKS � vuut� kTPV  @ lnP@ lnV !S 7�! 1pN : (9.41)
�¨á. 9.1. �¨­¨¬ «ì­ ï à ¡®â  �Rmin > 0 ¯à¨ ®¡à â¨¬®¬ ãå®¤¥ ¢ á®áâ®ï­¨¥ b, £¤¥ ¯®«­ ïí­âà®¯¨ï ®áâ ¥âáï à ¢­®© Sne� � S� = S�(E� ��Rmin), ¨ ä«ãªâã æ¨ï ¯®«­®© í­âà®¯¨¨Sne� jE��S�(E�) = �S� < 0 ¯¥à¥¤ ­¥®¡à â¨¬ë¬ ¢®§¢à â®¬ ­  ªà¨¢ãî à ¢­®¢¥á¨ï S�(E�).



|107|([3] xX.10, [4] x20-22, [5] x71{73, [6] x6,7,8,20,110{112, [7] xI.4, [8] xI.3, [56])� ¤ ç¨15.1. �¡êïá­¨âì à¥§ã«ìâ âë (9.37), ¨á¯®«ì§ãï E(T ) � CV T , N(V ) = nV .15.2. �®ª § âì, çâ® (®â­®á¨â¥«ì­ë¥) ä«ãªâã æ¨¨ ¯«®â­®áâ¨ ¨§ (9.13) ¨â¥¬¯¥à âãàë (9.37) á¢ï§ ­ë á®®â­®è¥­¨ï¬¨ ([24] N 153-162).�(�n)2�n2 = kT KTV ; �(�T )2�T 2 = �(�n)2�n2 0@CP � CVCV �2PT 2 1A ; (9.42)�P = 1V  @V@T !P ; { ª®íää¨æ¨¥­â ®¡ê¥¬­®£® à áè¨à¥­¨ï:15.3. �á¯®«ì§ãï (9.30), ­ ©â¨ ä«ãªâã æ¨î ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®-áâ¨, ª ª äã­ªæ¨¨ â¥¬¯¥à âãàë T ¨ ¯«®â­®áâ¨ n: � = �(n; T ) ([57], x2.1).15.4. �®«ãç¨âì ®¡®¡é¥­¨¥ ¡ §®¢®© ä®à¬ã«ë (9.34) ¤«ï ä«ãªâã æ¨© N; �:gW = A exp "� �T�S ��P�V +�N��2kT # : (9.43)15.5. �«ï § ¬ª­ãâ®© á¨áâ¥¬ë N á¯¨­®¢ 1/2 ¨§ �à¨¬¥à  1, (3.31){(3.32),­ ©â¨ ¢¥à®ïâ­®áâì ®â¤¥«ì­®£® ­¥¢ëà®¦¤¥­­®£® ¬�ªà®á®áâ®ï­¨ïwm. � ©-â¨ áâ â¨áâ¨ç¥áª¨© ¢¥á 
N (m) ­¥à ¢­®¢¥á­®£®, ¢ ®âáãâáâ¢¨¥ ¢­¥è­¥£®¯®«ï, ¬�ªà®á®áâ®ï­¨ï á N+ á¯¨­ ¬¨ ¢¤®«ì ¨ N� á¯¨­ ¬¨ ¯à®â¨¢ ®á¨ z,á ¯®«­ë¬ ¬ £­¨â­ë¬ ¬®¬¥­â®¬ M = m�B . �®ª § âì çâ® ¢¥à®ïâ­®áâìâ ª®£® ­¥à ¢­®¢¥á­®£® ¬�ªà®á®áâ®ï­¨ï (ä«ãªâã ãæ¨¨) ¯à¨m� N áâà¥-¬¨âáï ª £ ãáá®¢ã à á¯à¥¤¥«¥­¨î (9.25) (áà. á � ¤. 20.5.) ([21] x6):gWN (m) = 
N (m)�N =  12!N N !N+!N�! 7�! vuut 12�N exp0@� m22N 1A ; (9.44)1 = NXm=�N gWN (m) � NXN+=0 gWN (2N+ �N) =  12 + 12!N; (�m = 2): (9.45)15.6. �á¯®«ì§ãï ¬¥â®¤ ¯¥à¥¢ «  ¯à¨ ®¡à é¥­¨¨ áâ â¨áâ¨ç¥áª®£® ¨­â¥-£à « , ¢ëïá­¨âì, ª ª ¯«®â­®áâì à ¢­®¢¥á­®£® à á¯à¥¤¥«¥­¨ï gW eq(x) â¥à-¬®¤¨­ ¬¨ç¥áª®© ¢¥«¨ç¨­ë x á®£« á®¢ ­  ¯à¨ N ! 1 á £ ãáá®¢ë¬ à á-¯à¥¤¥«¥­¨¥¬ ¥¥ ä«ãªâã æ¨© gW(x) ¢ á¬ëá«¥ (9.26) ([7] xI.4) (áà. (9.44)):gW eq(x) ' gW(x) = �2��(x � x)2���1=2 � �2��(�x)2���1=2 :15:7:8 ¬�ªà®¢¥«¨ç¨­ë E = NXj=1 "j ª ª áã¬¬ë ¬�ªà®¢¥«¨ç¨­ "j á® áà¥¤­¨¬¨ ¤«ïj 6= l : �"j"l�)�"j��"l�) (�"�)2 ; ¨ �"2j�)�"2�; (9.46)¨¬¥¥¬: �E� = N�"�; �(�E)2� = N�(�")2�; �2(E) = �2(")pN :
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|109|1 �¢ï§ì ¤ ¢«¥­¨ï á ¢­ãâà¥­­¥© í­¥à£¨¥© £ § �®£« á­® (8.57), (8.46) ¤«ï ¨¤¥ «ì­®£® ª¢ ­â®¢®£® £ § :�N��Xf �n�("f )�; �E��Xf "f �n�("f )�; P�V�kT Xf lnQ(�)f :(10.1)�ã¬¬ë ¯® ­¥¢ëà®¦¤¥­­ë¬ ¤¨áªà¥â­ë¬ ãà®¢­ï¬ f §¤¥áì ¬®¦­® § ¬¥­¨âìáã¬¬®© ¯® à §«¨ç­ë¬ "f á ªà â­®áâìî ¢ëà®¦¤¥­¨ï g("f ),   ¢ ª¢ §¨ª« á-á¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ { ¨­â¥£à « ¬¨ ¯® í­¥à£¨¨ "f ) " á ¯«®â­®áâìîá®áâ®ï­¨© ­  ¥¤¨­¨ç­®¬ ¨­â¥à¢ «¥ í­¥à£¨¨ (7.2), (7.4) ¯à¨ ffg 7! fp; �g:ddxddphd *)d"D("; V )= d
("; V ); 
("; V )= "Z0 d"0D("0; V ); 
(0; V )= 0; (10.2)Xf =X"f g("f )) 1Z0 d"D("; V ); "f = "p =)D3=2 p22m; D("; V )=)D3=2 A3=2 "1=2; (10.3)�N�V )f?gn�= 1V 1Z0 d"D("; V )�n�(")� =)D3=2 1V 1Z0 d"A3=2 "1=2exp [�(" � �)]� � ; (10.4)�E�)U�= 1Z0 d"D("; V ) "�n�(")� =)D3=2 1Z0 d"A3=2 "3=2exp [�(" � �)]� � : (10.5)�­ «®£¨ç­® ¤«ï ¤ ¢«¥­¨ï, ¨§ (8.45), (8.46) ¤«ï ¯«®â­®áâ¨ á¯¥ªâà  (10.3):P� V ) 1� 1Z0 d"D("; V ) lnQ(�)(") =)D3=2 1� 1Z0 d"A3=2 "1=2 lnQ(�)("); (10.6)Q(�)f = Q(�)(") = �1 � � exp [��(" � �)]���; A3=2 = gs2�V  2mh2 !3=2: (10.7)�­â¥£à¨à®¢ ­¨¥ (10.6) ¯® ç áâï¬ (10.2), (10.7) ¨ áà ¢­¥­¨¥ á (10.5) ¤ ¥â,â.ª. á ãç¥â®¬ (9.17): @ lnQ(�)(")@" � � @ lnQ(�)(")@� = ���n�(")�; (10.8)çâ®: P� V = 1Z0 d" 
("; V )�n�(")� =)D3=2 23 1Z0 d"A3=2 "3=2exp [�("� �)] � � ; (10.9)â.¥.: P�V = 23 U� ¨«¨ P� = 23U�V = 23�u(T )�: �¯à¨ "p � p(̀d): 23 7! d̀� (10.10)�â®à®¥ ãà ¢­¥­¨¥ ¢ (10.10) á¢ï§ë¢ ¥â ¤ ¢«¥­¨¥ á ¯«®â­®áâìî ¢­ãâà¥­­¥©í­¥à£¨¨ �u(T )� ¨¤¥ «ì­®£® £ § . �­® á¯à ¢¥¤«¨¢® ¤«ï ¨¤¥ «ì­ëå ­¥-à¥«ïâ¨¢¨áâáª¨å ä¥à¬¨-, ¡®§¥- ¨ ¬ ªá¢¥««®¢áª®£® £ §®¢ (6.27) 7! (10.27).



|110|2 � à ¬¥âà¨ç¥áª ï § ¯¨áì ãà ¢­¥­¨ï á®áâ®ï­¨ï�¢®¤ï ¡¥§à §¬¥à­ë¥ ¯¥à¥¬¥­­ãî x = �" ¨ ¯ à ¬¥âà z = e��, ¯à¥¤áâ ¢¨¬ãà ¢­¥­¨¥ P = P (T; n) ¯à¨ �(T ) = h=(2�mkT )1=2 ¢ ¯ à ¬¥âà¨ç¥áª®¬¢¨¤¥ ª ª ¯«®â­®áâì n�(T; �) (10.4) ¨ ¤ ¢«¥­¨¥ P�(T; �) (10.9):n�(T; �) = gsz�3(T ) 2p� 1Z0 dx x1=2exp(x)� �z = gs�3(T ) z�3=2(�z)(=f?g �N�V ;(10.11)P�(T; �) = gsz�3(T ) kT 43p� 1Z0 dx x3=2exp(x)� �z = gs�3(T ) kT z�5=2(�z): (10.12)� §¤¥«¨¢ (10.12) ­  (10.11), á ãç¥â®¬ (10.15) ­ ©¤¥¬ ¤àã£®© ¥£® ¢¨¤:P�(T; �) = n�(T; �)kT 8<:�5=2(�z)�3=2(�z)9=;� n� kT (z ddz ln �z �5=2(�z)�)�1; (10.13)£¤¥ á ãç¥â®¬ §­ ç¥­¨© �(s) -äã­ªæ¨¨ �©«¥à  ¨ �(s) -äã­ªæ¨¨ �¨¬ ­ ,äã­ªæ¨ï �s(y) ®¯à¥¤¥«¥­  ¤«ï s � 0, �1 < y < 1, ¨«¨ s > 1, y � 1,¨­â¥£à «ì­ë¬ ¯à¥¤áâ ¢«¥­¨¥¬ ¨ àï¤®¬ [¤ îé¨¬¨ ¢á¥ à ¢¥­áâ¢  ¨§ (10.14){(10.17)], £¤¥ ®­  ¯®«®¦¨â¥«ì­  ¨ ¬®­®â®­­® ¢®§à áâ ¥â: �0(y) = (1� y)�1,�s(y) = 1�(s) 1Z0 dx xs�1exp(x)� y = �s(�y) + y2s�1�s(y2) =)jyj�1 1Xj=0 yj(j + 1)s ; (10.14)ddy�y�s(y)�= �s�1(y); y�1(y)= ln 11 � y!; �s(y)> 0; �0s(y)> 0: (10.15)�.ª.: xs�1�(s) 7�!s!0 �(x); â®: 8 s � 0 : �s(1) = �(s); �s(0) = 1; (10.16)1> �s(�1) = �1� 21�s� �(s) � 12 = �0(�1) = ��(0); �s(�1) = 0: (10.17)�(s) = 1Z0 ts�1e�tdt; �(s+ 1) = s�(s); �  32! = p�2 ; �(1) = 1: (10.18)�(1) =1; �  32! � 2; 61; �(2) = �2/6 � 1; 645; �  52! � 1; 34; (10.19)�(3) � 1; 202; �(4) = �4/90 � 1; 082; �(5) � 1; 037; �(1) = 1:�s(y) ï¢«ï¥âáï  ­ «¨â¨ç¥áª®© äã­ªæ¨¥© y, à¥£ã«ïà­®© ¢ ¯«®áª®áâ¨ á à §-à¥§®¬ ¯à¨ y > 1, ¢¥é¥áâ¢¥­­®© ¯à¨ y � 1. �¥à¥áâ ­®¢ª  ¨­â¥£à «  ¨áã¬¬ë § ª®­­ , ¥á«¨ àï¤ ¯® y ¯®¤ ¨­â¥£à «®¬ áå®¤¨âáï à ¢­®¬¥à­®, â.¥.1ex � y = e�x 1Xj=0(ye�x)j ; y = �z; ¯à¨ ãá«®¢¨¨: ze�x = e�(��") < 1; (10.20)



|111|¨«¨ � < ", ¯à¨ � = 1=kT , çâ® ¤«ï ¯à®¨§¢®«ì­ëå " � 0 ®§­ ç ¥â: � < 0,â.¥. z = e�� < 1. �«ãç © � = 0 ¯®âà¥¡ã¥â ®â¤¥«ì­®£® ¨§ãç¥­¨ï.3 �®«ìæ¬ ­®¢áª¨© ¯à¥¤¥« ãà ¢­¥­¨ï á®áâ®ï­¨ïª¢ ­â®¢®£® £ § �®«ìæ¬ ­®¢áª¨© (ª« áá¨ç¥áª¨©) ¯à¥¤¥« P = nkT ¤«ï ãà ¢­¥­¨ï (10.13)à¥ «¨§ã¥âáï, ¥á«¨ ®â­®è¥­¨¥ ¢ áª®¡ª¥ n o! 1. �§ (10.14), (10.16) «¥£ª®¢¨¤¥âì, çâ® íâ® ¨¬¥¥â ¬¥áâ® ¯à¨ 0 � z � 1, ª®£¤  ¬®¦­® ¯à¥­¥¡à¥çì¢á¥¬¨ ç«¥­ ¬¨ àï¤ , ªà®¬¥ ¯¥à¢®£®: �s(0) = 1. �¥«¨ç¨­  z = e�� ¬ « ,®ç¥¢¨¤­®, â®«ìª® ¢ á«ãç ïå, ª®£¤  ¯à®¨§¢¥¤¥­¨¥ �� < 0 ¨ ¢¥«¨ª® ¯®  ¡á®-«îâ­®© ¢¥«¨ç¨­¥. � â ª®¬ã ãá«®¢¨î ¬ë ã¦¥ ¯à¨å®¤¨«¨. �«ï ¯®«ãç¥­¨ïà á¯à¥¤¥«¥­¨ï �-� (8.53) ¨§ à á¯à¥¤¥«¥­¨© �-� ¨ �-� (8.51) ­¥®¡å®-¤¨¬® ¨ ¤®áâ â®ç­®, çâ®¡ë e��� � 1, â.¥. �! �1. � ¯¨è¥¬ ¨å â¥¯¥àì ¢¯à¨¡«¨¦¥­¨¨ ­¥¯à¥àë¢­®£® á¯¥ªâà  (10.3) á ¯à®¨§¢®«ì­®© D("; V ), ¢¢®¤ï¯®«­®¥ áà¥¤­¥¥ ç¨á«® ç áâ¨æ ¢ ¨­â¥à¢ «¥ í­¥à£¨© ("; "+ d") á � = �1; 0:dN�("; T ) =�n�(")�D("; V ) d" � cF�(")d"; á ¯«®â­®áâìî (10.21)à á¯à¥¤¥«¥­¨ï: cF�(") = dN�("; T )d" = D("; V )exp [�("� �)] � � = V FT� ("); (10.22){ áà ¢­¨ á (11.55). �®£¤  ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¥¤¥«¥ e��� � 1 ¯®«ãç¨¬,¥áâ¥áâ¢¥­­®, à á¯à¥¤¥«¥­¨¥ � ªá¢¥««  { �®«ìæ¬ ­  ¢¨¤  (6.29), (6.33),â ª¦¥ á®®â¢¥âáâ¢ãîé¥¥ §¤¥áì ä®à¬ «ì­®¬ã ¯¥à¥å®¤ã ¢ (8.53) ª � = 0, ­®,¢ ®â«¨ç¨¥ ®â (6.28), ­®à¬¨à®¢ ­­®¥ ã¦¥ ­  ¯®«­®¥ ç¨á«® ç áâ¨æ:N f?g=)�N�(T )�; cF�=0(") � cFMB(") = D("; V ) exp [��(" � �)] ; (10.23)�N�(T )� = 1Z0 cF�(")d" =)�=0 e��1Z0 e��"D("; V )d" � e��Z1(T; V ); (10.24)(áà. (11.57), (11.58)) ®âªã¤ : �� � ln z = ln NZ1! ; � = kT ln nVZ1 ! :(10.25)� §¤¥«¨¢ (10.23) ­  (10.24), ¯®«ãç¨¬ ¢¥à®ïâ­®áâ­®¥ à á¯à¥¤¥«¥­¨¥ (6.29),£¤¥, ¢ ®â«¨ç¨¥ ®â (10.22), å¨¬¯®â¥­æ¨ « � ã¦¥ ¯®«­®áâìî ¨áç¥§ ¥â¤«ï � = 0: cFMB(")�N0(T )� = dwMB(")d" � efT (") = e��"Z1 D("; V ): (10.26)�«ï D3=2("; V ) ¢¨¤  (10.3) ¢ ®âáãâáâ¢¨¥ ¢­¥è­¥£® ¯®«ï ¢­®¢ì ¯à¨¤¥¬ ªà á¯à¥¤¥«¥­¨î � ªá¢¥««  (6.27), (6.29) ¯® ª¨­¥â¨ç¥áª¨¬ í­¥à£¨ï¬:" = "p =)D3=2 p22m; efT (")=)D3=2 2p" expf�"=(kT )gp�(kT )3=2 = 2p� (�")3=2" e��": (10.27)



|112|�¯à¥¤¥«¨¬ § ¢¨á¨¬®áâì z = e�� = z(n; T ), ¯à¥¤¯®« £ ï, çâ® ¢ (10.11),(10.14) 0 < z � 1 (ª¢ ­â®¢ë¥ á¨áâ¥¬ë ­¨¦¥ ¬®£ãâ à §àë¢ âì íâã á¢ï§ì f?g):NV � n =)f?g n�(T; �) � n0(T; �)�3=2(�z) ' gs z�3(T )  1 + �z23=2! : (10.28)�â¡à áë¢ ï á¯¥à¢  ¢ (10.28) ¨ á« £ ¥¬®¥ O(z2), ¯®«ãç¨¬ (áà. (7.18)), çâ®:NV � n) n0(T; �) � gs z�3(T ) ; z � �(n; T ) � ngs�3(T ) � 2p�N� 3=2A3=2 : (10.29)� ª¨¬ ®¡à §®¬, ¬ «®áâì z ®¡ãá«®¢«¥­  ¨¬¥­­® ¬ «®áâìî ¯ à ¬¥âà  ¢ë-à®¦¤¥­¨ï �(n; T ) � 1, ®§­ ç îé¥© ¬ «ãî ¯«®â­®áâì ç áâ¨æ ¨/¨«¨ ¢ë-á®ªãî â¥¬¯¥à âãàã £ § . �¥à¢®¥ ¦¥ ¢ëà ¦¥­¨¥ (10.29) ï¢«ï¥âáï â®ç-­ë¬ ¤«ï ¡®«ìæ¬ ­®¢áª®£® £ §  ¢ á®£« á¨¨ á (10.25) ¯à¨ Z1 ) ZBlm1 =gsV=�3(T ) (áà. á (6.40) ¨«¨ á (6.44), (6.45)), ®âªã¤ :� � kT lnz =) kT ln �(n; T ) � kT ln " ngs�3(T )# �!�!0 �1; (10.30)¤«ï ª®â®à®£® â®£¤  ¨ ¢ (10.11) { (10.13), (10.28) ¬®¦­® ¯à¨­ïâì � = 0.�â ª, ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨ �(n; T ) � 1,   á ¬ å¨¬¨ç¥áª¨©¯®â¥­æ¨ « ¯à¨­¨¬ ¥â ¡®«ìè¨¥ ®âà¨æ â¥«ì­ë¥ §­ ç¥­¨ï: �! �1.�¨§è¨¥ ¯®¯à ¢ª¨ ­  ª¢ ­â®¢ãî áâ â¨áâ¨ªã ª ¡®«ìæ¬ ­®¢áª®¬ã ãà ¢-­¥­¨î á®áâ®ï­¨ï § ¤ îâáï «¨­¥©­ë¬¨ ¯® �z ç«¥­ ¬¨, ­® ­¥ ¢ (10.12),  ¨¬¥­­® f!!g ¢ (10.13), £¤¥ § â¥¬ z ¡¥à¥âáï ¢ ¯à¨¡«¨¦¥­¨¨ (10.29):P�(T; �) = n�kT 8<:1 + �z=25=2 + o(z)1 + �z=23=2 + o(z)9=; =)f!!g n�kT "1� �z25=2 + o(z)# : (10.31)�«ï ¨¤¥ «ì­ëå ¡®§¥-, ä¥à¬¨- ¨ ¬ ªá¢¥««-¡®«ìæ¬ ­®¢áª®£® £ §®¢ ­ ©¤¥¬:P�(T; n�) =)f!!g n�kT241 � ��(n�; T )25=2 + o(�)35 ; � = �1; 0 = 8<:���� ; ��:(10.32)�.¥. íâ  ª¢ ­â®¢ ï ¤®¡ ¢ª  ª ¤ ¢«¥­¨î ®ª §ë¢ ¥âáï ¯®«®¦¨â¥«ì­  ¤«ïä¥à¬¨®­®¢ ¢ á®®â¢¥âáâ¢¨¨ á ¨å ¢§ ¨¬­ë¬ ®ââ «ª¨¢ ­¨¥¬ ¯® ¯à¨­æ¨¯ã� ã«¨ ¨ ®âà¨æ â¥«ì­  ¤«ï âï£®â¥îé¨å ª á«¨¯ ­¨î ¡®§®­®¢. �à¨¬¥­¥­¨¥¦¥ (10.12): P�(T; �) = n0(T; �)kT�5=2(�z) ¯à¨¢¥«® ¡ë §¤¥áì ª ¯à®â¨¢®¯®-«®¦­ë¬ { ®è¨¡®ç­ë¬ ¢ë¢®¤ ¬. �.¥. ¯à¨ � 6= 0: n� () n 6= n0, f!!g.�« áá¨ç¥áª®¬ã ¯à¥¤¥«ã h ! 0 ¢ á¨«ã (10.29) ®â¢¥ç ¥â � =) 0, ¨«¨èì ä®à¬ «ì­® � = 0; ¢ ¯®á«¥¤­¥¬ á«ãç ¥ P� ) P� ) P� = nkT . � ªàï¤ ¯® áâ¥¯¥­ï¬ ¯«®â­®áâ¨, (10.32)  ­ «®£¨ç¥­ ¢¨à¨ «ì­®¬ã à §«®¦¥­¨î¤«ï ª« áá¨ç¥áª®£® ­¥¨¤¥ «ì­®£® £ §  (15.45), à áá¬®âà¥­­®¬ã ­¨¦¥.



|113|�®¯à ¢ª¨ ­  ª¢ ­â®¢ãî áâ â¨áâ¨ªã áâ ­®¢ïâáï áãé¥áâ¢¥­­ë¬¨ á à®-áâ®¬ ¯ à ¬¥âà  ¢ëà®¦¤¥­¨ï ã¦¥ ¯à¨ � � 1, (� ' 5). �à¨ gs ' 1 íâ®â¯ à ¬¥âà ¯à¥¤áâ ¢«ï¥â, ¯® áãâ¨, ¤®«î ª¢ ­â®¢®£® ®¡ê¥¬  N�3(T ) ¢á¥å�N� � N ç áâ¨æ ¢ ¯®«­®¬ ®¡ê¥¬¥ V £ § : � = �3(T )=�, £¤¥ � = V=N .� ª ª ª áà¥¤­¥e ¬¥¦ç áâ¨ç­®¥ à ááâ®ï­¨¥ r � �1=3, â® � � (�=r)3 ¯®-ª §ë¢ ¥â, ª ª ¢¥«¨ª  ¯® áà ¢­¥­¨î á® áà¥¤­¨¬ à ááâ®ï­¨¥¬ ¬¥¦¤ã ç -áâ¨æ ¬¨ £ §  ª¢ ­â®¢ ï ­¥®¯à¥¤¥«¥­­®áâì �(T ) ª®®à¤¨­ âë ç áâ¨æë áí­¥à£¨¥© ¯®àï¤ª  kT . �áâ¥áâ¢¥­­®, çâ® ª¢ ­â®¢ë¥ íää¥ªâë (¢ëà®¦¤¥-­¨¥ £ § ) ­¥®¡å®¤¨¬® ¯à¨­¨¬ âì ¢® ¢­¨¬ ­¨¥, ª®£¤  ¢®«­®¢ë¥ äã­ªæ¨¨ç áâ¨æ ¬®£ãâ ¯¥à¥ªàë¢ âìáï: r � �(T ) ¨ � � 1. �á«¨ ¦¥ r ¢¥«¨ª®:r � �(T ), â®: � � (�=r)3 � 1, ¨ á¯à ¢¥¤«¨¢® ¡®«ìæ¬ ­®¢áª®¥ ¯à¨¡«¨-¦¥­¨¥. �¥§î¬¨àãï, ¬®¦­® áª § âì, çâ® ¡®«ìæ¬ ­®¢áª¨© £ § { íâ® £ §âï¦¥«ëå ç áâ¨æ á ­¨§ª®© ¯«®â­®áâìî ¨ ¡®«ìè¨¬ á¯¨­®¬, ­ £à¥âë© ¤®¢ëá®ª¨å â¥¬¯¥à âãà. �¥à¥å®¤ (10.22) 7! (10.26) ¢áªàë¢ ¥â ®¯à¥¤¥«¥­­ë©\ª¢ ­â®¢ë© á¬ëá«" å¨¬¨ç¥áª®£® ¯®â¥­æ¨ «  �, á ª®â®àë¬ á¢ï§ ­® â ª¦¥4 �ëà®¦¤¥­¨¥ ¡®§¥ { £ §  ¬ áá¨¢­ëå ç áâ¨æ ¨ª®­¤¥­á æ¨ï �®§¥ { �©­èâ¥©­  ¯à¨ T ! 0�§ãç¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨å á¢®©áâ¢ á¨«ì­® ¢ëà®¦¤¥­­®£® ¨¤¥ «ì­®£®¡®§¥ - £ §  ­ ç­¥¬ á ãá«®¢¨ï ¢ëà®¦¤¥­¨ï �(n; T ) > 1, ª®â®à®¥, á®£« á­®(10.29), ¬®¦­® ¯à¥¤áâ ¢¨âì, ª ª T < TB(n). �â®ç­¨¬ íâã TB(n), § ä¨ª-á¨à®¢ ¢ ¯«®â­®áâì n ¨ ¯®­¨¦ ï â¥¬¯¥à âãàã T ¢ (10.11) (� = +1) ª ª�(n; T ) � ngs�3(T ) � ngs 0@ h22�mkT 1A3=2� �  32!0@TB(n)T 1A3=2= z�3=2(z); (10.33)£¤¥ z �3=2(z) � �3=2(1) ¢ á¨«ã (10.15), (10.16), áãé¥áâ¢ã¥â ª ª ¢¥é¥áâ¢¥­-­ ï ¨ ®¤­®§­ ç­ ï äã­ªæ¨ï â®«ìª® ¯à¨ z � 1, ¯à¨­¨¬ ï ¢ z = 1 â.¥.� = 0 á¢®¥ ¬ ªá¨¬ «ì­®¥ ¢¥é¥áâ¢¥­­®¥ §­ ç¥­¨¥ (10.19). �.¥. ãà ¢­¥­¨¥(10.33) à §à¥è¨¬® «¨èì ¯à¨ T � TB(n). �®ªà â¨¢ ¢ ­¥¬ ­  T�3=2, ¨«¨¯®«®¦¨¢ T = TB ¯à¨ z = 1, ¤«ï ä¨ªá¨à®¢ ­­®£® ¯®«­®£® ç¨á«  ç áâ¨æN � �N� (10.1) ¨ n = N=V ­ ©¤¥¬:�3=2(1) � �  32! � �(n; TB) � ngs�3(TB) � ngs 0@ h22�mkTB 1A3=2 ; (10.34)â.¥.: kTB � kTB(n) = h22�m 24 ngs�(3=2)352=3 = 0@ 2NA3=2 �(3=2)p�1A2=3 : (10.35)



|114|� â® ¦¥ ¢à¥¬ï ¨§ à á¯à¥¤¥«¥­¨ï �®§¥ { �©­èâ¥©­  ¢¨¤­®, çâ® áà¥¤­ïï§ á¥«¥­­®áâì ®á­®¢­®£® ãà®¢­ï ç áâ¨æ ¨¤¥ «ì­®£® ¡®§¥ - £ § , á " = "0 = 0:�n+(0)� � �n+0� � 1exp(���) � 1 �  1z � 1!�1 = z1� z ; (10.36)¯à¨ z ! 1 áâ ­®¢¨âáï: �n+0� � �N� � N ! 1 ¨ ¬�ªà®áª®¯¨ç¥áª¨¢¥«¨ª . � ®¡à â­® (á¬. â¥ªáâ ¯®á«¥ (9.21)), â ª ª ª ¯à¨ íâ®¬, ¨§ (10.36):� � �kT ln 1z = �kT ln 1 + 1�n+0�! ' �kT 1�n+0� �! �0;â®, ¯à¨ �n+0� ! �N�, å¨¬¨ç¥áª¨© ¯®â¥­æ¨ « áâ ­®¢¨âáï ¬�ªà®-áª®¯¨ç¥áª¨ ¬ «®© ¢¥«¨ç¨­®©, ¨áç¥§ îé¥© ¢ â¥à¬®¤¨­ ¬¨ç¥áª®¬ ¯à¥¤¥«¥�N� � N ! 1. �.¥. ¡ã¤ãç¨ ®âà¨æ â¥«ì­ë¬ � < 0 ¢ á¨«ã ãá«®¢¨ï�n+0� � 0, å¨¬¨ç¥áª¨© ¯®â¥­æ¨ « á¨áâ¥¬ë ¤®«¦¥­ áâà¥¬¨âìáï ª ­ã«î:z ! 1 � 0, � = kT lnz ! �0 ¯à¨ T ! TB + 0, ¨ � � 0, ¯à¨ 0 < T < TB .�¢¥«¨ç¨­¨¥ ¯«®â­®áâ¨ n ¯à¨ ä¨ªá¨à®¢ ­­®© â¥¬¯¥à âãà¥ ¢ëï¢«ï¥â íâ®â ä §®¢ë©¯¥à¥å®¤ ª ª ­ «¨ç¨¥ ªà¨â¨ç¥áª®© ¯«®â­®áâ¨ nc(T )�3(T )=gs � �(nc; T ) = �(3=2) â ª®©,çâ® §­ ç¥­¨ï n > nc(T ) = gs�(3=2)=�3(T ) ã¦¥ ­¥á®¢¬¥áâ¨¬ë á ãà ¢­¥­¨¥¬ (10.33).�£à ­¨ç¥­­®áâì ®¯¨á ­¨ï ãà ¢­¥­¨ï¬¨ (10.4)= (10.11)= (10.33) ®¡ï-§ ­  ¨áç¥§­®¢¥­¨î ¯à¨ " ! 0 ª¢ §¨ª« áá¨ç¥áª®© ¯«®â­®áâ¨ á®áâ®ï­¨©(10.3): D3=2("; V ) � "1=2 ! 0. � ª çâ® ¢ ª¢ §¨ª« áá¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨¤«ï ª¢ §¨­¥¯à¥àë¢­®£® í­¥à£¥â¨ç¥áª®£® á¯¥ªâà  ¢ª« ¤ ®á­®¢­®£® ®¤­®-ç áâ¨ç­®£® á®áâ®ï­¨ï á f = 0, "0 = 0 ®ª § «áï ¢ë¡à®è¥­ ¨§ áã¬¬ ¯®á¯¥ªâàã (10.1) 7! (10.3). �® ¨§ (9.19), (9.21), (10.36) ¢¨¤­®, çâ® ä«ãªâã -æ¨¨ ç¨á«  ç áâ¨æ ¢ íâ®¬ ®á­®¢­®¬ á®áâ®ï­¨¨ ¯à¨ T ! 0 ­¥®£à ­¨ç¥­­®¢®§à áâ îâ, ¯®áª®«ìªã ª®£¤  ¯à¨ T ! 0 ¢áï á¨áâ¥¬  áâà¥¬¨âáï ¯¥à¥©â¨ ¢á¢®¥ ®á­®¢­®¥ á®áâ®ï­¨¥ á ¯®«­®© E = 0, áà¥¤­ïï § á¥«¥­­®áâì n+f=0 (10.36)®á­®¢­®£® ãà®¢­ï á f = 0, "0 = 0 ¨¤¥ «ì­®£® ¡®§¥ - £ §  ­¥®£à ­¨ç¥­­®¢®§à áâ ¥â, â.ª. ç¨á«® ¡®§®­®¢ ¢ ®¤­®¬ á®áâ®ï­¨¨ ­¨ç¥¬ ­¥ ®£à ­¨ç¥­®.�.¥. ¯à¨ T � TB ¢ª« ¤ íâ®£® ®¤­®ç áâ¨ç­®£® ãà®¢­ï ¢ â¥à¬®¤¨­ ¬¨ªã¢á¥© á¨áâ¥¬ë (10.1) 7! (10.3) 7! (10.4) áâ ­®¢¨âáï ®¯à¥¤¥«ïîé¨¬.�á¯à ¢«¥­¨¥ ¥¥ ®¯¨á ­¨ï á®áâ®¨â ¢ â®¬, çâ®¡ë, ¢¥à­ã¢è¨áì ®â (10.4),(10.28) ª â®ç­®© áã¬¬¥ ¢ (10.1), (10.3), ï¢­® ãç¥áâì ¢ ­¥© íâ®â ¢ª« ¤®á­®¢­®£® ãà®¢­ï á f = 0, ¨ áç¨â âì, çâ® ¯à¨ T � TB : � � 0, z � 1,  ãà ¢­¥­¨ï (10.4)= (10.11)� (10.33), ª ª ¨ (10.5), (10.9), (10.12), § ¤ îâ¢ª« ¤ë â®«ìª® ¢®§¡ã¦¤¥­­ëå á®áâ®ï­¨© á " > 0. � ª çâ® ¯à¨ ä¨ªá¨à®-¢ ­­®¬ ¯®«­®¬ ç¨á«¥ ç áâ¨æ �N� � N = nV áà¥¤­¥¥ ç¨á«® ç áâ¨æ�N>(T )� â¨¯  (10.21) { (10.24), ­® á í­¥à£¨¥© " > 0 ¯à¨ T < TB à ¢­®:



|115|N ��n+0� =�N>(T )� = 1Z0 D3=2("; V )d"e�" � 1 = V gs�3=2(1)�3(T ) �V nc(T ): (10.37)�®¤áâ ¢«ïï áî¤  ¢ëà ¦¥­¨ï ¤«ï �3(T ) ¨ TB ¨§ (10.33) { (10.35), ¯®«ã-ç¨¬ áà¥¤­¥¥ ç¨á«® ¢®§¡ã¦¤¥­­ëå ç áâ¨æ �N>(T )� (10.37) ¨ áà¥¤­îî§ á¥«¥­­®áâì ®á­®¢­®£® á®áâ®ï­¨ï (10.36) ¯à¨ T < TB ª ª à §àë¢ á¢ï§¨ f?g:�N>(T )� = nV 0@�(TB)�(T ) 1A3 � N  TTB !3=2 = p�2 A3=2�  32! (kT )3=2 ; (10.38)�n+0� = N ��N>(T )� = N 241 �  TTB !3=235 �!T!0 N: (10.39)�¢«¥­¨¥ ¯¥à¥å®¤  ¬�ªà®áª®¯¨ç¥áª®© ¤®«¨ ç áâ¨æ ¡®§¥{£ §  ¢ ®á­®¢­®¥ á®-áâ®ï­¨¥ ­ §ë¢ îâ ª®­¤¥­á æ¨¥© �®§¥ { �©­èâ¥©­ ,   á®®â¢¥âáâ¢ãîéãîâ¥¬¯¥à âãàã ¯¥à¥å®¤  T = TB , (10.35), ï¢«ïîéãîáï ª®à­¥¬ ãà ¢­¥­¨©z(n; TB) = 1, �(n; TB) = 0, ¯à¨ ª®â®à®© ª®­¤¥­á â ¢®§­¨ª ¥â (¨áç¥§ ¥â),�N>(TB)� = N , ­ §ë¢ îâ â¥¬¯¥à âãà®© ¡®§¥ - ª®­¤¥­á æ¨¨. �®«®-¦¨¢ ¢ (10.10) { (10.13) z 7! 1 ¯®«ãç¨¬ ¢ëà ¦¥­¨ï á �N� 7! �N>(T )�(10.37), (10.38) ¤«ï ¢­ãâà¥­­¥© í­¥à£¨¨ ¨ ¤ ¢«¥­¨ï ¡®§¥-£ §  ¯à¨ T < TB :�N� kT8<:�5=2(z)�3=2(z)9=;(=T>TB 23 U� PV �=)T<TB�N>(T )� kT8<:�(5=2)�(3=2)9=;; (10.40)®¡ãá«®¢«¥­­ëå â®«ìª® ç áâ¨æ ¬¨ ¢ á®áâ®ï­¨ïå á " > 0; ¨¤¥ «ì­ë© ¡®§¥-£ § ª®­¤¥­á¨àã¥âáï «¨èì ¢ ¨¬¯ã«ìá­®¬ ¯à®áâà ­áâ¢¥1. �®¤áâ ¢¨¢ (10.38)¢ (10.40), ¨ â.ª. F �=0=) J = �PV ¢«¥ç¥â (4.41) �=0=) (5.36), â®  ­ «®£¨ç­®­ áëé¥­­®¬ã ¯ àã ¨ ¨§«ãç¥­¨î, ­ ©¤¥¬, çâ® ¤ ¢«¥­¨¥,   â ª¦¥ ®¡ê-¥¬­ë¥ ¯«®â­®áâ¨ ¢­ãâà¥­­¥© í­¥à£¨¨, í­âà®¯¨¨ ¨ â¥¯«®¥¬ª®áâ¨ ¢ëà®-¦¤¥­­®£® ¡®§¥-£ § , ª ª ¨ ¥£® n>(T ) = nc(T ), ­¥ § ¢¨áïâ ®â ¥£® ¯®«­®©ª®­æ¥­âà æ¨¨ n (®â ¥£® ®¡ê¥¬ ), ­® â®«ìª® ®â ¥£® â¥¬¯¥à âãàë T [14]:2U�3V �=)T<TBP�(T ) = n kT �(5=2)�(3=2)  TTB !3=2� gs� 52! 2�mh2 !3=2(kT )5=2; (10.41)S�V =  @P@T !� �=)T<TB 52P�(T )T ; CV �=T  @S@T !V �=)T<TB 32S� = 154 P�(T )VT : (10.42)�.¥., ¢ ®â«¨ç¨¥ ®â ¨§«ãç¥­¨ï ¨ ä®­®­®¢ f?g, ¯®«­ ï ª®­æ¥­âà æ¨ï {¯«®â­®áâì ç¨á«  ç áâ¨æ n � N=V ¨ ¤«ï ¢ëà®¦¤¥­­®£® ¡®§¥{£ §  ®áâ ¥âáï­¥§ ¢¨á¨¬®© â¥à¬®¤¨­ ¬¨ç¥áª®© ¯¥à¥¬¥­­®©,   ¯®¢¥¤¥­¨¥ ¯à¨ T ! 0:1� ªãî á¨áâ¥¬ã ¬®¦­® ¯à¥¤áâ ¢¨âì, ª ª á¬¥áì ª®­¤¥­á â  ¨ ­®à¬ «ì­®£® £ §  á " > 0.�¨á«® ç áâ¨æ ¢ ­®à¬ «ì­®© ä §¥ ­¥ á®åà ­ï¥âáï: ®­¨ ¬®£ãâ ãå®¤¨âì ¢ ª®­¤¥­á â, £¤¥ ¨áç¥§ ¥â¨å ¢ª« ¤ ¢ ¤ ¢«¥­¨¥ ¨ ¢­ãâà¥­­îî í­¥à£¨î, ¨ ¯à¨å®¤¨âì ¨§ ­¥£®. � â ª®© á¨áâ¥¬¥ � � 0.



|116|U� � P� � T 5=2; S� � CV � � �N>(T )� � T 3=2 ! 0 (10.43)á®£« á®¢ ­® á § ª®­®¬ �¥à­áâ . �®£¤  ª ª n�5=2(z)=�3=2(z)o �!z!0 1, ¨ ¯à¨T � TB(n), z � 1 á­®¢  ¯à¨å®¤¨¬ ª ª« áá¨ç¥áª¨¬ ¢ëà ¦¥­¨ï¬ (6.45):U = 32NkT; P (T; �) = e��  2�mh2 !3=2(kT )5=2 = nkT; �N>(T )� 7! N:�¡«¨§¨ â®çª¨ ª®­¤¥­á æ¨¨ ¯à¨ T � TB , z � 1 å¨¬¯®â¥­æ¨ « ®¯à¥¤¥-«ï¥âáï à §­®áâìî ãà ¢­¥­¨© (10.34) ¨ (10.33): �3=2(1)�z�3=2(z), à ¢­®©�  32! 241�  TBT !3=235 = 2p� 1Z0 x1=2dx " 1ex � 1 � 1ex��� � 1# =)ª®â®à ï, ®¤­ ª®, ­¥ à §« £ ¥âáï ¯® æ¥«ë¬ áâ¥¯¥­ï¬ �, ¨«¨ z�1, â.ª., á®-£« á­® (10.15), (10.14), ¥¥ ¯à®¨§¢®¤­ ï ��1=2(z) ­¥ áãé¥áâ¢ã¥â ¯à¨ z = 1.�®áª®«ìªã ¢¡«¨§¨ â®çª¨ ¯¥à¥å®¤  å¨¬¯®â¥­æ¨ « j�j ®ç¥­ì ¬ «, ®á­®¢­®©¢ª« ¤ ¢ íâ®â ¨­â¥£à « ¨¤¥â ¨§ ®¡« áâ¨ ¬ «ëå x, £¤¥ ¢ ®¡®¨å á« £ ¥¬ëå¯®¤ ¨­â¥£à «®¬: e�(x)�1 � �(x). �âªã¤  ¯à¨ � < 0 â ª ª ª ¢¥áì ¨­â¥£à «®áâ ¥âáï áå®¤ïé¨¬áï, ¯®« £ ï x = �j�jt2, ¨¬¥¥¬:) 2�j�jp� 1Z0 dxx1=2(x+ �j�j) = 2q��j�j; �(T )kT = ��2(3=2)4� 241�  TBT !3=2352:�âáî¤  á ãç¥â®¬ (10.11), (10.12), (5.33)-(5.36) ¬®¦­® ­ ©â¨ ¯®¢¥¤¥­¨¥ ¤àã£¨å â¥à¬®¤¨-­ ¬¨ç¥áª¨å ¢¥«¨ç¨­. �«ï â¥¯«®¥¬ª®áâ¨ á ãç¥â®¬ (6.42), (10.35) ­ ©¤¥¬ (áà. (10.42)):CV = T  @S@T !V;N= T 24 @S@T !V;�� (@N=@T )2V;�(@N=@�)V;T 35=)D3=2 15PV4T � 9N24T  @�@N !V;T �����T=TB :(10.44)�á«¨ �(T ) � 0 (á¬. ­¨¦¥ ä®â®­ë, ä®­®­ë), â® £ § ¢ëà®¦¤¥­ ¯à¨ «î¡®©â¥¬¯¥à âãà¥, ¨ ä®à¬ «ì­ë¥ TB =1, �n+0� =�N� � N )1 â¥àïîâá¬ëá«. �¤­ ª® ä®à¬ã«ë (10.38) { (10.43) á ª®­¥ç­ë¬ NT�3=2B = A ¨§(10.35) ¤ îâ â¥à¬®¤¨­ ¬¨ªã ¨¤¥ «ì­®£® £ §  ¬ £­®­®¢ á® á¯¥ªâà®¬ (10.3)¢ ä¥àà®¬ £­¥â¨ª¥ (¯¥à¥¢®à®â á¯¨­  { ¢á¥£¤  æ¥«®¥ ç¨á«®) ¨ § ª®­ �«®å [49] ¤«ï ­ ¬ £­¨ç¥­­®áâ¨: M(0)�M(T ) = g�B�N>(T )� = g�BAT 3=2.�®­¤¥­á æ¨ï ¨¤¥ «ì­®£® ¡®§¥-£ §  ¯à®ï¢«ï¥âáï ¢ á¢¥àåâ¥ªãç¥áâ¨ ¦¨¤-ª®£® £¥«¨ï He4. �¨èì ¢ª«îç¥­¨¥ ¯à¨âï¦¥­¨ï ¬¥¦¤ã ç áâ¨æ ¬¨ ¯à¨¢®-¤¨â ª ­ ¡«î¤ ¥¬®áâ¨ ¡®§¥-ª®­¤¥­á æ¨¨ ¢ ª®®à¤¨­ â­®¬ ¯à®áâà ­áâ¢¥.([5] x34,35,37,38,63, [6] x40,53-56,62, [7], [10], [13], [24] N107, [33], [36], [49])� ¤ ç¨16.1. �®«ãç¨âì (10.44) ¤«ï CV . � ©â¨ ¯à¨ T = TB � 0 ¯®¢¥¤¥­¨¥ ¯à®¨§-¢®¤­ëå á¦¨¬ ¥¬®áâ¨ ¨ â¥¯«®¥¬ª®áâ¨ ¨ å à ªâ¥à ä §®¢®£® ¯¥à¥å®¤ . � ª



|117|®­ ¬¥­ï¥âáï ¯à¨ ¢ª«îç¥­¨¨ ¢­¥è­¥£® ¯®«ï âï¦¥áâ¨ (7.7) ([6] x62, [13])?16.2. �«ï ¨¤¥ «ì­®£® d- ¬¥à­®£® ª¢ ­â®¢®£® £ §  ç áâ¨æ á § ª®­®¬ ¤¨á-¯¥àá¨¨ "p = ap` á ¯®áâ®ï­­ë¬¨ a ¨ ` ­ ©â¨ ¢¨¤ ¤ ¢«¥­¨ï P (T; �), í­âà®-¯¨¨ S(T; V; �), â¥¯«®¥¬ª®áâ¨ CV ¨ ãà ¢­¥­¨©  ¤¨ ¡ âë, ¢ â®¬ ç¨á«¥, ª ªäã­ªæ¨© â¥¬¯¥à âãàë T ¨ ¯«®â­®áâ¨ ç¨á«  ç áâ¨æ n = N=V , N = const.16.3. �®ª § âì, çâ® ¤ ¢«¥­¨¥ íâ®£® £ §  á¢ï§ ­® á ¯«®â­®áâìî í­¥à£¨¨ª ª �P = U=V � �u(T )�, � = d=`. �¡¥¤¨âìáï, çâ®: U +PV = TS+�N ,D("; Vd) � gsVdCdhd pd�1(")�(") )A�"��1; A�= gsVdCd`hda� ; Cd= 2�d=2�(d=2): (10.45)16.4. � ©â¨ å¨¬¨ç¥áª¨¥ ¯®â¥­æ¨ «ë, ãà ¢­¥­¨ï á®áâ®ï­¨ï ¨ ¯ à ¬¥âà¢ëà®¦¤¥­¨ï ¨¤¥ «ì­ëå ã«ìâà à¥«ïâ¨¢¨áâáª¨å ®¤­®¬¥à­ëå ª¢ ­â®¢ëå£ §®¢ ¡¥áá¯¨­®¢ëå ¡®§®­®¢, ¨ ä¥à¬¨®­®¢ á® á¯¨­®¬ 1=2, á ¯«®â­®áâìîn(B);(F ) = N(B);(F )=L, ¯à¨ â¥¬¯¥à âãà¥ T . �à ¢­¨âì ¨å í­¥à£¨¨, ¤ ¢«¥­¨ï¨ í­âà®¯¨¨ ¤«ï å¨¬¯®â¥­æ¨ «  �(F );(B) = 0. ([61])16.5. � ©â¨ § ¢¨á¨¬®áâì í­âà®¯¨¨ S ¨ â¥¯«®¥¬ª®áâ¨ CV ¨¤¥ «ì­®£® ¢ë-à®¦¤¥­­®£® ¡®§¥-£ §  ®â T ¨ V , áç¨â ï ¨§¢¥áâ­ë¬ ¥£® ¤ ¢«¥­¨¥ P .16.6. �®«ãç¨âì ª¢ ­â®¢ãî ¯®¯à ¢ªã ª ãà ¢­¥­¨î á®áâ®ï­¨ï ¨¤¥ «ì­®£®£ §  ¢ â¥à¬¨­ å ®¤­®ç áâ¨ç­®© áâ âáã¬¬ë Z1(�) (6.20) ([4] N VI.10):P� = n�kT 241 � �2NZ1(2�)Z21(�) 35 ; £¤¥: Z1(�) =Xf exp(��"f ): (10.46)16.7. �¥è¥­¨¥ ¯ à ¤®ªá  �¨¡¡á  (� ¤. 5.3.) ­  ï§ëª¥ ¬ âà¨æë ¯«®â­®áâ¨(2.9){(2.11) ¤«ï ®¯¨á ­¨ï á¯¨­®¢ëå áâ¥¯¥­¥© á¢®¡®¤ë ç áâ¨æ ¨¤¥ «ì­ëå£ §®¢ ª ª áà¥¤­¥£®  à¨ä¬¥â¨ç¥áª®£® ¬ âà¨æ ®â¤¥«ì­ëå ª®¬¯®­¥­â, ¯à¨®¤¨­ ª®¢ëå P; V; T . �«ï ç¨áâëå á®áâ®ï­¨© ¤¢ãå ª®¬¯®­¥­â j ai; j bi áª -ç¥ª í­âà®¯¨¨ ¯à¨ ¨å á¬¥è¨¢ ­¨¨ ¯à¨­¨¬ ¥â ¢¨¤ [39], [41]:�Sab 7�! �2kN Tr ( b% ln b%) = �2kN X�=� �� ln��; £¤¥ (10.47)b%a = j aih aj; b% = b%a + b%b2 ; ¨: �� = 1� jh aj bij2 ; ¥áâì, (10.48)á®®â¢¥âáâ¢¥­­®, ¬ âà¨æ  ¯«®â­®áâ¨ á¬¥á¨ ¨ ¥¥ á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï.�à¨ h aj bi = 0 ¨¬¥¥¬ �Sab = 2kN ln 2, ¯à¨ h aj bi = 1 ¨¬¥¥¬ �Saa = 0.16.8. � ©â¨ á¢ï§ì ª®­áâ ­âë A § ª®­  �«®å  á ¯ à ¬¥âà ¬¨ á¯¥ªâà  ¬ £­®­®¢ [49].16.9. �®ç­ë¥ á¢ï§¨ f?g ¯à¨¢®¤ïâ ª à §­®© áã¤ì¡¥ ¤®¡ ¢®ª ¢ âà¤. ¯à¤., ¨¬¥ï ¢¨¤ [14]:n = n0(T; �)�3=2(z) + 1V z(1� z) ; P (T; �)kT = n0(T; �)�5=2(z)� 1V ln(1� z): (10.49)16.10. �®ª § âì, çâ® (10.42) ¥áâì ãà ¢­¥­¨¥ �« ¯¥©à®­ -�« ã§¨ãá  ä §®¢®£® ¯¥à¥å®¤ 1-£® à®¤  ¯à¨ �c = 1=nc, ­® á �0 = 0 ¨ s0 = 0 { ¤«ï ª®­¤¥­á â  [14] �«. 12 x3.



�¥ªæ¨ï 11� ¢­®¢¥á­®¥ ¨§«ãç¥­¨¥� ¦­ãî à®«ì ¯à¨ § à®¦¤¥­¨¨ ª¢ ­â®¢®© â¥®à¨¨ ¢ ­¥¤à å â¥à¬®¤¨­ ¬¨ª¨¨ áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ áë£à «  äã­¤ ¬¥­â «ì­ ï § ¤ ç  ® â¥¯«®¢®¬à ¢­®¢¥á¨¨ ¢¥é¥áâ¢  ¨ ¨§«ãç¥­¨ï. �¬¥­­® ¥¥ à¥è¥­¨¥¬ ï¢¨« áì ä®à-¬ã«  ¤«ï á¯¥ªâà «ì­®© ¯«®â­®áâ¨ í­¥à£¨¨ ¨§«ãç¥­¨ï  ¡á®«îâ­® ç¥à­®£®â¥«  (�« ­ª, 1900) ­  ®á­®¢¥ ¯à¥¤áâ ¢«¥­¨ï ® ¤¨áªà¥â­®áâ¨ í­¥à£¨¨ ®á-æ¨««ïâ®à®¢ ��� ¨ áãé¥áâ¢®¢ ­¨¨ ã­¨¢¥àá «ì­®£® ª¢ ­â  ¤¥©áâ¢¨ï �h ¨¯à¥¤áâ ¢«¥­¨¥ ®¡ ¨§«ãç¥­¨¨ ª ª ® ä®â®­­®¬ £ §¥ (�©­èâ¥©­, 1909). �¨-­¥©­®áâì ãà ¢­¥­¨© í«¥ªâà®¤¨­ ¬¨ª¨ (¯à¨­æ¨¯ áã¯¥à¯®§¨æ¨¨) ®§­ ç ¥â®âáãâáâ¢¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï ä®â®­®¢ { ®­¨ ®¡à §ãîâ ¤¥©áâ¢¨â¥«ì­® ¨¤¥- «ì­ë© ¡®§¥-£ §. �£® â¥à¬ «¨§ æ¨ï ¨ ¯®¤¤¥à¦ ­¨¥ ¢ à ¢­®¢¥á¨¨ ®¡ï§ ­ë«¨èì ¯à®æ¥áá ¬ ¨á¯ãáª ­¨ï ¨ ¯®£«®é¥­¨ï ä®â®­®¢ áâ¥­ª ¬¨ ®¡ê¥¬  V .1 �®«­®¢ë¥ ¨ ª¢ ­â®¢ë¥ á¢®©áâ¢  ���. �®â®­ë�®áª®«ìªã ¢¥ªâ®àë ­ ¯àï¦¥­­®áâ¨ í«¥ªâà¨ç¥áª®£® E(r; t) ¨ ¬ £­¨â­®£®H(r; t) ¯®«¥© ¢ £ ãáá®¢®© á¨áâ¥¬¥ ¥¤¨­¨æ ¨¬¥îâ ®¤¨­ ª®¢ãî à §¬¥à­®áâì,ãà ¢­¥­¨ï á¢®¡®¤­®£® ��� ¢ ¢ ªãã¬¥ § ¯¨áë¢ îâáï ¢ ¢¨¤¥:(r � E) = � 1c @H@t ; (r �H) = 1c @E@t ; (11.1)(r � E) = 0; (r �H) = 0: (11.2)�¥àï à®â®à ®â ¯¥à¢®© ¯ àë ãà ¢­¥­¨© � ªá¢¥««  (11.1) á ãç¥â®¬ ¢â®à®©¯ àë (11.2) ¯à¨ (r� (r� E)) = r (r � E)� r2E =) �r2E , ¯à¨å®¤¨¬ª «¨­¥©­ë¬ ¢®«­®¢ë¬ ãà ¢­¥­¨ï¬ á ®¯¥à â®à®¬ � « ¬¡¥à  2 ¢¨¤ :2E(r; t) = 0; 2H(r; t) = 0; 2A(r; t) = 0; £¤¥ 2 = r2 � 1c2 @2@t2 ; (11.3)¨¬¥îé¨¬ á¢®¨¬ ç áâ­ë¬ à¥è¥­¨¥¬ ¢ á¨áâ¥¬¥ ¯®ª®ï á®¤¥à¦ é¥£® íâ®¨§«ãç¥­¨¥ ®¡ê¥¬  V ¯«®áªãî ¬®­®åà®¬ â¨ç¥áªãî ¢®«­ã, à á¯à®áâà ­ï-îéãîáï á® áª®à®áâìî á¢¥â  c ¢ ­ ¯à ¢«¥­¨¨ ¢®«­®¢®£® ¢¥ªâ®à  k á ç á-118



|119|â®â®© !k = cjkj = ck, á à §¬¥à­ë¬¨  ¬¯«¨âã¤ ¬¨ í«¥ªâà¨ç¥áª®© E ¨ ¬ £-­¨â­®© H ­ ¯àï¦¥­­®áâ¥© ���, á¢ï§ ­­ë¬¨ á ¥£® ¢¥ªâ®à-¯®â¥­æ¨ «®¬A(r; t) ãá«®¢¨¥¬ ¨å £à ¤¨¥­â­®© ¨­¢ à¨ ­â­®áâ¨ [30] ¯à¨ ¥£® ª «¨¡à®-¢®ç­ëå ¯à¥®¡à §®¢ ­¨ïå á «î¡®© £« ¤ª®© äã­ªæ¨¥© ª®®à¤¨­ â �(r) ¢¨¤ A(r; t) 7�! A0(r; t) = A(r; t) +r�(r); A00(r; t) = A0(r; t) � 0;Ak� = ak�(t)ei(k�r); �ak�(t) + !2kak�(t) = 0; ak�(t) = ek�pV e�i!kt; (11.4)Ek� = � 1c @Ak�@t = ikAk�; Hk� = (r �Ak�) = i (k �Ak�) ; (11.5)£¤¥ ak�(t)- ¥¥ ­®à¬¨à®¢ ­­ ï ­  ®¡ê¥¬  ¬¯«¨âã¤ ,   ek�- ¥¤¨­¨ç­ë© ¢¥ª-â®à ¯®«ïà¨§ æ¨¨ ¢®«­ë, ¢ á¨«ã (11.2) ®¯à¥¤¥«ïîé¨© ­ ¯à ¢«¥­¨ï ª®«¥-¡ ­¨© ¢¥ªâ®à®¢ Ak�, Ek�, Hk� ª ª ¯®¯¥à¥ç­ë¥ ª ¢®«­®¢®¬ã ¢¥ªâ®àã k:(r� Ek�) / (r�Ak�) = i(k�Ak�) = 0; (k� ek�) = 0 = (k�(k � ek�)): (11.6)�.¥. ¨¬¥îâáï â®«ìª® ¤¢¥ ­¥§ ¢¨á¨¬ë¥ ä¨§¨ç¥áª¨¥ ¯®«ïà¨§ æ¨¨ ¯«®áª®©¢®«­ë � = 1; 2 ¢ ¯«®áª®áâ¨, ¯¥à¯¥­¤¨ªã«ïà­®© ­ ¯à ¢«¥­¨î ¥¥ à á¯à®-áâà ­¥­¨ï. �®«­  ­ §ë¢ ¥âáï «¨­¥©­® ¯®«ïà¨§®¢ ­­®©, ¥á«¨ ­ ¯à ¢«¥­¨¥ª®«¥¡ ­¨© ®áâ ¥âáï ¯®áâ®ï­­ë¬. � ¯à¨¬¥à, ¤«ï ¢®«­ë, à á¯à®áâà ­ï-îé¥©áï ¢ ­ ¯à ¢«¥­¨¨ ®á¨ Z, ¯®«ïà¨§ æ¨ï ¢¤®«ì ®á¥© X ¨ Y § ¤ ¥âáï,á®®â¢¥âáâ¢¥­­®, ¢¥ªâ®à ¬¨ ek1 = (1; 0; 0)> ¨ ek2 = (0; 1; 0)> (áà. á (2.22),(2.23)). �ã¯¥à¯®§¨æ¨ï aek1 + bek2 «¨­¥©­ëå ¯®«ïà¨§ æ¨© c ª®¬¯«¥ªá-­ë¬¨ ª®íää¨æ¨¥­â ¬¨ a; b, jaj2 + jbj2 = 1 ¤ ¥â ¯à ¢®-R ¨«¨ «¥¢®-L -í««¨¯â¨ç¥áªãî ¯®«ïà¨§ æ¨î. �àã£®¢®© ¯®«ïà¨§ æ¨¨ ®â¢¥ç îâ ¢¥ªâ®àë:8<: ekRekL 9=; = 1p2 (1;�i; 0)> : (11.7)�¡é¥¥ à¥è¥­¨¥ ¢®«­®¢®£® ãà ¢­¥­¨ï (11.3) ¥áâì ¢¥é¥áâ¢¥­­ ï áã¯¥à¯®-§¨æ¨ï ¯«®áª¨å ¬®­®åà®¬ â¨ç¥áª¨å ¯®«ïà¨§®¢ ­­ëå í«¥ªâà®¬ £­¨â­ëå¢®«­ { ¢®«­®¢®© ¯ ª¥â E(r; t) (¨ á®®â¢¥âáâ¢¥­­®, ¤«ï H(r; t)) ¢¨¤ :E(r; t) = Xk;� [f�(k)Ek� + (ª.á.)] = iXk;� k [f�(k)Ak� � f��(k)A�k�] ; (11.8)£¤¥ � = 1; 2 ¨«¨ � = R;L. �«ï ��� ¢ ïé¨ª¥ ª®­¥ç­®£® ®¡ê¥¬  k = k�¯à¨­¨¬ ¥â ¤¨áªà¥â­ë¥ §­ ç¥­¨ï ¯à¨ ­ «®¦¥­¨¨ ¯¥à¨®¤¨ç¥áª¨å £à ­¨ç-­ëå ãá«®¢¨©: ¢¤®«ì ª ¦¤®£® à¥¡à  ïé¨ª  V = L1L2L3 ¤®«¦­® ãª« ¤ë-¢ âìáï Li = �i��i æ¥«®¥ ç¨á«® �i ¤«¨­ ¢®«­ ��i, i = 1; 2; 3. �®£¤  ¢®«­®¢®©¢¥ªâ®à k� ¨ á®®â¢¥âáâ¢ãîé¥¥ ãá«®¢¨¥ ­®à¬¨à®¢ª¨  ¬¯«¨âã¤ Ak� (11.4)¢ ïé¨ª¥ á ãç¥â®¬ ®àâ®£®­ «ì­®áâ¨ ¢¥ªâ®à®¢ ¯®«ïà¨§ æ¨¨ ¯à¨¬ãâ ¢¨¤:



|120|(k�)i = ki(�) = 2���i = 2�Li �i; � � (�1; �2; �3); (e�k� � ek�0) = ���0; (11.9)ZV exp �i(k � k0) � r� d3r = V �kk0�V ���0; ZV (A�k0�0 �Ak�) d3r = ���0�kk0:(11.10)� ª ª ª Li ¬�ªà®áª®¯¨ç¥áª¨ ¢¥«¨ª¨, â® ¯®¤ ¢«ïîé¥¥ ç¨á«® á« £ ¥¬ëå¢® ¢á¥å áã¬¬ å (11.8) ¨¬¥¥â �i � d�i � 1, ¨ ®â­®á¨â¥«ì­ë© è £ ¤¨á-ªà¥â¨§ æ¨¨ d�i=�i ¡ã¤¥â ¬ « ¨ ¤«ï ¢®«­®¢ëå ç¨á¥« (11.9): ki � �ki =2�=Li �!L!1 0, ¨ ®â áã¬¬¨à®¢ ­¨ï ¯® k� ¢ (11.8) ¬®¦­® ¯¥à¥©â¨ ª ¨­â¥£à¨-à®¢ ­¨î,  ­ «®£¨ç­® ¯à ¢¨«ã (6.24) ¤«ï ¤¨áªà¥â­ëå §­ ç¥­¨© ¨¬¯ã«ìá :X� Xk� �X� X�1�2�3 13 7�!X� Z d3� �X� V(2�)3 Z d3k =) gV(2�)3 Z d3k; (11.11)£¤¥ g { ç¨á«® ­¥§ ¢¨á¨¬ëå ¯®«ïà¨§ æ¨© � = 1; 2; ::: ª ¦¤®© ¢®«­ë. � ªçâ® ç¨á«® à §«¨ç­ëå ¬®­®åà®¬ â¨ç¥áª¨å ¢®«­ ¢ ªã¡¨ª¥ d3k á (k;k+dk)¨ ¢ ¨­â¥à¢ «¥  ¡á®«îâ­ëå §­ ç¥­¨© (k; k + dk) ¥áâì, á®®â¢¥âáâ¢¥­­®:g13 7�!1=d�i gd3� = gV(2�)3 d3k � fD(k; V )d3k; g = X�=1;2 1 =) 2; (11.12)¨ fD(k; V )dk = 2�Z0 d' �Z0 d# sin# fD(k; V )k2dk = g4�V k2(2�)3 dk: (11.13)�¥à¥å®¤ï ª æ¨ª«¨ç¥áª®© ç áâ®â¥ !k = ck; ­ ©¤¥¬ ¯®«­®¥ ç¨á«® ¯«®á-ª®¢®«­®¢ëå ¬®¤ ¢ ¨­â¥à¢ «¥ ç áâ®â (!; ! + d!), â.¥., ç¨á«® à §«¨ç­ëå®áæ¨««ïâ®à®¢ ¯®«ï ¢ íâ®¬ ¨­â¥à¢ «¥ ç áâ®â:fD(k; V )dk = D(!; V )d! = 24�V !2(2�)3c3 d! = V !2�2c3 d!: (11.14)�à®æ¥¤ãà  ª¢ ­â®¢ ­¨ï á¢®¡®¤­®£® ���, ª ª ¢áïª®£® ¢®«­®¢®£® (ª®«¥¡ -â¥«ì­®£®) ¯à®æ¥áá  (11.3), (11.4) á ç áâ®â®© !k, á¢®¤¨âáï ª ª¢ ­â®¢ ­¨îá¨áâ¥¬ë £ à¬®­¨ç¥áª¨å ®áæ¨««ïâ®à®¢ (8.58), ¨ ¤«ï ¯®«­ëå í­¥à£¨¨ E ¨¨¬¯ã«ìá  P ��� ã¦¥ ¨§¢¥áâ­ë ¢â®à¨ç­® ª¢ ­â®¢ ­­ë¥ ®â¢¥âë (8.73):E = ZV d3r E2(r; t) +H2(r; t)8� ; P = ZV d3r (E(r; t) �H(r; t))4�c ; (11.15)E =)Xk;�nk��h!k; P =)Xk;� nk��hk; (11.16)¥á«¨ ¯à¨ ¯à¥å®¤¥ ®â (11.15) ª (11.16) § ¬¥­¨âì â ¬ ¨ ¢ (11.8) f�(k) 7! bak�,â.¥. jf�(k)j2 7! ba+k� bak� = bnk� 7! nk�, ®â¡à®á¨¢ ¡¥áª®­¥ç­ãî ¢ ªãã¬­ãîí­¥à£¨î ���, à ¢­ãî, á®£« á­® (8.73), áã¬¬¥ í­¥à£¨© ®á­®¢­ëå á®áâ®-ï­¨© ¡¥áª®­¥ç­®£® ç¨á«  ®áæ¨««ïâ®à®¢ ¯®«ï: E0 = Pk;� �h!k=2!1, â.¥. ¥¥



|121|¨ ¯à¨­ï¢ §  ­ ç «® ®âáç¥â  í­¥à£¨¨E ¢ (11.16). �¤­ ª® íâ  à áå®¤ïé ïáïáã¬¬  ¤«ï E0 çã¢áâ¢¨â¥«ì­  ª á¬¥­¥ £à ­¨ç­ëå ãá«®¢¨© ­  áâ¥­ª å ®¡ê-¥¬  V , çâ® ¯à¨¢®¤¨â ª ­ ¡«î¤ ¥¬®¬ã íää¥ªâã ¯à¨âï¦¥­¨ï � §¨¬¨à , ¨â ª®© à¥æ¥¯â ¡®àì¡ë á íâ®© à áå®¤¨¬®áâìî âà¥¡ã¥â ãâ®ç­¥­¨ï [13].�®£« á­® (8.68){(8.73), ä®à¬ã«ë (11.16) ¯®§¢®«ïîâ £®¢®à¨âì ® ª¢ ­-â å ��� ¨«¨ ä®â®­ å (�©­èâ¥©­, 1909) ª ª ® ç áâ¨æ å, í­¥à£¨ï ¨ ¨¬-¯ã«ìá ª®â®àëå ®¯à¥¤¥«ïîâáï á®®â­®è¥­¨ï¬¨ "k = �h!k, p = �hk. � ª ª ª!k = ck, â® á¢ï§ì í­¥à£¨¨ ä®â®­  á ¥£® ¨¬¯ã«ìá®¬ "p = cp ®§­ ç ¥â, çâ®ä®â®­ { ç áâ¨æ  á ­ã«¥¢®© ¬ áá®© ¯®ª®ï m = 0. �¨á«® § ¯®«­¥­¨ï nk� â¥-¯¥àì ¨¬¥¥â á¬ëá« ç¨á«�  ä®â®­®¢ ¢ á®áâ®ï­¨¨ jk; �i á í­¥à£¨¥© "k = �h!k,¨¬¯ã«ìá®¬ p = �hk ¨ ®¯à¥¤¥«¥­­®© ¯à®¥ªæ¨¥© á¯¨­ , § ¤ ­­®© ¯®«ïà¨-§ æ¨¥© �. �®«­®¢ ï äã­ªæ¨ï ä®â®­  Ak� (11.4) { ¢¥ªâ®à, ¨ ���, ª ª¢¥ªâ®à­®¥ ¯®«¥, ­¥á¥â ¬®¬¥­â, à ¢­ë© ¥¤¨­¨æ¥. �¤­ ª® ¥£® ¡¥§¬ áá®-¢®áâì ç¥à¥§ ãá«®¢¨¥ ¥£® ¯®¯¥à¥ç­®áâ¨ (11.6) ®áâ ¢«ï¥â â®«ìª® ¤¢¥ ­¥§ -¢¨á¨¬ë¥ á¯¨­®¢ë¥ áâ¥¯¥­¨ á¢®¡®¤ë ¨§ âà¥å. �¬ ¨ ®â¢¥ç îâ ¤¢  §­ ç¥­¨ïá¯¨à «ì­®áâ¨ { ¯à®¥ªæ¨¨ á¯¨­  ­  ­ ¯à ¢«¥­¨¥ ¨¬¯ã«ìá , á®®â¢¥âáâ¢ã-îé¨¥ ¤¢ã¬ ­¥§ ¢¨á¨¬ë¬ ªàã£®¢ë¬ ¯®«ïà¨§ æ¨ï¬ (11.7): ¯à®¥ªæ¨¨ á¯¨­ ­  ­ ¯à ¢«¥­¨¥ ¨¬¯ã«ìá , à ¢­®© +1, á®®â¢¥âáâ¢ã¥â ¯à ¢®ªàã£®¢ ï ¯®-«ïà¨§ æ¨ï ekR ¯«®áª®© ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë,   ¯à®¥ªæ¨¨, à ¢­®©�1 { «¥¢®ªàã£®¢ ï ¯®«ïà¨§ æ¨ï ekL, £«ï¤ï ¢á«¥¤ ã«¥â îé¥¬ã ä®â®­ã, ¨ ªà â-­®áâì ¢ëà®¦¤¥­¨ï ¯® á¯¨­ã ¤«ï ä®â®­  gs = g = 2. �«ï á¢®¡®¤­®£® ���­¥ áãé¥áâ¢ã¥â ä®â®­  á à ¢­®© ­ã«î ¯à®¥ªæ¨¥© á¯¨­  ­  ­ ¯à ¢«¥­¨¥¨¬¯ã«ìá . �.ª. á¯¨­ à ¢¥­ 1, â® ä®â®­ ï¢«ï¥âáï ¡®§¥- ç áâ¨æ¥©.2 �¤¥ «ì­ë© £ § ä®â®­®¢ ¨ ä®à¬ã«  �« ­ª �â ª, à ¢­®¢¥á­®¥ í«¥ªâà®¬ £­¨â­®¥ ¨§«ãç¥­¨¥ ¬®¦­® à áá¬ âà¨¢ âìª ª ¨¤¥ «ì­ë© £ § ä®â®­®¢, ­ å®¤ïé¨åáï ¢ ®¡ê¥¬¥ V ¯à¨ â¥¬¯¥à âãà¥T . �á®¡¥­­®áâì íâ®£® £ §  ¢ â®¬, çâ® â¥¯«®¢®¥ à ¢­®¢¥á¨¥ ¢ ­¥¬ ãáâ ­ -¢«¨¢ ¥âáï ­¥ §  áç¥â ¢ëª«îç ¥¬®£® ¢ à ¢­®¢¥á¨¨ ¢§ ¨¬®¤¥©áâ¢¨ï ¤àã£ á¤àã£®¬ ¢ £ §¥ N ¬ áá¨¢­ëå ç áâ¨æ,   §  áç¥â ­¥¯à¥ªà é îé¥£®áï ¨á¯ãá-ª ­¨ï ¨ ¯®£«®é¥­¨ï ä®â®­®¢ áâ¥­ª ¬¨ ®¡ê¥¬  V . �®íâ®¬ã ¯®«­®¥ ç¨á«®ä®â®­®¢ N , ­¥ ï¢«ïïáì ä¨ªá¨à®¢ ­­ë¬ ¢ ¯à¨­æ¨¯¥, ®¯à¥¤¥«ï¥âáï ¨§ ãá«®-¢¨ï à ¢­®¢¥á¨ï ¤«ï ¯ à ¬¥âà®¢ T; V;N ¬¨­¨¬ã¬®¬ á¢®¡®¤­®© í­¥à£¨¨:(@F=@N)T;V = � = 0. �®, â.ª. íâ  ¦¥ ¯à®¨§¢®¤­ ï ®¯à¥¤¥«ï¥â å¨¬¨ç¥-áª¨© ¯®â¥­æ¨ «, â® � � 0, ¨ à ¢­®¢¥á­ë© ä®â®­­ë© £ § ¢¥¤¥â á¥¡ï ª ª­ áëé¥­­ë© ¯ à: P (T; �) 7! P (T ), (11.26), ¨ n(T; �) 7! n(T ) (11.27), ¨



|122|¢ íâ®¬ á¬ëá«¥ ¢ëà®¦¤¥­ ¯à¨ «î¡®© â¥¬¯¥à âãà¥, ¥á«¨ ãá«®¢­® á®¯®áâ ¢¨âì¯®£«®é¥­¨¥ ä®â®­®¢ áâ¥­ª ¬¨ ¨å ãå®¤ã ¢ ¡®§¥ - ª®­¤¥­á â (á¬., ®¤­ ª®, (11.34) ¨ ­¨¦¥).�.¥., ¢ ®â«¨ç¨¥ ®â (10.37), ­¨ ¤ ¢«¥­¨¥, ­¨ ¯«®â­®áâì (11.68) ­¥ ï¢«ïîâáï¡®«¥¥ ­¥§ ¢¨á¨¬ë¬¨ ¨­â¥­á¨¢­ë¬¨ â¥à¬®¤¨­ ¬¨ç¥áª¨¬¨ ¯¥à¥¬¥­­ë¬¨:P = P (T ) = fP (n),   áà¥¤­¥¥ ç¨á«® ä®â®­®¢ �nk�� ¢ á®áâ®ï­¨¨ jk; �i¤ ¥âáï 8T ä®à¬ã«®© à á¯à¥¤¥«¥­¨ï �®§¥-�©­èâ¥©­  á � � 0:�nk�� =�n+("k�)�) [exp(�"k�)� 1]�1 ; "k� = �h!k: (11.17)�¢ §¨ª« áá¨ç¥áª®¥ ç¨á«® ä®â®­­ëå á®áâ®ï­¨© á í­¥à£¨ï¬¨ " = cp,¤«ï ¨å ­¥¯à¥àë¢­®£® ¯à¨ V !1 á¯¥ªâà  ¢ ¨­â¥à¢ «¥ ("; " + d"), à ¢­®:D("; V )d" � gV(h)3 Z
=4�d
 d3pd
 � g4�V p2(2��h)3 dp ) V "2�2(�hc)3 d"; (11.18) ­ «®£¨ç­® (6.24), (6.26). �¥à¥å®¤ï ª ç áâ®â ¬: " = �h!, ¯®«ãç¨¬ ¢ëà -¦¥­¨¥, á®¢¯ ¤ îé¥¥ á ª« áá¨ç¥áª¨¬ ¢®«­®¢ë¬ à¥§ã«ìâ â®¬ (11.14):D("; V )d" =) D(!; V )d! = V !2�2c3 d!: �áî¤ã ¤ «¥¥: �" � �h!kBT : (11.19)�á«¨, ¨áå®¤ï ¨§ â¥®à¥¬ë ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ ¯® áâ¥¯¥­ï¬ á¢®-¡®¤ë, ¯à¨¯¨á âì §¤¥áì ª ¦¤®© ­¥§ ¢¨á¨¬®© ¢®«­®¢®© ®áæ¨««ïâ®à®© ¬®¤¥!k ¢ª« ¤ kBT , â® áã¬¬ à­ ï í­¥à£¨ï ¨§«ãç¥­¨ï ¢ à ¬ª å â ª®£® ª« áá¨-ç¥áª®£® áâ â¨áâ¨ç¥áª®£® ®¯¨á ­¨ï ®ª §ë¢ ¥âáï à áå®¤ïé¥©áï ¢¥«¨ç¨­®©:U��E� ?7�!"!1kBT "Z0 d"0D("0; V )=kBT
("; V )� kBT V3�2  "�hc!3!1:(11.20)�®íâ®¬ã ¥á«¨ ­¥ á®¬­¥¢ âìáï ¢ á ¬®© ¢®§¬®¦­®áâ¨ á®áâ®ï­¨ï â¥¯«®¢®£®à ¢­®¢¥á¨ï ¤«ï ¨§«ãç¥­¨ï ¨ ¢ ¯à¨¬¥­¨¬®áâ¨ ª ­¥¬ã íâ®© â¥®à¥¬ë, â®¯à¨ " !1 ¤®«¦­® ¢¨¤®¨§¬¥­¨âìáï á ¬® ¯®­ïâ¨¥ ¥£® áâ¥¯¥­¥© á¢®¡®¤ë.�¥©áâ¢¨â¥«ì­®, ¨§ (11.17) á ãç¥â®¬ (11.19) ­ å®¤¨¬ áà¥¤­¨¥ ç¨á«® ç áâ¨æ(10.21) ¨ ¨å í­¥à£¨î ¢ £ §¥, ¯à¨å®¤ïé¨¥áï ­  á¯¥ªâà «ì­ë© ¨­â¥à¢ « d":dN"(T ) =�n+(")�D("; V )d" � V�2(�hc)3 "2[exp(�")� 1] d"; (11.21)dE"(T ) = "dN"(T ) = V u("; T )d" � V�2(�hc)3 "3[exp(�") � 1] d"; (11.22)� §¤¥«¨¢ dE"(T ) (11.22) ­  V ¨ d", ¯®«ãç¨¬ á¯¥ªâà «ì­ãî ¯«®â­®áâìí­¥à£¨¨ à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï ¨«¨ §­ ¬¥­¨âë© �« ­ª®¢áª¨© \§ ª®­à á¯à¥¤¥«¥­¨ï í­¥à£¨¨ ¢ ­®à¬ «ì­®¬ á¯¥ªâà¥ ¨§«ãç¥­¨ï" (�¨á. 11.3).dE"(T )V d" = u("; T ) =�n+(")� "D("; V )V = 1�2(�hc)3 "3[exp(�")� 1] : (11.23)



|123|3 �à ¢­¥­¨ï á®áâ®ï­¨ï ä®â®­­®£® £ § �§ (5.34), (5.37) ¤«ï � � 0 ¢­®¢ì ª ª ¤«ï á¨áâ¥¬ë á ­ã«¥¢ë¬ ¯®â¥­æ¨ «®¬�¨¡¡á  � � 0, â.¥. F = J + �N ) J = �PV , ¨¬¥¥¬: (@P=@V )T ) 0 ¯à¨P � �  @F@V !T =)!!! P (T );  @U@V !T � T dP (T )dT � P (T ) =)!!! UV ; (11.24)  ¨­â¥£à¨à®¢ ­¨¥ ¯® d" ¯® ç áâï¬ ¢­®¢ì ¯à¨¢®¤¨â (10.9) á ãç¥â®¬ (11.18){(11.20), (11.22) ª ãà ¢­¥­¨î á®áâ®ï­¨ï â¨¯  (10.10) ¤«ï ä®â®­­®£® £ § :V dP"(T ) =�n+(")� 
("; V )d"; ¨ â.ª. 
("; V ) = "D("; V )3 ; â® (11.25)dP"(T )d" = 13V dE"(T )d" = 13 u("; T ); ¨ P (T ) = 13 UV � 13 hhu(T )ii: (11.26)�¥è¥­¨¥ ãà ¢­¥­¨© (11.24), (11.26): T@TP (T ) = 4P (T ), ¬®¦­® ¢®á¯à®¨§-¢¥áâ¨ ¨­â¥£à¨à®¢ ­¨¥¬ (11.21), (11.22), (11.25) á ãç¥â®¬ (10.14){(10.19):nV��N(T )� = Z dN"(T )= V�2(�hc)3 1Z0 d" "2[exp(�")� 1] = V (kBT )3�2(�hc)3 I3; (11.27)U��E(T )� = Z dE"(T )= V�2(�hc)3 1Z0 d" "3[exp(�")� 1] = V (kBT )4�2(�hc)3 I4; (11.28)£¤¥: Is = 1Z0 xs�1dxexp(x)� 1 = �(s)�s(1) = �(s) 1X̀=1 1̀s = �(s)�(s); â.¥.: (11.29)I3= �(3)�(3) = 2!�(3) � 2; 40; I4= �(4)�(4) = 3!�(4) = �415 � 6; 49; (11.30)¨, ¯®¤áâ ¢¨¢ ¢ (11.28), ¯®«ãç¨âì § ª®­ ¨ ª®­áâ ­âã �â¥ä ­  { �®«ìæ¬ ­ U = �T 4V; � = �2k4B15(�hc)3 = 7; 56 � 10�15 íà£ � á¬�3 ���4;   â.ª.: (11.31)�F =) PV = U3 ; â® ¨: S � U � FT � V  @P@T !� =) 43 �T 3V (11.32){ í­âà®¯¨î ä®â®­­®£® £ § , ã¤®¢«¥â¢®àïîé¨¥ § ª®­ã �¥à­áâ : S �! 0T!0 .�­¥à£¨ï, ¯à¨å®¤ïé ïáï ¢ áà¥¤­¥¬ ­  ®¤­ã ç áâ¨æã (áà. (10.40)), à ¢­ :�E(T )��N(T )� = I4I3kBT = 3 �(4)�(3) kBT; hhu(T )ii3 = P = �(4)�(3) n(T )kBT; (11.33)£¤¥: �(4)�(3) � 0; 900 ,! 1: �«¨ I4I3 ,! 3; â.¥. �E(T )�3�N(T )� ,! kBT; (11.34)



|124|¯à¨ Is ,! �(s) { á ®â¡à áë¢ ­¨¥¬ 1 ¢ §­ ¬¥­ â¥«ïå (11.27){(11.29) { ¢®¡« áâ¨ ¢ëá®ª¨å ç áâ®â ¨ ­¨§ª¨å â¥¬¯¥à âãà, £¤¥ ä®â®­­ë© £ § (11.33)®ª §ë¢ ¥âáï ®ç¥­ì ¯®å®¦¨¬ ­  ª« áá¨ç¥áª¨© ¨¤¥ «ì­ë© £ § á ¯®«­ë¬ç¨á«®¬ �N(T )� (11.27) ç áâ¨æ, á í­¥à£¨¥© "p = cjpj. �®à¬ã«  (11.34)¯®ª §ë¢ ¥â, çâ® ¯à¨ íâ®¬ ¢ áà¥¤­¥¬ ­  ®¤­ã ª®à¯ãáªã«ïà­ãî áâ¥¯¥­ìá¢®¡®¤ë íâ®£® £ § , ¢ á®£« á¨¨ á â¥®à¥¬®© ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à-£¨¨ (6.7), (6.10), ¯à¨å®¤¨âáï ¯®çâ¨ kBT , ª ª ¨ ­  ®¤­ã ®áæ¨««ïâ®à­ãî¢®«­®¢ãî ¬®¤ã (11.4) ��� ¢ (11.20). �® ¥áâì ¯à¨ ¢ëá®ª¨å ç áâ®â å¡¥áª®­¥ç­®¥ ç¨á«® ¢®«­®¢ëå áâ¥¯¥­¥© á¢®¡®¤ë ¯« ¢­® à¥¤ãæ¨àãîâáï ªª®­¥ç­®¬ã ç¨á«ã 3�N(T )� ª®à¯ãáªã«ïà­ëå áâ¥¯¥­¥© á¢®¡®¤ë. � ª çâ®á®£« á­® ¤¢®©áâ¢¥­­®© ¯à¨à®¤¥ ���, ¨¬¥îâáï ¤¢  ª« áá¨ç¥áª¨å ¯à¥-¤¥«  § ª®­  �« ­ª :� K« áá¨ç¥áª¨© ª®à¯ãáªã«ïà­ë© ¯à¥¤¥« ä®à¬ã«ë (11.23):�" � �h!kBT � 1; �n+(")� = [exp (�") � 1]�1 =) exp (��") ;u("; T ) =) "D("; V )V exp (��") = "3�2(�hc)3 exp (��") ; (11.35)¨§¢¥áâ­ë© ª ª ä®à¬ã«  �¨­ . �â®â ¢ëá®ª®ç áâ®â­ë© ¨ ¢ â® ¦¥ ¢à¥¬ï­¨§ª®â¥¬¯¥à âãà­ë© ¯à¥¤¥«, â¥¬ ­¥ ¬¥­¥¥, ¯à¨ � = 0 ®â¢¥ç ¥â ¡®«ìæ-¬ ­®¢áª®¬ã ¯à¨¡«¨¦¥­¨î ¤«ï ç áâ¨æ á í­¥à£¨¥© " = cp = �h! ¨ ¯«®â­®-áâìî á®áâ®ï­¨© (11.18) ¨ ã¤®¢«¥â¢®à¨â¥«ì­® ®¯¨áë¢ ¥â íªá¯¥à¨¬¥­â «ì-­ë¥ ¤ ­­ë¥ ¢ ®¡« áâ¨ ¬ «ëå ¤«¨­ ¢®«­ �, â.¥. ¢ëá®ª¨å ç áâ®â ! = 2�c=�.� K« áá¨ç¥áª¨© ¢®«­®¢®© ¯à¥¤¥« ä®à¬ã«ë (11.23):�" � �h!kBT � 1; exp (�") � 1 =) �"; "�n+(")� =) 1� = kBT;u("; T )) D("; V )V � = "2 kBT�2(�hc)3 ; u(!; T ) � �hu("; T )) !2�2c3 kBT; (11.36)®­ ¦¥ { ¤«¨­­®¢®«­®¢ë© (­¨§ª®ç áâ®â­ë©), ®­ ¦¥ { ¢ëá®ª®â¥¬¯¥à âãà-­ë© ¯à¥¤¥« § ª®­  �« ­ª , ¨§¢¥áâ­ë© ª ª ä®à¬ã«  �í«¥ï-�¦¨­á . �®-¯ëâª  à á¯à®áâà ­¥­¨ï íâ®© ä®à¬ã«ë ­  ®¡« áâì ¢ëá®ª¨å ç áâ®â ¢®§-¢à é ¥â ­ á ª \ã«ìâà ä¨®«¥â®¢®© ª â áâà®ä¥" à áå®¤¨¬®áâ¨ ¨­â¥£à « ¢ (11.20). � á«¥¤ãîé¥© «¥ªæ¨¨  ­ «®£ (12.6) íâ®£® ¨­â¥£à «  ¤«ï ª®­¥ç-­®£® ç¨á«  áâ¥¯¥­¥© á¢®¡®¤ë ä®­®­­®£® ¯®«ï ®ª §ë¢ ¥âáï ª®­¥ç¥­ ¨ ä®à-¬ã«®© (12.10) ª®àà¥ªâ­® ¢®á¯à®¨§¢®¤¨â § ª®­ à ¢­®à á¯à¥¤¥«¥­¨ï í­¥à-£¨¨ (6.10) ¢ ¢¨¤¥ (11.34) ¤«ï ªà¨áâ «« , ­® ¯à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å.



|125|4 � ª®­ �¨àå£®ä � ¤ çã ­ å®¦¤¥­¨ï ã­¨¢¥àá «ì­®© äã­ªæ¨¨ ®â­®è¥­¨ï ¨§«ãç â¥«ì­®© ¨¯®£«®é â¥«ì­®© á¯®á®¡­®áâ¥© â¥«  áä®à¬ã«¨à®¢ « ¨ à¥è¨« �. �¨àå£®ä(1860). �§«ãç â¥«ì­ ï á¯®á®¡­®áâì â¥«  e(!) ¥áâì á¯¥ªâà «ì­ ï ¯«®â-­®áâì ¯®â®ª  í­¥à£¨¨, ¨§«ãç¥­­®£® â¥«®¬ ­ àã¦ã á ¥¤¨­¨æë ¯«®é ¤¨¥£® ¯®¢¥àå­®áâ¨ ¯® ¢á¥¬ ­ ¯à ¢«¥­¨ï¬ ¢ ¨­â¥à¢ «¥ (!; ! + d!) §  1 á¥ª.�ãáâì ­  íâã ¦¥ ¥¤¨­¨æã ¯®¢¥àå­®áâ¨ â¥«  §  1 á¥ª. ¯ ¤ ¥â ®â®¢áî¤ã¯®«­ë© ¯®â®ª í­¥à£¨¨ ¨§«ãç¥­¨ï á ¯«®â­®áâìî I!, ç áâì Ia! ª®â®à®£® ¯®-£«®é ¥âáï, ç áâì Ir! ®âà ¦ ¥âáï, ¨ ç áâì Id! ¯à®å®¤¨â áª¢®§ì â¥«®:Ia!I! + Ir!I! + Id!I! = a+ r + d = 1; (�âà®£® íâ® ¢¥à­® [6] â®«ìª® ¤«ï 1Z0 I!d!). (11.37)£¤¥ a { ª®íää¨æ¨¥­â ¯®£«®é¥­¨ï, ¨«¨ ¯®£«®é â¥«ì­ ï á¯®á®¡­®áâì â¥« ;r { ª®íää¨æ¨¥­â ®âà ¦¥­¨ï; d { ª®íää¨æ¨¥­â ¯à®§à ç­®áâ¨ â¥« .� á®áâ®ï­¨¨ â¥¯«®¢®£® à ¢­®¢¥á¨ï á ¨§«ãç¥­¨¥¬ â¥«® ¨§«ãç ¥â áâ®«ìª®¦¥ í­¥à£¨¨, áª®«ìª® ¯®£«®é ¥â: e(!) = Ia! = aI!. �á«¨ a = 0, r = 0,d = 1, â® â¥«® ­ §ë¢ îâ  ¡á®«îâ­® ¯à®§à ç­ë¬ (¢ ¤ ­­®¬ á¯¥ªâà «ì­®¬¨­â¥à¢ «¥); ¥á«¨ a = 0, r = 1, d = 0 {  ¡á®«îâ­® §¥àª «ì­ë¬; ¥á«¨ ¦¥a = 1, r = 0, d = 0, â® �¨àå£®ä ­ §¢ « ¥£®  ¡á®«îâ­® ç¥à­ë¬.� áá¬®âà¨¬ ¤¢¥ ¡¥áª®­¥ç­ë¥ ¯«®áª¨¥ ¯« áâ¨­ë A1 ¨ A2, á §¥àª «ì­ë¬¨ ¢­ãâà¥­-­¨¬¨ ¨ â¥¯«®¨§®«¨à®¢ ­­ë¬¨ ¢­¥è­¨¬¨ áâ®à®­ ¬¨, à á¯®«®¦¥­­ë¥ ¯ à ««¥«ì­®, ­ ­¥ª®â®à®¬ à ááâ®ï­¨¨ ¤àã£ ®â ¤àã£ . �å d1 = d2 = 0,   ¨§«ãç â¥«ì­ë¥ ¨ ¯®£«®é -â¥«ì­ë¥ á¯®á®¡­®áâ¨ ®¡®§­ ç¨¬ á®®â¢¥âáâ¢¥­­® e1, a1 ¨ e2, a2. �à®æ¥áá ãáâ ­®¢«¥­¨ïâ¥¯«®¢®£® à ¢­®¢¥á¨ï ¯« áâ¨­ ¨ ¨§«ãç¥­¨ï ¢ ¯®«®áâ¨ ¬¥¦¤ã ­¨¬¨ ­  ª ¦¤®© ¥¤¨­¨æ¥¯«®é ¤¨ ¯®¢¥àå­®áâ¨ ¯« áâ¨­ ¬®¦­® ¯à¥¤áâ ¢¨âì á«¥¤ãîé¨¬ ®¡à §®¬. �§ ¯®â®ª  í­¥à-£¨¨ e1, ¨§«ãç¥­­®£® â¥«®¬ A1, â¥«® A2 ¯®£«®â¨â a2e1 ¨ ®âà §¨â (1 � a2)e1. �¥«® ¦¥ A1¯®£«®â¨â a1(1 � a2)e1, ¨ ®âà §¨â (1 � a1)(1 � a2)e1; ¢ á¢®î ®ç¥à¥¤ì, â¥«® A2 ¯®£«®â¨âa2(1�a1)(1�a2)e1,   ®âà §¨â (1�a1)(1�a2)2e1, ¨ â.¤. �®çâ¨ â® ¦¥ á ¬®¥ ¬®¦­® áª § âì¨ ® â®© ç áâ¨ ¯®â®ª  í­¥à£¨¨ ¨§«ãç¥­¨ï e2, ª®â®à ï ¨á¯ãáª ¥âáï â¥«®¬ A2. �®á«¥ ®âà -¦¥­¨ï ®â A1 ª A2 ¢®§¢à é ¥âáï (1�a1)e2, ¯®£«®é ¥âáï a2(1�a1)e2 ¨ â.¤. �ã¬¬¨àãï íâ¨¤¢¥ £¥®¬¥âà¨ç¥áª¨¥ ¯à®£à¥áá¨¨, ­ ©¤¥¬ ¢¥áì ¯®â®ª í­¥à£¨¨ ¨§«ãç¥­¨ï, ¯®£«®é ¥¬ë© ¢1 á¥ª. ¯« áâ¨­®© A2 ¨§ ¯ ¤ îé¥£® ­  ­¥¥ ¯®«­®£® ¯®â®ª  í­¥à£¨¨ IA2! :Ia2! = a2 [Ie1! + (1� a1)Ie2! ] = a2 "e1 1Xk=0 qk + (1� a1)e2 1Xk=0 qk# ; â.¥.Ia2! = a2IA2! = a2 [e1 + (1� a1)e2] 1Xk=0 qk = a2e1 + a2(1 � a1)e21� q ; (11.38)£¤¥ §­ ¬¥­ â¥«ì ¯à®£à¥áá¨¨ q = (1� a1)(1� a2) < 1,   Iei! { ¯®«­ë© ¯¥à¥¨§«ãç¥­­ë© {¯¥à¥®âà ¦¥­­ë© ¯®â®ª í­¥à£¨¨ á ¥¤¨­¨æë ¯«®é ¤¨ i -®© ¯« áâ¨­ë. �®¤áâ ¢«ïï (11.38)¢ ãá«®¢¨¥ â¥¯«®¢®£® à ¢­®¢¥á¨ï â¥«  A2 á ¨§«ãç¥­¨¥¬, e2 = Ia2! , ­ ©¤¥¬ § ª®­ �¨àå£®ä :



|126|e2 = a2 e1 + (1� a1)e21� (1 � a1)(1� a2) ; ¨«¨: IA2! � e2a2 = e1a1 ) ea � e0(!; T ); â.¥.:: (11.39)�â­®è¥­¨¥ ¨§«ãç â¥«ì­®© á¯®á®¡­®áâ¨ â¥«  ª ¯®£«®é â¥«ì­®©¢ á®áâ®ï­¨¨ â¥¯«®¢®£® à ¢­®¢¥á¨ï á ¨§«ãç¥­¨¥¬ ï¢«ï¥âáï ­¥-ª®â®à®© ã­¨¢¥àá «ì­®©, ­¥§ ¢¨áïé¥© ®â â¥«  äã­ªæ¨¥© e0(!; T )â®«ìª® ®â ! ¨ T .�à¨ a = 1 ¨¬¥¥¬ ã­¨¢¥àá «ì­ãî äã­ªæ¨î e0(!; T ) § ª®­  �¨àå£®ä (11.39) ª ª ¨§«ãç â¥«ì­ãî á¯®á®¡­®áâì  ¡á®«îâ­® ç¥à­®£® â¥« . �­  ¢ë-à ¦ ¥âáï ç¥à¥§ á¯¥ªâà «ì­ãî ¯«®â­®áâì ¨§«ãç¥­¨ï u(!; T ) à ¢¥­áâ¢®¬, ­ «®£¨ç­ë¬ä®à¬ã«¥ ¤«ï ¯®«­®© ¯«®â­®áâ¨ ¯®â®ª  ¬ ªá¢¥««®¢áª®£® £ § J�(N�) = n�vN�(vN)� ¨§ ®â¢¥àáâ¨ï � ¢ á®áã¤¥ á § ¤ ­­®© ¯«®â­®áâìîn ç¨á«  ç áâ¨æ £ § : J�(N�) = n�v�=4, £¤¥ vN = v cos# (� ¤. 12.2.),(�¨á.11.1). �¥©áâ¢¨â¥«ì­®, § ¯¨è¥¬ ¢ëà ¦¥­¨¥ ¤«ï í­¥à£¨¨, ¨§«ãç¥­­®©ç¥à­ë¬ â¥«®¬ ¢ á¯¥ªâà «ì­®¬ ¨­â¥à¢ «¥ d! §  ¢à¥¬ï �t á ¯«®é ¤ª¨ � ¢­ ¯à ¢«¥­¨¨ ¢¥ªâ®à  n(#; '), ¯®¤ ã£«®¬ # ª ­®à¬ «¨N� ª íâ®© ¯«®é ¤ª¥,cos# = (n �N�), ¢ í«¥¬¥­â â¥«¥á­®£® ã£«  d
 = d
(n) = sin#d#d':dE#;'!� = u(!; T )d!�V#d
4� ) dI#;'!��t�d! = I!(n) cos#d
�t�d!; (11.40)£¤¥ (�¨á.11.1): I!(n) � I!(r = 0;n) =) c4�u(!; T ) = I0!; { ¥áâì (11.41)«ãç¥¢ ï ¨­â¥­á¨¢­®áâì ­  � ¨§«ãç¥­¨ï ¢ ¥¤¨­¨æã â¥«¥á­®£® ã£«  ¢ ­ -¯à ¢«¥­¨¨ ¢¥ªâ®à  n, ¢ à ¢­®¢¥á¨¨ ­¥ § ¢¨áïé ï ®â n. � ®¡é¥¬ á«ãç ¥I!(r;n) - ¥áâì «ãç¥¢ ï ¨­â¥­á¨¢­®áâì [58] ¨§«ãç¥­¨ï ¢ â®çª¥ r, ¢ ­ ¯à -¢«¥­¨¨ ¢¥ªâ®à  n, ¯à¨è¥¤è¥£® ¢ ­¥¥ ¨§ â®çª¨ r = 0 ­  à¥ «ì­®© ¨«¨ ¢®-®¡à ¦ ¥¬®© ¨§«ãç îé¥© ¯®¢¥àå­®áâ¨ �,   �V# = c�t�cos # { ®¡ê¥¬ ª®-á®£® æ¨«¨­¤à , ª®â®àë© § ¯®«­ïîâ §  ¢à¥¬ï �t ¨§«ãç¥­­ë¥ ¢ d
 ä®â®­ë.�§«ãç â¥«ì­ãî á¯®á®¡­®áâì { ¯«®â­®áâì I!�(N�) ¯®â®ª  í­¥à£¨¨ ¨§«ãç¥-­¨ï, ®â­¥á¥­­ãî ª á¯¥ªâà «ì­®¬ã ¨­â¥à¢ «ã d!, ¯®«ãç¨¬, ¯à®¨­â¥£à¨-à®¢ ¢ (11.40) ¯® ¢á¥¬ ¢®§¬®¦­ë¬ ­ ¯à ¢«¥­¨ï¬ ¨§«ãç¥­¨ï n á ®¤­®© áâ®-à®­ë ¯«®é ¤ª¨ ¨ à §¤¥«¨¢ à¥§ã«ìâ â ­  �t�d!: [u(!; T )d! = u("; T )d"],I!�(N�)= Z dI#;'!� = 14��t� 2�Z0 d'�=2Z0 sin# d#�V# u(!; T ) !!!= e0(!; T )= (11.42)= Z I!(n)(n �N�)d
 = I0! 2�Z0 d' �=2Z0 cos# sin# d# = �I0! = c4u(!; T ); (11.43)â.¥.: �v� 7! c; n 7! u(!; T ); J�(N�) 7! I!�(N�); (áà. (11.64)):



|127|5 \�®«¥ªã«ïà­®-ª¨­¥â¨ç¥áª®¥" ¤®¯®«­¥­¨¥.�­®¦¥áâ¢® ¨¤¥ «ì­ëå á¨áâ¥¬, £¤¥ ¢ à ¢­®¢¥á¨¨ PV=U = � = ¡¥§à §-¬¥à­®© const (� ¤. 2.11., 16.3.) ®â­î¤ì ­¥ ¯ãáâ®. � ¨å ç¨á«¥: ¨¤¥ «ì­ë©£ § â®ç¥ç­ëå ç áâ¨æ á � = 2=3, ¨§«ãç¥­¨¥ ¨ £ § ä®­®­®¢ ¢ ªà¨áâ ««¥ á� = 1=3, ¨ â.¤.,   â ª¦¥ £¨¯®â¥â¨ç¥áª ï \â¥¬­ ï í­¥à£¨ï" á � = �1. � ¢«¥­¨¥ P¨ í­¥à£¨ï U íâ¨å á¨áâ¥¬ ®¡ï§ ­ë «¨èì ª¨­¥â¨ç¥áª¨¬ áâ¥¯¥­ï¬ á¢®¡®¤ëá®áâ ¢«ïîé¨å ¨å \ç áâ¨æ" á í­¥à£¨¥© " = "p ¢ ®âáãâáâ¢¨¥ ¨å áâ®«ª­®¢¥-­¨© ¨ ¢§ ¨¬®¤¥©áâ¢¨©. �® ¥á«¨ â¥à¬ «¨§ æ¨ï (à¥« ªá æ¨ï ª à ¢­®¢¥á¨î)ä®â®­®¢ ¨§«ãç¥­¨ï ¨«¨ ä®­®­®¢ ªà¨áâ ««  ¯à®¨áå®¤¨â §  áç¥â ¨å ¯®£«®-é¥­¨ï ¨ ¨á¯ãáª ­¨ï áâ¥­ª ¬¨ ®¡ê¥¬  ¨«¨ ªà¨áâ ««¨ç¥áª®© à¥è¥âª®©, â®¤«ï â®ç¥ç­ëå ç áâ¨æ ¨¤¥ «ì­®£® £ §  ¢®§¬®¦­ë â®«ìª® ã¯àã£¨¥ áâ®«ª-­®¢¥­¨ï á® áâ¥­ª ¬¨, ¨ ¢®¯à®á ® ¥£® â¥à¬ «¨§ æ¨¨ ®áâ ¥âáï ®âªàëâë¬.�ãáâì ¨¬¥¥âáï N â ª¨å ç áâ¨æ ¢ ®¡ê¥¬¥ V á à ¢­®¢¥á­®© ¯«®â­®áâìîn. �á«¨ dfwT (") = efT (")d" { ¥áâì ¤¨ää¥à¥­æ¨ «ì­ ï ¢¥à®ïâ­®áâì ¢ «î¡®©¬®¬¥­â ¢à¥¬¥­¨ t ­ ©â¨ ¢ íâ®¬ £ §¥ ®¤­ã ç áâ¨æã á ª¨­¥â¨ç¥áª®© í­¥à-£¨¥© ¢ ¨­â¥à¢ «¥ ("; " + d"), ¨ F(")d" = n efT (")d" { ¥áâì â®£¤  áà¥¤­¥¥ç¨á«® ç áâ¨æ á â ª®© í­¥à£¨¥© ¢ ¥¤¨­¨æ¥ ®¡ê¥¬ ,   �V F(")d" { ¥áâì áà¥¤-­¥¥ ¨å ç¨á«® ¢ ®¡ê¥¬¥ �V , â® áà¥¤­ïï í­¥à£¨ï ®¤­®© ç áâ¨æë �"�, ¥¥áà¥¤­ïï  ¡á®«îâ­ ï áª®à®áâì ��� ¨ áà¥¤­ïï í­¥à£¨ï ¢ ¥¤¨­¨æ¥ ®¡ê¥¬ { ®¡ê¥¬­ ï ¯«®â­®áâì í­¥à£¨¨ hhu(T )ii ¯à¨ â¥¬¯¥à âãà¥ T à ¢­ë:�"� = 1Z0 d" " efT ("); ��� = 1Z0 d" �(") efT ("); 1Z0 d" efT (") = 1; (11.44)�n� = 1Z0 d"F(")(=f?g n � NV ; hhu(T )ii = 1Z0 d" "F(")= n�"� = UV : (11.45)�®£« á­® £¨¯®â¥§¥ ¬®«¥ªã«ïà­®£® å ®á , ¢á«¥¤áâ¢¨¥ ®¤­®à®¤­®áâ¨ ¨ ¨§®-âà®¯­®áâ¨ ¯à®áâà ­áâ¢  ¨ ¢à¥¬¥­¨ ¢ à ¢­®¢¥á¨¨, ç¨á«® ç áâ¨æ á í­¥à£¨-ï¬¨ ¢ â®¬ ¦¥ ¨­â¥à¢ «¥ d", ¢ë«¥â îé¨å ¨§ ¬�ªà®áª®¯¨ç¥áª¨ ¬ «®£®®¡ê¥¬  �V ¢ í«¥¬¥­â â¥«¥á­®£® ã£«  d
(n) = sin#d#d' ¢ ­ ¯à ¢«¥-­¨¨ ¥¤¨­¨ç­®£® ¢¥ªâ®à  n(#; ') = e1 sin# cos' + e2 sin# sin' + e3 cos#(�¨á.11.2) §  ¢à¥¬ï dt à ¢­® d@(";n) = �V F(")d"d
(n)=4�. �à¨ç¥¬ ¢à ¢­®¢¥á¨¨ à®¢­® áâ®«ìª® ¦¥ ç áâ¨æ §  â® ¦¥ ¢à¥¬ï ¢«¥â ¥â ¢ íâ®â ¦¥¬ «ë© ®¡ê¥¬ ç¥à¥§ â®â ¦¥ ¨«¨ â ª®© ¦¥ â¥«¥á­ë© ã£®«, ª ª ¢ â®¬ ¦¥,â ª ¨ ¢ ¯à®â¨¢®¯®«®¦­®¬ �n = n(� � #; '+ �) ¨«¨ ¢ «î¡®¬ ¤àã£®¬ ­ -¯à ¢«¥­¨¨. �.¥. ¢ á¨«ã ¬ «®áâ¨ �V ¢«¥â îé¨¥ ¨ ¢ë«¥â îé¨¥ ¨§ ­¥£® ¢®¤­®¬ ¨ â®¬ ¦¥ ­ ¯à ¢«¥­¨¨ ¢ ¥¤¨­¨æã ¢à¥¬¥­¨ ¨«¨ §  ¬ «ë© ¨­â¥à¢ «¢à¥¬¥­¨ dt ç áâ¨æë ®ª §ë¢ îâáï ¯® áãâ¨ ­¥à §«¨ç¨¬ë ¬¥¦¤ã á®¡®©.



|128|�à¨ ¢áâà¥ç¥ á® áâ¥­ª®© ­  ¯«®é ¤ª¥ d� = Nd� á ­®à¬ «ìîN, ª ª ­ ®á­®¢ ­¨¨ ®¡ê¥¬  ª®á®£® æ¨«¨­¤à  (�¨á.11.1) �V = �"dt d�cos # ¢ ­ ¯à -¢«¥­¨¨ ¢¥ªâ®à  n(#; '), £¤¥ cos # = (N � n), ª ¦¤ ï ¨§ ç áâ¨æ, ¨¬¥îé ï¢ ­¥¬  ¡á®«îâ­ãî áª®à®áâì �" ¨  ¡á®«îâ­ë© ¨¬¯ã«ìá p" ¢ ­ ¯à ¢«¥­¨¨¢¥ªâ®à  �n, ¯¥à¥¤ ¥â íâ®© áâ¥­ª¥ ¢ ­ ¯à ¢«¥­¨¨ ¢¥ªâ®à  ­®à¬ «¨ �N¨¬¯ã«ìá: ®â 2p" cos# { ¯à¨  ¡á®«îâ­® ã¯àã£®¬ ã¤ à¥ ¢ á«ãç ¥ ¨¤¥ «ì­®£®£ §  â®ç¥ç­ëå ç áâ¨æ ¬ ááë m, ¤® p" cos # { ¯à¨  ¡á®«îâ­® ­¥ã¯àã£®¬ã¤ à¥ ¨ ¯®£«®é¥­¨¨ ¢ á«ãç ¥ ä®â®­®¢ à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï á  ¡á®-«îâ­® ç¥à­ë¬ â¥«®¬ (�¨á.11.1). �¤­ ª® ¢ ¯®á«¥¤­¥¬ á«ãç ¥ à ¢­®¢¥á¨¥®§­ ç ¥â â ª¦¥ ¨§«ãç¥­¨¥ áâ¥­ª®© á ¯«®é ¤ª¨ d� à®¢­® â®£® ¦¥ ç¨á« â ª¨å ¦¥ ä®â®­®¢ ¢ ­ ¯à ¢«¥­¨¨ ¢¥ªâ®à  n §  â®â ¦¥ ¨­â¥à¢ « ¢à¥¬¥­¨dt, ª ¦¤ë© ¨§ ª®â®àëå \¤®¡ ¢«ï¥â" ª ¯¥à¥¤ ç¥ ¨¬¯ã«ìá  ¥é¥ p" cos#,¢®ááâ ­ ¢«¨¢ ï à¥§ã«ìâ â  ¡á®«îâ­® ã¯àã£®© ¯¥à¥¤ ç¨. �.¥. ¤«ï «î¡ëå¤¨ää¥à¥­æ¨ «ì­ëå ¯®â®ª®¢ à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï (¨ ­¥ ®¡ï§ â¥«ì­®ç¥à­®â¥«ì­®£® [7]!): dJ¯ ¤ + dJ¨áå®¤ = 0, ¨ §¥àª «ì­® (ã¯àã£®) ®âà ¦¥­-­ë¥, ¤¨ääã§­® à áá¥ï­­ë¥, ¯®£«®é¥­­ë¥ ¨ ¨§«ãç¥­­ë¥ ä®â®­ë ¯¥à¥à á-¯à¥¤¥«ïîâáï ¬¥¦¤ã á®¡®© \¢­ãâà¨" íâ®© 2-ª¨, ®áâ ¢«ïï ¥¥ ­¥¨§¬¥­­®©!�®¬¯®­¥­âë ¯¥à¥¤ ç¨ ¨¬¯ã«ìá  ¯ à ««¥«ì­ë¥ áâ¥­ª¥ ¢® ¢á¥å á«ãç ïå ¢â®¬ â¨ç¥áª¨ ª®¬¯¥­á¨àãîâáï ¯à®â¨¢®¯®«®¦­ë¬¨ ¢ª« ¤ ¬¨ á ­ ¯à -¢«¥­¨© á â¥¬ ¦¥ #, ­® á ' 7! ' + �, â.¥. �p("; #) = 2p" cos #, íâ® ¯®«­ë©¨¬¯ã«ìá, ¯¥à¥¤ ­­ë© áâ¥­ª¥ \¢ áà¥¤­¥¬ ®¤­®© ç áâ¨æ¥©" ¢ à ¢­®¢¥á¨¨.�¥«¨ç­  d�cos # ­  (�¨á.11.1) ¨ ¢ ¢ëà ¦¥­¨¨ ¤«ï �V ¥áâì ¢ â®ç­®áâ¨¯«®é ¤ì ®á­®¢ ­¨ï ª®­ãá  â¥«¥á­®£® ã£«  d
(n) ­  (�¨á.11.2), â.¥. ç -áâ¨æë ¢ (¨§) �V ¯à¨«¥â îâ (ã«¥â îâ) ¨§ (¢) d
(n). �®£¤  ¯®«­ ï ¯¥à¥-¤ ç  ¨¬¯ã«ìá  áâ¥­ª¥ dp"(n) §  ¢à¥¬ï dt ¢á¥¬¨ ç áâ¨æ ¬¨ ¨§ ®¡ê¥¬  �V¨ á®®â¢¥âáâ¢ãîé¨¥ á¨«  dF"(n) ¨ ¤ ¢«¥­¨¥ d�"(n) à ¢­ë:dp"(n) = �p("; #)d@(";n) = 2p"�"F(")d" cos2 #d
(n)4� d�dt; (11.46)dF"(n) = dp"(n)dt ; d�"(n) = dF"(n)d� = 2p"�"F(")d" cos2 #d
(n)4� ;(11.47)â.¥.: dP"(T ) = Z2� d�"(n) = 2p"�"F(")d"4� 2�Z0 d' �=2Z0 d# sin# cos2 #; (11.48)¨«¨: dP"(T ) = 13 p"�"F(")d"; P (T ) = 13 1Z0 p"�"F(")d": (11.49)�®«ãç¥­­ë¥ ¢ëà ¦¥­¨ï £®¤ïâáï ¤«ï «î¡®£® ®¤­®ç áâ¨ç­®£® á¯¥ªâà  "(p)¨ à ¢­®¢¥á­®£® à á¯à¥¤¥«¥­¨ï F("). �«ï ­¥à¥«ïâ¨¢¨áâáª®£® ¨¤¥ «ì-



|129|­®£® £ §  â®ç¥ç­ëå ç áâ¨æ p" = m�" ¨ p"�" = 2". �«ï £ §  ã«ìâà à¥«ï-â¨¢¨áâáª¨å ç áâ¨æ ¨ ä®â®­®¢ p"�" = p"á = ". �®£¤  á®£« á­® (11.45):Pg(T ) = 23 1Z0 "F(")d"= nm��2�3 � 23 UV ; Pr(T ) = 13 1Z0 "F(")d"= 13 UV :(11.50)(�«ï â¥¬­®© í­¥à£¨¨ ä®à¬ «ì­® ¨¬¥¥¬ p"�" 7! �3", â.¥. �" = d"=dp, "p = Cp�3).�á«¨ d� ¥áâì ¯«®é ¤ì ®â¢¥àáâ¨ï ¢ áâ¥­ª¥ á®áã¤  á ­®à¬ «ìî N, â®¤¨ää¥à¥­æ¨ «ì­ë© í«¥¬¥­â ¯®â®ª  dJN(n) ç¥à¥§ ­¥£® ç áâ¨æ ¢ ­ ¯à -¢«¥­¨¨ ¢¥ªâ®à  n(#; ') ¥áâì â® ¦¥ ç¨á«® ç áâ¨æ d@(";n) ¢ ®¡ê¥¬¥ â®£®¦¥ ª®á®£® æ¨«¨­¤à  �V (�¨á.11.1). �­ «®£¨ç­® (11.46) { (11.49), ¤«ï¯«®â­®áâ¨ ¯®â®ª  ç áâ¨æ djN(") ¢ äã­ªæ¨¨ «¨èì í­¥à£¨¨ " íâ® ¤ ¥â:dJN(n) = d@(";n) = �V F(")d"d
(n)4� = �"F(")d" cos #d
(n)4� d�dt; (11.51)djN(") = Z2� dJN(n)d�dt = �"F(")d"4� 2�Z0 d' �=2Z0 d# sin# cos # = �"F(")d"4 : (11.52)�.¥.: �jN� � �n�N�(�N)� = 1Z0 djN(") = 14 1Z0 �"F(")d" = n���4 ; (11.53)á®£« á­® ®¯à¥¤¥«¥­¨ï¬ (11.44), ¥áâì ¯®«­ ï ¯«®â­®áâì ¯®â®ª  ç áâ¨æ, ¢ë-­®á¨¬ëå ç¥à¥§ íâ® ®â¢¥àáâ¨¥ ¢ ­ ¯à ¢«¥­¨¨ ¢¥ªâ®à  ­®à¬ «¨ N. � ªçâ® ®¤­  äã­ªæ¨ï à á¯à¥¤¥«¥­¨ï F(") ¯®§¢®«ï¥â ®¯¨á âì ¢áî ª¨­¥â¨ªã¨¤¥ «ì­®© à ¢­®¢¥á­®© á¨áâ¥¬ë, ­¥§ ¢¨á¨¬® ®â ¥¥ ¯à¨à®¤ë. �«®â­®áâì¢¥à®ïâ­®áâ¨ à §«¨ç­ëå §­ ç¥­¨© " ¢ á ¬®¬ ¢ë­®á¨¬®¬ ¯®â®ª¥ à ¢­ :dfwj(") = djN(")�jN� = �"���dfwT (") = �"��� efT (")d": (11.54)�«ï ¨¤¥ «ì­®£® ª¢ ­â®¢®£® £ §  «î¡®© áâ â¨áâ¨ª¨ � = �1; 0 ¨§ ®¯à¥-¤¥«¥­¨© (6.26), (10.21) { (10.24), (10.45), (11.44), (11.45), (11.53) ¯à¨F(")) FT� (") = D("; V )V �n�(")� =)d=3 gs4�h3 p2(")�(")�n�(")�; (11.55)â.¥.: FT� (") = D("; V )V [e�("��) � �] ; ¨ z = e��; ­ å®¤¨¬, çâ®: (11.56)�n�� � n�(T; z) = 1Z0 FT� (")d" =)d=3 gs4�h3 1Z0 p2(")�(")�n�(")�d"; ¨: (11.57)�n�"��� n�(T; z)����= 1Z0 �"FT� (")d"=)d=3 gs4�h3 1Z0 p2(")�n�(")�d";(11.58)



|130|n�(T; z)���� =)D3=2 gs8�mh3 1Z0 "d"[e�("��) � �] = n0(T; z)���0�2(�z); (11.59)£¤¥ á ãç¥â®¬ (10.11) { (10.16), (10.28) ¨ â.ª. � = 0 ®â¢¥ç ¥â áâ â¨áâ¨ª¥�®«ìæ¬ ­ , ¨¬¥¥¬ ¤«ï z 7! � = e�w = ze��W á à ¡®â®© ¢ëå®¤  W, ¯à¨:n�(T; z) =)D3=2 n0(T; z)�3=2(�z); ��(T; z) f!!g=)D3=2 ���0 8<: �2(�z)�3=2(�z)9=;; (11.60)£¤¥: ���� � ��(T; z); ���0=)D3=2  8kT�m !1=2; n0(T; z) � gsz�3(T ) ; (11.61)çâ®: �jN�� f!!g== 14 n�(T; �)��(T; �) =)D3=2 14 n0(T; �)���0�2(��); (11.62)¥áâì ª¢ ­â®¢ ï ä®à¬ã«  �¨ç à¤á®­  ¤«ï �jN�� = �n�N�(�N � �0N)��(áà. (11.53)), £¤¥ ¨ ¯® á¬ëá«ã: � 7! w = � �W, z 7! � ¯à¨ W = m ��0N�2 =2.�«ï à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï ä¨§¨ç¥áª¨© á¬ëá« ¨¬¥¥â «¨èì ¯« ­ª®¢-áª ï äã­ªæ¨ï á¯¥ªâà «ì­®© ¯«®â­®áâ¨ à á¯à¥¤¥«¥­¨ï í­¥à£¨¨ " = �h!:"F(") =)(11:23) u("; T ) = 1�2(�hc)3 "3[exp(�") � 1] = u(!; T )�h ; (11.63)ª®â®à ï ¨ ¯à¨áãâáâ¢ã¥â ¢ (11.50). �.¥. ¤«ï ­¥£® ¨¬¥¥â á¬ëá« ­¥ ¯«®â-­®áâì ¯®â®ª  ç áâ¨æ, ç¨á«® ª®â®àëå ­¨ª ª ­¥ ä¨ªá¨à®¢ ­® f?g,   â®«ìª®¯«®â­®áâì ¯®â®ª  í­¥à£¨¨, çâ® ¯à¨ �" 7! c ¢ (11.51){(11.53) ®â¢¥ç ¥â§ ¬¥­¥ F(") 7! "F(") ¨ ¤ «¥¥ (11.63). �  ¦¥ £¥®¬¥âà¨ï ä®à¬ã« �¨ç à¤-á®­  (11.52), (11.53), (11.62) ¤«ï â®ª  â¥à¬®í«¥ªâà®­­®© í¬¨áá¨¨ á ãç¥â®¬(11.45) ¤ ¥â ¢­®¢ì § ª®­ �¨àå£®ä  (11.43) ¤«ï ¤¨ää¥à¥­æ¨ «ì­®© ¨ ¯®«-­®© ¯«®â­®áâ¥© ¯®â®ª  í­¥à£¨¨ ¨§«ãç¥­¨ï  ¡á®«îâ­® ç¥à­®£® â¥« :e0("; T ) =) "djN(")d" = �"4 "F(") =) c4u("; T ); ¨ (11.64)J 0N(T ) = 1Z0 e0("; T )d" =) 1Z0 "djN(") = 14 1Z0 �""F(")d" =) (11.65)=) c4 1Z0 u("; T )d" = c4 hhu(T )ii = J 0N(T ): (11.66)�¥«® ¢ â®¬, çâ® ¯à¥¤áâ ¢«¥­¨¥ ® ¤¢¨¦ãé¥¬áï á® áª®à®áâìî á¢¥â  c ä®-â®­¥, ª ª ® «®ª «¨§®¢ ­­®© ¢ ¯à®áâà ­áâ¢¥ ç áâ¨æ¥ ­¥ ï¢«ï¥áï ª®àà¥ªâ-­ë¬ ¢¢¨¤ã ¯à¨­æ¨¯¨ «ì­® ¯®«¥¢®© ¯à¨à®¤ë ¨§«ãç¥­¨ï, ª ª ¢â®à¨ç­®ª¢ ­â®¢ ­­®£® ¯®«ï. �à¨ íâ®¬ ä®â®­, ª ª ª¢ ­â íâ®£® ¡¥§¬ áá®¢®£® ¯®«ïá ®¯à¥¤¥«¥­­®© í­¥à£¨¥© " = �h! ¨ á ®¯à¥¤¥«¥­­ë¬ ¨¬¯ã«ìá®¬ p = �hk ­ á ¬®¬ ¤¥«¥ (â ª¦¥ ª ª ¨ ä®­®­) § ­¨¬ ¥â ¢¥áì ¯à¥¤®áâ ¢«¥­­ë© íâ®¬ã



|131|¯®«î ¨§«ãç¥­¨ï ¬�ªà®áª®¯¨ç¥áª¨© ®¡ê¥¬ V ª ª ¢®«­  á ç áâ®â®© ! = kc,¨¬¥ï ¥áâ¥áâ¢¥­­® á¢®¥© ¢®«­®¢®© äã­ªæ¨¥© ¯«®áªãî ¢®«­ã (11.4).
�¨á. 11.1. � ¢«¥­¨¥ ª ª ¯¥à¥¤ ç  ¨¬¯ã«ìá  áâ¥­ª¥ ¨ ¯«®â­®áâì ¯®â®ª  ç¥à¥§ ®â¢¥àáâ¨¥.

�¨á. 11.2. �¨¯®â¥§  ¬®«¥ªã«ïà­®£® å ®á .



|132|([5] x52, [6] x63, [7], [10], [12], [13], [36])� ¤ ç¨17.1. �®«ãç¨âì ¨áå®¤­ãî ä®à¬ã«ã (11.40) ¨§ (11.21){(11.23), ¢ à ¬ª å£¨¯®â¥§ë ¬®«¥ªã«ïà­®£® å ®á : �@!;�V;d
 = N!(�V=V )(d
=4�) ([3] xI.6).17.2. �®«ãç¨âì ¯à¥¤áâ ¢«¥­¨ï (11.16) ¨§ (11.15), (11.4), (11.8) ([12]).17.3. �ã¤¥â «¨ â¥®à¥¬  ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ (6.10) ¢ ¯à¨¡«¨¦¥-­¨¨ â¨¯  �¨­  (11.35) ¤«ï ä®â®­®¢ á í­¥à£¨¥© "p = cqp2x + p2y + p2z , (â.¥.Is ! �(s)), ¢¥à­  ¨ ¤«ï ä®â®­®¢ á "p = c (jpxj+ jpyj+ jpzj) (á¬. (6.8))?17.4. �®ª § âì ­¥¨§¬¥­­®áâì «ãç¥¢®© ¨­â¥­á¨¢­®áâ¨ ¨§ ä®à¬ã«ë (11.40),¤«ï á¢®¡®¤­®£® ¨§«ãç¥­¨ï ¢ ­ ¯à ¢«¥­¨¨ n ¢¤®«ì íâ®£® ¦¥ ­ ¯à ¢«¥­¨ï:Ir = I(r = rn;n) = const, (Ir1d�1d
2 = Ir2d�2d
1) ([3] xI.7, [58] x7.2).17.5. �®«­æ¥ ¨§«ãç ¥â ª ª à ¢­®¢¥á­®¥ ç¥à­®¥ â¥«® á ¨­â¥­á¨¢­®áâìî(11.41) á ¥¤¨­¨æë ¯®¢¥àå­®áâ¨, ­¥§ ¢¨áïé¥© ®â ­ ¯à ¢«¥­¨ï ¨§«ãç¥­¨ï v,â.¥. I!(r;v) = I0!, ¯à¨ jrj = a�. � ©â¨ § ¢¨á¨¬®áâì ®â r = rn ¯«®â­®áâ¨í­¥à£¨¨ ¨§«ãç¥­¨ï u(r) = �u(Tr)� ¨ ¯®«­®© à ¤¨ «ì­®© ¯«®â­®áâ¨ ¯®-â®ª  Jr(n) = R d!I!r(n), £¤¥ I!r(n) { á¯¥ªâà «ì­ ï ¯«®â­®áâì ¯®â®ª  ¢¨¤ (11.42), ¨ ãáâ ­®¢¨âì á¢ï§ì ¬¥¦¤ã ­¨¬¨ ¯à¨ jrj � a�, ¨ jrj = a�. �ç¨â ï�¥¬«î ç¥à­ë¬ â¥«®¬, ­ å®¤ïé¨¬áï ­  ¥¥ ®à¡¨â¥ ¢ â¥¯«®¢®¬ à ¢­®¢¥á¨¨á ¨§«ãç¥­¨¥¬ �®«­æ , ç¥© ¢¨¤¨¬ë© á ­¥¥ ã£«®¢®© ¤¨ ¬¥âà 2� � 0:01,­ ©â¨ á¢ï§ì â¥¬¯¥à âãà ¨å ¯®¢¥àå­®áâ¥© ([25] N 7.17, [58] x7.2.).17.6. � ©â¨ ¤®¯«­¨â¥«ì­ë© ¬­®¦¨â¥«ì: n3(!) [1 + d lnn(!)=d ln!], ¯à¨-®¡à¥â ¥¬ë© á¯¥ªâà «ì­®© ¯«®â­®áâìî í­¥à£¨¨ ¨§«ãç¥­¨ï (11.23) ¢ áà¥¤¥á ¯®ª § â¥«¥¬ ¯à¥«®¬«¥­¨ï n(!) ([24] N 149).17.7. � áá¥ï­¨¥ á¢¥â  ¢ ¢®¤¥ ¢ë§¢ ­® ä«ãªâã æ¨ï¬¨ ¥¥ ¯®ª § â¥«ï ¯à¥-«®¬«¥­¨ï n(!), â.¥. ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®áâ¨ �(!; T; n), ®¡ï§ ­-­ë¬¨ ä«ãªâã æ¨ï¬ â¥¬¯¥à âãàë ¨ ¯«®â­®áâ¨ (� ¤. 15.3.). �áå®¤ï ¨§ ­ «®£  ãà ¢­¥­¨©� ªá¢¥««  (11.1), (11.2), ¤«ï ¬®­®åà®¬ â¨ç¥áª®© ¢®«­ë¢ áà¥¤¥, ­ ©â¨  ¬¯«¨âã¤ã à áá¥ï­¨ï ([58] x2.4) ¨ ¨­â¥­á¨¢­®áâì à áá¥ï­-­®£® á¢¥â  ­  à ááâ®ï­¨¨ r ®â à áá¥¨¢ îé¥£® ®¡ê¥¬  V ([57] x2.1, [13]).17.8. � ©â¨ £¥®¬¥âà¨ç¥áªãî á¢ï§ì ¢¥«¨ç¨­ (11.40){(11.41) á ¤ ¢«¥­¨¥¬(11.26) à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï ­  ç¥à­ãî ¨«¨ §¥àª «ì­ãî áâ¥­ªã ([7]â.1xI.5), ¨ á ¢¥ªâ®à®¬ �¬®¢ -�®©â¨­£  (11.15) ([58] x7.8).17.9. �®¦­® «¨ ­ ©â¨ ®â­®á¨â¥«ì­ãî ¤¨á¯¥àá¨î ç¨á«  ä®â®­®¢ ¨áå®¤ï¨§ ¢ëà ¦¥­¨ï ¢¨¤  (á¬. (9.7), (9.9), [5] xx71,72,73):�2(N) = 2640@@2 lnQ@�2 1AT;V, @ lnQ@� !2T;V 3751=2 ? (11.67)



|133|17.10. � ©â¨ áà¥¤­¨¥ ä«ãªâã æ¨¨ í­¥à£¨¨ ¨ ç¨á«  ä®â®­®¢ ç¥à­®â¥«ì-­®£® ¨§«ãç¥­¨ï ¢ § ¤ ­­®¬ ¨­â¥à¢ «¥ ç áâ®â �! ((9.19), [3] xX.9, [20]).17.11. �®ª § âì, çâ® áà¥¤­¥¥ ç¨á«® à¥«¨ªâ®¢ëå ä®â®­®¢ ¢ 1 cm3 �á¥-«¥­­®© à ¢­® 398, ¥á«¨ â¥¬¯¥à âãà  íâ®£® à ¢­®¢¥á­®£® ç¥à­®â¥«ì­®£®à¥«¨ªâ®¢®£® ¨§«ãç¥­¨ï à ¢­  2; 7K ¨, á®£« á­® (11.27), (11.30):n(T ) = �(3)�(3)�2 (kBT )3(�hc)3 � 2; 40�2  kBT�hc !3 ; £¤¥, ¯à¨ T = 1K : (11.68)kBT = kB1K = 1; 38 � 10�23�¦ = 1; 38 � 10�16 íà£ = 8; 61 � 10�5 í�; (11.69)1 íà£ = 10�7�¦ = 624 � 109 í�; 1 í� = kB 1; 16 � 104K; (11.70)1 í� = 1; 6 � 10�19�¦;   ¯à¨ �h = c = 1: 1 í� = 5; 068 � 104 á¬�1: (11.71)17.12. � ©â¨ d-¬¥à­®¥ ®¡®¡é¥­¨¥ ä®à¬ã« (11.18){(11.35) ¤«ï ¨§«ãç¥­¨ï¨ áà ¢­¨âì ¢ëâ¥ª îé¨¥ ¨§ (11.35) § ª®­ë á¬¥é¥­¨ï �¨­  ¯® ! ¨ ¯® �.17.13. �¡à §®¢ ­¨¥  â®¬®¢ ¢®¤®à®¤  ¢ à ­­¥© �á¥«¥­­®© á®¯à®¢®¦¤ «®áì à ¢­®¢¥á­ë¬¨§«ãç¥­¨¥¬ á T � 3000K. �® áª®«ìª® à § �­  à áè¨à¨« áì, ¥á«¨ â¥¯¥àì ¥£® T � 3K?
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[� �Kw��N7��¨á. 11.3. � ª®­ë �í«¥ï-�¦¨­á  (11.36) � x2 ¨ �¨­  (11.35) � x3e�x, ¨ § ª®­ �« ­ª  ¤«ïá¯¥ªâà «ì­®© ¯«®â­®áâ¨ ¨§«ãç¥­¨ï (11.23), ª ª äã­ªæ¨¨ ¯¥à¥¬¥­­®© x = �h!=(kBT ), ¯à¨à §«¨ç­ëå §­ ç¥­¨ïå â¥¬¯¥à âãàë T .� ¨â®£¥, ¯«®â­®áâì ç¨á«  ç áâ¨æ n ¤«ï ¯®«ï ¨§«ãç¥­¨ï (11.27), (11.68) ª ª ¡ë \à á-â¢®à¨« áì" ¢ äã­ªæ¨¨ FT� (") (11.55){(11.58) ¨ ¢ ¯®­ïâ¨¨ áà¥¤­¨å ç¨á¥« § ¯®«­¥­¨ï.



|134|17.14. �®«ãç¨âì à á¯à¥¤¥«¥­¨¥ �¥à¬¨-�¨à¯ª  ¨§ ¯à¨­æ¨¯  � ã«¨, ãá«®-¢¨© ¬¨ªà®®¡à â¨¬®áâ¨ ¯à®æ¥áá  ã¯àã£®£® à áá¥ï­¨ï ä¥à¬¨®­®¢ ¤àã£ ­ ¤àã£¥, ®¤­®à®¤­®áâ¨ ¨ ¨§®âà®¯­®áâ¨ ¯à®áâà ­áâ¢  ¨ £¨¯®â¥§ë ¬®«¥ªã-«ïà­®£® å ®á . �¡áã¤¨âì ¥£® ¢¥à®ïâ­®áâ­ë© á¬ëá« (¢ ®â«¨ç¨¥ ®â à á-¯à¥¤¥«¥­¨ï �-�. [24] N 146).17.15. � ©â¨ ®¡®¡é¥­¨¥ £¥®¬¥âà¨ç¥áª¨å ª®íää¨æ¨¥­â®¢ 1/3 ¨§ (11.48),(11.49) ¨ 1/4 ¨§ (11.52), (11.53) ¤«ï ¯à®áâà ­áâ¢  d- ¨§¬¥à¥­¨©, £¤¥:d
d = sind�2 #d�2d#d�2 : : : sin#1d#1d'; Z d
d = 2�d=2�(d=2) = Cd: (11.72)dP"(T ) = 2p"�"F(")d"Cd �=2Z0 d# cos2 #Z d
dd# ; á # � #d�2; â.¥.:dP"(T ) = 2p"�"F(")d" Cd�1Cd �=2Z0 d# cos2 # sind�2 # = p"�"F(")d"d ; (11.73)djN(") = �"F(")d" Cd�1Cd �=2Z0 d# cos # sind�2 # = �"F(")d" Cd+12� Cd = (11.74)= �(d=2) �"F(")d"� ((d + 1)=2) 2p� : �.¥., á®£« á­® (11.58): �jN� � Z djN(") == Cd+12� Cd 1Z0 �"F(")d" =) Cd+12� Cd�n�"�� � Cd+12� Cdn�(T; z)����; (11.75)â®£¤  ª ª: P (T ) � Z dP"(T ) = 1d 1Z0 p"�"F(")d": (11.76)



�¥ªæ¨ï 12�¥¯«®¥¬ª®áâì ªà¨áâ ««®¢� ª®­ �î«®­£  - �â¨ (1819) ¤«ï â¥¯«®¥¬ª®áâ¨ â¢¥à¤®£® â¥«  �V = 3Nk¯®«ãç¨« ®¡êïá­¥­¨¥ ¢ à ¬ª å ª« áá¨ç¥áª®© áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ ¨¬¥­-­® ª ª á«¥¤áâ¢¨¥ å®âì ¨ ®ç¥­ì ¡®«ìè®£®, ­® ª®­¥ç­®£® ç¨á«  3N áâ¥¯¥­¥©á¢®¡®¤ë ¢á¥å N  â®¬®¢ ¯à®áâ®£® ªà¨áâ «« . �® â¥®à¥¬¥ ® à ¢­®à á¯à¥-¤¥«¥­¨¨ ª ¦¤ ï â ª ï ¥£® ª®«¥¡ â¥«ì­ ï áâ¥¯¥­ì á¢®¡®«ë ¤ ¥â ¢® ¢­ã-âà¥­­îî í­¥à£¨î U ¢ª« ¤, à ¢­ë© kT , â.¥. U = (3N � 6)kT � 3NkT .�¤­ ª® �¬®«V � 3R ®ª § «®áì «¨èì ¢ ¤®¢®«ì­® ã§ª®¬ ¨­â¥à¢ «¥ ª®¬­ â-­ëå â¥¬¯¥à âãà. � á®®â¢¥âáâ¢¨¨ á § ª®­®¬ �¥à­áâ  ­ ¨¡®«¥¥ á¨«ì­ ï§ ¢¨á¨¬®áâì ®â T ¡ë«  ®¡­ àã¦¥­  ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å. �¥ ª ç¥-áâ¢¥­­®¥ ®¡êïá­¥­¨¥ ¡ë«® ¤ ­® �.�©­èâ¥©­®¬ (1907) ¯ãâ¥¬ à á¯à®áâà -­¥­¨ï ¨¤¥© �« ­ª  ­  ª®«¥¡ ­¨ï  â®¬®¢ ¢ ªà¨áâ ««¨ç¥áª®© à¥è¥âª¥ ¨ï¢­®£® ¯à¥¤¯®«®¦¥­¨ï ® ª¢ ­â®¢ ­¨¨ í­¥à£¨¨ £ à¬®­¨ç¥áª®£® ®áæ¨««ï-â®à . �¢¥à¤®¥ â¥«® à áá¬ âà¨¢ «®áì ¨¬ ª ª á®¢®ªã¯­®áâì 3N á®¢¥àè¥­­®®¤¨­ ª®¢ëå ­¥á¢ï§ ­­ëå £ à¬®­¨ç¥áª¨å ®áæ¨««ïâ®à®¢ á ®¤­®© ¨ â®© ¦¥å à ªâ¥à¨áâ¨ç¥áª®© ç áâ®â®© !3. �®«¨ç¥áâ¢¥­­®¥ á®£« á¨¥ á ­ ¡«î¤ -¥¬®© ¯à¨ T ! 0 â¥¯«®¥¬ª®áâìî CV � T 3 ¡ë«® ¤®áâ¨£­ãâ® ¢ ¬®¤¥«¨ �.�¥¡ ï (1912). �§«®¦¥­­ë¥ ­¨¦¥ à¥§ã«ìâ âë â¥®à¨© �©­èâ¥©­  ¨ �¥¡ ï®á­®¢ ­ë, ¢ ª®­¥ç­®¬ áç¥â¥, ­  ª®­æ¥¯æ¨¨ ¡®§¥-ª¢ §¨ç áâ¨æ { ä®­®­®¢.1 �®­®­ë�âàãªâãà­®© ¥¤¨­¨æ¥© ªà¨áâ ««  ï¢«ï¥âáï í«¥¬¥­â à­ ï ïç¥©ª , ¯¥à¨®-¤¨ç¥áª®¥ ¯®¢â®à¥­¨¥ ª®â®à®© Y � 1 à § ¢®á¯à®¨§¢®¤¨â ¢áî ªà¨áâ ««¨ç¥-áªãî à¥è¥âªã. �âáî¤  ¢¨¤­®, çâ® ®á­®¢­®¥ äã­¤ ¬¥­â «ì­®¥ á¢®©áâ¢®á¨¬¬¥âà¨¨ ªà¨áâ ««  á¢ï§ ­® á ®¯¥à æ¨¥© ¨ á á®®â¢¥âáâ¢ãîé¨¬ ¥© ®¯¥-à â®à®¬ âà ­á«ïæ¨¨ Tla ­  ¢¥«¨ç¨­ã la, â.¥. l- ªà â­ãî ¬¨­¨¬ «ì­ë¬¢¥ªâ®à ¬ à¥è¥âª¨ a1;2;3. �¥©áâ¢¨¥ ¥£® ­  ¢®«­®¢ãî äã­ªæ¨î ¯à®¨§¢®«ì-­®£®  â®¬ , á ãç¥â®¬ ­ «®¦¥­­ëå ­  ­¥¥ æ¨ª«¨ç¥áª¨å ¯® Lj = Njaj £à -­¨ç­ëå ãá«®¢¨©, ¯¥à¥¢®¤¨â ¥¥ ¢ âã ¦¥ ¢®«­®¢ãî äã­ªæ¨î â®£® ¦¥  â®¬ ,135



|136|¯à¥¤áâ ¢�̈¬ãî ¢ ¢¨¤¥ â®© ¦¥ áã¯¥à¯®§¨æ¨¨ â¥å ¦¥ ¯«®áª¨å ¢®«­ aj 7! a:TNa (x) = exp(N(a�r)) (x) =  (x +Na)=) (x) =Xk f(k)ei(k�x): (12.1)�«ï ®¤­®¬¥à­®£® ªà¨áâ ««  íâ® ãá«®¢¨¥ ¯¥à¨®¤¨ç­®áâ¨1 ¢ ä®à¬¥ �®à­ { � à¬ ­  ¯à¨¬¥â ¢¨¤: exp(ikaN) = 1, ¨«¨ k� = 2��=(aN), £¤¥ � =0;�1;�2; ::;+N=2. �.¥. ¤«ï æ¥¯®çª¨ ¤«¨­®© L = aN ¨§ N  â®¬®¢ ¨¬¥-¥âáï à®¢­® N ­¥íª¢¨¢ «¥­â­ëå §­ ç¥­¨© ¢®«­®¢®£® ç¨á«  k ­  ¨­â¥à¢ «¥(��=a; �=a) ¢ à®«¨ ¯¥à¢®© §®­ë �à¨««îí­  ®¤­®¬¥à­®£® ªà¨áâ «« . �¢¥ªâ®à®¬ ®¡à â­®© à¥è¥âª¨ bi = �ijl(aj � al)=v ) ai=a2, (bi � aj) = �ij¯à¨ jaij ) a ¨ ®¡ê¥¬®¬ í«¥¬¥­â à­®© ïç¥©ª¨ v = j(a3 � (a1 � a2))j ) a3 ¢¯à®áâ®© ªã¡¨ç¥áª®© à¥è¥âª¥ íâ®© §®­¥ ®â¢¥ç ¥â  ­ «®£¨ç­ë© (11.9) ¯à¨Li = aiNi ¢®«­®¢®© ¢¥ªâ®à á ª®¬¯®­¥­â ¬¨ (k�)i ) 2��i=Li, ¢ ¡ §¨á¥ei = aibi : k� = 2� 3Xi=1 �iNibi; � 12Ni < �i � 12Ni; ¯à¨: N1N2N3 = N (12.2){ ¯®«­®¬ ç¨á«¥  â®¬®¢. �®, ¢ ®â«¨ç¨¥ ®â ¨§«ãç¥­¨ï ®­ ®¯à¥¤¥«¥­ §¤¥áì«¨èì á â®ç­®áâìî ¤® ¯à®¨§¢®«ì­®£® æ¥«®£® ¢¥ªâ®à  ®¡à â­®© à¥è¥âª¨:g = 2� 3Xi=1mibi; (mi = 0;�1; :::) (�¨á. 12.3). � ª çâ®: k! k0 = k + g; (12.3)®â¢¥ç ¥â ¯à®æ¥ááã ¯¥à¥¡à®á , £¤¥ p = �hk� , ­¥ á®åà ­ïïáì ª ª ®¡ëç­ë©¨¬¯ã«ìá, á®åà ­ï¥âáï «¨èì ¯® ¬®¤ã«î �h�k = �hg, ª ª ª¢ §¨¨¬¯ã«ìá.�ç¨â ï ªà¨áâ «« ä®à¬ «ì­® ®¤­®© ¡®«ìè®© ¬­®£® â®¬­®© \¬®«¥ªã-«®©", ¤«ï ª®«¥¡ ­¨© à¥è¥âª¨ ¢ £ à¬®­¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨,  ­ «®£¨ç­®(7.32){(7.39), á f = 3N � 6 ) 3N ª®«¥¡ â¥«ì­ë¬¨ áâ¥¯¥­ï¬¨ á¢®¡®¤ë¨¬¥¥¬ á¯¥ªâà ­®à¬ «ì­ëå ª®«¥¡ ­¨© �- â®£® ®áæ¨««ïâ®à  á­®¢  ¢ ¢¨¤¥:"�n = �h!�  n� + 12! ; £¤¥: n� = 0; 1; 2; : : : ; � = 1� f: (12.4)�¤­ ª®, á ®¤­®© áâ®à®­ë, ®£à®¬­®¥ ç¨á«® N � Y � 1  â®¬®¢ ¨ á®®â-¢¥âáâ¢ãîé¥¥ ¥¬ã ç¨á«® f = 3N ¬®¤ ­®à¬ «ì­ëå ª®«¥¡ ­¨© k� (12.2),  ,á ¤àã£®© áâ®à®­ë, ­ «¨ç¨¥ ã ªà¨áâ ««  ®¯à¥¤¥«¥­­®© á¨¬¬¥âà¨¨ ¯à¨¢®-¤ïâ ª áãé¥áâ¢¥­­ë¬ ®â«¨ç¨ï¬. �­¨ á®áâ®ïâ ¢ â®¬, çâ® ¯à¨ ç¨á«¥ ïç¥¥ªY � 1 ¢ ªà¨áâ ««¥ ¢ âà¤. ¯à¤. Li ! 1 ¬®¦­® ¯¥à¥©â¨ ®â áã¬¬ë ¯®� = (�; �) c � = (�1; �2; �3) â.¥. ¢®«­®¢ë¬ ç¨á« ¬ k� (12.2) ª ¨­â¥£à¨à®¢ ­¨îd3k ¯® ª¢ §¨­¥¯à¥àë¢­®¬ã ¬­®¦¥áâ¢ã ¨å §­ ç¥­¨© ¨ á®®â¢¥âáâ¢ãîé¥¬ã­¥¯à¥àë¢­®¬ã à á¯à¥¤¥«¥­¨î ¯® ç áâ®â ¬ ! à §«¨ç­ëå ®áæ¨««ïâ®à®¢.�â® ¢¢®¤¨â  ­ «®£¨ç­ãî ¨§«ãç¥­¨î (11.14) ¬¥àã á¯¥ªâà  ­®à¬ «ì­ëå1�.¥. 8 j : ei(k�aj)Nj = 1. �«ï ®¤­®¬¥à­®£® ª®«ìæ  ¨§ N  â®¬®¢: eik�a = ª®à­ï¬ (1)1=N .



|137|ª®«¥¡ ­¨© ªà¨áâ ««  ª ª ¯«®â­®áâì D(!; V ) ç¨á«  ­®à¬ «ì­ëå ¬®¤ ­ ¥¤¨­¨æã ç áâ®âë !� = ! ¢ ¨­â¥à¢ «¥ (!; !+d!) á: 13 = d3�, jk�j = k(�)(!),fX�=1(::)� fX�;k(::)� fX�;�(::))X� Ni=2Z�Ni=2d3�(::)= V(2�)3 X� Z d3k(�)(::)=Z d!D(!; V )(::):(12.5)�¤¥áì, ¢ ®â«¨ç¨¥ ®â ¨§«ãç¥­¨ï, ã ªà¨áâ «« , ¢® ¯¥à¢ëå, ¢®§­¨ª îâà §«¨ç­ë¥ ­¥¯à¥àë¢­ë¥ ¢¥â¢¨ ª®«¥¡ â¥«ì­®£® á¯¥ªâà , â.¥. !� 7! !k� ájk�j ) k(�)(!). �á«¨ ç¨á«® í«¥¬¥­â à­ëå ïç¥¥ª, á®áâ ¢«ïîé¨å ¤ ­­ë©®¡à §¥æ, à ¢­® Y ,   ç¨á«®  â®¬®¢ ¢ ª ¦¤®© í«¥¬¥­â à­®© ïç¥©ª¥ à ¢­® `,N = Y `, â® ¯®«­®¥ ç¨á«® ¢¥â¢¥© � = 1� 3`. �§ íâ¨å 3` ¢¥â¢¥© 3 ¨ â®«ìª®âà¨, � = 1; 2; 3 {  ªãáâ¨ç¥áª¨¥ ¢¥â¢¨, ¢ ¤«¨­­®¢®«­®¢®¬ ¯à¥¤¥«¥, ¯à¨k ! 0, ¨¬¥îâ ¢¨¤ !k� � c�k ! 0. �­¨ § ¤ îâ ¬®¤ë âà¥å  ªãáâ¨ç¥áª¨å(§¢ãª®¢ëå) ¢®«­: ®¤­®© ¯à®¤®«ì­®© ¨ ¤¢ãå ¯®¯¥à¥ç­ëå, à á¯à®áâà ­ï-îé¨åáï â ª¦¥ ¢ á¯«®è­®© â¢¥à¤®© áà¥¤¥ [¤«ï ª®â®à®© [45] ¢ (12.2) ai ! 0,Ni !1 ¯à¨ ä¨ªá¨à®¢ ­­®¬ Niai = Li,   ¢ (12.3) k0) k ¢ á¬ëá«¥ g !1. � ¦¨¤ª®áâ¨¨ £ §¥ ®áâ ­¥âáï «¨èì ®¤­  ¯à®¤®«ì­ ï  ªãáâ¨ç¥ª ï ¬®¤ .] �ªãáâ¨ç¥áª¨¥ ¢¥â¢¨¯à¥¤áâ ¢«ïîâ ª®«¥¡ ­¨ï í«¥¬¥­â à­®© ïç¥©ª¨ ª ª æ¥«®£®, ®â¢¥ç ï 3Y -áâ¥¯¥­ï¬ á¢®¡®¤ë ªà¨áâ ««  ¨§ 3N . �áâ «ì­ë¥ ®¯â¨ç¥áª¨¥ 3(`�1) ¢¥â¢¨á !k� > 0; 8 k ¯à¥¤áâ ¢«ïîâ ®áâ ¢è¨¥áï 3Y (`� 1) ¬®¤ ª®«¥¡ ­¨©  â®¬®¢¢­ãâà¨ ®â­®á¨â¥«ì­® æ¥­âà®¢ ¬ áá í«¥¬¥­â à­ëå ïç¥¥ª (§ ¤. 18.1).�® ¢â®àëå, ­¥¯à¥àë¢­®áâì ¢¥â¢¥© ¨ ­ «¨ç¨¥ ã ª ¦¤®© ¨å ­¨å ¬ ªá¨-¬ «ì­®£® ¢®«­®¢®£® ¢¥ªâ®à  ¢¨¤  kmax ' p3 �=a ®§­ ç ¥â ­ «¨ç¨¥ ã ª -¦¤®© ¢¥â¢¨ ¨ ¬ ªá¨¬ «ì­®© ç áâ®âë !k� � !max� ¨ !M = max� !max� . �.¥.á¯¥ªâà á®¡áâ¢¥­­ëå ª®«¥¡ ­¨© ªà¨áâ ««  !k� ®¡ê¥¤¨­ï¥â ¢ á¥¡¥ á¢®©áâ¢ á¯¥ªâà®¢ ¨§«ãç¥­¨ï ¨ ¬­®£® â®¬­®© ¬®«¥ªã«ë (á¬. �¨á. 12.2).� «¥¥, ª ª ¨ ¢ á«ãç ¥ ¨§«ãç¥­¨ï, ¬®¦­® ¢¢¥áâ¨ ¯®­ïâ¨¥ ª¢ ­â  í­¥à-£¨¨ "k� = �h!k� = �h!�(k). � ¤ ­­®¬ á«ãç ¥ íâ® ª¢ ­âë à á¯à®áâà ­ïî-é¨åáï ¯® à¥è¥âª¥ ¢®«­ ã¯àã£¨å  ªãáâ¨ç¥áª¨å ¨«¨ ®¯â¨ç¥áª¨å ª®«¥¡ ­¨©.� ª¨¥ ª¢ ­âë (ª¢ §¨ç áâ¨æë) ­ §ë¢ îâ ä®­®­ ¬¨. � á¯¥ªâà¥ (12.4), ¯à¨§ ¬¥­¥ ¨­¤¥ªá  � 7! (k; �): "k� = �h!k� { ¥áâì í­¥à£¨ï ®¤­®£® ä®­®­  ¢á®áâ®ï­¨¨ jk; �i,   n� 7! nk� { ¥áâì ç¨á«® ä®­®­®¢ ¢ íâ®¬ á®áâ®ï­¨¨.�®âï ä®­®­ë ¯®å®¦¨ ­  ª¢ ­âë ���, ¨¬¥îâáï ¨ áãé¥áâ¢¥­­ë¥ ®â-«¨ç¨ï. �¬¯ã«ìá ä®­®­  ­¥ ®¯à¥¤¥«¥­, ­® á ä®­®­®¬ ­®à¬ «ì­®© ¬®¤ë k�¬®¦­® á¢ï§ âì ª¢ §¨¨¬¯ã«ìá �hk� (12.2), ª®â®àë©, §  ¨áª«îç¥­¨¥¬ à¥¤ª¨å¯à®æ¥áá®¢ ¯¥à¥¡à®á  (12.3), á®åà ­ï¥âáï ¯à¨ í«¥ªâà®­{ä®­®­­ëå, ä®â®­{ä®­®­­ëå ¨ ä®­®­{ä®­®­­ëå ¢§ ¨¬®¤¥©áâ¢¨ïå. �®­¥ç­®¥ ç¨á«® 3` ¢¥â¢¥©



|138|á¯¥ªâà  !�(k) ®§­ ç ¥â, çâ® ¤«ï ª ¦¤®£® ä®­®­  ¢®§¬®¦­ë ã¦¥ 3 á®áâ®ï-­¨ï ¯®«ïà¨§ æ¨¨ ¨ áãé¥áâ¢ã¥â ¬ ªá¨¬ «ì­ ï ç áâ®â  !M , ¢ëè¥ ª®â®à®©ä®­®­®¢ ­¥â ¨ ¢ (12.5) D(!; V ) � 0 ¯à¨ ! > !M . �à¨ç¥¬ ç¨á«® ­®à-¬ «ì­ëå ¬®¤ £ à¬®­¨ç¥áª®© á¨áâ¥¬ë à ¢­® ç¨á«ã ¥¥ áâ¥¯¥­¥© á¢®¡®¤ë,ª®â®à®¥ §¤¥áì, ¢ ®â«¨ç¨¨ ®â ¯®«ï ¨§«ãç¥­¨ï (11.20), ï¢«ï¥âáï ª®­¥ç­ë¬¨ à ¢­ë¬ ¯®«­®¬ã ç¨á«ã ­¥§ ¢¨á¨¬ëå ®áæ¨««ïâ®à®¢ ¯®«ï ä®­®­®¢:3Y ` = f = fX�=1 1 = fX�;k 13 = fX�;� 13)X� Ni=2Z�Ni=2d3� = !MZ0 d!D(!; V ) = 3N; (12.6)� ª¨¬ ®¡à §®¬, ¢®§­¨ª ¥â ¢®§¬®¦­®áâì ¨áá«¥¤®¢ âì ¢ª« ¤ ª®«¥¡ ­¨© ¢â¥à¬®¤¨­ ¬¨ªã ªà¨áâ ««  ¢ ¯¥à¢®¬ { £ à¬®­¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ ¨§ã-ç ï á¢®©áâ¢  £ §  ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ª¢ §¨ç áâ¨æ { ¨¤¥ «ì­®£® £ § ä®­®­®¢. �âáãâáâ¢¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï ä®­®­®¢ ¤àã£ á ¤àã£®¬ ®¡ãá«®¢«¥­®¨¬¥­­® £ à¬®­¨ç¥áª¨¬ ¯à¨¡«¨¦¥­¨¥¬ (12.31) ¤«ï â®ç­®£® ¯®â¥­æ¨ « ¢§ ¨¬®¤¥©áâ¢¨ï á®á¥¤­¨å  â®¬®¢ ªà¨áâ ««¨ç¥áª®© à¥è¥âª¨. �¨¬¯®â¥­-æ¨ « â ª®£® £ §  ª ª ¨ ¢ á«ãç ¥ à ¢­®¢¥á­®£® ¨§«ãç¥­¨ï, ¥áâ¥áâ¢¥­­®,à ¢¥­ ­ã«î: �pn � 0, â ª ª ª ä®­®­ë ¯®áâ®ï­­® ¯®à®¦¤ îâáï ¨ ¯®£«®-é îâáï à¥è¥âª®©. �à¥¤­¨¥ ç�̈á«  ä®­®­®¢ ¬®¤ë "k� = �h!k� ¢ á®áâ®ï­¨¨jk; �i ¤ îâáï â®£¤  á®®â¢¥âáâ¢ãîé¨¬ à á¯à¥¤¥«¥­¨¥¬�®§¥ { �©­èâ¥©­ :�nk�� = 1exp(�"k�)� 1 ;   Zk� = 12sh (�"k�=2) ¨ ZN = fYk;�Zk� (12.7){ ª ­®­¨ç¥áª ï áâ âáã¬¬  ä¨ªá¨à®¢ ­­®£® (12.6) ç¨á«  f ®áæ¨««ïâ®à®¢.� ãç¥â®¬ áâ âáã¬¬ë Zk� (7.32) ¨ áà¥¤­¥© í­¥à£¨¨ (7.35) ®â¤¥«ì­®£® ®á-æ¨««ïâ®à  ¢­ãâà¥­­ïï í­¥à£¨ï (4.39) â ª®£® ¨¤¥ «ì­®£® £ § :U(T; V ) � �E� = �  @ lnZN@� !V = fXk;� �h!k�  �nk��+ 12! = (12.8)= fXk;� 24 �h!k�exp(��h!k�)� 1 + �h!k�2 35 = fXk;� �h!k�2 cth ��h!k�2 ! =)(12:5) (12.9)=)(12:5)!M(V )Z0 d!D(!; V )�h!2 cth �h!2kBT ! = 0@ @@(1=T ) 0@F (T; V )T 1A1AV ; [7!] (12.10)F (T; V ) = �kBT lnZN = kBT!M (V )Z0 d!D(!; V ) ln "2 sh  �h!2kBT !# ; (7!) (12.11)£¤¥ ¨ ¢ F (T; V ) â ª¦¥ ãçâ¥­ ª®­¥ç­ë© §¤¥áì ¢ª« ¤ í­¥à£¨¨ ­ã«¥¢ëå ª®-«¥¡ ­¨©, ª®â®àë© ­¥ ¢«¨ï¥â ­  â¥¯«®¥¬ª®áâì £ §  ä®­®­®¢ (x = ��h!):



|139|CV = 0@@U(T; V )@T 1AV= kB�2 0@@2 lnZN@�2 1AV= kB!MZ0 d!D(!; V )E  �h!kBT !; (12.12)£¤¥: E(x) = �x2 d2dx2 ln (sh (x=2)) = �x2 ddx 1(ex � 1) = x2ex(ex � 1)2 = " x=2sh (x=2)#2 (12.13){ äã­ªæ¨ï �©­èâ¥©­  (7.36), çì¥ ¯®¢¥¤¥­¨¥ á ãç¥â®¬ (12.6) £ à ­â¨àã¥â¢ë¯®«­¥­¨¥ ¢ (12.12) § ª®­  �î«®­£  - �â¨, ¢®á¯à®¨§¢®¤ï â¥¬ á ¬ë¬â¥®à¥¬ã ® à ¢­®à á¯à¥¤¥«¥­¨¨ ¯® áâ¥¯¥­ï¬ á¢®¡®¤ë ¤«ï í­¥à£¨¨ (12.10)¯à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å ­¥§ ¢¨á¨¬® ®â ï¢­®£® ¢¨¤  äã­ªæ¨¨ D(!; V ):E(x) �!x!0 1� x212 + x4240 + : : : ; E(x) �!x!1 x2 exp(�jxj): (12.14)2 �®¤¥«ì �©­èâ¥©­ �à¥¤¯®«®¦¨¬, çâ® ¢á¥ ª®«¥¡ â¥«ì­ë¥ ¬®¤ë ªà¨áâ ««  ¨¬¥îâ ®¤­ã ¨ âã¦¥ å à ªâ¥à¨áâ¨ç¥áªãî ç áâ®âã !3, â.¥. í­¥à£¨ï ä®­®­®¢ ­¥ § ¢¨á¨â ®â¨¬¯ã«ìá  �hk: "k� = �h!k� 7! �h!3 = "3 = const. �®£¤  à ¢¥­áâ¢  (12.6),(12.13) ä®à¬ «ì­® ®§­ ç îâ, çâ® ¢ (12.12) (¨ ¡¥§ ãç¥â   ªãáâ¨ç¥áª¨å ¬®¤)D3(!; V ) =) 3fN�(! � !3); ­® fN = Y (`� 1) ?7�! N; â.¥. (12.15)CV � kBx2 0@@2 lnZN@x2 1AV =) 3fNkBE(x); £¤¥: x) �h!3kBT = �3T ; (12.16)  �3 = �h!3=kB { å à ªâ¥à¨áâ¨ç¥áª ï \í©­èâ¥©­®¢áª ï â¥¬¯¥à âãà ". �á¨«ã (12.14) ¯à¨ T � �3 ¯®¯à ¢ª  ª § ª®­ã �î«®­£  - �â¨ â ª®¢ :CV ' 3fNkB 241� x21235 ?7�! 3NkB ; £¤¥: x! 0; ¯à¨ T !1: (12.17)�à¨ ­¨§ª¨å â¥¬¯¥à âãà å, T � �3, ¢ë¯®«­ï¥âáï § ª®­ �¥à­áâ  (7.37):CV ' 3fNkB x2 e�x 7�! 0; £¤¥: x! +1; ¯à¨ T ! 0: (12.18)�â¨ ¢ëà ¦¥­¨ï ¤ îâ «¨èì ª ç¥áâ¢¥­­®¥ á®£« á¨¥ á íªá¯¥à¨¬¥­â®¬ (�¨á.12.1),   § ¬¥­ã fN 7! N ¢ (12.15) ¬®¦­® ®¯à ¢¤ âì â®«ìª® ¯à¨ `� 1. � á ¬®¬ ¤¥«¥ ¨§ ¢á¥å 3N = 3Y ` ª®«¥¡ ­¨© ¨¬¥­­® ®â¡à®è¥­­ë¥ §¤¥áì 3Y �1áâ¥¯¥­¥© á¢®¡®¤ë ªà¨áâ «« , § ª«îç¥­­ë¥ ¢ âà¥å  ªãáâ¨ç¥áª¨å ¬®¤ å, ¨®¯à¥¤¥«ïîâ ¯®¢¥¤¥­¨¥ â¥¯«®¥¬ª®áâ¨ ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å.



|140|3 �®¤¥«ì �¥¡ ï�.¥. ¬®¤¥«ì �©­èâ¥©­  á«¨èª®¬ £àã¡ , â.ª. ­  á ¬®¬ ¤¥«¥ âà¨  ªãáâ¨-ç¥áª¨å ¢¥â¢¨ !�(k) � c�k, ®â¢¥ç îé¨¥ âà¥¬ ¢®§¬®¦­ë¬ ¯®«ïà¨§ æ¨ï¬,¢®§¡ã¦¤ îâáï ¯à¨ áª®«ì ã£®¤­® ­¨§ª¨å â¥¬¯¥à âãà å. �®¯ãáâ¨¬, çâ®:� ®¯â¨ç¥áª¨¥ ¢¥â¢¨, ­ ®¡®à®â, ¨«¨ ¢®¢á¥ ®âáãâáâ¢ãîâ ¯à¨ ` = 1, ¨«¨ ­¥¢®§¡ã¦¤ îâáï ¨§-§  ­¨§ª®© â¥¬¯¥à âãàë T � 10 K;� ¤«ï âà¥å  ªãáâ¨ç¥áª¨å ¢¥â¢¥© á¯à ¢¥¤«¨¢® ¤«¨­­®¢®«­®¢®¥ ¯à¨¡«¨¦¥-­¨¥ á «¨­¥©­®© § ¢¨á¨¬®áâìî ®¡é¥© ç áâ®âë ®â ¢®«­®¢ëå ç¨á¥« (¢®«-­®¢ëå ¢¥ªâ®à®¢) ã ®¤­®© ¯à®¤®«ì­®© ¨ ¤¢ãå ¯®¯¥à¥ç­ëå ¯®«ïà¨§ æ¨©:! = clk(l), ! = c?k(?), â.¥. jk(�)j = k(�)(!) = !=c� .�à¨ § ¬¥­¥ áã¬¬ë ¯® ¢®«­®¢ë¬ ç¨á« ¬ (¢¥ªâ®à ¬) k(�) ¨­â¥£à¨à®¢ -­¨¥¬ ¯® ¯à ¢¨«ã (12.5) ¤«ï ç¨á«  ä®­®­­ëå ¬®¤ á ç áâ®â ¬¨ ¢ ¨­â¥à¢ «¥(!; ! + d!) ¢ â¥«¥á­®¬ ã£«¥ 
 = 4� ¢¬¥áâ® (11.12){(11.14) ¨¬¥¥¬:d
(!; V ) =X�;
13)VX� Z
 d3k(�)(2�)3 = 4�V(2�)3 3X�=1 k2(�)dk(�) = V !22�2 0@ 1c3l + 2c3?1A d!;®âªã¤ : DD(!; V ) = d
(!; V )d! = 32V !2�2�c3 ; ¯à¨: 3�c3 = 1c3l + 2c3? ; (12.19)�c - áà¥¤­ïï ®¡à â­®-ªã¡¨ç¥áª ï áª®à®áâì §¢ãª . �â® ®â«¨ç ¥âáï ®â ä®à-¬ã« (11.14) ¤«ï ä®â®­®¢ «¨èì § ¬¥­®© c 7! �c ¨ ®â­®è¥­¨¥¬ ç¨á«  ¯®«ï-à¨§ æ¨© ä®­®­®¢ ¨ ä®â®­®¢: gpn=gpt = 3=2. �§ (12.6) ¬®¦­® ­ ©â¨ â®£¤ ¬ ªá¨¬ «ì­ãî ç áâ®âã !M ¨ äã­ªæ¨î DD(!; V ) ª ª:3N = !MZ0 d!DD(!; V ) = V !3M2�2�c3 ; DD(!; V ) = 9N !2!3M ; !M = �c �6�2n�1=3;(12.20)n = N=V . �«ï â¥¯«®¥¬ª®áâ¨ ¨§ (12.12) ­ å®¤¨¬, ¢¢®¤ï ¯à¨ !M = !M (V )â¥¬¯¥à âãàã �¥¡ ï �D(V ) ¨ äã­ªæ¨î �¥¡ ï �(x) ¨ ¯®« £ ï t = ��h!,kB�D = �h!M ; x = ��h!M = �h!MkBT = �DT ; !!M = t T�D = tx : (12.21)CV = 9NkB!3M !MZ0 d! !2E (��h!) = 9NkB  T�D!3 �D=TZ0 t2E(t)dt; (12.22)CV = 3NkB�  �DT ! ; �(x) = 3x3 xZ0 t2E(t)dt � 3 1Z0 �2E(x�)d�: (12.23)�à¨ T ! 1 (x ! 0) ¨§ (12.14), (12.23): �(0) = 1 = E(0), ¨ ­¥¬¥¤«¥­­®¯à¨å®¤¨¬ á­®¢  ª § ª®­ã �î«®­£ -�â¨: CV � 3NkB(1 � o(1)), â ª ª ª:



|141|�(x) =) 8>>>>>>><>>>>>>>: 3 1Z0 d� �2 241 � x2�212 35 = 1 � x220 ; x! 0; T !1;3x3 xZ0 t2E(t) dt = 4�45x3 h1 �O(e�x)i ; x!1; T ! 0; (12.24)£¤¥: 1Z0 t2E(t) dt = � 1Z0 t4d  1et � 1! = 4I4 = 4�(4)�(4) = 4 �415 ; (12.25)®âªã¤ : CV =)T!0 12�45 NkB  T�D!3 �1� O(e�x)� ; â® ¥áâì, (12.26)¯à¨ T ! 0 (x!1) ¢¢¨¤ã áå®¤¨¬®áâ¨ ¯®á«¥¤­¥¥ ¢ëà ¦¥­¨¥ (12.24), ¯à¨¨­â¥£à¨à®¢ ­¨¨ ¯® ç áâï¬ (12.25) á ãç¥â®¬ (12.13), (11.29) ¤ ¥â § ª®­�¥¡ ï T 3 (12.26), á®£« áãîé¨©áï á § ¢¨á¨¬®áâìî CV ®â T ¯à¨ ­¨§ª¨åâ¥¬¯¥à âãà å. �®à¬ã«  �¥¡ ï (12.23) ®ª §ë¢ ¥âáï ¯à ¢¨«ì­®© ¢ ¤¢ãå¯à¥¤¥«ì­ëå á«ãç ïå (12.24) ¨ ¬®¦¥â à áá¬ âà¨¢ âìáï ª ª ¨­â¥à¯®«ïæ¨-®­­ ï ¤«ï ¯à®¨§¢®«ì­ëå â¥¬¯¥à âãà (áà ¢­¨ E(x);�(x), ­  �¨á. 12.1).
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�¨á. 12.1. �¥¯«®¥¬ª®áâì �¥¡ ï �(�D=T ) ¨ â¥¯«®¥¬ª®áâì �©­èâ¥©­  E(�3=T ).Al Mg Cu Zn Ag Au�D; K¨§ �c 399 385,6 344,4 328 226,4 161,1�D; K¨§ CV 394 404 345,2 305 226,0 164,7�¥¬¯¥à âãà  �¥¡ ï �D ®¯à¥¤¥«ï¥âáï ­¥§ ¢¨á¨¬® ¯® ¨§¬¥à¥­¨ï¬ ª ª áª®-



|142|à®áâ¨ §¢ãª  �c ¢ (12.20), â ª ¨ â¥¯«®¥¬ª®áâ¨ CV (12.26). �¥á­ ï ¡«¨§®áâìíâ¨å ¤ ­­ëå ãª §ë¢ ¥â ­  á ¬®á®£« á®¢ ­­®áâì ¬®¤¥«¨ �¥¡ ï.� ®â«¨ç¨¥ ®â ¨§«ãç¥­¨ï, ¢ â¥à¬¨ç¥áª®¥ ãà ¢­¥­¨¥ á®áâ®ï­¨ï ¤«ï ä®-­®­®¢ ¤®¯®«­¨â¥«ì­ãî § ¢¨á¨¬®áâì ®â ®¡ê¥¬  ¢ F (12.11) ¢­®áïâ: í­¥à£¨ï­ã«¥¢ëå ª®«¥¡ ­¨© ¨§ (12.9) ¨ § ¢¨áïé ï ®â ­¥£® ¬ ªá¨¬ «ì­ ï ç áâ®â !M (V ) (12.6), (12.20). �¤­ ª® ¯à¨ ­ «¨ç¨¨ ¥¤¨­áâ¢¥­­®£® à §¬¥à­®£®¯ à ¬¥âà  !M ¡¥§à §¬¥à­®áâì ¢¥«¨ç¨­ë !MD(!; V ) = 	(!=!M ) ®âç áâ¨ä ªâ®à¨§ã¥â íâã § ¢¨á¨¬®áâì (� ¤. 18.3.) ª ª ¤«ï á¢®¡®¤­®© í­¥à£¨¨, â ª¨ ¤«ï ¤ ¢«¥­¨ï, ¨ ¢ ¬®¤¥«¨ �¥¡ ï ¢¬¥áâ® (11.26) ¨§ (12.11), á«¥¤ãï (12.21),(12.22) ¨ ãç¨âë¢ ï (12.10), (12.20), ­ å®¤¨¬2, ¯à¨ x = �D=T :(7!) F (T; V ) = 9NkBT  1x!3 xZ0 t2 ln "2 sh  t2!# dt � 9NkBTR(x); (12.27)P = �0@@F (T; V )@V 1AT=) �9NkBR0(x)d�D(V )dV = �(V ) U(T; V )V ; (12.28)[7!] â.ª. U(T; V )) 9N�h!MR0(x); �(V ) = � d ln [!M (V )]d lnV =)(12:20) 13 ; (12.29){ ¯ à ¬¥âà �àî­ ©§¥­ , kB�D(V ) = �h!M (V ), ¨ â® ¦¥ ¤«ï ¬®¤¥«¨ (12.15).�¥à¥­®á¨¬ë© ä®­®­®¬ áà¥¤­¨© ¨¬¯ã«ìá ª ª ¯¥à¥¤ ­­ë©  â®¬ ¬¨ áâ¥­ª¥ ªà¨áâ ««  § ¯¥à¨®¤ ¢ £ à¬®­¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ à ¢¥­ ­ã«î: hhmiviii = 0 ª ª áà¥¤­¥¥ ®â ¯¥à¨®¤¨-ç¥áª®© äã­ªæ¨¨ ¯® ¯¥à¨®¤ã. �à®¨§¢®¤­ ï �(V ) ®â ç áâ®âë ¯® ®¡ê¥¬ã ¢ (12.28) ®§­ ç ¥â,çâ® ¤ ¢«¥­¨¥ ä®­®­­®£® £ §  æ¥«¨ª®¬ ®¡ï§ ­®  ­£ à¬®­¨ç­®áâ¨ ª®«¥¡ ­¨©  â®¬®¢ ª ª§ ¢¨á¨¬®áâ¨ ¨å ç áâ®âë ®â ¨å  ¬¯«¨âã¤ë [13]. �â  ¦¥ ªã¡¨ç¥áª ï  ­£ à¬®­¨ç­®áâì¬¥¦ â®¬­®£® ¯®â¥­æ¨ «  u(x) = 
x2=2��x3 ¯à¨ ãáà¥¤­¥­¨¨ á e��u(x) [55] ¯à¨¢®¤¨â ª â¥-¯«®¢®¬ã à áè¨à¥­¨î â¢¥à¤ëå â¥«: aT�P=3 � hhxii ) 3�kBT=
2 ¨ á¢ï§¨ ª®íää¨æ¨¥­â ®¡ê¥¬­®£® à áè¨à¥­¨ï �P á ¯ à ¬¥âà®¬ �àî­ ©§¥­ : V �P = �(V )CVKT (§ ¤. 18.7.),â.ª. íâ® à áè¨à¥­¨¥ ¨ ¢ë§¢ ­® à®áâ®¬ ¤ ¢«¥­¨ï ä®­®­®¢ Ppn (12.28) á â¥¬¯¥à âãà®©.�â ª, ãá«®¢¨¥ �pn � 0 ­¥ ¯à¨¢®¤¨â §¤¥áì ª ãà ¢­¥­¨î á®áâ®ï­¨ï(11.24) P = P (T ) ¢¬¥áâ® (12.28). � ¬¥â¨¬, çâ®, ¢ ®â«¨ç¨¥ ®â à¥ «ì­ëå£ §®¢ ¨ ¨§«ãç¥­¨ï, § ­¨¬ îé¨å ¢á¥£¤  ¢¥áì ¯à¥¤®áâ ¢«¥­­ë© ¨¬ ®¡ê¥¬¨ ã¤¥à¦¨¢ ¥¬ëå ¢ ­¥¬ «¨èì ¢­¥è­¨¬¨ á¨« ¬¨ ¥£® áâ¥­®ª, ¦¨¤ª®áâ¨ ¨,â¥¬ ¡®«¥¥, â¢¥à¤ë¥ â¥«  { ªà¨áâ ««ë { á ¬¨ ®£à ­¨ç¨¢ îâ á¢®© ®¡ê¥¬ § áç¥â ¤®¯®«­¨â¥«ì­®£® ¤ ¢«¥­¨ï á®¡áâ¢¥­­ëå á¨« ¯®¢¥àå­®áâ­®£® ­ âï¦¥-­¨ï. �®¢¥àå­®áâ­ ï í­¥à£¨ï, ¡ã¤ãç¨ ­¥®âê¥¬«¥¬®© ç áâìî ¢­ãâà¥­­¥© ¨2�.¥.: (7!) F (T; V ) = kBT xZ0 dtx 	� tx� ln �2 sh� t2�� � kBT bR(x), ¨ PV = �(V )U(T; V ).



|143|á¢®¡®¤­®© í­¥à£¨¨ ªà¨áâ «« , ï¢«ï¥âáï ¤®¯®«­¨â¥«ì­ë¬ ¨áâ®ç­¨ª®¬ ¨å§ ¢¨á¨¬®áâ¨ ®â à §¬¥à®¢ (¯®¢¥àå­®áâ¨). �®âï íâ  ¯®¢¥àå­®áâ­ ï í­¥à-£¨ï ¬­®£® ¬¥­ìè¥ ãçâ¥­­®© ¢ëè¥ ®¡ê¥¬­®© í­¥à£¨¨, ¥¥ ¯à®¨§¢®¤­ë¬¨,â.¥. ¤ ¢«¥­¨¥¬, ¨ ¯à¨à é¥­¨ï¬¨, â.¥. í«¥¬¥­â à­®© à ¡®â®© íâ¨å á¨«�A� = ��(x)d�, ã¦¥ ­¥«ì§ï ¯à¥­¥¡à¥çì ¯à¨ ®¯¨á ­¨¨ ¯®¢¥àå­®áâ­ëåï¢«¥­¨©. �®£¤  ¯®«­ë© â¥à¬®¤¨­ ¬¨ç¥áª¨© ¯®â¥­æ¨ « ¤¢ãåä §­®© á¨-áâ¥¬ë (5.38) à ¢¥­: J = �P1V1�P2V2+ I �(x)d�, ¨ ¨§ ãá«®¢¨ï ¥£® ¬¨­¨-¬ã¬  ¯à¨ ä¨ªá¨à®¢ ­­®¬ V1 + V2 ¨¬¥¥¬: P� = P1 � P2 = �(d�=dV1). �à¨ä¨ªá¨à®¢ ­­ëå ®¡ê¥¬¥ V1 ¨ â¥¬¯¥à âãà¥ T ¬¨­¨¬ã¬ ¥£® ¯®¢¥àå­®áâ­®©ç áâ¨ J� = I � d� ®¯à¥¤¥«ï¥â à ¢­®¢¥á­ãî ®£à ­ªã ªà¨áâ ««  á®£« á­®â¥®à¥¬¥ �ã«ìä : ¢ à ¢­®¢¥á¨¨ ¢ ªà¨áâ ««¥ áãé¥áâ¢ã¥â â®çª , à ááâ®ï-­¨ï `i ª®â®à®© ®â ¯«®áª®áâ¥© £à ­¥© �i á ãà ¢­¥­¨ï¬¨ (N�i � x) = `i ¨¯®¢¥àå­®áâ­ë¬¨ ­ âï¦¥­¨ï¬¨ �i â ª®¢ë, çâ® �i=`i = const (�¨á. 12.4) [6].�.¥. ä®­®­­ë© £ §, ï¢«ïïáì £ §®¬ £¨¯®â¥â¨ç¥áª¨å ç áâ¨æ, ®¯¨áë¢ ¥â«¨èì ç áâì Ppn (12.28) ¯®«­®£® ¤ ¢«¥­¨ï Pcr = Ppn+P�, á®§¤ ¢ ¥¬ãî ª®-«¥¡ ­¨ï¬¨ à¥ «ì­ëå  â®¬®¢ ªà¨áâ «« . �®íâ®¬ã ­ã«¥¢®© å¨¬¯®â¥­æ¨ «íâ®£® £ §  �pn = 0 ­¥ ¨¬¥¥â ­¨ª ª®£® ®â­®è¥­¨ï ­¨ ª å¨¬¯®â¥­æ¨ «ã �cr â®¬®¢ ¢ ªà¨áâ ««¥, ­¨ ª ¥£® ¡®«ìè®¬ã â¥à¬®¤¨­ ¬¨ç¥áª®¬ã ¯®â¥­æ¨ «ã¨ ¯®«­®¬ã ¤ ¢«¥­¨î Pcr ¢­ãâà¨ á ¬®£® ªà¨áâ ««  (� ¤. 18.4.):�cr = 0@@Fcr(T; V;N)@N 1AV;T; Jcr(T; V; �cr) = Fcr(T; V;N) �N�cr = �PcrV:(12.30)� ª®¥ ¯à¥¤áâ ¢«¥­¨¥ ® ä®­®­ å ª ª ® ­¥ª®â®àëå à á¯à®áâà ­ïîé¨åáï¯® à¥è¥âª¥ ¢®§¡ã¦¤¥­¨ïå { ª¢ §¨ç áâ¨æ å { ï¢«ï¥âáï ç áâ­ë¬ á«ãç ¥¬®¡é¥£® ¯®­ïâ¨ï, ¨£à îé¥£® ¢ ¦­ãî à®«ì ¢ ª¢ ­â®¢®© â¥®à¨¨ ª®­¤¥­á¨-à®¢ ­­ëå á¨áâ¥¬, çì¨¬ ¤ «ì­¥©è¨¬ ®¡®¡é¥­¨¥¬ ï¢«ï¥âáï4 �®­æ¥¯æ¨ï ª¢ §¨ç áâ¨æ�áïª®¥ á« ¡® ¢®§¡ã¦¤¥­­®¥ á®áâ®ï­¨¥ ¬�ªà®áª®¯¨ç¥áª®£® â¥«  ¬®¦­® à áá¬ âà¨¢ âìª ª á®¢®ªã¯­®áâì ®â¤¥«ì­ëå í«¥¬¥­â à­ëå ¢®§¡ã¦¤¥­¨©, ª®â®àë¥ ¢¥¤ãâ á¥¡ï, ª ª ­¥ª®-â®àë¥ ª¢ §¨ç áâ¨æë, ¤¢¨¦ãé¨¥áï ¢ § ­¨¬ ¥¬®¬ â¥«®¬ ®¡ê¥¬¥. �®ª  ¨å ç¨á«® ®áâ ¥âáï¬ «�®, ®­¨ ­¥ ¢§ ¨¬®¤¥©áâ¢ãîâ ¬¥¦¤ã á®¡®© ¨ ¨å á®¢®ªã¯­®áâì ¬®¦­® à áá¬ âà¨¢ âìª ª ¨¤¥ «ì­ë© £ §. �®­ïâ¨¥ í«¥¬¥­â à­®£® ¢®§¡ã¦¤¥­¨ï { ª¢ §¨ç áâ¨æë { ¢¢®¤¨âáï ª ªá¯®á®¡ ®¯¨á ­¨ï ª®««¥ªâ¨¢­®£® ¤¢¨¦¥­¨ï ¢§ ¨¬®¤¥©áâ¢ãîé¨å ¤àã£ á ¤àã£®¬  â®¬®¢â¥«  ¯ãâ¥¬ ¤¨ £®­ «¨§ æ¨¨ ¨å ¢§ ¨¬®¤¥©áâ¢¨ï ª ­®à¬ «ì­ë¬ { ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨¬¬®¤ ¬ ¨ ­¨ª ª ­¥  áá®æ¨¨àã¥âáï á ®â¤¥«ì­ë¬  â®¬®¬ ¨«¨ ¬®«¥ªã«®© [60].



|144|� ª®«¥¡ ­¨ï¬¨ à¥è¥âª¨ á¢ï§ ­® ¬­®¦¥áâ¢® à §­®®¡à §­ëå ï¢«¥­¨©,â ª¨å ª ª ­¥ã¯àã£®¥ à áá¥ï­¨¥ á¢¥â  ­  ®¯â¨ç¥áª¨å ä®­®­ å (íää¥ªâ� ¬ ­ ), íää¥ªâ¨¢­®¥ ¯à¨âï¦¥­¨¥ í«¥ªâà®­®¢, ®¡ãá«®¢«¥­­®¥ í«¥ªâà®­{ä®­®­­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬ (£ ¬¨«ìâ®­¨ ­ �à¥«¨å ) ¨ ¯à¨¢®¤ïé¥¥ ¢ ª®-­¥ç­®¬ áç¥â¥ ª á¢¥àå¯à®¢®¤¨¬®áâ¨. � ¯à®æ¥áá ¬¨ ¯¥à¥¡à®á  ¨ ¯¥à¥¤ ç¥©¨¬¯ã«ìá  ªà¨áâ ««ã ª ª æ¥«®¬ã á¢ï§ ­ë ¬¥å ­¨§¬ â¥¯«®¯à®¢®¤­®áâ¨ ¨à¥§®­ ­á­®¥ ¯®£«®é¥­¨¥ ¡¥§ ®â¤ ç¨ 
-ª¢ ­â  ï¤à®¬ ¢ ªà¨áâ ««¥ ¢ íä-ä¥ªâ¥ �¥áá¡ ãíà , ¨ ¬­®£®¥ ¤àã£®¥. � §­ë¥ ¢¥â¢¨ ª®«¥¡ ­¨© à¥è¥âª¨¢«¨ïîâ ­  à §«¨ç­ë¥ ¯à®æ¥ááë: ®¯â¨ç¥áª¨¥ (¡®à­®¢áª¨¥) ¢¥â¢¨ { ­  ¯®-£«®é¥­¨¥ ¨ ¨á¯ãáª ­¨¥ ¨­äà ªà á­®£® ¨§«ãç¥­¨ï ¨ ¥£® ª®¬¡¨­ æ¨®­­®¥à áá¥ï­¨¥; ¯à®¤®«ì­ë¥  ªãáâ¨ç¥áª¨¥ ¢¥â¢¨ { ­  à áá¥ï­¨¥ ­¥©âà®­®¢.�®â «¨èì ­¥ª®â®àë¥ ¯à¨¬¥àë ª¢ §¨ç áâ¨æ, á¢ï§ ­­ëå â ª ¨«¨ ¨­ ç¥á à §«¨ç­ë¬¨ ¢¥â¢ï¬¨ ª®«¥¡ ­¨© à¥è¥âª¨ [60]:¯®«ïà¨â®­ { ª¢ ­â á¬¥á¨ ®¯â¨ç¥áª¨å ä®­®­®¢ ¨ ä®â®­®¢ (ª¢ ­â ¯®¯¥-à¥ç­®£® í«¥ªâà®¬ £­¨â­®£® ¯®«ï, ¢®§¡ã¦¤ ¥¬®£® ¯à¨ ¯®¯¥à¥ç­ëå ®¯â¨-ç¥áª¨å ª®«¥¡ ­¨ïå ¨®­®¢ à¥è¥âª¨);¯« §¬®­ { ª¢ ­â ¯à®¤®«ì­®© í«¥ªâà®¬ £­¨â­®© ¢®«­ë, ¢®§­¨ª îé¥©¯à¨ ªã«®­®¢áª®¬ ¢§ ¨¬®¤¥©áâ¢¨¨ í«¥ªâà®­®¢ á ¨®­ ¬¨ à¥è¥âª¨ (¢ ¬¥-â «« å ¨ ¯®«ã¯à®¢®¤­¨ª å);¯®«ïà®­ {  ¢â®«®ª «¨§®¢ ­­®¥ á®áâ®ï­¨¥ í«¥ªâà®­ , ®â¢¥ç îé¥¥ ¢§ -¨¬®¤¥©áâ¢¨î í«¥ªâà®­  á ®¯â¨ç¥áª¨¬ ä®­®­®¬, â.¥. í«¥ªâà®­, ¤¢¨¦ã-é¨©áï ¢ ªà¨áâ ««¥ ¢¬¥áâ¥ á «®ª «ì­®© ¯®«ïà¨§ æ¨¥© (í«¥ªâà®­ + ®¡« ª®¢¨àâã «ì­ëå ®¯â¨ç¥áª¨å ä®­®­®¢);¬ £­®­ { ª¢ ­â á¯¨­®¢ëå ¢®«­, â.¥. à á¯à®áâà ­ïîé¨åáï ¢ ªà¨áâ ««¥­ àãè¥­¨© ã¯®àï¤®ç¥­­®áâ¨ (¯¥à¥¢®à®â ) á¯¨­®¢ (á¬. â¥ªáâ ¯®á«¥ (10.44)).([5] x53, [6] x64-71,154-156, [7], [10], [11], [12], [13], [36], [60])� ¤ ç¨18.1. �ã­ªæ¨¨ � ¬¨«ìâ®­  ®¤­®¬¥à­®© «¨­¥©­®© æ¥¯®çª¨ �®à­  - � à-¬ ­  á ®¤­¨¬ ¨ ¤¢ã¬ï  â®¬ ¬¨ ¢ í«¥¬¥­â à­®© ïç¥©ª¥ ¯à¨ N1 = 1� Y ¨N2 = 2 � Y á®®â¢¥âáâ¢¥­­®, ¢ £ à¬®­¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ ¨¬¥îâ ¢¨¤:H1 = N1X̀=1 24 p2̀2m + 
2 (�` � �`�1)235 ; H2 = YX̀=10@ p21`2m1 + p22`2m21A + (12.31)+
2 YX̀=1 �(�(1)` � �(2)` )2 + (�(1)` � �(2)`�1)2 + (�(2)` � �(1)`+1)2� ; ¤¨ £®­ «¨§ãïáì¢¬¥áâ® (11.4): �(i)` (t) = 1pN Xk q(i)k (t)eik`a; ¯à¨ q(i)k (t) = A(i)k e�i!kt; (12.32)
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- ª®­áâ ­â  ã¯àã£®© á¢ï§¨ á®á¥¤­¨å  â®¬®¢; �(i)` - á¬¥é¥­¨¥ ®â­®á¨â¥«ì­®¯®«®¦¥­¨ï à ¢­®¢¥á¨ï `- £®  â®¬ , ¨«¨ (i)- £®  â®¬  ¢ `-®© ïç¥©ª¥. �®®à-¤¨­ âë �` ã¤®¢«¥â¢®àïîâ æ¨ª«¨ç¥áª¨¬ ãá«®¢¨ï¬ �®à­ -� à¬ ­ : �` =�`+N , ¬®¤¥«¨àãîé¨¬ ¨¤¥ «ì­ãî ¯¥à¨®¤¨ç¥áªãî áâàãªâãàã; pi` = mi _�(i)` .
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�¨á. 12.2. �¨¤  ªãáâ¨ç¥áª®© !ac(k) ¨ ®¯â¨ç¥áª®© !opt(k) ¢¥â¢¥© ¯à¨ m2 = 2m1.�®ª § âì, çâ® § ª®­ ¤¨á¯¥àá¨¨ ¤«ï ª®«¥¡ ­¨© æ¥¯®çª¨, â.¥. § ¢¨á¨-¬®áâì ç áâ®âë ª®«¥¡ ­¨© ! ®â ¢®«­®¢®£® ç¨á«  k, ¢ ¯¥à¢®¬ á«ãç ¥:!ac(k) = vuut2
m [1 � cos(ka)] = 2  
m!1=2 �����sin ka2 ����� =)k!0  
m!1=2 jkaj; (12.33)  ¢® ¢â®à®¬ á«ãç ¥:!s(k) =  
�!1=28<:1 + (�1)svuut1� 4�(m1 +m2) sin2  ka2 !9=;1=2 ; £¤¥: (12.34)s = 1; 2,   ¯à¨¢¥¤¥­­ ï ¬ áá  í«¥¬¥­â à­®© ïç¥©ª¨ � = m1m2=(m1 +m2),¨ ¯®â®¬ã ¬­®¦¨â¥«ì ¯¥à¥¤ ª¢ ¤à â®¬ á¨­ãá  4�2=(m1m2) � 1. �.¥., ¤«ï®¤­®¬¥à­®© æ¥¯®çª¨ ¤¢ãå â®¬­ëå ïç¥¥ª ¨¬¥¥âáï ¤¢¥ ¢¥â¢¨ ª®«¥¡ ­¨©:1)  ªãáâ¨ç¥áª ï ¢¥â¢ì, s = 1,  ­ «®£¨ç­ ï (12.33), £¤¥ !ac(0) = 0;2) ®¯â¨ç¥áª ï ¢¥â¢ì, s = 2, ¤«ï ª®â®à®© !opt(0) = q2
=�.� ¯à¥¤¥«¥ m1 ! m2, á ãç¥â®¬ § ¬¥­ë (a=2) 7! a, (12.34) ¯¥à¥å®¤¨â ¢(12.33). �.ª. § ¢¨á¨¬®áâì ®â k ¢® ¢á¥å á«ãç ïå ï¢«ï¥âáï ¯¥à¨®¤¨ç¥áª®©,



|146|¥¥ ¬®¦­® ®£à ­¨ç¨âì ¯¥à¢®© §®­®© �à¨««îí­  jkj < �=a ([12], [44]).18.2. � ¬®¤¥«¨ �¥¡ ï (12.14), (12.23) ¨ �©­èâ¥©­  (12.17) ­ ©â¨ ª¢ ­â®-¢ë¥ ¯®¯à ¢ª¨ ª § ª®­ã �î«®­£  ¨ �â¨, ¨ ¯®¯à ¢ªã ª § ª®­ã �¥¡ ï (12.26).�®ç¥¬ã ¯à¨¡«¨¦¥­¨¥ �¥¡ ï (12.20) ¤ ¥â ¯à ¢¨«ì­ë© ®â¢¥â ¨ ¯à¨ ¢ëá®-ª¨å â¥¬¯¥à âãà å, £¤¥ ®­® § ¢¥¤®¬® ­¥¯à¨£®¤­® (á¬.(6.7))?18.3. �¢®¡®¤­ ï í­¥à£¨ï d-¬¥à­®£® ªà¨áâ ««  ¢ (12.30) á®¤¥à¦¨â ¤®¡ ¢ªãª (12.11), ®¯à¥¤¥«ïîéãî ä®à¬ã ªà¨áâ ««  F� = I �(x)d� ¯à¨ T = 0.� ©â¨  ­ «®£¨: ¯à¥¤áâ ¢«¥­¨ï (12.27) ¤«ï Fcr = Fpn + F�, ãà ¢­¥­¨ï á®-áâ®ï­¨ï �àî­ ©§¥­  (12.28) Pcr = Ppn +P� ¨ ¥£® ª®­áâ ­âë (12.29), ¥á«¨á¯¥ªâà «ì­ ï ¯«®â­®áâì D(!; V ) = ND(!; v) ¨§ á®®¡à ¦¥­¨© à §¬¥à­®-áâ¨ § ¤ ¥âáï ¥¤¨­áâ¢¥­­ë¬ à §¬¥à­ë¬ ¯ à ¬¥âà®¬ !M (V ),  ­ «®£¨ç­®(12.20), (12.27);   â ª¦¥ ¯à¨ �c ) const (12.19); ¯à¨ �P = P�VKT ¢ § ¤.18.7.; ¯à¨ L = Na ¢ § ¤. 18.9. (áà. � ¤. 16.3.) ([11], [18] II N 22, [24]).18.4. �®«ãç¨âì ®âáî¤  å¨¬¯®â¥­æ¨ « â¢¥à¤®£® â¥«  (12.30) ¢ ¢¨¤¥:�cr = �q0 � kBT lnGs + kBT !MZ0 d!D(!; v) ln �1� e���h!� ; (12.35)£¤¥: Gs - áâ âáã¬¬  ¢­ãâà¨¬®«¥ªã«ïà­ëå áâ¥¯¥­¥© á¢®¡®¤ë,q0 = �("0 + P0v); v = VN ;  @@N !V = � vN @@v ;  @@V !N = 1N @@v;q0{ áªàëâ ï â¥¯«®â  áã¡«¨¬ æ¨¨, v{ ã¤¥«ì­ë© ®¡ê¥¬,   P0{ ¤ ¢«¥­¨¥ ¯à¨ ¡á®«îâ­®¬ ­ã«¥. � ª®© ¢ª« ¤ ï¢«ï¥âáï §¤¥áì ®á­®¢­ë¬ ([3] xIX.3.)?18.5. � ©â¨ áà¥¤­¥ª¢ ¤à â¨ç­®¥ á¬¥é¥­¨¥  â®¬  ¤¥¡ ¥¢áª®£® ªà¨áâ «« ¨§ ¯®«®¦¥­¨ï à ¢­®¢¥á¨ï, ¯à¥¤¯®« £ ï áâ â¨áâ¨ç¥áªãî ­¥§ ¢¨á¨¬®áâì®â¤¥«ì­ëå ¢à¥¬¥­­�ëå �ãàì¥ £ à¬®­¨ª á¬¥é¥­¨ï, â.¥. áâ â¨áâ¨ç¥áªãî­¥§ ¢¨á¨¬®áâì ®â¤¥«ì­ëå ­®à¬ «ì­ëå ª®«¥¡ ­¨©. � áá¬®âà¥âì ¯à¥¤¥«ì-­ë¥ á«ãç ¨ T � �D ¨ T � �D. ([5] x53, [24] N 147, [7]).18.6. �à ¢­¨âì áà¥¤­¨¥ ç�̈á«  �N(T )� ä®­®­®¢ ¨ ä®â®­®¢ (11.27),  â ª¦¥ ¨å ¤ ¢«¥­¨ï ¨ â¥¯«®¥¬ª®áâ¨ ¯à¨ ¢ëá®ª¨å ¨ ­¨§ª¨å â¥¬¯¥à âãà å.18.7. �¢ï§ âì ¯ à ¬¥âà �àî­ ©§¥­  �(V ) á ®¡ê¥¬­ë¬ ª®íää¨æ¨¥­â®¬â¥¯«®¢®£® à áè¨à¥­¨ï �P : V �P = �(V )CVKT ([11], [24] N 134, [13], [55]).18.8. � ãç¥â®¬ � = F + PV , ¯®ª § âì: V �P = CP (d ln �M (P )=dP )S ([56]).18.9. � ©â¨, çâ® áà¥¤­ïï â¥¯«®¢ ï à §¤¢¨¦ª  á®á¥¤­¨å  â®¬®¢ hhxii )aT�P=3 ) 3�kBT=
2 ¢ ¯à®áâ®© ªã¡¨ç¥áª®© à¥è¥âª¥ L = aN c ¯®â¥­æ¨ -«®¬ u(x) = 
x2=2 � �x3 = m!2(x)x2=2 ¯à¨ jxj � a. �æ¥­¨âì �(L3) ([13]).18.10. � ª®¢  ä®à¬  \®£à ­ª¨ ªà¨áâ «« " á ¯®áâ®ï­­ë¬ �(x) = const?
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�¨á. 12.3. �¥ªâ®àë ®¡à â­®© à¥è¥âª¨. �¨á. 12.4. � â¥®à¥¬¥ �ã«ìä .18.11. � ãç¥â®¬ (10.45), (11.75) ¢ � ¤. 16.2., 16.3. ­ ©â¨ ¤«¨­ã â¥¯«®¢®©¢®«­ë ¤¥-�à®©«ï ��(d)(T ), ¨ ®¡®¡é¥­¨ï (10.11){(10.13), (11.58){(11.61),¯à¨ ®¡ê¥¬¥ ¥¤¨­¨ç­®£® è à  Bd = Cd=d, "p = ap`, � = d=`, ¢ ¢¨¤¥:Bd�d�(d)(T )hd =  akT !� 1�(�+ 1) ; ��(d)(T ) = hp� akT !1=`24� �d2 + 1��(�+ 1) 351=d; (12.36)n�(T; �) = n0(T; �)��(�z); n0(T; �) = gs z�d�(d)(T ) ; Bd = �d=2� �d2 + 1� ; (12.37)P�(T; �) = n0(T; �) kT ��+1(�z) = n�(T; �) kT 8<:��+1(�z)��(�z) 9=; ; (12.38)�n�"�� � n�(T; z)��"��=)D� n0(T; z)��"�0��+1�1=`(�z); (12.39)£¤¥ ��"�����(T; z) =)D� ��"�0 8<:��+1�1=`(�z)��(�z) 9=; ; ¯à¨ p"�" = `"; (12.40)�"=)D� `a1=`"1�1=`; ¨ ��"�0=)D� ` �(�+ 1 � 1=`)�(�) a1=`(kT )1�1=`: (12.41)�à¨ "p = cp, â.¥. ` = 1 ¨¬¥¥¬ 8 d, � = �1; 0, çâ® ��"�� = �" = c = a.�¤­ ª® ¨ 8 "p : gs�d(T ) � gsZ ddphd e��"p = 1Z0 d"D("; V )V e��"; £¤¥ (12.42)D("; Vd)� d
("; Vd)d" �VdgsCdhd pd�1(")�(") ; FT�=0(") = D("; V )V e��("��); (12.43)¨: �n�0 � 1Z0 d"FT�=0(") � n0(T; z) � gs z�d(T ) ; z = e��: (12.44)



�¥ªæ¨ï 13�¥¯«®¥¬ª®áâì í«¥ªâà®­­®£® £ § � âàã¤­¥­¨ï ª« áá¨ç¥áª®© â¥®à¨¨ ¢ ®¯¨á ­¨¨ â¥¯«®¥¬ª®áâ¨ â¢¥à¤ëå â¥«­¥ ¨áç¥à¯ë¢ «¨áì ¥¥ à¥è¥â®ç­®© ç áâìî. � ª« áá¨ç¥áª®© â¥®à¨¨ í«¥ª-âà®­­®© ¯à®¢®¤¨¬®áâ¨ ¬¥â ««®¢ �àã¤¥ { �®à¥­æ  (1904) ¢ª« ¤ ¢ â¥¯«®-¥¬ª®áâì á¢®¡®¤­ëå ¢ «¥­â­ëå í«¥ªâà®­®¢ ¯à®¢®¤¨¬®áâ¨, á®£« á­® â¥®-à¥¬¥ ® à ¢­®à á¯à¥¤¥«¥­¨¨: Cª«eV = (3=2)Nek, ¨ ¤®«¦¥­ ¡ëâì á®¯®áâ ¢¨¬á à¥è¥â®ç­®© â¥¯«®¥¬ª®áâìî,   ¤«ï ®¤­®¢ «¥­â­ëå ¬¥â ««®¢ á Ne = N¨å áã¬¬  CV = 3Nk+Cª«eV ¤®«¦­  ¯à¥¢ëè âì à¥è¥â®ç­ãî â¥¯«®¥¬ª®áâì¢ 1,5 à § . �¤­ ª® íªá¯¥à¨¬¥­â «ì­® â ª®© ¢ª« ¤ ­¥ ¡ë« ®¡­ àã¦¥­­¨ ¯à¨ ª ª¨å à §ã¬­® ¤®áâ¨¦¨¬ëå â¥¬¯¥à âãà å. �â  \ª â áâà®ä "á í«¥ªâà®­­®© â¥¯«®¥¬ª®áâìî ¬¥â ««®¢ ¡ë«  ãáâà ­¥­  «¨èì ¯à¨¬¥­¥-­¨¥¬ ª¢ ­â®¢®© áâ â¨áâ¨ª¨ �¥à¬¨ { �¨à ª  (�®¬¬¥àä¥«ì¤, 1928).1 �à¨¡«¨¦¥­¨¥ á¢®¡®¤­ëå í«¥ªâà®­®¢�¥à¢®¥ ¯à¨¡«¨¦¥­¨¥ ¢ â¥®à¨¨ ¬¥â ««®¢ á¢ï§ ­® á ¯à¥¤áâ ¢«¥­¨¥¬ ® ¯®«-­®áâìî ¤¥«®ª «¨§®¢ ­­ëå í«¥ªâà®­ å, ¯à¨­ ¤«¥¦ é¨å ªà¨áâ ««ã ¢ æ¥-«®¬. � íâ®¬ ¯à¨¡«¨¦¥­¨¨ ¬¥â «« áç¨â ¥âáï á®áâ®ïé¨¬ ¨§ ¨®­­ëå ®áâ®-¢®¢, ®ªàã¦¥­­ëå ª ¦¤ë© ®¡®«®çª®© á¨«ì­® á¢ï§ ­­ëå í«¥ªâà®­®¢, ¨ ¨§¡®«ìè®£® ç¨á«  ¯à ªâ¨ç¥áª¨ á¢®¡®¤­ëå í«¥ªâà®­®¢ { í«¥ªâà®­­®£® £ § ¢ ïé¨ª¥. �®âï ¯®á«¥¤­¨¥ ¢ à¥ «ì­ëå ¬¥â «« å ®â­î¤ì ­¥ ï¢«ïîâáï à¥- «ì­® á¢®¡®¤­ë¬¨, ¢§ ¨¬®¤¥©áâ¢ãï §  áç¥â ¤ «ì­®¤¥©áâ¢ãîé¨å ªã«®­®¢-áª¨å á¨« ¨ ¤àã£ á ¤àã£®¬, ¨ á ¨®­­ë¬¨ ®áâ®¢ ¬¨, ¨¬¥îâáï á«¥¤ãîé¨¥ä ªâ®àë, ¯®§¢®«ïîé¨¥ à áá¬ âà¨¢ âì ¢ ­¨å íâ¨ ¢ «¥­â­ë¥ í«¥ªâà®­ë,ª ª á¢®¡®¤­ë¥: 1) � ¤®áâ â®ç­® ¡®«ìè®¬ ®¡ê¥¬¥ ¬¥â ««  § àï¤ë ¨®-­®¢ ¢ áà¥¤­¥¬ ª®¬¯¥­á¨àãîâ § àï¤ë í«¥ªâà®­®¢,   ¯®â¥­æ¨ « ®â¤¥«ì­®£®í«¥ªâà®­  íªà ­¨àã¥âáï ¤àã£¨¬¨ í«¥ªâà®­ ¬¨, çâ® § ¬¥â­® ã¬¥­ìè ¥â®¡« áâì, ¢ ª®â®à®© ¨å ¢§ ¨¬®¤¥©áâ¢¨¥ ­¥®¡å®¤¨¬® ãç¨âë¢ âì; 2) �¯¥ªâàí«¥ªâà®­®¢ ¢ ¯¥à¨®¤¨ç¥áª®¬ ¯®«¥ ¨®­­®© à¥è¥âª¨ ¨¬¥¥â §®­­ë© å à ª-â¥à (�¨á. 13.1), £¤¥ ¢¥àå­ïï ¨§ § ¯®«­¥­­ëå { ¢ «¥­â­ëå { §®­ § ¯®«-148



|149|­¥­  «¨èì ç áâ¨ç­®, ï¢«ïïáì ¢ â® ¦¥ ¢à¥¬ï ­¨¦­¥© §®­®© ¯à®¢®¤¨¬®áâ¨.� ª, ¤«ï ®¤­®¢ «¥­â­ëå ¬¥â ««®¢ ¯à¨ T ! 0 ç¨á«® ¢ «¥­â­ëå í«¥ªâà®-­®¢ à ¢­® «¨èì ¯®«®¢¨­¥ ç¨á«  ãà®¢­¥© íâ®© §®­ë, ¨ ¤ «ì­¥©è ï §®­­ ïáâàãªâãà  ¨å á¯¥ªâà  ¢ ¯¥à¨®¤¨ç¥áª®¬ ¯®«¥ à¥è¥âª¨ ®ª §ë¢ ¥âáï ­¥-áãé¥áâ¢¥­­ ; 3) í­¥à£¨ï í«¥ªâà®­  § ¢¨á¨â ª¢ ¤à â¨ç­® ®â ¢®«­®¢®£®¢¥ªâ®à : "k = 
k2, ¯® ªà ©­¥© ¬¥à¥, ¢¡«¨§¨ ªà ¥¢ §®­ë (13.52); 4) ¢¨¤¥ «ì­®¬ ¯¥à¨®¤¨ç¥áª®¬ ¯®â¥­æ¨ «¥ í«¥ªâà®­ë �� ¨á¯ëâë¢ îâ á®¯à®-â¨¢«¥­¨ï ¯à¨ ¤¢¨¦¥­¨¨, à áá¥¨¢ ïáì â®«ìª® ­  ¯à¨¬¥áïå ¨ ­¥®¤­®à®¤­®-áâïå à¥è¥âª¨; 5) ¢ ¨â®£¥ ¢«¨ï­¨¥ íâ®£® ¯®â¥­æ¨ «  á¢®¤¨âáï ª ¨§¬¥­¥­¨î«¨èì ¨­¥àâ­ëå á¢®©áâ¢ í«¥ªâà®­  m! m� (á¬. � ¤. 19.10.).� ª®© \í«¥ªâà®­" ¨ ¡ã¤¥¬ áç¨â âì á¢®¡®¤­®© ç áâ¨æ¥© â ª ¦¥ á ª¢ -§¨¨¬¯ã«ìá®¬ p = �hk (12.2) ¨ í­¥à£¨¥© " = p2=2m�, £¤¥ m� = �h2=2
 {íää¥ªâ¨¢­ ï ¬ áá  í«¥ªâà®­ ; 
 { ¯®áâ®ï­­ ï, § ¢¨áïé ï ®â ¥£® ¢§ ¨-¬®¤¥©áâ¢¨ï á ªà¨áâ ««¨ç¥áª®© à¥è¥âª®©. �®âï m� 6= m, ­® ®â«¨ç¨¥ ¨å­¥ ¢¥«¨ª®. �«ï Li m�=m = 1; 19,   ¤«ï Na m�=m � 1; 0. �à¨¡«¨¦¥­¨¥á¢®¡®¤­ëå í«¥ªâà®­®¢ ¤ ¥â å®à®è¨¥ à¥§ã«ìâ âë ¤«ï é¥«®ç­ëå ¬¥â ««®¢¨ ­¥¯«®å¨¥ { ¤«ï ¡« £®à®¤­ëå. � «¥¥ ¢áî¤ã ¢­®¢ì ¯®« £ ¥¬ kB � k.�  ®á­®¢¥ ª®­æ¥¯æ¨¨ ª¢ §¨ç áâ¨æ �.�. � ­¤ ã (1956) ¯®ª § «, çâ®í­¥à£¥â¨ç¥áª¨© á¯¥ªâà ¢®§¡ã¦¤¥­¨© \í«¥ªâà®­­®© ¦¨¤ª®áâ¨" ®á­®¢­®£®á®áâ®ï­¨ï ¢ «¥­â­ëå í«¥ªâà®­®¢ ¢ ¬¥â «« å ¯®¤®¡¥­ á¯¥ªâàã ¨¤¥ «ì­®£®ä¥à¬¨{£ §  ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ç áâ¨æ á® á¯¨­®¬ 1/2: ¢¡«¨§¨ ®á­®¢-­®£® á®áâ®ï­¨ï, â.¥. { ¯à¨ ¤®áâ â®ç­® ­¨§ª¨å â¥¬¯¥à âãà å, ¢®§¡ã¦¤¥­-­ë¥ á®áâ®ï­¨ï â ª®© ª¢ ­â®¢®© ¦¨¤ª®áâ¨ ¬®¦­® à áá¬ âà¨¢ âì ª ª á®-¢®ªã¯­®áâì ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ä¥à¬¨-ª¢ §¨ç áâ¨æ (�¨á. 13.2).2 �¤¥ «ì­ë© ä¥à¬¨{£ § ¯à¨ T = 0� áá¬®âà¨¬ â¥à¬®¤¨­ ¬¨ç¥áª¨¥ á¢®©áâ¢  ¨¤¥ «ì­®£® ä¥à¬¨-£ § , ¨¬¥ï ¢¢¨¤ã £ § ­¥¢§ ¨¬®¤¥©áâ¢ãîé¨å ä¥à¬¨-ª¢ §¨ç áâ¨æ { í«¥¬¥­â à­ëå ¢®§-¡ã¦¤¥­¨© í«¥ªâà®­­®© ä¥à¬¨-¦¨¤ª®áâ¨ ¢ ¯à¥¤¥«¥ á¨«ì­®£® ¢ëà®¦¤¥­¨ï,ª®£¤  ¤«ï ¯ à ¬¥âà  ¢ëà®¦¤¥­¨ï (10.29) ¢ á¨«ã (10.11), (10.15){(10.17):1� �(n; T ) � ngs�3(T ) =)D3=2 ngs 0@ h22�mkT 1A3=2� �(n; T )�3=2(�z) = z = e��; (13.1)¯à¨ � > 0 ¨ gs = 2 ¤«ï ª¢ §¨í«¥ªâà®­®¢. �ã¤¥¬ ªà âª® ­ §ë¢ âì íâ¨ª¢ §¨ç áâ¨æë í«¥ªâà®­ ¬¨ ¨ ¯¨á âìm ¢¬¥áâ® m� â ¬, £¤¥ íâ® ¢®§¬®¦­®.�®£« á­® (9.20), (9.21), ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ ¯à¨ T = +0, (z = +1),í«¥ªâà®­ë á 2sz = � = �1, ¢ á¨«ã ¯à¨­æ¨¯  � ã«¨, ¯®¯ à­® § ¯®«­ïîâ



|150|¢á¥ ¤®áâã¯­ë¥ ãà®¢­¨ í­¥à£¨¨: ®â ­¨§è¥£® "p� = 0 ¤® £à ­¨ç­®£® "F ,ª®â®àë© ­ §ë¢ ¥âáï ãà®¢­¥¬ �¥à¬¨. �¬ã ®â¢¥ç ¥â à ¤¨ãá p = pF áä¥àë¢ ¨¬¯ã«ìá­®¬ ¯à®áâà ­áâ¢¥: ¢á¥ ¯à®áâà ­áâ¢® c p < pF , ¢­ãâà¨ ä¥à¬¨ {áä¥àë § ¯®«­¥­®,   ¢­¥è­¨¥ á®áâ®ï­¨ï c p > pF á¢®¡®¤­ë { ¥á«¨ "0(p) > 0.� ª çâ® à á¯à¥¤¥«¥­¨¥�¥à¬¨ { �¨à ª  ¯à¨ T = 0 ¨¬¥¥â ¢¨¤ áâã¯¥­ç â®©äã­ªæ¨¨ �¥¢¨á ©¤  �(pF�p) = �("F�"p�), ¢®§­¨ª îé¥© ª ª ¯à¥¤¥« íâ®£®à á¯à¥¤¥«¥­¨ï ¯à¨ T ! +0, � = 1=(kT )! +1:�n�("p�)� = fexp [�("p� � �)] + 1g�1 ; � � �(T; n); (�¨á. 13.2); (13.2)�n�("p�)� =)T!0 �("F � "p�) � 8<: 1; "p� < "F ;0; "p� > "F ; "F =)D3=2 p2F2m; £¤¥ (13.3)å¨¬¨ç¥áª¨© ¯®â¥­æ¨ « ¯à¨ T = 0 ¨ ®¯à¥¤¥«ï¥â ãà®¢¥­ì í­¥à£¨¨ �¥à¬¨:"F = "�(pF ) = �F (T = 0; n) = �0(n) � �0 > 0; (13.4)¢ á®®â¢¥âáâ¢¨¨ á (9.20), (9.21). �§ (10.3), (10.4) ­ ©¤¥¬ "F ¢ £ §¥ á § ¤ ­-­ë¬ ç¨á«®¬ ¨ ¯«®â­®áâìî í«¥ªâà®­®¢ N � V n = V n(T; �) T=0== V n(0; �0):V n(T; �) = 1Z0 d"D("; V )�n�(")� T=0== "FZ0 d"D("; V ) � 
("F ; V ) � (13.5)� V n(0; �0) � N=)D3=2 A3=2 "FZ0 "1=2d" = 23 A3=2 "3=2F = 23 "FD3=2("F ; V ); (13.6)®âªã¤  D3=2("F ; V ) � A3=2p"F =) 32 N"F ; A3=2 � 4�V  2mh2 !3=2 ; (13.7)¨ "F = 0@ 3N2A3=21A2=3= h22m  38�!2=3n2=3 = �h22m(3�2n)2=3 � B n2=3 = �0: (13.8)� ®â«¨ç¨¥ ®â ¡®§¥{á¨áâ¥¬ë (10.41), ¢­ãâà¥­­ïï í­¥à£¨ï U0 ¨ ¤ ¢«¥­¨¥P0 â ª®£®  ¡á®«îâ­® ¢ëà®¦¤¥­­®£® ä¥à¬¨-£ §  á ãç¥â®¬ (10.5){(10.10)­¥ à ¢­ë ­ã«î (¯à¨ m! m�, ¨¬¥¥¬ á®®â¢¥âáâ¢¥­­® B ! B�, "F ! "�F ):U(T; V;N)=V hhu(T )ii= 1Z0 d"D("; V )"�n�(")� =)T=0 "FZ0 d"D("; V )"� (13.9)� U0(V;N) =)D3=2 25 A3=2 "5=2F = 35 N"F = 35 V n "F = 35 V B n5=3; (13.10)P (T; �) = 1V 1Z0 d" 
("; V )�n�(")� =)T=0 1V "FZ0 d" 
("; V ) = P0(�0) = (13.11)= P0(n) =)D3=2 23U0(V;N)V = 25n"F = 415A3=2V �5=20 = 25 B n5=3: (13.12)



|151|3 �¥à¬®¤¨­ ¬¨ç¥áª¨¥ á¢®©áâ¢  á¨«ì­®, ­® ­¥ ¡á®«îâ­® ¢ëà®¦¤¥­­®£® ä¥à¬¨{£ § �á«®¢¨¥ á¨«ì­®£® ¢ëà®¦¤¥­¨ï 1 � � ¢ (13.1) ¯à¨ T > 0 á ãç¥â®¬ (13.8)¬®¦­® á­®¢  § ¯¨á âì ª ª ­¥à ¢¥­áâ¢® á å à ªâ¥à­®© â¥¬¯¥à âãà®© TF :1� ���2=3 � h22�mkT  ngs!2=3 = "FkT 1�  8�3 !2=3 = TFT 4(9�)1=3 ; (13.13)â.¥. T � TF ; £¤¥: TF = "Fk = 1k h22m  38�!2=3 n2=3 = Bk n2=3; (13.14){ â¥¬¯¥à âãà  ¢ëà®¦¤¥­¨ï ä¥à¬¨{£ § , ¨ ¨¬¥¥â â ªãî ¦¥ § ¢¨á¨¬®áâì®â ¬ ááë ¨ ¯«®â­®áâ¨, çâ® ¨ â¥¬¯¥à âãà  ¡®§¥ { ª®­¤¥­á æ¨¨ TB (10.35).�¥¯«®¢®¥ ¢®§¡ã¦¤¥­¨¥ ¯à¨ 0 < T � TF à §¬®à®§¨â «¨èì ¬ «ãî ç áâì¯®áâã¯ â¥«ì­ëå áâ¥¯¥­¥© á¢®¡®¤ë í«¥ªâà®­®¢ ¢ ã§ª®¬ á«®¥ d" ' `kT ã¯®¢¥àå­®áâ¨ �¥à¬¨. �à¨ íâ®¬ ¨áå®¤­ ï ä¥à¬¨-áâã¯¥­ìª  (13.3) \­ ª«®-­ï¥âáï",   è¨à¨­  íâ®© ®¡« áâ¨ \à §¬ëâ¨ï" 8T ¥áâì 2`kT , ` = (2 � 3).�à¨­æ¨¯ � ã«¨ ®¯à¥¤¥«ï¥â ç¨á«® ¢ëå®¤ïé¨å §  ¯à¥¤¥«ë áä¥àë �¥à¬¨í«¥ªâà®­®¢ ç¨á«®¬ § ­¨¬ ¥¬ëå ¯à¨ íâ®¬ ¨¬¨, á®£« á­® (13.5) { (13.7),á®áâ®ï­¨© (�¨á. 13.2) á® áà¥¤­¥© § á¥«¥­­®áâìî �n�("F )� = 1=2:�N(T ) � D("F ; V ) `kT �n�("F )� =)D3=2 32 N"F `kT 12 = 32 N 2̀ TTF : (13.15)� ª ª ª ª ¦¤ë© ¨§ íâ¨å í«¥ªâà®­®¢ ¨¬¥¥â í­¥à£¨î, ¢ áà¥¤­¥¬ ¯à¥¢ë-è îéãî ä¥à¬¨¥¢áª¨© ä®­ ­  ¢¥«¨ç¨­ã ¯®àï¤ª  ' (`=2)kT , â® á®®â¢¥â-áâ¢ãîé¥¥ ¯à¨à é¥­¨¥ ¢­ãâà¥­­¥© í­¥à£¨¨ ¯à¨ T � TF (�¨á. 13.2):�U � U(T )� U0 � �N(T ) 2̀ kT =)D3=2 32 N"F  `kT2 !2 ; (13.16)¯®íâ®¬ã á ãç¥â®¬ (13.14) â¥¯«®¥¬ª®áâì í«¥ªâà®­­®£® £ §  à ¢­ CeV =  @U@T !V;N� 32 Nk `22 TTF = Cª«eV `22 TTF ; â.¥. CeV �!T!0 0; (13.17)¢ á®£« á¨¨ á § ª®­®¬ �¥à­áâ , ¨ ¬ «�  ¢ áà ¢­¥­¨¨ á ¯à¥¤áª § ­¨¥¬ ª« á-á¨ç¥áª®© â¥®à¨¨, ¯®áª®«ìªã T=TF � 1, â.ª. TF � 104K ¤«ï ¡®«ìè¨­áâ¢ ¬¥â ««®¢, ®âªã¤  CeV =Cª«eV � 10�2. �â¤¥«¨âì íâã í«¥ªâà®­­ãî â¥¯«®¥¬-ª®áâì ­ ¤ à¥è¥â®ç­®© (12.26) ¬®¦­® «¨èì ¯à¨ â¥¬¯¥à âãà å T � T1:ª®£¤ : Cpn;V (T ) � CeV (T ); £¤¥: T1 ' �D�p5vuut�DTF ' (1� 10)K: (13.18)



|152|�¤¥áì ¨á¯®«ì§®¢ ­® â®ç­®¥ §­ ç¥­¨¥ ` ¢ â¥¯«®¥¬ª®áâ¨ (13.17). �­® ®¯à¥-¤¥«ï¥âáï ¯à¨¡«¨¦¥­­ë¬ ¢ëç¨á«¥­¨¥¬ ¯à¨ ��� 1 ¨­â¥£à «  (13.50):� ITg (�) = 1Z0 g(")d"exp [�("� �)] + 1 ; ¯ãâ¥¬ à §¡¨¥­¨ï ¥£® (13.19)­  ¤¢ : ITg (�) = 1Z� g(")d"exp [�(" � �)] + 1 + �Z0 g(")d"exp [�(" � �)] + 1 ;£¤¥ g(") - «î¡ ï £« ¤ª ï ¢ ®ªà¥áâ­®áâ¨ " = � äã­ªæ¨ï. � ¯¥à¢®¬ ¨­â¥-£à «¥ ¯®«®¦¨¬ " = �+ x. �® ¢â®à®© ¦¥ ¯®¤áâ ¢¨¬ â®¦¤¥áâ¢® (13.53):1exp [�(" � �)] + 1 � 1� 1exp [�(�� ")] + 1 ; ¯à¨ �Z0 g(")d" � I0g (�); (13.20)¨ " = �� y : ITg (�) = �Z0 g(")d" + 1Z0 g(�+ x)dxexp(�x) + 1 � �Z0 g(� � y)dyexp(�y) + 1 :�®áª®«ìªã �� � 1 íªá¯®­¥­æ¨ «ì­ ï áå®¤¨¬®áâì ¯®§¢®«ï¥â ¢ âà¥âì¥¬¨­â¥£à «¥ â ª¦¥ § ¬¥­¨âì ¢¥àå­¨© ¯à¥¤¥« � ­  +1,   â®£¤  ¨ y ! x:ITg (�) = �Z0 g(")d" + 1Z0 dx g(� + x)� g(�� x)exp(�x) + 1 +O �e���� :� §« £ ï £« ¤ªãî äã­ªæ¨î g(� � x) ¢ â®çª¥ � ¢ àï¤ �¥©«®à  ¨ ¯®« £ ï¢ x2n�1 § â¥¬ �x = t, ¯®«ãç¨¬ á ãç¥â®¬ (10.14), (10.16) (áà. á (13.50)):ITg (�) � I0g (�) + 2 1Xn=1 g(2n�1)(�)� 2n �2n(�1); £¤¥: g(2n�1)(�) � I0(2n)g (�); (13.21)�2n(�1) =  1 � 122n�1! �(2n); �(2) = �26 ; �(4) = �490 ; â.¥.: (13.22)ITg (�) � I0g (�) + �26 (kT )2g0(�) + 7�4360(kT )4g000(�) + : : : ; ¨«¨: (13.23)ITg (�) � 1Z0 d" g(")�n�(")� � I0g (�) + �26 (kT )2g0(�) +O �(kT )4� : (13.24)�«ï à §­®áâ¨ ¨­â¥£à «®¢ (13.19) á T > 0 ¯à¨ � = �(T; n) ¨ á T = 0 ¯à¨�0 = �(0; n), ¯® 1-®© â¥®à¥¬¥ ® áà¥¤­¥¬, á ãç¥â®¬ (13.4) ­ å®¤¨¬:ITg (�)� I0g (�0) � I0g (�)� I0g (�0) + �26 (kT )2g0(�) == �Z�0 d"g(") + �26 (kT )2g0(�) � (� � �0)g(�0) + �26 (kT )2g0(�0);â.¥. ITg (�)� I0g (�0) � g(�0) 24� � �0 + �26 (kT )2 d ln g(�0)d�0 35 : (13.25)



|153|� ©¤¥­­ë¥ ¢ëà ¦¥­¨ï ¯®§¢®«ïîâ ­ ©â¨ § ¢¨á¨¬®áâì ®â â¥¬¯¥à âãàëâ¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­ í«¥ªâà®­­®£® £ §  ¢ ¯¥à¢®¬ ¯®àï¤ª¥ ¯® (kT )2.� ç­¥¬ á ¢ëç¨á«¥­¨ï ¥£® å¨¬¯®â¥­æ¨ «  �(T; n). �®« £ ï g(") = D(") ¢(13.24){(13.25), á ãç¥â®¬ (13.4){(13.6), ¤«ï § ¤ ­­ëå ç¨á«  ç áâ¨æ N ¨¯«®â­®áâ¨ ¨¬¥¥¬ â¥¯¥àì N � ITD(�) � V n(T; �) = V n(0; �0) � I0D(�0). �¤«ï «î¡®© £« ¤ª®© D(") 6= 0, ¨§ (13.25) ¯à¨ �0 = �0(n), á â®ç­®áâìî ¤®O0@ kT�0 !41A � 0 � ITD(�)� I0D(�0) : � � �0 � ��26 (kT )2 d lnD(�0)d�0 ; (13.26)â.¥.: �(T; n) = �0 241 � �26  kT�0 !2 d (lnD(�0))d(ln�0) 35 ; £¤¥ kT�0 � TTF : (13.27)� ª¨¬ ®¡à §®¬, ¬ë ¯®«ãç¨«¨ ¢ëà ¦¥­¨¥ ¤«ï å¨¬¯®â¥­æ¨ «  ¢ ¢¨¤¥ à §-«®¦¥­¨ï ¯® ç¥â­ë¬ áâ¥¯¥­ï¬ ¬ «®£® ¯ à ¬¥âà  (T=TF ). �à¨ D(") )A"1=2, á®£« á­® (13.5) { (13.8), ­ å®¤¨¬, çâ® �0 � "F � kTF ) Bn2=3,�(T; n) =)D3=2 "F 241� �212  TTF !2 +O 0@ TTF !41A35 < �0; B3=2 = 32 VA: (13.28)�®¤áâ ¢«ïï (13.26) ¢ (13.25), ¢­®¢ì ¤«ï «î¡®© £« ¤ª®© g(") â¥¯¥àì ¨¬¥¥¬:ITg (�)� I0g (�0) � �26  kT�0 !2 �0 g(�0) dd(ln�0) ln 24 g(�0)D(�0)35 : (13.29)�®« £ ï §¤¥áì g(") = "D(") á ¯à®¨§¢®«ì­®© D(") = D("; V ), ¨¬¥¥¬ ¯à¨à -é¥­¨¥ í­¥à£¨¨ (13.9) ¨ â¥¯«®¥¬ª®áâì ¢ëà®¦¤¥­­®£® í«¥ªâà®­­®£® £ § :�U(T ) � U(T )� U0 � �26 (kT )2D(�0); CeV � �23 kD(�0) kT; (13.30)¨ ¤«ï (13.5){(13.10) ­ ©¤¥¬ ¯«®â­®áâì í­¥à£¨¨ ¨ â¥¯«®¥¬ª®áâì ¢ ¢¨¤¥:U(T )V = U0 +�U(T )V =)D3=2 35 n�0 241 + 5�212  TTF !2 +O 0@ TTF !41A35 ; (13.31)CeV =)D3=2 �22 Nk kT�0 = �22 Nk TTF ¯à¨ D3=2(�0) = 32 N�0 : (13.32)� á®£« á¨¨ á � ¤. 19.9., ¢ ®æ¥­ª¥ (13.17) íâ® ®â¢¥ç ¥â ` = �q2=3 = 2; 565.�«ï é¥«®ç­ëå ¬¥â ««®¢ �0 = "F { ¯®àï¤ª  ­¥áª®«ìª¨å í«¥ªâà®­-¢®«ìâ: "LiF = 4; 72 í�, "NaF = 3; 12 í� ¨, á®®â¢¥âáâ¢¥­­®: TLiF = 5; 48 � 104K,TNaF = 3; 62 � 104K, £¤¥, á®£« á­® (11.70), 1 í� = kB 1; 16 � 104K, ¯®íâ®¬ã¤ ¦¥ ¤«ï \ª®¬­ â­ëå" â¥¬¯¥à âãà ¯ à ¬¥âà T=TF ¬ «, ¨ í«¥ªâà®­­ë©



|154|£ § ï¢«ï¥âáï ¢ëà®¦¤¥­­ë¬ ¨ ¯à ªâ¨ç¥áª¨ ­¥ ¤ ¥â ¢ª« ¤  ¢ â¥¯«®¥¬ª®áâìíâ¨å ¬¥â ««®¢. �¥§ã«ìâ â (13.32) { ¡®«ìè®© ãá¯¥å ª¢ ­â®¢®© áâ â¨áâ¨ª¨,®¡êïá­¨¢è¥© ª § ¢è¨¥áï § £ ¤®ç­ë¬¨ á¢®©áâ¢  ¬¥â ««®¢. �¥â «« ï¢«ï-¥âáï ­ ¨¡®«¥¥ à á¯à®áâà ­¥­­ë¬ ®¡ê¥ªâ®¬, ª®â®àë© ¢ ­®à¬ «ì­ëå ãá«®-¢¨ïå ®¡­ àã¦¨¢ ¥â ¬�ªà®áª®¯¨ç¥áª¨¥ ª¢ ­â®¢ë¥ á¢®©áâ¢ .� ¢«¥­¨¥ í«¥ªâà®­­®£® £ §  ­ ©¤¥¬, ¯®¤áâ ¢«ïï ¢ (10.10) ¢ëà ¦¥­¨¥¤«ï ¢­ãâà¥­­¥© í­¥à£¨¨ (13.31), çâ®, ¢ á®£« á¨¨ á (13.12), ¤ ¥â:P (T; n) = 2U3V = 25 n"F241 + 5�212  TTF !235 = 25B n5=3 + �26 (kT )2B n1=3; (13.33)£¤¥: �0 = "F = B n2=3; ¨: P � P0(n) � "5=2F � n5=3; â.¥.: n � P 3=5: (13.34)�á¯®«ì§ãï ®æ¥­ªã ¯«®â­®áâ¨ ç¨á«  í«¥ªâà®­®¢ ¢ ¬¥â «« å n � 1022c¬�3,­ ©¤¥¬, çâ® á®®â¢¥âáâ¢ãîé¥¥ ¤ ¢«¥­¨¥ í«¥ªâà®­­®£® £ §  ¢ ­®à¬ «ì­ëåãá«®¢¨ïå ®ç¥­ì ¢¥«¨ª®: P � 104  â¬. �ëá®ª ï ¯à®ç­®áâì ¬¥â ««  ¢ §­ -ç¨â¥«ì­®© áâ¥¯¥­¨ ®¡ï§ ­  ¨¬¥­­® ¬ «®© á¦¨¬ ¥¬®áâ¨ (9.11) ¢ëà®¦¤¥­-­®£® í«¥ªâà®­­®£® £ §  ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ (ª ª ä¥à¬¨-¦¨¤ª®áâ¨):K(e)T = � 1V  @V@P !T;N= 1n  @n@P !T =  @ lnn@P !T ' 35P � 10�4  â¬�1: (13.35)�à¨ T � TF , ¨§ ãà ¢­¥­¨ï á®áâ®ï­¨ï (13.33) ­ ©¤¥¬ ¤«ï ­¥¥, â ª ª ª @P@n !T = 23B n2=3 + �218 (kT )2Bn2=3 = 23�0 241 + �212  kT�0 !235 ; çâ® (13.36)K(e)T (T; n) = 1n  @n@P !T � 32 1n�0 241 � �212  kT�0 !235 ; K(e)T =)T=0 D(�0)V n2 ; (13.37)çâ® ­ã¦­® áà ¢­¨âì á ®¡é¨¬¨ ¢ëà ¦¥­¨ï¬¨ (13.46) { (13.49) 8 D(").4 �«¥ªâà®­ë ¢ ç¨áâ®¬ ¯®«ã¯à®¢®¤­¨ª¥� ªà¨áâ ««¥ ç¨áâ®£® ¯®«ã¯à®¢®¤­¨ª  §®­­ ï áâàãªâãà  í­¥à£¥â¨ç¥áª®£®á¯¥ªâà  í«¥ªâà®­®¢ ¢ ¯¥à¨®¤¨ç¥áª®¬ í«¥ªâà®áâ â¨ç¥áª®¬ ¯®«¥ ¨®­­®© à¥-è¥âª¨ ¨£à ¥â ã¦¥ ¡®«¥¥ áãé¥áâ¢¥­­ãî à®«ì. �¥àå­ïï ¢ «¥­â­ ï i -§®­ ¨ á«¥¤ãîé ï §  ­¥© � -§®­  ¯à®¢®¤¨¬®áâ¨ à §¤¥«¥­ë § ¯à¥é¥­­®© §®­®©{ é¥«ìî è¨à¨­ë � ' 0:5� 3 í�. �ëáè¨¥ ¦¥ §®­ë ã¦¥ ­¥ áãé¥áâ¢¥­­ë.�à¨ ­ã«¥¢®© â¥¬¯¥à âãà¥, ¢ ®â«¨ç¨¥ ®â ¬¥â ««®¢, ¢á¥ ãà®¢­¨ ¢ «¥­â­®©i -§®­ë § ­ïâë í«¥ªâà®­ ¬¨,   ¢á¥ ãà®¢­¨ � -§®­ë ¯à®¢®¤¨¬®áâ¨ á¢®-¡®¤­ë, â.¥. ãà®¢¥­ì �¥à¬¨ �0 = �(T = 0) «¥¦¨â ¢ § ¯à¥é¥­­®© §®­¥, ¨



|155|ªà¨áâ «« ¨¬¥¥â ­ã«¥¢ãî ¯à®¢®¤¨¬®áâì, â.ª. ¯¥à¥­®á í«¥ªâà®­ ¬¨ ¤®¯®«-­¨â¥«ì­®© í­¥à£¨¨ (¯à®¢®¤¨¬®áâ¨) ¢ íâ®¬ á«ãç ¥ ­¥¢®§¬®¦¥­ (¡¥§ ¯à®¡®ï§ ¯à¥é¥­­®© §®­ë). � ¯®¢ëè¥­¨¥¬ â¥¬¯¥à âãàë ç áâì í«¥ªâà®­®¢ ¯¥à¥-å®¤¨â ¢ ¢¥áì¬  á¢®¡®¤­ãî � -§®­ã ¯à®¢®¤¨¬®áâ¨,   ¢ ¢ «¥­â­®© i -§®­¥ ­ ¨å ¬¥áâ¥ ¢®§­¨ª îâ \¤ëàª¨", ¨¬¥îé¨¥ ¯à®â¨¢®¯®«®¦­ë© § àï¤ ¨, ¢®-®¡é¥ £®¢®àï, ¨­ãî íää¥ªâ¨¢­ãî ¬ ááã mi = m+ 6= m� = m� (�¨á. 13.3).� ª¨¬ ®¡à §®¬, ¯®«ã¯à®¢®¤­¨ª ¯à¨®¡à¥â ¥â ª ª í«¥ªâà®­­ãî, â ª ¨ ¤ë-à®ç­ãî ¯à®¢®¤¨¬®áâì, ª®â®àë¥ áª« ¤ë¢ îâáï ¢ ¥£® á®¡áâ¢¥­­ãî ¯à®¢®-¤¨¬®áâì. �®áª®«ìªã ¯®«­®¥ ç¨á«® N í«¥ªâà®­®¢ ­¥ ¬¥­ï¥âáï á à®áâ®¬â¥¬¯¥à âãàë T , ¨ N = N jT=0= N jT>0; â® ¯à¨ � = (kT )�1 ¨¬¥¥¬:N ����T=0�Xi 1(i)�X"i gi T>0==X"i gie�("i��) + 1 +X"� g�e�("���) + 1 � N ����T>0: (13.38)�¤¥áì gi(�)- ªà â­®áâ¨ ¢ëà®¦¤¥­¨ï (¯«®â­®áâ¨ á®áâ®ï­¨©) ®¤­®ç áâ¨ç-­ëå í­¥à£¥â¨ç¥áª¨å ãà®¢­¥© "i(�) ¢ á®®â¢¥âáâ¢ãîé¨å §®­ å. �®¡¨à ï¢ª« ¤ë à §­ëå §®­ á à §­ëå áâ®à®­ à ¢¥­áâ¢  (13.38), ¨§ (13.20) ¨¬¥¥¬:N� = X"� g�e�("���) + 1 =X"i "gi � gie�("i��) + 1# = X"i gie�(��"i) + 1 = N+:(13.39)�â® ãá«®¢¨¥ í«¥ªâà®­¥©âà «ì­®áâ¨: ç¨á«® í«¥ªâà®­®¢ ¢ §®­¥ ¯à®¢®¤¨¬®-áâ¨N� à ¢­® ç¨á«ã ¢®§­¨ªè¨å ¢ ¢ «¥­â­®© §®­¥ ¤ëà®ª N+ ª ª á«¥¤áâ¢¨¥á®åà ­¥­¨ï ¯®«­®£® § àï¤  ¯®«ã¯à®¢®¤­¨ª  à ¢­ë¬ ­ã«î.�¥à¥å®¤ï §¤¥áì ª ¨­â¥£à¨à®¢ ­¨î ¯® ­¥¯à¥àë¢­®¬ã á¯¥ªâàã í«¥ªâà®-­®¢ ¨ ¤ëà®ª, ¡ã¤¥¬ ®âáç¨âë¢ âì ¨å í­¥à£¨¨ ®â ¤­  § ¯à¥é¥­­®© §®­ë.�®£¤  ¤«ï ª¢ ¤à â¨ç­®£® § ª®­  ¤¨á¯¥àá¨¨ § ¬¥­ïï ¢¢¨¤ã ¡ëáâà®© áå®-¤¨¬®áâ¨ ¨­â¥£à «®¢ ¢¥àå­¨¥ ¯à¥¤¥«ë ¨­â¥£à¨à®¢ ­¨ï ¡¥áª®­¥ç­®áâìî, ¢¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨ ¤«ï ç¨á¥« § ¯®«­¥­¨ï ¢ (13.39) ¯®«ãç¨¬:¯à¨ "� = �+ "�; "i = �"+; "� = p22m� ; g� = g�; gi = g+;g� =) D�3=2("�; V ) = A�3=2p"�; A�3=2 = gs2�V  2m�h2 !3=2 ; çâ®n� = N�V )A�3=2V 8<:e�(���)e��� 9=;1Z0 e��"�p"� d"�=2 2�kTm�h2 !3=28<:e�(���)e��� :(13.40)�â® ¯à¨¡«¨¦¥­¨¥ ¨ ¢ (13.39), ¨ §¤¥áì ®¯à ¢¤ ­® â®«ìª® ¥á«¨ª ª ¤«ï (�): e�(���) � 1; â ª ¨ ¤«ï (+): e�� � 1: (13.41)



|156|�§ ãá«®¢¨ï í«¥ªâà®­¥©âà «ì­®áâ¨ ¨ (13.40) ¯à¨ m = pm�m+ ¨¬¥¥¬ â®-£¤  § ª®­ ¤¥©áâ¢ãîé¨å ¬ áá, ®â¢¥ç îé¨© à ¢­®¢¥á¨î ¯à¨ â¥¬¯¥à âãà¥T , ¨ å¨¬¯®â¥­æ¨ «, ®âáç¨â ­­ë© ®â ¤­  § ¯à¥é¥­­®© §®­ë, ¢ ¢¨¤¥n�(T ) = n+(T ) = pn�n+ = 2  2�mkTh2 !3=2e��=(2kT ) = 2 e��=(2kT )�3m(T ) ; (13.42) m�m+!3=2e�(2���) = 1; �(T ) = �2 + 34 kT ln m+m�!� �2 ; �2kT � 1; (13.43)â.¥. ¤® â¥å ¯®à, ¯®ª  ¢â®à®¥ á« £ ¥¬®¥ §¤¥áì ¬ «�® ¢ áà ¢­¥­¨¨ á ¯¥à¢ë¬.�®£¤  ®¡  ãá«®¢¨ï (13.41) ­¥¢ëà®¦¤¥­­®áâ¨ ®¡®¨å ä¥à¬¨-£ §®¢ í«¥ªâà®-­®¢ ¨ ¤ëà®ª á®¢¯ ¤ îâ ¨ ¯à¨­¨¬ îâ ¢¨¤ ­¥à ¢¥­áâ¢  e�=(2kT ) � 1, â.¥.(13.43), ª®â®à®¥ ¢ë¯®«­ï¥âáï ¢¯«®âì ¤® T � 103K (�¨á. 13.3).([5] x55-58, [6] x56-58,61, [7], [10], [34], [36], [52], [53], [54])� ¤ ç¨19.1. � ©â¨ áª®à®áâì §¢ãª  ¢ ¢ëà®¦¤¥­­®¬ ä¥à¬¨ { £ §¥ ¯à¨ T = 0.19.2. � ©â¨ å¨¬¯®â¥­æ¨ «, ãà ¢­¥­¨¥  ¤¨¡ âë, ¨ ¢ë¢¥áâ¨ ¢ëà ¦¥­¨ï¤«ï â¥¯«®¥¬ª®áâ¨ ¨ ¤ ¢«¥­¨ï ¤¢ã¬¥à­®£® ­¥à¥«ïâ¨¢¨áâáª®£® ä¥à¬¨ £ § ,ª ª äã­ªæ¨¨ ®â â¥¬¯¥à âãàë ¨ ¯«®â­®áâ¨.19.3. � ©â¨ â®ç­ë© ¡®«ìè®© ¯®â¥­æ¨ «, ¤ ¢«¥­¨¥ P (T; �), ¢­ãâà¥­­îîí­¥à£¨î, í­âà®¯¨î S(T; �), ¯®«­ë© § àï¤ ã«ìâà à¥«ïâ¨¢¨áâáª®£® "p = cpä¥à¬¨®­- ­â¨ä¥à¬¨®­­®£® £ § , ­ å®¤ïé¥£®áï ¢ ¤¨­ ¬¨ç¥áª®¬ à ¢­®¢¥-á¨¨ á ç¥à­®â¥«ì­ë¬ ¨§«ãç¥­¨¥¬ ¯à¨ â¥¬¯¥à âãà¥ T . � áá¬®âà¥âì ¯à¥-¤¥«ì­ë¥ á«ãç ¨ T � �; T � �. (�á¯®«ì§®¢ âì á¨áâ¥¬ã ¥¤¨­¨æ, ¢ ª®â®à®©�h = c = kB = 1.) �ª § ­¨¥: ¢ëà §¨âì F (�)3 (y) +F (�)3 (�y) ç¥à¥§ F (�)0 (�y) ¨F (�)0;1;2;3(0), ãáâ ­®¢¨¢ ¨­â¥£à¨à®¢ ­¨¥¬ ¯® ç áâï¬, çâ®:dF (�)� (y)dy = �F (�)��1(y) ; ¤«ï F (�)� (y) = 1Z0 x� dxexp(x � y) + � : (13.44)�®§¬®¦­® «¨ §¤¥áì � = �1, ¨ ¯®ç¥¬ã? � ©â¨ ¯à ¢¨«ì­®¥ ¢ëà ¦¥­¨¥ ¤«ï¤ ¢«¥­¨ï ¡®§®­®¢ ¨  ­â¨¡®§®­®¢. ([6] x105, [3] xVII.9, [25] N 1.14, [59])?� ª®¢  áª®à®áâì §¢ãª  v§¢ = q(@P=@�)S ¢ â ª®¬ £ §¥ ([6] x105, [3] xVII.9.)?19.4. � ©â¨ ãà ¢­¥­¨¥  ¤¨ ¡ âë ¢ â ª®¬ ä¥¯¬¨- £ §¥, ­ £à¥â®¬ ¤® â -ª®© â¥¬¯¥à âãàë, çâ® ¥£® ¤ ¢«¥­¨¥ ¢ 7/4 à §  ¢ëè¥ ¤ ¢«¥­¨ï ¨§«ãç¥­¨ï:Pe� + Pe+ = (7=4)P
 ; ¬®¦¥â «¨ ®­® ¡ëâì ¬¥­ìè¥ íâ®© ¢¥«¨ç¨­ë?.19.5. � ©â¨ à §«®¦¥­¨¥ ¯® áâ¥¯¥­ï¬ m=T ¡®«ìè®£® ¯®â¥­æ¨ «  à¥«ïâ¨-¢¨áâáª®£® í«¥ªâà®­-¯®§¨âà®­­®£® ä¥à¬¨ £ § , ­ å®¤ïé¥£®áï ¢ à ¢­®¢¥á¨¨á ç¥à­®â¥«ì­ë¬ ¨§«ãç¥­¨¥¬ ¯à¨ â¥¬¯¥à âãà¥ T ([59]).



|157|19.6. � ©â¨ TF , â¥¯«®¥¬ª®áâì, ¤ ¢«¥­¨¥ ¢ëà®¦¤¥­­®£® £ §  ã«ìâà à¥-«ïâ¨¢¨áâáª¨å ­¥©âà®­®¢ á § ¤ ­­®© ¯«®â­®áâìî n ¨ à ­®¢¥á­ë© à ¤¨ãá­¥©âà®­­®© §¢¥§¤ë. � ª®¢® ãá«®¢¨¥ ¢ëà®¦¤¥­­®áâ¨ â ª®£® £ § ?19.7. � ©â¨ í«¥ªâà®­­®-¤ëà®ç­ãî ¢­ãâà¥­­îî í­¥à£¨î ¨ â¥¯«®¥¬ª®áâìç¨áâ®£® ¯®«ã¯à®¢®¤­¨ª , áà ¢­¨¢ ¥¥ á â¥¯«®¥¬ª®áâìî à¥è¥âª¨ ([5] x58).19.8. �§ (13.5), (13.19), (13.24), (13.29) ¤«ï «î¡®© D(") ¨ D�(") = A"��1,¯à¨ � > 1, (¨ á � = 1), ­ ©â¨, çâ® ¤ ¢«¥­¨¥ P (T; n) (13.11) ¨ á¦¨¬ ¥¬®áâì:[P (T; n)� P0(n)]V � � �26 (kT )2
(�0) dd�0 ln0@d ln 
(�0)d�0 1A; TTF � 1; (13.45)V n2K(e)T =  @N@� !T;V=) ITD0(�) � 1Z0 d"�n�(")� @D(")@" ; ( �¯à¨ (13.46)D(0) = 0; �n�(")� = f(" � �); ¨ ¥áâì� � D(�) + �26 (kT )2D00(�) �� D(�0) +D0(�0)(�� �0) + �26 (kT )2D00(�0); £¤¥ (13.26) ¤ ¥â: (13.47)V n2K(e)T = V 0@@n(T; �)@� 1AT � D(�0) 241 + �26 (kT )2 d2 lnD(�0)d�20 35 ; (13.48)D�(�0)V = � n�0 ;  @n@�!T =)D� � n�0 241 � (�� 1)�26  kT�0 !235 ; ¨ £¤¥: (13.49)d2 lnD(�0)d�20 = D00(�0)D(�0) � 0@D0(�0)D(�0) 1A2 ; N ����T=0 = N � 
("F ; V ) 7! A� "�F :19.9. �®ª § âì ¢ëà ¦¥­¨¥ ¨­â¥£à «  ITg (�) (13.19) ç¥à¥§ I0g (�):ITg (�) = 1Z��� d� I0g (�+ �=�)4 ch2(�=2) ; £¤¥: I0g (�) = �Z0 d" g("); � = 1kT : (13.50)�â® ®­® ¤ ¥â ¤«ï â¥à¬®¤¨­ ¬¨ç¥áª®£® ¯®â¥­æ¨ «  ¨¤¥ «ì­®£® ä¥à¬¨-£ § ? �à ¢­¨¢ ¥£® á (14.89) ¨ [5]x59, ®¡êïá­¨âì ¯à¨ç¨­ã ¨å à §«¨ç¨ï.19.10. � ©â¨ á¯¥ªâà ¯¥à¨®¤¨ç¥áª®© á ¯¥à¨®¤®¬ a = d+b æ¥¯®çª¨ ¨§N � 1¨¤¥­â¨ç­ëå ¯àï¬®ã£®«ì­ëå ¯®â¥­æ¨ «ì­ëå ï¬ è¨à¨­ë d, £«ã¡¨­ë U ,®â¤¥«¥­­ëå ¡ àì¥à ¬¨ è¨à¨­ë b, ¥á«¨ ¢ ®â¤¥«ì­® ¢§ïâ®© j-®© ï¬¥ ¡ë«®¡ë «¨èì ®¤­® á¢ï§ ­­®¥ á®áâ®ï­¨¥ á ®âáç¨â ­­®© ®â ¥¥ ¤­  í­¥à£¨¥© ",   ¬¯«¨âã¤ë (í­¥à£¨¨) ¯¥à¥å®¤  { ¬ âà. í«-â ¯®«­®£® £ ¬¨«ìâ®­¨ ­ ¬¥¦¤ã á®á¥¤­¨¬¨ ï¬ ¬¨ hjjcHjj � 1i = ! ([34] x8.7, [52], [53], [54]).�ãáâì jji - ¢.ä. � ­ì¥ á¢ï§ ­­®£® á®áâ®ï­¨ï, «®ª «¨§®¢ ­­®£® ¢ j- ®©ï¬¥, ¯à¨ hjjj0i = �jj0 , j = 1 � N . �®£¤  à¥è¥­¨¥ �� cHj	i = Ej	i á



|158|£ ¬¨«ìâ®­¨ ­®¬ ¢ íâ®¬ \j"- ¯à¥¤áâ ¢«¥­¨¨: cH = "�jj0 + !(�jj0+1 + �jj0�1)¨¬¥¥â ¢¨¤ ¨å áã¯¥à¯®§¨æ¨¨, ¤¨ £®­ «¨§ãîé¥© íâã N �N ¬ âà¨æã:j	i = NXj=1 yjjji; ®âªã¤ : ("� E)yj + !(yj+1 + yj�1) = 0:�â® ¤ ¥â \­®¢ãî ª®®à¤¨­ â­ãî" ¢.ä. ¢ ¢¨¤¥ yj = Y ej�, £¤¥ á®£¤ á­®â¥®à¥¬¥ �«®å , ¯à¨ r 7! aj: uk(r) = uk(r + ai) 7! Y , � = ika; ¨ á¯¥ªâà: k(r) = ei(k�r)uk(r) 7�! yj = Y eikaj ; E(k) = " + 2! cos ka: (13.51)�.¥. N- ªà â­® ¢ëà®¦¤¥­­ë© ãà®¢¥­ì " à áè¨àï¥âáï ¤® à §à¥è¥­­®©í­¥à£¥â¨ç¥áª®© §®­ë: "� 2! � E(k) � "+2!, \§ ¡¨â®©" N=2 ãà®¢­ï¬¨ áà §«¨ç­ë¬¨ ª¢ §¨¨¬¯ã«ìá ¬¨ k = k� = 2��=(Na), �N=2 < � � N=2, â.¥.jk�aj < �, ¢ ®¡¥ áâ®à®­ë ¤¢¨¦¥­¨ï, á \¨¬¯ã«ìá­ë¬¨" ¢.ä.: h	�j	�0i = ��� 0,j	�i = 1pN NXj=1 exp i2��N j! jji; jji = Y N=2X�=�N=2exp �i2��N j! j	�i:�¡«¨§¨ ªà ¥¢ §®­ë ¨¬¥¥¬, ¯à¨ �ka! 0, ¨«¨ �ka = (� � qa), qa! +0:E(k) � " + 2! � !a2k2; ¨«¨: E  �  �a � q!! � "� 2! + !a2q2: (13.52)� ª çâ® ¤¥©áâ¢¨â¥«ì­®, ¢¡«¨§¨ ªà ¥¢ §®­ë á¯¥ªâà: "q � 
q2, ¯à¨ 
 = !a2.�à¨ b! 0, U !1, Ub = � > 0 ¯®«ãç¨¬ �-£à¥¡¥­ªã ([54]N:29,19-21):cH = � �h2@2x2m + V (x); V (x) = � NXj=1 �(x� ja); � = �h2m�;ª®â®à ï, ¯à¨: V (x) 7! � 1Xj=�1 �(x� ja) = �a 1Xl=�1 e2i�lx=a;¯à¨¢®¤¨â ã¦¥ ª ¡¥áª®­¥ç­®© §®­­®© áâàãªâà¥ á¯¥ªâà  á à¥¤¥îé¨¬¨ áà®áâ®¬ "q = �h2q2=(2m) § ¯à¥é¥­­ë¬¨ §®­ ¬¨: cos k�a = cos qa + �q sin qa:�á«¨ ®âáç¨âë¢ âì í­¥à£¨î " ®â ªà ï ï¬ë, â® ¯à¨ d ! 0, U ! 1, ¤«ï�Ud = �� < 0, ¯®«ãç¨¬ ¡¥áª®­¥ç­ãî £à¥¡¥­ªã ¨§ �-ï¬ ([54]):cH = � �h2@2x2m + V (x); V (x) = �� NXj=1 �(x � ja); � = �h2m�;ª®â®à ï, ¯à¨: V (x) 7! �� 1Xj=�1 �(x � ja);¨¬¥¥â ¯®-¯à¥¦­¥¬ã ®¤­ã §®­ã ¢¨¤  (13.51), ¯®à®¦¤¥­­ãî ¥¤¨­áâ¢¥­­ë¬á¢ï§ ­­ë¬ á®áâ®ï­¨¥¬ ®¤­®© ®â¤¥«ì­®© �-ï¬ë.



|159|
�¨á. 13.1. �®­­ ï áâàãªâãà  á¯¥ªâà  í«¥ªâà®­®¢ ¢ ¬¥â ««¥19.11. �¡¥¤¨âìáï ç¨á«¥­­®, çâ® ¤«ï ªà¨¢®© à á¯à¥¤¥«¥­¨ï �¥à¬¨-�¨à ª ­  (�¨á. 13.2), ¯à¨ " � � = �`kT , ` = (2 � 3), £¤¥, á ãç¥â®¬ (13.20), 8`:(e�`+1)�1 � 1� (e`+1)�1, ¨¬¥¥¬: (e` +1)�1 = (0; 119� 0; 047) ([55]). �¤¥¨¬¥¥â ¬¥áâ® ®ç¥¢¨¤­®¥ â®¦¤¥áâ¢® 8 � :11� � + 11 � 1=� � 1: (13.53)19.12. �«ï â®ª  �jN�� = �n�N�(�N � �0N)�� ¯®«ãç¨âì ä®à¬ã«ë �¨-ç à¤á®­  (11.59) { (11.62). �¡áã¤¨âì ¨­â¥à¯à¥â æ¨î n�(T; �) ¨ ��(T; �).� ª ¯à ¢¨«ì­® ®¯à¥¤¥«ïâì ª¢ ­â®¢ë¥ ¯®¯à ¢ª¨ ª ª« áá¨ç¥áª®© ä®à¬ã«¥?

ε

〈〈n
−
(ε)〉〉

εF = µ0µ(T)

ℓkBT ℓkBT

1

1
2

T = 0

T > 0

0�¨á. 13.2. � á¯à¥¤¥«¥­¨¥ �¥à¬¨-�¨à ª ¯à¨ T � 0, (13.2), (13.3), ` = (2� 3). �¨á. 13.3. �®­­ ï áâàãªâãà  á¯¥ªâà  í«¥ª-âà®­®¢ ¢ ¯®«ã¯à®¢®¤­¨ª¥.



|160|�¥è¥­¨¥ 19.3.�ãáâì e� - § àï¤ë ç áâ¨æ ¨  ­â¨ç áâ¨æ ®¡¥¨å áâ â¨áâ¨ª ¢ à¥ ªæ¨¨ ¨å ­­¨£¨«ïæ¨¨ e� + e+ *) N
, ®âªã¤  ¨¬¥¥¬ �(�)� + �(�)+ = 0, £¤¥ �(�)� � �.�ç¨â ¥¬, çâ® å¨¬¯®â¥­æ¨ «ë ä¥à¬¨®­®¢ ¨  ­â¨¡®§®­®¢ �(1)� ; �(�1)+ > 0¯®«®¦¨â¥«ì­ë,   å¨¬¯®â¥­æ¨ «ë ¡®§®­®¢ ¨  ­â¨ä¥à¬¨®­®¢ �(�1)� ; �(1)+ < 0®âà¨æ â¥«ì­ë; �(�)� = ��(�)� , £¤¥ �(�)� � � = �� ¨ � = �1 ¤«ï �¥à¬¨- ¨�®§¥- £ §®¢, ¨ ¤«ï  ­â¨¡®§®­®¢ ¡¥àãâáï £« ¢­ë¥ §­ ç¥­¨ï ¨­â¥£à «®¢.�.ª. D("; V ) = AV "2; 
("; V ) = 13AV "3; ¯à¨ A = gs4�(hc)3 ; â®:�J�(T; V; �) = V��(T; �) = V �P (�)e� + P (�)e+ � = 13 U�(T; �) == 13 �U (�)e� + U (�)e+ � � 13AV (kT )4 �F (�)3 (�) + F (�)3 (��)� == 13AV (kT )4 "2F (�)3 (0) + 6F (�)1 (0)�2 + �4�4# = (13.54)= 23AV "F (�)3 (0)(kT )4 + 3F (�)1 (0)(kT )2�2 + �8�4# ; F (�1)3 (0) = �415 ;S�(T; �) = V  @@T��(T; �)!�; Q�(T; �) = V  @@���(T; �)!T ;S�(T; �) = 43kAV (kT )3 �2F (�)3 (0) + 3F (�)1 (0)�2� > 0; F (�1)1 (0) = �26 ;Q�(T; �) = �Q(�)e� �Q(�)e+ � � AV (kT )3 �F (�)2 (�)� F (�)2 (��)� == AV (kT )3 "4F (�)1 (0)�+ �3�3# = AV � "4F (�)1 (0)(kT )2 + �3�2# : (13.55)�§ (13.22), (13.44): F (1)� (0) = �1� 2���F (�1)� (0); F (�1)��1 (0) = �(�)�(�);F (�)0 (y) = v:p: 1Z0 dxex�y + � = v:p: 1� 1Z0 d�� + �e�y = � ln����1 + �ey����; �2 = 1;¨¬¥¥¬: F (�)0 (y)� F (�)0 (�y) = � ln�����ey���� 7! �y = ddy �F (�)1 (y) + F (�)1 (�y)� ;F (�)1 (y) + F (�)1 (�y) = 2F (�)1 (0) + �2y2 = 12 ddy �F (�)2 (y)� F (�)2 (�y)� ;F (�)2 (y)� F (�)2 (�y) = 4F (�)1 (0)y + �3y3 = 13 ddy �F (�)3 (y) + F (�)3 (�y)� ;¨ â.¤. �¤¥áì Q�(T; � = 0) = 0 ¨ Q�1(T; �) = 0 ¯à¨ j�j = �p2, â®£¤ï ª ª�1(T; �) > 0, ­® ¯à¨ j�j > �p2 �1 + q17=15�1=2 ¨¬¥¥¬ ��1(T; �) < 0.



�¥ªæ¨ï 14� £­¥â¨§¬1 � £­¥â¨§¬ { ¬ ªà®áª®¯¨ç¥áª®¥ ª¢ ­â®¢®¥ ï¢«¥­¨¥�¥«ïâ¨¢¨áâáª¨© å à ªâ¥à ��� ¨ ¬ £­¨â­®£® ¢§ ¨¬®¤¥©áâ¢¨ï á ­¨¬ § -àï¦¥­­ëå ç áâ¨æ ¯à¥¤¯®« £ ¥â ¥£® â®ç¥ç­®áâì [30] x16. � ­¥à¥«ïâ¨¢¨áâ-áª®© ª¢ ­â®¢®© ¬¥å ­¨ª¥ ®­® â ª¦¥ ®¯à¥¤¥«¥­® â®«ìª® ª ª ¢§ ¨¬®¤¥©-áâ¢¨¥ â®ç¥ç­®© ç áâ¨æë á ¢­¥è­¨¬ ¯®«¥¬ A(r) ¢ â®çª¥ r [31] x111.�® § ª®­ã �¥­æ , áãâì ¯à¨­æ¨¯ã ���, ¤¢¨¦ãé¨¥áï ¢® ¢­¥è­¥¬ ¬ £-­¨â­®¬ ¯®«¥H = (r�A) ¯® \¯®çâ¨" § ¬ª­ãâë¬ âà ¥ªâ®à¨ï¬ § àï¦¥­-­ë¥ ç áâ¨æë á®§¤ îâ ¯à®â¨¢®¯®«®¦­ë© íâ®¬ã ¯®«î ¬ £­¨â­ë© ¬®¬¥­â.�¤­ ª® ¯®á«¥¤®¢ â¥«ì­®¥ ª« áá¨ç¥áª®¥ ®¯¨á ­¨¥ â ª¨å á¨áâ¥¬ ¤¢¨¦ã-é¨åáï § àï¦¥­­ëå ç áâ¨æ ¯®«­®áâìî ¨áª«îç ¥â ï¢«¥­¨¥ ¬ £­¥â¨§¬ : ¯®â¥®à¥¬¥ �®à -¢ ­ �ñ¢¥­ (�-¢-�), ¬ £­¨â­ë© ¬®¬¥­â ª« áá¨ç¥áª®© á¨-áâ¥¬ë ¢ á®áâ®ï­¨¨ â¥à¬®¤¨­ ¬¨ç¥áª®£® à ¢­®¢¥á¨ï à ¢¥­ ­ã«î! �â®á«¥¤ã¥â ¨§ ¢ëç¨á«¥­¨ï ª¢ §¨ª« áá¨ç¥áª®£® áâ â¨­â¥£à «  ZN [A].�ãáâì H(frj;pjg) { äã­ªæ¨ï � ¬¨«ìâ®­  á¨áâ¥¬ë N ç áâ¨æ á § àï-¤®¬ e, j = 1 � N . �®¬¥áâ¨¬ ¥¥ ¢ áâ æ¨®­ à­®¥ ¬ £­¨â­®¥ ¯®«¥, § -¤ ­­®¥ ¢¥ªâ®à­ë¬ ¯®â¥­æ¨ «®¬ A(r). �â® ¨§¬¥­¨â ª ­®­¨ç¥áª¨¥ ¯¥à¥-¬¥­­ë¥ á¨áâ¥¬ë: (pj ; rj) 7! (Pj ; rj), £¤¥ P j = pj + (e=c)A(rj) { ­®¢ë©ª ­®­¨ç¥áª¨© ®¡®¡é¥­­ë© ¨¬¯ã«ìá j-®© ç áâ¨æë, ª ­®­¨ç¥áª¨ á®¯àï¦¥­-­ë© â¥¯¥àì ¥¥ ª®®à¤¨­ â¥ rj ¢ á¬ëá«¥ ãà ¢­¥­¨© (1.6) á £ ¬¨«ìâ®­¨ ­®¬fH(frj;P jg) � H(frj ;P j � (e=c)A(rj)g). �â â¨­â¥£à « ZN [A] à ¢¥­:h3NN !ZN [A] = NYj=18><>:ZV d3rjZ d3Pj9>=>; exp"��H (rj ;P j � ecA(rj))!# : (14.1)�.ª. ¯® ®¡®¡é¥­­ë¬ ¨¬¯ã«ìá ¬P j ¯à¥¤¥«ë ¨­â¥£à¨à®¢ ­¨ï ¡¥áª®­¥ç­ë,â®, á¤¢¨£ ï íâ¨ ¯¥à¥¬¥­­ë¥, ¢ (14.1) ¬®¦­® ¯¥à¥©â¨ ª ¨­â¥£à¨à®¢ ­¨î ¯®¯à¥¦­¨¬ ª¨­¥â¨ç¥áª¨¬ ¨¬¯ã«ìá ¬ pj � mvj = Pj � (e=c)A(rj), ¯à¨¢¥¤ï¨­â¥£à « (14.1) ª â ª®¬ã ¦¥ ¥£® ¢¨¤ã ¯à¨ A = 0, ZN [A] ª¢:ª«=) ZN [0]:161



|162|d3Pj = d3pj ; h3NN !ZN [0] = NYj=18><>:ZV d3rj Z d3pj9>=>; exp (��H(frj;pjg)) :�.¥. ª¢ §¨ª« áá¨ç¥áª¨© áâ â¨­â¥£à « ¢®¢á¥ ­¥ § ¢¨á¨â ®â A(r),   á«¥-¤®¢ â¥«ì­® ¨ ®â H(r) 7! H, ¨ áâ «® ¡ëâì, ¬ £­¨â­ë© ¬®¬¥­â ¥¤¨­¨æë®¡ê¥¬  { ­ ¬ £­¨ç¥­­®áâì á¨áâ¥¬ë ®ª §ë¢ ¥âáï à ¢¥­ ­ã«î:M = MV = � 1V  @FH@H !T;V;N = kTV 0@@ lnZN [A]@H 1AT;V;N �h=0=)ª¢:ª« 0: (14.2)�¤¥áì FH = U� � TS � (M �H), â.¥. dFH = �SdT � PdV � (M � dH) + �dN : (14.3)�¨§¨ç¥áª ï ¯à¨ç¨­  íâ®£® á®áâ®¨â ¢ â®¬, çâ® ¯®áâ®ï­­®¥ «®ª «ì­® ®¤­®à®¤­®¥¬ £­¨â­®¥ ¯®«¥ ­¥ ¬¥­ï¥â ­¨ ª¨­¥â¨ç¥áª®© í­¥à£¨¨ (¬®¤ã«ï áª®à®áâ¨) ®à¡¨â «ì­®£®¤¢¨¦¥­¨ï § àï¦¥­­ëå ç áâ¨æ, ­¨ ®¤­®à®¤­®áâ¨ ¨å ¯à®áâà ­áâ¢¥­­®£® à á¯à¥¤¥«¥­¨ï:ç¥à¥§ ª ¦¤ãî â®çªã ¢á¥ â ª¦¥ ¯à®å®¤ïâ ¨å âà ¥ªâ®à¨¨ (¢ª«îç ï ®âà ¦¥­­ë¥ ®â £à -­¨æ ®¡ê¥¬  á¨áâ¥¬ë) ¢á¥¢®§¬®¦­ëå ­ ¯à ¢«¥­¨© ¨ áª®à®áâ¥© (�¨á.11.2), ¨ ¨å áà¥¤-­¨© áã¬¬ à­ë© â®ª ¢á¥ â ª¦¥ à ¢¥­ ­ã«î. �â¨ à ááã¦¤¥­¨ï ­¥ ®â¬¥­¨âì ­¨ § ¬¥­®©à á¯à¥¤¥«¥­¨ï �¨¡¡á  «î¡ë¬ ¨­ë¬ à ¢­®¢¥á­ë¬ à á¯à¥¤¥«¥­¨¥¬, ­¨ ãç¥â®¬ (ªã«®­®¢-áª®£®) ¯®â¥­æ¨ «  ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã § àï¤ ¬¨ U(rij) 7! e2=jrij j.� ¡«î¤ ¥¬ë¥ ¯ à - ¨ ¤¨ ¬ £­¥â¨§¬ ¨¬¥îâ ç¨áâ® ª¢ ­â®¢ãî ¯à¨à®¤ã¨ ®¡ï§ ­ë ¤¢ã¬ ­¥§ ¢¨á¨¬ë¬ ç¨áâ® ª¢ ­â®¢ë¬ ä ªâ®à ¬ (� ¤. 20.16.):1) ­ «¨ç¨î á®¡áâ¢¥­­®£® á¯¨­®¢®£® ¬ £­¨â­®£® ¬®¬¥­â  § àï¦¥­­®© ç -áâ¨æë, ª¢ ­â®¢ ­­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥ ª®â®à®£® á ¬ £­¨â­ë¬ ¯®«¥¬ ¯à¨-¢®¤¨â ª ã¬¥­ìè¥­¨î í­¥à£¨¨ á¨áâ¥¬ë ¢ ¯®«¥ ¨ ¯ à ¬ £­¨â­®¬ã íää¥ªâã;2) ¤¨áªà¥â­®áâ¨ í­¥à£¥â¨ç¥áª®£® á¯¥ªâà  ¢ ª¢ ­â®¢®© áâ âáã¬¬¥, § ¬¥-­ïîé¥© áâ â¨­â¥£à « (14.1), ®¡ï§ ­­®© ä¨­¨â­®¬ã å à ªâ¥àã ®à¡¨â «ì-­®£® ¤¢¨¦¥­¨ï § àï¦¥­­®© ç áâ¨æë ¢ ¬ £­¨â­®¬ ¯®«¥ ¨ ¯à¨¢®¤ïé¥© ªã¢¥«¨ç¥­¨î í­¥à£¨¨ á¨áâ¥¬ë ¢ íâ®¬ ¯®«¥ ¨ ¤¨ ¬ £­¨â­®¬ã íää¥ªâã.2 � £­¥â¨§¬ í«¥ªâà®­­®£® £ § 2.1 � à ¬ £­¥â¨§¬ � ã«¨�« áá¨ç¥áª ï â¥®à¨ï �. � ­¦¥¢¥­  (1905) ¤«ï ¯ à ¬ £­¨â­ëå ¢¥é¥áâ¢¤ ¥â ¬ £­¨â­ãî ¢®á¯à¨¨¬ç¨¢®áâì b�T � �@M=@H�T ¢ á«ãç ¥ á« ¡ëå ¬ £-­¨â­ëå ¯®«¥© ¢ ¢¨¤¥ ¨§¢¥áâ®£® § ª®­  �îà¨ (1895) �T = �T > 0 ¨ ¡ã-¤¥â ¢®á¯à®¨§¢¥¤¥­ ­¨¦¥. �¤­ ª® ¤«ï àï¤  ¬¥â ««®¢ ¢ è¨à®ª®¬ ¨­â¥à¢ «¥â¥¬¯¥à âãà ¡ë«® ®¡­ àã¦¥­® ¨­®¥ { ­¥ á®£« áãîé¥¥áï á ­¨¬ ¯®¢¥¤¥­¨¥�T ' const > 0. �¡êïá­¥­¨¥ íâ®£® íää¥ªâ  ¤ « �. � ã«¨ (1927) ¢ ¯à¥¤-¯®«®¦¥­¨¨, çâ® ¯ à ¬ £­¥â¨§¬ ¬¥â ««®¢ ®¡ãá«®¢«¥­ ­¥ ¬ £­¨â­ë¬¨



|163|¬®¬¥­â ¬¨ �nc ¨®­®¢ à¥è¥âª¨,   á¢®©áâ¢ ¬¨ £ §  ¯®çâ¨ á¢®¡®¤­ëå í«¥ª-âà®­®¢ ¢ ¬¥â ««¥, çìï ¬ áá  ¢ � 2000 à § ¬¥­ìè¥, ç¥¬ ï¤¥à: �e � �nc.� áá¬®âà¨¬ á¨áâ¥¬ã N ç áâ¨æ á® á¯¨­®¬ S = 1=2 ¢ ®¤­®à®¤­®¬ ¬ £-­¨â­®¬ ¯®«¥ H. �¤­®ç áâ¨ç­ë© ®¯¥à â®à � ¬¨«ìâ®­  ¨¬¥¥â ¢¨¤cH1 = bp22m � (� �H) ; £¤¥ � = emcs;   s = �h�2 ; â.¥. (14.4)� { ®¯¥à â®à á®¡áâ¢¥­­®£® ¬ £­¨â­®£® ¬®¬¥­â , á¢ï§ ­­ë© á ®¯¥à â®à®¬á¯¨­  s, � { ¬ âà¨æë � ã«¨ (2.26). � ¯à ¢«ïï ®áì Z ¢¤®«ì H; ¯®«ãç¨¬í­¥à£¥â¨ç¥áª¨© á¯¥ªâà á®¡áâ¢¥­­ëå §­ ç¥­¨© ®¯¥à â®à  cH1 ¢ ¢¨¤¥: "p 7!7! "p�(H) = p22m � ��BH; � ) �1; �B = jej�h2mc - ¬ £­¥â®­ �®à , (14.5)£¤¥ � = +1 ®â¢¥ç ¥â ®à¨¥­â æ¨¨ ¬ £­¨â­®£® ¬®¬¥­â  � ¢¤®«ì ­ ¯à ¢«¥-­¨ï ¬ £­¨â­®£® ¯®«ï H, � = �1 { ®à¨¥­â æ¨¨ ¯à®â¨¢ ¯®«ï,   ¢«¨ï­¨¥¬H ­  ®à¡¨â «ì­®¥ ¤¢¨¦¥­¨¥ ç áâ¨æ ¯à¥­¥¡à¥£ ¥¬. �.¥ ¢­¥è­¥¥ ¬ £­¨â-­®¥ ¯®«¥ á­¨¬ ¥â ¢ëà®¦¤¥­¨¥ ¯® á¯¨­ã á®¯®áâ ¢«ïï ª ¦¤®¬ã §­ ç¥­¨î¨¬¯ã«ìá  p ¤¢  í­¥à£¥â¨ç¥áª¨å ãà®¢­ï "p� á ç¨á« ¬¨ § ¯®«­¥­¨ï n�p = n�p .�®áª®«ìªã á¯¨­ë ¬®£ãâ ¯¥à¥¢®à ç¨¢ âìáï ¨ ¢® ¢­¥è­¥¬ ¯®«¥, â® ç¨-á«  ç áâ¨æ á® á¯¨­®¬ ¢¤®«ì ¯®«ï N+ ¨ ¯à®â¨¢ ¯®«ïN� ¬®£ãâ ¬¥­ïâìáï, ¨¥áâ¥áâ¢¥­­® ®¯¨áë¢ âì íâã á¨áâ¥¬ã ¡®«ìè¨¬ ª ­®­¨ç¥áª¨¬ à á¯à¥¤¥«¥-­¨¥¬ á ¡®«ìè¨¬ â¥à¬®¤¨­ ¬¨ç¥áª¨¬ ¯®â¥­æ¨ «®¬ J (1=2)H (�) ¯à¨ áà¥¤­¥¬ç¨á«¥ ¢á¥å ç áâ¨æ, à ¢­®¬ ¨å ä¨ªá¨à®¢ ­­®¬ã ¯®«­®¬ã ç¨á«ã N :�N� � � 0B@@J (1=2)H (�)@� 1CAV;T =�N+� +�N�� � N: (14.6)�.ª. á¯¨­ë ¢§ ¨¬®¤¥©áâ¢ãîâ á ¢­¥è­¨¬ ¯®«¥¬ ­¥§ ¢¨á¨¬® ¤àã£ ®â ¤àã£ ,â® ¡®«ìè ï áâ âáã¬¬  ª ¦¤®£® ®â¤¥«ì­®£® ®¤­®ç áâ¨ç­®£® á®áâ®ï­¨ïjp; �i, ¢¥à®ïâ­®áâì § á¥«¥­¨ï ¥£® n�p ç áâ¨æ ¬¨ ¨ áà¥¤­¥¥ ç¨á«® ç áâ¨æ ¢íâ®¬ á®áâ®ï­¨¨ ¨¬¥îâ ¢¨¤ (8.42), (8.49) ¨ (8.50) á®®â¢¥âáâ¢¥­­®1:Q(�)p = Xn�p=0exp h�� ("p� � �)n�p i ; 1 = Xn�p=0w�n�p ; á "p�� � = "p� ��; (14.7)w�n�p = exp h�� ("p � ��)n�p iQ(�)p ; �n�"p�| {z } � Xn�p=0n�pw�n�p = 0@@ lnQ(�)p@(���) 1A�; (14.8)£¤¥, á®£« á­® (14.5), ¯à¨ "p = p2=(2m) = p2=(2m) ¨ � = �1 (14.9)¨¬¥¥¬: �� = � + ��BH; â® ¥áâì �� = �� �BH { ª ª (14.10)1�¥àå­¨© ¯à¥¤¥« áã¬¬ ¯® n�p ¢áî¤ã ®¯à¥¤¥«ï¥âáï â®«ìª® â¨¯®¬ áâ â¨áâ¨ª¨.



|164|íää¥ªâ¨¢­ë¥ å¨¬¨ç¥áª¨¥ ¯®â¥­æ¨ «ë á¯¨­®¢ëå ¯®¤á¨áâ¥¬ ç áâ¨æ, ®à¨-¥­â¨à®¢ ­­ëå, á®®â¢¥âáâ¢¥­­®, ¢¤®«ì ¯®«ï (+) ¨ ¯à®â¨¢ ¯®«ï (�). �®-®â¢¥âáâ¢ãîé¨¥ ¯®«­ë¥ ¡®«ìè¨¥ áâ âáã¬¬ë íâ¨å ¯®¤á¨áâ¥¬ ¨ ¡®«ìè ïáâ âáã¬¬  ¢á¥© á¨áâ¥¬ë ¢­®¢ì ¤ îâáï â®£¤  ¯à®¨§¢¥¤¥­¨ï¬¨ ¢¨¤  (8.41):Q(�) = Yp Q(�)p � Xfn�pg exp 24��Xp ("p � ��)n�p35 ; QH = Y�=�Q(�); (14.11)â.¥. QH = Xfn+p g Xfn�p g exp8<:��Xp h�"p � �+�n+p + �"p � ���n�p i9=; (14.12)¨«¨ QH = Y�=�Q(�) = Xfn+p ;n�p g exp n�� hE[n+p ;n�p ] � �N[n+p ;n�p ]io ; (14.13)£¤¥ ¢ ¯à¥¤áâ ¢«¥­¨¨ ç¨á¥« § ¯®«­¥­¨ï ¢ ª ¦¤®¬ ¬�ªà®á®áâ®ï­¨¨ ¯®«­®©á¨áâ¥¬ë: jfmgi = jfn+p ; n�p gi § ¤ ­ë á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï ®¯¥à â®à®¢¯®«­®© í­¥à£¨¨ cH ¨ ¯®«­®£® ç¨á«  ç áâ¨æ cN ¢ ¢¨¤¥ (8.16), (8.15):cH 7! E[n+p ;n�p ] =Xp;� "p�n�p �Xp h("p � �BH)n+p + ("p + �BH)n�p i ; (14.14)cN 7! N[n+p ;n�p ] =Xp;� n�p �Xp �n+p + n�p � ; ¨ J (1=2)H (�) = � 1� lnQH (14.15)ª ª ¡®«ìè®© ¯®â¥­æ¨ « ¤«ï á¨áâ¥¬ë (14.13) §¤¥áì ¥áâì áã¬¬  ¤¢ãå á« -£ ¥¬ëå, ª ¦¤®¥ ¨§ ª®â®àëå ®â­®á¨âáï ª ®¯à¥¤¥«¥­­®© ®à¨¥­â æ¨¨ á¯¨­ � = �1 ¨ ¬®¦¥â ¡ëâì ä®à¬ «ì­® § ¯¨á ­®, ª ª JH(�) ¯à¨ H = 0, ­® á¯¥à¥®¯à¥¤¥«¥­­ë¬ íää¥ªâ¨¢­ë¬ å¨¬¯®â¥­æ¨ «®¬ (14.10) (áà. á (14.85)):J (1=2)H (�) =) JH(�) = 12 X�=� J0(��) � 12 hJ0(�+) + J0(��)i ; (14.16)£¤¥ ¬­®¦¨â¥«ì 1=2 ãç¨âë¢ ¥â, çâ® ¢ ®¯à¥¤¥«¥­¨¥ J0(�) ¢å®¤¨â ä ªâ®àgs = 2S + 1, ¨áç¥§ îé¨© á® á­ïâ¨¥¬ á¯¨­®¢®£® ¢ëà®¦¤¥­¨ï ¯®«¥¬ H.�®ª ¦¥¬, çâ® áà¥¤­¨© ¬ £­¨â­ë© ¬®¬¥­â ¥¤¨­¨æë ®¡ê¥¬ , â.¥. ­ -¬ £­¨ç¥­­®áâì á¨áâ¥¬ëM (14.2), ¬®¦­® ¯®á«¥¤®¢ â¥«ì­® ­ ©â¨ ¨§ ®¯à¥-¤¥«¥­¨© (14.3), (14.7) { (14.16), ¨ JH(�) = FH � �N ¯® ä®à¬ã« ¬:dJH(�) = �SdT � PdV �Nd� � VMdH; (â.¥. d�=dH � 0); (14.17)M = MV = � 1V 0@@JH(�)@H 1AT;V;�= kTV  @ lnQH@H !T;V;�: �¥©áâ¢¨â¥«ì­®: (14.18)kTV @ lnQH@H ) 1V X�=�@��@H 0@@ lnQ(�)@(���) 1A�;V)X�=���BV Xp 0@@ lnQ(�)p@(���) 1A�;V| {z }) (14.19)



|165|264=) X�=�Xp ��BV Q(�)p Xn�p=0n�pe��("p���)n�p = X�=� ��BV Xp Xn�p=0n�pw�n�p =)375 (14.20)=) �BV Xp ��n+"p�| {z }��n�"p�| {z }� = �BV ��N+���N��� =)M (14.21){ ¨ ¥áâì ­ ¬ £­¨ç¥­­®áâì ª ª áà¥¤­ïï ¯à®¥ªæ¨ï ¬ £­¨â­®£® ¬®¬¥­â  ¥¤¨-­¨æë ®¡ê¥¬  ­  ­ ¯à ¢«¥­¨¥ ¢­¥è­¥£® ¯®«ï ¢ á¨áâ¥¬¥, á®áâ®ïé¥© ¨§ ¤¢ãå¯®¤á¨áâ¥¬ (14.6): á �N+� ç áâ¨æ ¬¨ á ¯à®¥ªæ¨¥© á¯¨­  +1/2 ¨ íää¥ª-â¨¢­ë¬ å¨¬¯®â¥­æ¨ «®¬ �+ = � + �BH; ¨ á �N�� ç áâ¨æ ¬¨ á ¯à®¥ª-æ¨¥© á¯¨­  �1=2 ¨ íää¥ªâ¨¢­ë¬ å¨¬¯®â¥­æ¨ «®¬ �� = �� �BH.� §« £ ï ¡®«ìè¨¥ ¯®â¥­æ¨ «ë J0(��) ¢ áã¬¬¥ (14.16) ¢ ¯à¨¡«¨¦¥­¨¨á« ¡®£® ¯®«ï �BH � kT ¢ â®çª¥ � ¢ àï¤ë ¯® áâ¥¯¥­ï¬ á®®â¢¥âáâ¢ãîé¨åà §­®áâ¥© �� � � = ��BH ¨ ®£à ­¨ç¨¢ ïáì ¯¥à¢ë¬¨ ­¥¨áç¥§ îé¨¬¨¢ ­¥© ç«¥­ ¬¨ ¢â®à®£® ¯®àï¤ª  ¯® ¯®«î H, (¯à¨ d�=dH � 0) ¨¬¥¥¬:J0(�� �BH) � J0(�) � �BH 0@@J0(�)@� 1AT;V+ 12(�BH)2 0@@2J0(�)@�2 1AT;V: (14.22)�®¤áâ ¢¨¢ (14.22) ¢ (14.16), ¤«ï ¤ ­­®£® á¯¨­  S = 1=2 ­ ©¤¥¬ 8T :JH(�) � J0(�) + 12(�BH)2 0@@2J0(�)@�2 1AT;V : (14.23)� ª ¯à®¨§¢®¤­ ï ¯® H ®âM (14.18) ¬ £­¨â­ ï ¢®á¯à¨¨¬ç¨¢®áâì à ¢­ :b�T (�) =0@@M@H 1AT;�= � 1V 0@@2JH@H2 1AT;V;� =)S= 12 �����H=0� 1V �2B 0@@2J0(�)@�2 1AT;V; (14.24)  â.ª. � 1V 0@@J0(�)@� 1AT;V = n(T; �); â® �(1=2)T = �2B 0@@n(T; �)@� 1AT: (14.25)�ëç¨á«¨¬ @n=@�, ¢á¯®¬¨­ ï ¢ëà ¦¥­¨ï ¤«ï á¦¨¬ ¥¬®áâ¨ (9.10), (13.35),¢ëâ¥ª îé¨¥ ¨§ n(T; �) = n (T; P (T; �)). �¬¥¥¬, á®®â¢¥âáâ¢¥­­® 8T : @n@�!T = n  @n@P !T = n2KT (T; n); �(1=2)T (T; n) = �2Bn2K(e)T (T; n): (14.26)�®£¤  ¤«ï ¢ëà®¦¤¥­­®£® ä¥à¬¨{£ §  ¯à¨ T � TF á ãç¥â®¬ (13.37) ¨/¨«¨(13.49) ¯à¨ "F � �0 = kTF = Bn2=3 (£¤¥ "F ! "�F � ��0 ¯à¨ B ! B�),­ å®¤¨¬ (­® �B ¡¥à¥âáï ¯® ¯à¥¦­¥¬ã ¨§ (14.5)!):�(1=2)T � 32 �2B n"�F 241 � �212  TTF !235=)T!0 32 �2B n"�F = 32 �2Bn1=3B� ( �2BD(��0)V : (14.27)



|166|�.¥. á¯¨­®¢ë© ¬ £­¨â­ë© ¬®¬¥­â ç áâ¨æ ¢ëà®¦¤¥­­®£® ¯à¨ T � TFä¥à¬¨ - £ §  § ¤ ¥â ¯ à ¬ £­¥â¨§¬ �¯ p ¬T = �(1=2)T (T; n) ' �(1=2)T (0; n) > 0.�à¨¢¥¤¥­­ë¥ à ááã¦¤¥­¨ï ¯àï¬® ®¡®¡é îâáï ¤«ï ®¡¥¨å áâ â¨áâ¨ª ¨¯à®¨§¢®«ì­ëå §­ ç¥­¨© á¯¨­  S (14.85). �¥£ª® ã¡¥¤¨âìáï, çâ® ¥á«¨ ¡ë¤«ï í«¥ªâà®­®¢ ¬®¦­® ¡ë«® à¥ «¨§®¢ âì ãá«®¢¨ï ¯à¨¬¥­¨¬®áâ¨ ¡®«ìæ¬ -­®¢áª®£® ¯à¨¡«¨¦¥­¨ï T � TF (8.53), (10.23), â®, ¢ á®®â¢¥âáâ¢¨¨ á (6.45),(10.24), ¤«ï íâ®© ¢®á¯à¨¨¬ç¨¢®áâ¨ (14.25) ¯®«ãç¨«áï ¡ë § ª®­ �îà¨:�n(")�=)e�(��"); n(T; �)=) e��V 1Z0 d"D("; V )e��"= e��V Z1(�; V ); (14.28)®âªã¤  0@@n(T; �)@� 1AT=) �n(T; �) = n(T; �)kT ; â.¥. �¯ p ¬T�TF = n�2BkT : (14.29)2.2 �¨ ¬ £­¥â¨§¬ � ­¤ ã� ª ª ª ¤¢¨¦¥­¨¥ í«¥ªâà®­®¢ ¢ ¯«®áª®áâ¨, ¯¥à¯¥­¤¨ªã«ïà­®© ¬ £­¨â-­®¬ã ¯®«î, áâ ­®¢¨âáï ä¨­¨â­ë¬, íâ® ¯à¨¢®¤¨â ª ¤¨áªà¥â­®¬ã í­¥à-£¥â¨ç¥áª®¬ã á¯¥ªâàã ¤«ï ¯®¯¥à¥ç­ëå áâ¥¯¥­¥© á¢®¡®¤ë. � ª ï § ¬¥­ áâ â¨­â¥£à «  (14.1) áâ âáã¬¬®© ¨ ï¢«ï¥âáï ¯à¨ç¨­®© ¤¨ ¬ £­¨â¨§¬ .�ãáâì ç áâ¨æ  á § àï¤®¬ e ¤¢¨¦¥âáï ¢ ¯®áâ®ï­­®¬ ®¤­®à®¤­®¬ ¬ £-­¨â­®¬ ¯®«¥, ­ ¯à ¢«¥­­®¬ ¯® ®á¨ Z. �¥ªâ®à­ë© ¯®â¥­æ¨ «2 ¬®¦­® ¢ë-¡à âì ¢ ¢¨¤¥ A = (0;AY = Hx; 0), ¯à¨ íâ®¬ H = (r �A)) HeZ , ¨ eZ{ ¥¤¨­¨ç­ë© ¢¥ªâ®à, ­ ¯à ¢«¥­­ë© ¯® ®á¨ Z. � ª ª ª ¬ £­¨â­®¥ ¯®«¥­¥ ¬¥­ï¥â ª¨­¥â¨ç¥áª®© í­¥à£¨¨, â.¥.  ¡á®«îâ­®© ¢¥«¨ç¨­ë áª®à®áâ¨, â®äã­ªæ¨ï � ¬¨«ìâ®­  ¨§ (14.1) ¤«ï ®¤­®© ç áâ¨æë ¯à¨¬¥â ¢¨¤:H1 � mv22 = 12m  P � ecA!2 = 12m 24P2X +  PY � ecHx!2 + P2Z35 ; (14.30)£¤¥ Pj = mvj + (e=c)Aj { ®¡®¡é¥­­ë¥ ¨¬¯ã«ìáë (j = x; y; z). � ª ª ªH1 ­¥ § ¢¨á¨â ®â y ¨ z, â® _PY = 0, _PZ = 0. �à¨ç¥¬ PZ � pZ = const,PY = const,   PX � pX . �®¤áâ ¢¨¢ íâ¨ ¨­â¥£à «ë ¤¢¨¦¥­¨ï ¢ (14.30)ª ª PY = ecHx0; ­ ©¤¥¬: H1� p22m = p2Z2m + p2X2m + m!2(x� x0)22 ; (14.31)ª«. æ¨ª«®âà®­­ãî ç áâ®âã ! = jejHmc ; ¨ x0 = cPYeH = jPY jm! � LX : (14.32)�.¥. 0 � jPY j = const = m!x0 � m!LX , £¤¥ LX { X- ¢®¥ à¥¡à® ïé¨ª .2¢ ª «¨¡à®¢ª¥ (r �A) = 0. �«ï ®¯¥à â®à  ¦¥ áª®à®áâ¨ ¡ã¤¥¬ ¨¬¥âì: (v � v) = 2i�BH=m.



|167|�ë¤¥«ïï ¨§ H1 (14.31) £ ¬¨«ìâ®­¨ ­ ¯®¯¥à¥ç­ëå áâ¥¯¥­¥© á¢®¡®¤ëH1?, ¯®«ãç¨¬ äã­ªæ¨î � ¬¨«ìâ®­  ®¤­®¬¥à­®£® ®áæ¨««ïâ®à  (8.58):H1= p2Z2m +H1?; £¤¥ H1?� p2?2m= p2X2m + m!2(x� x0)22 ; (m 7! m�): ;(14.33)�« áá¨ç¥áª ï âà ¥ªâ®à¨ï ç áâ¨æë á £ ¬¨«ìâ®­¨ ­®¬ (14.31) ¥áâì ¢¨­-â®¢ ï «¨­¨ï: à ¢­®¬¥à­®¥ ¤¢¨¦¥­¨¥ ¢¤®«ì ®á¨ Z ¨ ¢à é â¥«ì­®¥ { ¢¯«®áª®áâ¨ XY á ç áâ®â®© !. �¬¯ã«ìá PY § ¤ ¥â à ááâ®ï­¨¥ x0 (14.32)®á¨ ¢¨­â®¢®© «¨­¨¨ ®â áâ¥­ª¨ ZY (x = 0) ïé¨ª  ®¡ê¥¬®¬ V = LXLYLZ .�¢ ­â®¢ ­¨¥ ¯®¯¥à¥ç­®£® £ ¬¨«ìâ®­¨ ­  H1? (14.33) ¤ ¥â ¤¨áªà¥â-­ë© á¯¥ªâà (8.66) \¯®¯¥à¥ç­®©" í­¥à£¨¨ á ¯®áâ®ï­­ë¬ è £®¬ �"n?:"n? =  n+ 12! �h! = (2n+ 1)�BH; �"n? = �h! = jej�hmcH = 2�BH; (14.34)£¤¥ jej�h=(mc) = 2�B { ¬ £­¨â­ë© ¬®¬¥­â ®à¡¨â «ì­®£® ¤¢¨¦¥­¨ï § àï¤ .�¤­®ç áâ¨ç­ ï áâ âáã¬¬  ¤«ï ¯®¯¥à¥ç­ëå áâ¥¯¥­© á¢®¡®¤ë ¢ ¡®«ìæ¬ -­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨ â ª¦¥ ¯®çâ¨ á®¢¯ ¤ ¥â á ®áæ¨««ïâ®à­®© (7.32):Z?1 = 1Xn=0G?n exp "���h!  n+ 12!#) G?(H)2 sh (��h!=2)) 
H2 sh (��BH) ; (14.35)£¤¥, á®£« á­® �-¢-� (14.2), ¯à¨ �h!0, ��BH � 1 ¥¥ § ¢¨á¨¬®áâì ®â H¤®«¦­  ¨áç¥§ âì, çâ® ¨ ¤ ¥â ¤«ï ªà â­®áâ¨ ¢ëà®¦¤¥­¨ï ¯®¯¥à¥ç­ëå áâ¥-¯¥­¥© á¢®¡®¤ë: G?(H) = 
H [13]. �®£¤  ¤«ï ­ ¬ £­¨ç¥­­®áâ¨ ­  ®¤­ãç áâ¨æã, â.¥. ¥¥ áà¥¤­¥£® ¬ £­¨â­®£® ¬®¬¥­â , ¨§ (¢¬¥áâ®) (14.2), ¨¬¥¥¬:MN =Mn =�jmj� = �0@@F?1@H 1ATV N= kT @ lnZ?1@H = ��BL1(y); y = ��BH;(14.36)®âªã¤  ¤«ï ¤¨ ¬ £­¨â­®© ¢®á¯à¨¨¬ç¨¢®áâ¨ á ãç¥â®¬ (7.38) ­ å®¤¨¬:L1(y) =  cth y � 1y! ; �¤¨ ¬T = @M@H ����H=0 ) �L01(0)n�2B� = � 13 n�2BkT ;(14.37)â.ª. L1(y) = y3 + O(y3). �.¥. (14.37) «¨èì ¬­®¦¨â¥«¥¬ � 13 ®â«¨ç ¥âáï®â ¡®«ìæ¬ ­®¢áª®© ¯ à ¬ £­¨â­®© ¢®á¯à¨¨¬ç¨¢®áâ¨ (14.29). � á« ¡ëå¯®«ïå íâ® ®â«¨ç¨¥ ­¥ § ¢¨á¨â ®â áâ¥¯¥­¨ ¢ëà®¦¤¥­¨ï ä¥à¬¨-£ § . �-­®:�¯¥ªâà ¯®«­®£® ®¤­®ç áâ¨ç­®£® £ ¬¨«ìâ®­¨ ­  (14.33) ª ª äã­ªæ¨ïá®åà ­ïîé¨åáï ª¢ ­â®¢ëå ç¨á¥« pZ ¨ n (14.34) ¤ ¥âáï ä®à¬ã«®© � ­¤ ã:" = "n(pZ) = p2Z2m + "n?; ¨ ®¡à â­®: pZn(") = �q2m(" � "n?); (14.38)



|168|á ãç¥â®¬ ®¡®¨å ­ ¯à ¢«¥­¨© ®á¨ Z. �¯¨­®¢®¥ à áé¥¯«¥­¨¥ � = �1 (14.5)ª ¦¤®£® ãà®¢­ï á ¤ ­­ë¬ pZ ­  ¤¢  ¨ á¢ï§ ­­ë© á ­¨¬ ¢ëè¥ ¯ à ¬ £­¥-â¨§¬ � ã«¨ §¤¥áì ­¥ ãç¨âë¢ ¥âáï. �«ï ïé¨ª  ¬�ªà®áª®¯¨ç¥áª¨å à §¬¥-à®¢ ¤¢¨¦¥­¨¥ ¢¤®«ì ®á¨ Z áç¨â ¥âáï ª¢ §¨ª« áá¨ç¥áª¨¬, ¨ ¨§ (14.38) áãç¥â®¬ (14.31) ¨ ®¡é¥£® ®¯à¥¤¥«¥­¨ï (7.4) ¤«ï ¯«®â­®áâ¨ ç¨á«  á®áâ®ï­¨©DH(") á í­¥à£¨ï¬¨ ¢ ¨­â¥à¢ «¥ ("; " + d") ¢ëâ¥ª ¥â ¢ëà ¦¥­¨¥:DH(") = gsZ d3Ph3 Z d3x � (" � "(P ;x)); ¨ â.ª. Z dpXh Z dx()Xn ; â® (14.39)DH(") = X�; ny;PY ;z;pZ� (" � "n(pZ)) � 2LYLZh2 1Xn=0 1Z�1dpZ � (" � "n(pZ))m!LXZ0 dPY == 2V m!h2 1Xn=0 2 1Z0 dpZ � 0@" � "n? � p2Z2m1A ; çâ® ¯à¨ pZ = q2m�; h = 2��h;dpZ=p2md�2p� ; p2m 1Z0 d�2p� � (" � "n? � �) =p2m�("� "n?)2p" � "n? ¤ ¥â:DH(") = 2�V (2m)3=2�h!h3 �(")Xn=0 �("� "n?)p"� "n? =A3=22 �h!�(")Xn=0 �("� "n?)p"� "n? ; (14.40)£¤¥ �(") = " "�h! � 12#; mq2m ("� "n?) = djpZn(")jd" = 1jvZn(")j : (14.41)�à¥¤¥« H ! 0, â.¥. ! ! 0, á ãç¥â®¬ (14.34) ¢®á¯à®¨§¢®¤¨â, ¢ á®£« á¨¨ á(10.3), (13.7), ¥¥ ¢¨¤ ¤«ï á¢®¡®¤­ëå í«¥ªâà®­®¢: �h! � �"n? =) d"?,�h! �(")Xn=0 �("� "n?)p" � "n? =)!!0 "Z0 d"?p" � "? = 2p"; DH(") =)!!0 D3=2(") = (14.42)= 4�V (2m)3=2p"h3 = A�"��1; � = 32 ; A3=2 = 4�V  2mh2 !3=2 : (14.43)�ëç¨á«¨¬ ¡®«ìè®© ¯®â¥­æ¨ « ¨¤¥ «ì­®© ä¥à¬¨-á¨áâ¥¬ë (13.11) ¢ ¯®«¥H ¤¢ ¦¤ë ¨­â¥£à¨àãï ¯® ç áâï¬ á ãç¥â®¬ (8.80), (10.6){(10.9), (14.89):JTH(�) = �kT lnQH = � 1Z0 d" 
H(")�n�(")� = (14.44)= � 1Z0 d" J0H(") @@"�n�(")�; £¤¥ 
H(") � "Z0 d"0DH("0); ¨ â.ª. (14.45)8� : �n�(")� =)T!0 �(�� "); â®: � @@"�n�(")� =)T!0 �("� �); (14.46)



|169|J0H(�) � � �Z0 d"
H(") =) �A3=2�h! �Z0 d" �(")Xn=0 (" � "n?)1=2 � ("� "n?) = (14.47)= �23 A3=2�h! �(�)Xn=0 (�� "n?)3=2 � ��h! �(�)Xn=0 f  n + 12! = ��h! `�X`=1=2f(`): (14.48)�à¨ á¨«ì­®¬ ¢ëà®¦¤¥­¨¨ kT � � ' "F ¢ (13.24). �®â®¬ã áç¨â ¥¬ T ! 0¨­â¥à¥áãïáì ¢ (14.47) § ¢¨á¨¬®áâìî «¨èì ®â å¨¬¯®â¥­æ¨ «  �. �«ï á« -¡ëå ¯®«¥©: 2�BH � kT � �, ãá«®¢¨¥ �h!=� � 1 ¢ (14.41) ®áâ ¢«ï¥â ¢áã¬¬¥ (14.48) ¡®«ìè®¥ ç¨á«® á« £ ¥¬ëå á 0 � n � �(�), £¤¥ äã­ªæ¨ïf  n + 12! � f(`) � 
0 (� � �h!`) ; ¯à¨ 
0(y) [!!0]=)[D3=2] 23A3=2 y3=2; (14.49)¬ «® ¬¥­ïïáì ­  ®¤­®¬ è £¥ ` ! ` + 1, ¯®§¢®«ï¥â ­ ©â¨ íâã áã¬¬ã ¯®ä®à¬ã«¥ �©«¥à  { � ª«®à¥­  (7.25), ª®â®àãî, ¯à¨ `� = �=(�h!)� 1, â.ª.f(`�) = f 0(`�) = 0, y = � � �h!`, à §« £ ï ¢ ` = 0 ¢ àï¤ äã­ªæ¨î f(`), ¥¥¯¥à¢®®¡à §­ãî ¨ ¯à®¨§¢®¤­ãî, ¯à¥¤áâ ¢¨¬ ¢ ¢¨¤¥3 (`� = �(�) + 1=2):`�X`=1=2 f(`) � `�Z0 f(`)d`� 1=2Z0 f(`)d`+ 12f  12!� 112f 0  12! + : : : �� `�Z0 f(`)d`+ 124f 0(0) = 1�h! �Z0 f  � � y�h! ! dy + 124f 0(0): (14.50)�®¤áâ ¢«ïï (14.50) ¢ (14.48), ­ ©¤¥¬, çâ® á âà¥¡ã¥¬®© â®ç­®áâìî ¤® H2 d` = � dy�h!!: J0H(�) = ��h! `�X`=1=2f(`) � � �Z0 
0(y)dy + 124(�h!)2 @
0(�)@� :(14.51)�¥à¢ë© ¢ª« ¤ ¨­â¥£à «  ¢ (14.51) ­¥ § ¢¨á¨â ®â H ¨ ¯à¥¤áâ ¢«ï¥â ¡®«ì-è®© ¯®â¥­æ¨ « J00 (�) ¢ëà®¦¤¥­­®£® ¨¤¥ «ì­®£® ä¥à¬¨-£ §  ¯à¨ H = 0,T = 0. � ¥£® â¥à¬¨­ å, á ãç¥â®¬ (14.34), à ¢¥­áâ¢® (14.51) ¯à¨¬¥â ¢¨¤:J0H(�) � J00 (�)� 124(�h!)2@2J00 (�)@�2 = J00 (�)� 16 (�BH)2 @2J00 (�)@�2 ; (14.52)£¤¥ 8 
0(y) : @
0(�)@� = � @2J00 (�)@�2 ; ¥á«¨ 
0(�) = �@J00 (�)@� ; (14.53)¯à¨ J00 (�) � � �Z0 
0(y)dy =)D3=2 �23A3=2 �Z0 y3=2dy = � 415A3=2�5=2; (14.54)3f 0(1=2)) f 0(0); f(1=2)) f(0) + 12f 0(0); 1=2Z0 f(`)d`) 12f(0) + 18f 0(0); dd` = ��h! ddy .



|170|¤«ï äã­ªæ¨¨ (14.49) á® á¢®¡®¤­®© ¯«®â­®áâìî á®áâ®ï­¨© D3=2(") (14.43)¢ (14.47). �à ¢­¨¢ JH(�) (14.52) á (14.23) ¢ ®¯à¥¤¥«¥­¨¨ (14.24) á â¥¬ ¦¥J0(�), ­ ©¤¥¬ ã ¢®á¯à¨¨¬ç¨¢®áâ¨ (14.25), (14.27) ¤®¯®«­¨â¥«ì­ë©¬­®¦¨-â¥«ì ª ª �16 = �13 � 12 . �.ª. ¤«ï í«¥ªâà®­®¢, ¤¢¨¦ãé¨åáï ¢­ãâà¨ ¬¥â «« ,¢«¨ï­¨¥ ¯¥à¨®¤¨ç¥áª®£® ¯®â¥­æ¨ «  à¥è¥âª¨ ¢ ¯¥à¢®¬ ¯à¨¡«¨¦¥­¨¨ ãç¨-âë¢ ¥âáï § ¬¥­®© ¨å ¬ ááë ­  íää¥ªâ¨¢­ãî, m 7! m�, �B 7! ��B , â®£¤ ,ª ª ¬ áá  ¢ \¯ à ¬ £­¨â­®¬" ¬ £­¥â®­¥ �®à  ­¥ ¬¥­ï¥âáï, â®:�¤¨ ¬T = �13  mm�!2�¯ p ¬T =)T=0 �(��B)2 n2"�F ; ��B = jej�h2m�c = �B  mm�! : (14.55)�¨ää¥à¥­æ¨àãï (14.54) ¢ (14.52) ª ª (14.47), (14.45) ¯à¨ � = "F ¨ (13.7), ¢¬¥áâ® (14.27)­ ©¤¥¬: �¤¨ ¬T = � 1V  @2JH@H2!T;V) ��2B3 D("F )V )�(��B)2 n2"�F ; â.ª.: D3=2("F ) = 3N2"F :�®«­ ï ¢®á¯à¨¨¬ç¨¢®áâì ®áâ ¥âáï ¯ à ¬ £­¨â­®©, ¥á«¨ (¯à¨ "F ! "�F ):�T = �¯ p ¬T + �¤¨ ¬T = 241� 13  mm�!235�¯ p ¬T > 0: (14.56)�â­®è¥­¨¥ j�¤¨ ¬T =�¯ p ¬T j = (1=3)(m=m�)2 > 1 «¨èì ¤«ï ¤¨ ¬ £­¨â­ëå¬¥â ««®¢ â¨¯  ¢¨á¬ãâ  ¨«¨ áãàì¬ë á ¬ «ë¬¨ íää¥ªâ¨¢­ë¬¨ ¬ áá ¬¨í«¥ªâà®­®¢ m� < m=p3. �®«ì§ãïáì (14.45)= (14.89) ¬®¦­® ã¢¨¤¥âì, çâ®¢ á« ¡ëå ¯®«ïå �h! � kT , ¯®ª  ¯à¨¬¥­¨¬® (14.50), ¯à¥¤áâ ¢«¥­¨¥ (14.52)¨ ¥£® á«¥¤áâ¢¨ï (14.55), (14.56) á¯à ¢¥¤«¨¢ë ¤«ï â¥à¬®¤¨­ ¬¨ç¥áª®£® ¯®-â¥­æ¨ «  JTH(�) ­¥§ ¢¨á¨¬® ®â áâ¥¯¥­¨ ¢ëà®¦¤¥­¨ï í«¥ªâà®­­®£® £ § [6], [36], ¨, ¢ á®£« á¨¨ á �.�. � ­¤ ã (1930), ª¢ ­â®¢ ­¨¥ ®à¡¨â «ì­®£®¤¢¨¦¥­¨ï á¢®¡®¤­ëå í«¥ªâà®­®¢ ¯à¨¢®¤¨â ª ¤¨ ¬ £­¨â­®¬ã íää¥ªâã á¤¨ ¬ £­¨â­®© ¢®á¯à¨¨¬ç¨¢®áâìî (14.37), (14.55), à ¢­®© �1=3 ¨å á¯¨­®-¢®© ¯ à ¬ £­¨â­®© ¢®á¯à¨¨¬ç¨¢®áâ¨ ¯à¨ «î¡®© â¥¬¯¥à âãà¥ T .2.3 �«®â­®áâì ç¨á«  ãà®¢­¥© � ­¤ ã�«®â­®áâì á®áâ®ï­¨© DH(") á¢ï§ ­  á ç¨á«®¬ á®áâ®ï­¨© á ¨¬¯ã«ìá ¬¨ ¢¡«¨§¨ § ¤ ­-­®£® pZ ¨ á ªà â­®áâìî ¢ëà®¦¤¥­¨ï á®áâ®ï­¨© ¯®¯¥à¥ç­®£® ¤¢¨¦¥­¨ï G?(H) ¢ (14.35).�á«¨ ª¢ ¤à â ¯®¯¥à¥ç­®£® ¨¬¯ã«ìá  (14.33) ¢ ­¨å p2? H=) (p2X + p2Y )n = 2m"n?, â® ¢ïé¨ª¥ ®¡ê¥¬®¬ V = LxLyLz, á ãç¥â®¬ á¯¨­®¢®© ªà â­®áâ¨ ¢ëà®¦¤¥­¨ï gs = 2, ç¨á«®à §«¨ç­ëå ¯®¯¥à¥ç­ëå ª¢ §¨¤¨áªà¥â­ëå á®áâ®ï­¨© á¢®¡®¤­®© ç áâ¨æë ¬¥¦¤ã ¤¢ã¬ïá®á¥¤­¨¬¨ ãà®¢­ï¬¨ � ­¤ ã ª¢ §¨ª« áá¨ç¥áª¨ ®¯à¥¤¥«ï¥âáï ¯«®é ¤ìî ª®«ìæ  � ¬¥¦¤ãªàã£ ¬¨ à ¤¨ãá®¢ pn�1? < p? < pn? ­  ¯«®áª®áâ¨ (pX ; pY ), ¯à¨ p2n? = 2m"n?:



|171|G?n (H) = gsLxLyh2 Z�Z dpXdpY = gs 2�LxLyh2 pn?Zpn�1?p?dp? = gsLxLyh2 � �p2n? � p2n�1?� = (14.57)= gs 2�mLxLyh2 ("n? � "n�1?) = gs 2�mLxLyh2 �h! = gsLxLyhc eH � 
H =) G?(H); (14.58)¨ ¤¥©áâ¢¨â¥«ì­® ­¥ § ¢¨á¨â ®â n. �.¥. ¢ ä®à¬ã« å (14.35), (14.59) G?(H) (14.58) ¥áâì®¤­  ¨ â  ¦¥ ªà â­®áâì ¢ëà®¦¤¥­¨ï á®áâ®ï­¨ï á ¤ ­­ë¬ n, à ¢­ ï ç¨á«ã á¢®¡®¤­ëå®¤­®ç áâ¨ç­ëå ãà®¢­¥© ª¢ §¨­¥¯à¥àë¢­®£® ¯à¨ H = 0 á¯¥ªâà , á®¡à ¢è¨åáï ¢ ®¤¨­ n-ë© ãà®¢¥­ì � ­¤ ã ¯à¨H > 0 ¨ G?(H)� N . �­  ®âà ¦ ¥â ¯à®¨§¢®« ¢ ¢ë¡®à¥ x0 â®çª¨¯¥à¥á¥ç¥­¨ï ®á¨ ¢¨­â®¢®© «¨­¨¨ á ¯«®áª®áâìî XY . �¨á«® á®áâ®ï­¨© á ¨¬¯ã«ìá ¬¨¢¡«¨§¨ jpZ j = jpZnj (14.38) { ¯à¨ ¤ ­­®¬ n á ãç¥â®¬ ¢ëà®¦¤¥­¨ï ¯® ¤¢ã¬ ­ ¯à ¢«¥­¨ï¬®á¨ Z ¨ íâ®© ªà â­®áâ¨ ¢ëà®¦¤¥­¨ï, à ¢­®:fDn(pZ)djpZ j =) G?(H) 2 Lzh djpZnj = 4�V mh3 �h! 2 djpZnj = Dn(") d":�ç¨âë¢ ï (14.38), (14.41), ¤«ï ¯«®â­®áâ¨ ç¨á«  á®áâ®ï­¨© ¢­®¢ì ¯à¨å®¤¨¬ ª (14.40):DH(") = �(")Xn=0Dn(") = �(")Xn=0 fDn(pZn) djpZn(")jd" � �(")Xn=0 fDn(pZn)jvZn(")j = 2Lzh �(")Xn=0 G?(H)jvZn(")j: (14.59)�«ï á¨«ì­ëå ¯®«¥© �h! � kT , â¥¯«®¢®¥ \à §¬ëâ¨¥" ãà®¢­ï �¥à¬¨ áâ ­®¢¨âáï ¬¥­ìè¥à ááâ®ï­¨ï ¬¥¦¤ã á®á¥¤­¨¬¨ ãà®¢­ï¬¨ � ­¤ ã ¨ áã¬¬¨à®¢ ­¨¥ ¢ (14.48) ¯® ä®à¬ã«¥(14.50) ­¥ª®àà¥ªâ­®. �¥ § ¬¥­  â®ç­®© ä®à¬ã«®© �ã áá®­  ¯®ª §ë¢¥â, çâ® ¤¨áªà¥â­ë©å à ªâ¥à á¯¥ªâà  ®à¡¨â «ì­®£® ¤¢¨¦¥­¨ï ¯à®ï¢«ï¥âáï ¢ ­ àãè¥­¨¨ ¬®­®â®­­®áâ¨ ­ -¬ £­¨ç¥­­®áâ¨ ¨ å¨¬¯®â¥­æ¨ « , ª ª äã­ªæ¨© H. �.ª. ¢ á¨«ì­ëå ¯®«ïå â®«ìª® ¤¢¨¦¥-­¨¥ ¯® ®á¨ Z ®áâ ¥âáï á¢ï§ ­® á íää¥ªâ¨¢­®© ¬ áá®©m�k, â® ¢ ¯à®áâ¥©è¥¬ á«ãç ¥, áç¨â ï¥¥ ¨áç¥§ îé¥ ¬ «®©, ¯à¥­¥¡à¥¦¥¬ ¢®§¡ã¦¤¥­¨¥¬ ª¢ §¨­¥¯à¥àë¢­ëå ãà®¢­¥© ¯à®¤®«ì-­®£® ¤¢¨¦¥­¨ï: p2Z=(2m�k) ! 1, ®â¢«¥ª ïáì ¯®-¯à¥¦­¥¬ã ¨ ®â á¯¨­®¢®£® à áé¥¯«¥­¨ï.�à¨ H > N=
, G?(H) > N ¨ ¢á¥ N í«¥ªâà®­®¢ ®ª ¦ãâáï ­  ­¨¦­¥¬ ãà®¢­¥ (14.34) án = 0, ¨ í­¥à£¨ï á¨áâ¥¬ë ¥áâì ¯à®áâ® EH = �h!N=2 = �BHN ,   ¯®«­ ï ­ ¬ £­¨ç¥­­®áâìM = �@EH=@H = ��BN . � ã¬¥­ìè¥­¨¥¬ ¯®«ï, ¢ ª ¦¤®© â®çª¥ Hn = N=(n
), £¤¥ n-æ¥«®¥ ç¨á«®, ­ ç¨­ ¥â § ¯®«­ïâìáï á«¥¤ãîé¨© n-ë© ãà®¢¥­ì � ­¤ ã. � ¯à¨¬¥à, ¯à¨:N2
 < H < N
 ; ¨¬¥¥¬: N = N0 +N1; N0 = 
H; EH0 = �BHN0 = �B
H2;EH1 = 3�BHN1; ®âªã¤ : EH = EH0 + EH1 = 3�BNH� 2�B
H2; ¨ (�¨á. 14.4):M = �@EH=@H = 4�B
H� 3�BN; ¬¥­ï¥âáï ¬¥¦¤ã: � �BN < M < �BN; (14.60)¨ â® ¦¥ ¡ã¤¥â ¯à¨ n < N=(
H) < (n+1). � ª çâ® ¢ á¨«ì­ëå ¯®«ïå ã¦¥ ­¥«ì§ï à §¤¥«¨âì®à¡¨â «ì­ë¥ (¤¨ ) ¨ á¯¨­®¢ë¥ (¯ à ) ¬ £­¨â­ë¥ íää¥ªâë, ¯à¨¢®¤ïé¨¥ á®¢¬¥áâ­® ª®áæ¨««ïæ¨ï¬ (14.60) ¤¥ �  § {¢ ­ �«ìä¥­  [5], [6], [7], [14], [36] (� ¤. 20.12-13.).� ª¨¬ ®¡à §®¬, ª ª ¨ ¢ á«ãç ¥ ¡®§-ª®­¤¥­á æ¨¨ (10.1), (10.39), ¨¬¥­­® ¤¨áªà¥â­®áâì®¤­®ç áâ¨ç­®£® í­¥à£¥â¨ç¥áª®£® á¯¥ªâà  ®¯à¥¤¥«ï¥â â¥ ¨«¨ ¨­ë¥ áãé¥áâ¢¥­­® ª¢ ­â®-¢ë¥ á¢®áâ¢  â®© ¨«¨ ¨­®© ¨¤¥ «ì­®© á¨áâ¥¬ë.



|172|3 � £­¥â¨§¬ «®ª «¨§®¢ ­­ëå á¯¨­®¢ ¨ áà¥¤­¥¥\¬®«¥ªã«ïà­®¥" ¯®«¥ �¥©áá � áá¬®âà¨¬ ¬ £­¨â­ë¥ á¢®©áâ¢   ­á ¬¡«ï N «®ª «¨§®¢ ­­ëå { ­¥¯®-¤¢¨¦­ëå á¯¨­®¢, ¯®¬¥é¥­­ëå ¢ ®¤­®à®¤­®¥ ¢­¥è­¥¥ ¬ £­¨â­®¥ ¯®«¥ H:"� = ��g�BH; �S � � = Sz � S; w�T = e��"�Z1 = e��g�BHZ1 : (14.61)�à¨ S = 12 ¨ g = 2; �)�12; "� = �� = ��BH; "� � "+ = 2�; (14.62)®­ ï¢«ï¥âáï  ­á ¬¡«¥¬ ¤¢ãåãà®¢­¥¢ëå á¨áâ¥¬. � ª ª ª ª ¦¤ë© ¨§ íâ¨åá¯¨­®¢ ¢§ ¨¬®¤¥©áâ¢ã¥â á ¢­¥è­¨¬ ¯®«¥¬ ¢¤®«ì ®á¨ z ­¥§ ¢¨á¨¬® ®â ¤àã-£¨å, â¥à¬®¤¨­ ¬¨ª  â ª®© á¨áâ¥¬ë ¯à¨ â¥¬¯¥à âãà¥ T ®¯à¥¤¥«ï¥âáï ª -­®­¨ç¥áª®© áâ âáã¬¬®© ¢ (14.2) ¡¥§ ¤¥«¨â¥«ï N ! ¢¢¨¤ã ¥¥ ­¥§ ¢¨á¨¬®áâ¨ ®â V¨ ­¥¢®§¬®¦­®áâ¨ ¯¥à¥áâ ­®¢®ª «®ª «¨§®¢ ­­ëå á¯¨­®¢:ZN (T;H) =) (Z1)N ; Z1(T;H) =)S=1=2 e�� + e��� = 2 ch(��); (14.63)®âªã¤ : F (T;H) = �kT lnZN =) �NkT ln (2 ch(��)) ; (14.64)M(T;H) = � 1V @F@H = NV 0@�B e��Z1 � �B e���Z1 1A � 2n�B 1=2X�=�1=2� w�T : (14.65)�.¥.: M(T;H) = n�B th(��) � n�B th �BHkT ! (=S=1=2 ng�B�Sz� (14.66){ ­ ¬ £­¨ç¥­­®áâì ¥¤¨­¨æë ®¡ê¥¬ . �à¨ T ! 0 (H ! 1), th(��)! 1,®­  ¢ëå®¤¨â ­  ­ áëé¥­¨¥: M �!H!1 M0 = n�B (=S=1=2 ng�BS,   ¯à¨T !1 (H ! 0) ¤ ¥â § ª®­ �îà¨ (14.29) á ¡¥§à §¬¥à­®© ª®­áâ ­â®© A:M(T;H) = n�2BHkT (=S=1=2AM20HnkT ; �T = 0@@M@H 1AT= n�2BkT (=S=1=2AM20nkT : (14.67)�§ ¨¬®¤¥©áâ¢¨¥ á¯¨­®¢ëå ¬ £­¨â­ëå ¬®¬¥­â®¢ ¬¥¦¤ã á®¡®© ï¢«ï¥âáïã¦¥ ­¥«¨­¥©­ë¬ íää¥ªâ®¬: ª ¦¤ë© á¯¨­ ­ å®¤¨âáï, ­  á ¬®¬ ¤¥«¥, ¢¬�ªà®áª®¯¨ç¥áª®¬ ¯®«¥ Heff = H + �H, á®§¤ ­­®¬, ¢ â®¬ ç¨á«¥, ¢á¥¬¨®áâ «ì­ë¬¨ á¯¨­ ¬¨. �®£« á­® �¥©ááã, ¨¬¥îé ïáï ­ ¬ £­¨ç¥­­®áâì ¨§ ¤ ¥â íää¥ªâ¨¢­® íâ® ¤®¯®«­¨â¥«ì­®¥ ¯à®¯®àæ¨®­ «ì­®¥ ¥© á ¬®© ¬ £-­¨â­®¥ ¯®«¥: �H =) 
M, â ª çâ®M(T;H) =)M(T;H + 
Ms) =Ms.�®«­®¥ íää¥ªâ¨¢­®¥ ¯®«¥ Heff áå®¤­® á ¬�ªà®áª®¯¨ç¥áª®© ¬ £­¨â­®©¨­¤ãªæ¨¥© B = H + 4�M, ­® ®­® ï¢«ï¥âáï á ¬®á®£« á®¢ ­­ë¬ ¢ â®¬á¬ëá«¥, çâ® á ¬  ¢¥«¨ç¨­  ­ ¬ £­¨ç¥­­®áâ¨Ms ®¯à¥¤¥«ï¥âáï ¨§ ãà ¢-­¥­¨ï (14.66) ã¦¥ á á ¬¨¬ íâ¨¬ áà¥¤­¨¬ \¬®«¥ªã«ïà­ë¬" ¯®«¥¬ �¥©áá 



|173|Heff ¢  à£ã¬¥­â¥ y äã­ªæ¨¨ � ­¦¥¢¥­ : 0 = LS(0) � LS(y) � LS(1) = 1,ª ª áâ æ¨®­ à­ ï â®çª M =Ms íâ®£® ®â®¡à ¦¥­¨ï ¢¨¤  (14.66):M(T;Heff ) =M0LS 0@M0n (H + 
M)kT 1A =)S=1=2 n�B th �BkTHeff! : (14.68)y = �g�BSH=)M0HeffnkT =)H=0M0�HnkT =M0
MnkT � 
M20nkT MM0 > 0: (14.69)�à¨ H = 0 íâ® ¤ ¥â âà ­áæ¥­¤¥­â­®¥ ãà ¢­¥­¨¥ ¤«ï á¯®­â ­­®© ­ ¬ £-­¨ç¥­­®áâ¨M)Ms, ®â¢¥ç îé¥© ä¥àà®¬ £­¨â­®¬ã á®áâ®ï­¨î [5]x78:MM0 = LS 0@M0n 
MkT 1A ; ¨«¨: T� y = LS(y) =)S=1=2th y � y � y33 ; £¤¥: (14.70)y = �MTM0 =)S=1=2�B
MkT ; � = 
M20n k =)S=1=2
n�2Bk| {z }; M0n = g�BS=)S=1=2�B : (14.71)�à¨ T < TC � �L0S(0), ªà®¬¥ y � 0, ¢®§­¨ª­¥â à¥è¥­¨¥ á yC 6= 0 (�¨á.14.1). � â.ª. yC � 1 ¤«ï T ' TC , â® ¨§ (14.70), (14.71) ¨ LS(�y) = �LS(y):T� y = LS(y) � L0S(0)y � by3; yC(T ) � �vuutL0S(0)b  1 � TTC ! � M(T )L0S(0)M0 :(14.72)�¨ää¥à¥­æ¨àãï ãà ¢­¥­¨¥ (14.68) ¯® H ¨ ¯®« £ ï H = 0 á ãç¥â®¬ yC(T )­ ©¤¥¬ ãà ¢­¥­¨¥ ­  ¢®á¯à¨¨¬ç¨¢®áâì ¨ ¥¥ ¯®¢¥¤¥­¨¥ ¤«ï «î¡ëå T :b�T = M20n kT L0S(y)(1 + 
 b�T )�����y=yC (T ); b�T = �L0S(y)
 (T ��L0S(y))�����y=yC (T ): (14.73)�à¨ T � TC ¨¬¥¥¬ ¢ (14.72) «¨èì à¥è¥­¨¥ á yC(T ) � 0, â.¥. (�¨á. 14.2):L0S(y)����T�TC=) L0S(0); çâ® ¤ ¥â § ª®­: b�T ����H=0T>TC= TC
 (T � TC) (14.74){ �îà¨-�¥©áá  (áà. (14.67)) á â¥¬¯¥à âãà®© �îà¨ TC ä §®¢®£® ¯¥à¥å®¤ 2-£® à®¤  ¨§ ¯ à ¬ £­¨â­®£® á®áâ®ï­¨ï ¯à¨ T > TC ¢ ä¥àà®¬ £­¨â­®¥ ¯à¨T < TC £¤¥ ¢®á¯à¨¨¬ç¨¢®áâì (14.73) â¥à¯¨â à §àë¢ 2-£® à®¤  (14.74).�ëà ¦¥­¨¥ (14.71) ¢ ¢¨¤¥ kTC ' k� = 
H��| {z } ¨­â¥à¯à¥â¨àã¥âáï ¢ â¥à¬¨-­ å í­¥à£¨¨ ¬ £­¨â­®£® ¤¨¯®«ì-¤¨¯®«ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï H�� ­  å -à ªâ¥à­ëå ¬¥¦ â®¬­ëå à ááâ®ï­¨ïå a � aB, ®¯à¥¤¥«ï¥¬ëå ¯«®â­®áâìîn = NV ' 1a3 ; ¯à¨: �B = e�h2mc � e2�e; aB = �h2me2 = �e� ; � = e2�hc � 1137 ;ª®â®à®¥ ¨¬¥¥â ¯®àï¤®ª: H�� = �1�2a3 ' n�2B � �2Ba3B � mc2�4 � k 1K:
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1.0�¨á. 14.1. �®§­¨ª­®¢¥­¨¥ á¯®­â ­­®© ­ -¬ £­¨ç¥­­®áâ¨ ¯à¨ T < TC, LS(y) = th y. �¨á. 14.2. � £­¨â­ ï ¢®á¯à¨¨¬ç¨¢®áâì �T(14.74) ¢ëè¥ â¥¬¯¥à âãàë �îà¨ TC.�áâ¥áâ¢¥­­® ®¦¨¤ âì à §àãè¥­¨ï ¬ £­¨â­®£® ã¯®àï¤®ç¥­¨ï ¯à¨ â¥¬¯¥-à âãà å kTC , áà ¢­¨¬ëå á í­¥à£¨¥© ¥£® ¢§ ¨¬®¤¥©áâ¢¨ï. �®áª®«ìªã ¬ë§­ ª®¬ë á ¬ £­¥â¨§¬®¬ ¯à¨ ª®¬­ â­ëå â¥¬¯¥à âãà å, íâ® ®§­ ç ¥â, çâ®¢ à¥ «ì­®¬ ¬ £­¥â¨ª¥ ¬�ªà®áª®¯¨ç¥áª®¥ 
 � 103 � 104, ¢¬¥áâ® ¬�ªà®-áª®¯¨ç¥áª®£® §­ ç¥­¨ï 
 = 4� � 101 ¤«ï B ¢ ®¡ëç­®© áà¥¤¥. �â «® ¡ëâì,¬¥å ­¨§¬ ¬ £­¨â­®£® ã¯®àï¤®ç¥­¨ï ¤®«¦¥­ áãé¥áâ¢¥­­® ®â«¨ç âìáï ®â¯à®áâ®£® ¤¨¯®«ì-¤¨¯®«ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ïH��. � ¬ £­¥â¨ª¥ ¡®«ìè®£®®¡ê¥¬  ¬ £­¨â­ë© ¬®¬¥­â ¥£® ¬�ªà®áª®¯¨ç¥áª¨å ç áâ¥©M =MV ¯à®-¯®àæ¨®­ «¥­ ¨å ®¡ê¥¬ã V � r3, ¨ í­¥à£¨ï ¨å ¤¨¯®«ì-¤¨¯®«ì­®£® ¢§ ¨¬®-¤¥©áâ¢¨ï HMM = M2=r3 � M2V| {z } à áâ¥â â ª¦¥ ¡ëáâà®. �®£¤  í­¥à£¥â¨-ç¥áª¨ ¢ë£®¤­¥¥, çâ®¡ë ¬ £­¥â¨ª à §¡¨«áï ­  ¡®«¥¥ ¬¥«ª¨¥ ¬�ªà®®¡« áâ¨á® ¢áâà¥ç­ë¬¨ «®ª «ì­ë¬¨ ­ ¯à ¢«¥­¨ï¬¨ ­ ¬ £­¨ç¥­­®áâ¨ â ª çâ®¡ëáà¥¤­¨© ¬�ªà®áª®¯¨ç¥áª¨© ¬ £­¨â­ë© ¬®¬¥­â ¡ë« ¡ë � 0 [45]. � ª¨¥®¡« áâ¨ ­ §ë¢ îâ ¤®¬¥­ ¬¨. �®«é¨­  d ¤®¬¥­  V = r`d ¢ ªãáª¥ ¬ £­¥-â¨ª  r`r1 § ¤ ¥âáï ¬¨­¨¬ã¬®¬ ¡ « ­á  ¯®¢¥àå­®áâ­®© ®¡¬¥­­®© í­¥à£¨¨¥£® áâ¥­ª¨ � = r` á ¯«®â­®áâìî � ­  ¥¤¨­¨æã ¥£® ¯®¯¥à¥ç­®£® á¥ç¥­¨ïS = `d ª ª ��=S = �r=d; ¨ â®© ¦¥ ¥£® ®¡ê¥¬­®© í­¥à£¨¨  ­¨§®âà®¯¨¨KV � �M20V| {z } ­  ¥¤¨­¨æã ¯«®é ¤¨ � íâ®© áâ¥­ª¨: KV=� = Kd. �®£¤ E(d) = �r=d + Kd, ¨ E 0(d) = 0 ¤ ¥â d1 = q�r=K [45]. �.ª. d1 = r1=N , â®N = r1qK=�r, ¨ ¤«ï r1 7! r ) N 2�=K. �«ï N 7! 1 §¤¥áì r 7! d1 = �=K.�¥å ­¨§¬ ã¯®àï¤®ç¥­¨ï ¢­ãâà¨ ¤®¬¥­®¢ ¡ë« ­ ©¤¥­ �¥©§¥­¡¥à£®¬ ¢¬®¤¥«¨ ®¡¬¥­­®£® ¢§ ¨¬®¤¥©áâ¢¨ï, ®¡ï§ ­­®£® ãç¥âã ¢­®¢ì ª¢ ­â®¢®¬¥å -­¨ç¥áª®© â®¦¤¥áâ¢¥­­®áâ¨ á¢ï§ ­­ëå í«¥ªâà®­®¢ ¨ í«¥ªâà®­®¢ ¯à®¢®¤¨-
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�¨á. 14.3. �®¬¥­­ ï áâàãªâãà  ¬ £­¥â¨ª  r`r1, à §¡¨¢è¥£®áï ­  N ¤®¬¥­®¢ V = r`d.¬®áâ¨. �®á«¥¤­¨¥, ¡ã¤ãç¨ \à §¬ § ­ë" ¯® ¢á¥¬ã ®¡ê¥¬ã ªà¨áâ «« , ¢®¢â®à®¬ ¯®àï¤ª¥ ª¢ ­â®¢®¬¥å ­¨ç¥áª®© â¥®à¨¨ ¢®§¬ãé¥­¨© ¯à¨¢®¤ïâ ªª®á¢¥­­®¬ã ®¡¬¥­ã ¬¥¦¤ã í«¥ªâà®­ ¬¨ ¬ £­¨â­ëå ¨®­®¢, ­ å®¤ïé¨¬¨áï¢ à §«¨ç­ëå ã§« å à¥è¥âª¨ f 6= q. �â®â ®¡¬¥­ ®¯à¥¤¥«ï¥â §­ ç¥­¨ï®¡¬¥­­ëå ¨­â¥£à «®¢ I(q � f) ¢ á¯¨­®¢®¬ £ ¬¨«ìâ®­¨ ­¥ �¥©§¥­¡¥à£ :cHIN = �g�B [N ]Xf (S(f) �H)� [N ]Xf [N ]Xq 6=f I(q � f) (S(f) � S(q)) ; £¤¥: [N ]Xf 1 = N(14.75){ ¥áâì ¯®«­®¥ ç¨á«® á¯¨­®¢ ¢ ¤®¬¥­¥,   1 � Zf � N � 1 { ¥áâì ç¨á«®¢§ ¨¬®¤¥©áâ¢ãîé¨å á ¯à®¨§¢®«ì­ë¬ á¯¨­®¬ S(f) ¡«¨¦ ©è¨å á®á¥¤¥©.�¢¨¤ã âà ­á«ïæ¨®­­®© ¨­¢ à¨ ­â­®áâ¨ ®¡¬¥­­ë¥ ¨­â¥£à «ë á¨¬¬¥âà¨ç-­ë ¯® ã§« ¬: I(q � f ) = I(f � q),   í­¥à£¨ï ¢§ ¨¬®¤¥©áâ¢¨ï «î¡®©¯ àë á¯¨­®¢ à ¢­  cH12 = �2I(1� 2) (S(1) � S(2)) (áà. [9], [18]). � ª ª ªI(�) 6= 0 ¯à¨ 0 < j�j < jZj, â.¥. fqg 2 [Z ]f , â® ¤¥©áâ¢ãîé¥¥ ­  ¢ë¤¥«¥­-­ë© á¯¨­ S(f) íää¥ªâ¨¢­®¥ ¯®«¥ ®¯à¥¤¥«ï¥âáï ãáà¥¤­¥­¨¥¬ ®¯¥à â®à 4:cHIN � � [N ]Xf �m(f ) � cHfeff� ; cHfeff =H+ 1g�B [Z]fX� 6=0 I(�)S(f + �| {z }q ); (14.76)§ ¢¨áïé¥£® ®â ®¯¥à â®à®¢ ¢á¥å Zf á®á¥¤­¨å á ­¨¬ á¯¨­®¢. � ¯à¨¡«¨¦¥-­¨¨ áà¥¤­¥£® ¯®«ï ¯à¥¤¯®« £ ¥âáï, çâ® ®â­®á¨â¥«ì­®¥ ¢«¨ï­¨¥ ª ¦¤®£®4[N ]- ¬­®¦¥áâ¢® ¢¥ªâ®à®¢ ¢á¥å ã§«®¢ ¤®¬¥­ ; [Z]f - ¬­®¦¥áâ¢® ã§«®¢ ¡«¨¦ ©è¨å ª f á®á¥¤¥©;m(f) = g�BS(f)- ¬ £­¨â­ë© ¬®¬¥­â ®¤­®£® á¯¨­  ¢ ã§«¥ f (áà. (14.66), (14.36)); q = f + �.



|176|®â¤¥«ì­®£® á®á¥¤  ­  ¢ë¤¥«¥­­ë© á¯¨­ S(f) ­¥¢¥«¨ª®,   ¯®â®¬ã íâ® íä-ä¥ªâ¨¢­®¥ áà¥¤­¥¥ ¯®«¥ ¢®¢á¥ ­¥ ¤®«¦­® § ¢¨á¥âì ®â ã§«  à¥è¥âª¨ f . �â®¤®áâ¨£ ¥âáï § ¬¥­®© ¢ (14.76) ®¯¥à â®à  á¯¨­  S(q) áà¥¤­¨¬ á¯¨­®¬ S ­ ®¤¨­ ã§¥« q à¥è¥âª¨ (¢ ¤®¬¥­¥), ã¦¥ ­¥ § ¢¨áïé¨¬ ®â ¯®«®¦¥­¨ï íâ®£®ã§«  ¨ á¢ï§ ­­ë¬ á ­ ¬ £­¨ç¥­­®áâìî (14.65), (14.66) ¤ ­­®£® ¤®¬¥­ :M = [N ]Xf m(f ) = Nm = g�B [N ]Xf S(f) = g�BNS ) VM(T;H); â® (14.77)¥áâì: S � 1N [N ]Xf S(f) V!1=)N!1 eS SX�=�S� w�T � �S�����T;H(= M(T;H)g�Bn ; (14.78)¨«¨ m � 1N [N ]Xf m(f) � g�BS; nm V!1=)N!1M(T;H); n = NV ; (14.79)£¤¥, á®£« á­® ®á­®¢­®¬ã ¯®áâã« âã áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ (1.31){(1.35),(2.20), áà¥¤­¨© á¯¨­ ¯® à¥è¥âª¥ ¢ âà¤. ¯à¤. N!1 á®¢¯ ¤ ¥â á®áâ â¨áâ¨ç¥áª¨¬ áà¥¤­¨¬ (14.65), (14.78) ¯®  ­á ¬¡«î á¯¨­®¢ ¯à¨¤ ­­®© â¥¬¯¥à âãà¥ T , â.ª. à¥è¥âª  á¯¨­®¢ ¨ ¥áâì ¨å  ­á ¬¡«ì.� à¥£ã«ïà­®¬ ªà¨áâ ««¥ ç¨á«® ¢§ ¨¬®¤¥©áâ¢ãîé¨å á®á¥¤¥© ®¤¨­ ª®¢®ã ¢á¥å á¯¨­®¢: Zf = Z. �áà¥¤­¥­¨¥ ¦¥ ®§­ ç ¥â ¢®®¡é¥ £®¢®àï § ¬¥­ã ¢(14.76) S(q)) �S = ��S� á 1 � � � �(T ) � 2. �®£¤  á ãç¥â®¬ (14.78)íää¥ªâ¨¢­®¥ ¯®«¥, ª®­áâ ­â  
 ¨ â¥¬¯¥à âãà  �îà¨ (14.71) ¯à¨¬ãâ ¢¨¤:�cHfeff� =)Heff =H + ��S�g�B [Z]X� 6=0 I(�) =H+ 
M(T;H); (14.80)£¤¥: 
 = �Izg2n�2B =)S=1=2 �Iz4n�2B � 1; ¯à¨ Iz � [Z]X� 6=0 I(�) = k��S2 ; ¨: (14.81)� � 
M20n k = S2�Izk =)S=1=2 �Iz4k ) TC ; cHIN ) �V �M �Heff � : (14.82)Iz -íää¥ªâ¨¢­ë© ®¡¬¥­­ë© ¨­â¥£à « á® ¢á¥¬¨ Z ¡«¨¦ ©è¨¬¨ á®á¥¤ï¬¨.�à¨ T = 0; H = 0, £ ¬¨«ìâ®­¨ ­ �¥©§¥­¡¥à£  (14.75), ¬®¦¥â ¯à¨¢®-¤¨âì ª à §«¨ç­ë¬ â¨¯ ¬ ¬ £­¨â­®£® ã¯®àï¤®ç¥­¨ï á í­¥à£¨¥© E0 [36]:� �à¨ I(q) > 0 ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ ¢á¥ á¯¨­ë ¯ à ««¥«ì­ë, â.¥. ­¥§ ¢¨á¨¬® ®â ã§« f : S(f ) 7! S = S, çâ® ¤ ¥â ä¥àà®¬ £­¨â­®¥ ã¯®àï¤®ç¥­¨¥ á í­¥à£¨¥©: (y ) �g�BSH)E0 = �S2 [N]Xf [Z]fXq 6=f I(q � f ))�NS(S + 1)Iz= �N�1 + 1S� k��C = � 3�CNkTC ; â.ª. (14.83)� ¤. 20.5.: LS(y) = �1 + 12S� cth�y �1 + 12S��� 12S cth� y2S� �!y!0 13 �1 + 1S� y: (14.84)�à¨ T � TC ¨§ H12 ¨¬¥¥¬ �> = 2, ­® ª ª ¢¨¤¨¬, �<(0) = 1, ¨ íâ® ¤ ¥â ­¥¯à¥àë¢­®áâì ¢T ! TC � 0 (14.73) f�T jT=TC � 1jg�1= 
>, 2
<, ¥á«¨ �< = 1 ¯à¨ T � TC (§ ¤. 20.18).



|177|� �à¨ I(q) < 0 ¢ ®á­®¢­®¬ á®áâ®ï­¨¨ á®á¥¤­¨¥ á¯¨­ë  ­â¨¯ à ««¥«ì­ë,ª ª ã ¤¢ãå ¢áâ ¢«¥­­ëå ¤àã£ ¢ ¤àã£  ä¥àà®¬ £­¨â­ëå ¯®¤à¥è¥â®ª á ¯à®-â¨¢®¯®«®¦­ë¬¨ á¯¨­ ¬¨, {  ­â¨ä¥àà®¬ £­¨â­®¥ ã¯®àï¤®ç¥­¨¥.� �«ï  ­¨§®âà®¯­®£® ªà¨áâ ««  ¢ (14.75): I(q)�il 7! (I(q))il, ¨«¨ § ¢¨á¨-¬®áâ¨ §­ ª  I(q) ®â q ¢®§¬®¦­® ä¥àà¨¬ £­¨â­®¥ ¨ ¢¨­â®¢®¥ ã¯®àï¤®ç¥-­¨¥, ¯à¥¤áâ ¢¨¬ë¥ áã¬¬®© ã¦¥ ­¥áª®«ìª¨å ä¥àà®¬ £­¨â­ëå ¯®¤à¥è¥â®ª.� � £­¨â­ ï  ­¨§®âà®¯¨ï ä¥­®¬¥­®«®£¨ç¥áª¨ ®â¢¥ç ¥â (I(0))33 6= 0 [49].([5] x51,59,78, [6] x52,59,60, [7], [9], [10], [15], [18], [36], [48], [49], [50])� ¤ ç¨20.1. �æ¥­¨âì â®ª ¢ ¬®«­¨¨, ¥á«¨ âàã¡ç âë© ¬¥¤­ë© £à®¬®®â¢®¤ ¯à¨ã¤ à¥ ¬®«­¨¨ ¯à¥¢à é ¥âáï ¢ á¯«®è­®© áâ¥à¦¥­ì (�.�. � ¯¨æ ).20.2. �¡®¡é ï ¢ë¢®¤ (14.4){(14.25), ­ ©â¨ ¤«ï £ §  ç áâ¨æ ¯à®¨§¢®«ì­®£®á¯¨­  S ¨ áâ â¨áâ¨ª¨ ([6] x52,59), çâ® ¯à¨ �� = �+ g��BH: (g = 2),J (S)H (�) = 12S + 1 SX�=�SJ (S)0 (��); SX�=�S�2= S(S + 1)(2S + 1)3 ; �(S)T = 43S(S + 1)�(1=2)T :(14.85)20.3. � ©â¨ ¢¨¤ ®¤­®í«¥ªâà®­­®© ¢®«­®¢®© äã­ªæ¨¨ £ ¬¨«ìâ®­¨ ­®¢(14.30), (14.31) ç¥à¥§ á®¡áâ¢¥­­ãî äã­ªæ¨î �n(x) £ ¬¨«ìâ®­¨ ­  (14.33):	n;PY ;pZ(x; y; z) = eiPY y=�hpLY eipZz=�hpLZ �n(x): (14.86)20.4. �®«ì§ãïáì (14.45), (14.89) ­ ©â¨ á¢ï§ì ¢®á¯à¨¨¬ç¨¢®áâ¥© (14.55),®¡®¡é¨¢ (14.52) ¢ á« ¡ëå ¯®«ïå (14.50) ¯à¨ «î¡ëå T ([6]x59, [36]).20.5. � ©â¨ ï¢­ë© ¢¨¤ (14.84) äã­ªæ¨¨ �à¨««îí­  LS(y) ¢ â¥®à¨¨ �¥©-áá  (14.62){(14.74) ¤«ï ¯à®¨§¢®«ì­ëå á¯¨­  S ¨ £¨à®¬ £­¨â­®£® ç¨á«  g.� ª®¬ã §­ ç¥­¨î S ¯à¨ �h ! 0 ®â¢¥ç ¥â ª« áá¨ç¥áª ï äã­ªæ¨ï � ­¦¥-¢¥­  (14.37)? � ©â¨ ¢ëà ¦¥­¨ï ¤«ï 
 ¨ kTC = �CIzS(S + 1)=3 ¢ ¬®¤¥«¨�¥©§¥­¡¥à£ , £¤¥ �C = �(TC) ([5] x51, [18] II § ¤. 9, V ¯à. 1, [36]).20.6. �ëà §¨âì ¡¥§à §¬¥à­ãî ª®­áâ ­âã A (14.67) ç¥à¥§ äã­ªæ¨î LS(y).20.7. � ©â¨ ª ­®­¨ç¥áªãî áâ âáã¬¬ã ¯à¨ â¥¬¯¥à âãà¥ T ¤«ï æ¥¯®çª¨N á¯¨­®¢ 1=2, ¥á«¨ ¢§ ¨¬®¤¥©áâ¢ãîâ â®«ìª® ¯®¯ à­® á®á¥¤­¨¥ á¯¨­ë áí­¥à£¨¥© �J ¤«ï ¯ à ««¥«ì­ëå ¨ +J ¤«ï  ­â¨¯ à ««¥«ì­ëå ¢ ®âáãâá¢¥¨ ­ «¨ç¨¨ ¢­¥è­¥£® ¯®«ï H ([25] N 8.13, [7], [14], [18] V § ¤. 16).20.8. �¨áâ¥¬  N á¯¨­®¢ 1/2 ¨§ �à¨¬¥à  1 ¨ � ¤ ç¨ 15.5. ¢® ¢­¥è­¥¬ ¬ £-­¨â­®¬ ¯®«¥ H (14.62) ¨¬¥¥â í­¥à£¨î E(m) = �m�BH. �¯à¥¤¥«¨âì ¤«ï§ ¬ª­ãâ®© á¨áâ¥¬ë: í­âà®¯¨î S(m), à ¢­®¢¥á­ãî â¥¬¯¥à âãàã T (m) ¨á¢®¡®¤­ãî í­¥à£¨î F (m) ¯à¨ m� N ([21] x6). �á¯®«ì§ãï (14.65), (9.44),®¯à¥¤¥«¨âì ¤«ï ª ­®­¨ç¥áª®£®  ­á ¬¡«ï: ¢¥à®ïâ­®áâì à §«¨ç­ëå á®áâ®ï-



|178|­¨© ®â¤¥«ì­®£® á¯¨­  w1+ +w1� = 1, ¢¥à®ïâ­®áâì wm = w(E(m)) ®â¤¥«ì-­®£® à ¢­®¢¥á­®£® ¬�ªà®á®áâ®ï­¨ï á ¤ ­­®© í­¥à£¨¥© á¨áâ¥¬ë, ¢¥à®ïâ-­®áâì à ¢­®¢¥á­ëå ¬�ªà®á®áâ®ï­¨© á à §«¨ç­ë¬¨ §­ ç¥­¨ï¬¨ ¥¥ í­¥à£¨¨gWN (m), �m�, �(�m)2�, �2(m), �m4�, ¨ ­ ©â¨ ¯à¨ m� N ­ ¨¡®«¥¥¢¥à®ïâ­®¥ §­ ç¥­¨¥ m ([8] xI.1, § ¤. 5, [21] x11). [���, 129, �9, á.3, 1979]20.9. � ©â¨, çâ® ¤«ï ®¡é¥£® ¢¨¤  á¯¥ªâà  ¢ (14.5), "p�(H) = "p +��(H):V n(�)(T; �) � �N (�)� =Xp �n�"p�; M = �X� _��(H)n(�)(T; �); (14.87)b�T =0@@M@H 1AT;�=X� 264� _��(H)�20@@n(�)(T; �)@� 1AT;H� ���(H)n(�)(T; �)375 ; (14.88)á®®â¢¥âáâ¢¥­­®, áà¥¤­¥¥ ç¨á«® ç áâ¨æ á ¬ £­¨â­ë¬ ª¢ ­â®¢ë¬ ç¨á«®¬ �¨§ (14.85) ¨«¨ � = n0 ¨§ (14.91), ­ ¬ £­¨ç¥­­®áâì ¨ ¢®á¯à¨¨¬ç¨¢®áâì,  â®çª  { ¯à®¨§¢®¤­ ï ¯® ¯®«î H. �®«ãç¨âì ®âáî¤  ä®à¬ã«ã � ­ �«¥ª ¤«ï á« ¡ëå ¯®«¥© ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¥¤¥«¥ (14.28), (14.29).20.10. � ©â¨ á¢ï§¨: â¥¯«®¥¬ª®áâ¨CeV (13.30) c ¢®á¯à¨¨¬ç¨¢®áâìî (14.56)¢ëà®¦¤¥­­®£® í«¥ªâà®­­®£® £ § ; â¥¯«®¥¬ª®áâ¥© á ¢®á¯à¨¨¬ç¨¢®áâìî ¨§(14.93): CH � CM) b�TH2=T , ¤«ï « ­¦¥¢¥­®¢áª¨å ¯ à ¬ £­¥â¨ª®¢.20.11. �¬¯ã«ìá �¥à¬¨  ¡á®«îâ­® ¢ëà®¦¤¥­­®£® d-¬¥à­®£® ä¥à¬¨-£ §  ¢­®à¬ «ì­®© ä §¥ à ¢¥­ pF . �®ç¥¬ã ¢ ä¥àà®¬ £­¨â­®© ä §¥ ( ­ «®£¨ç­®©(14.83)) ®­ à ¢¥­ pfmF = 21=dpF?20.12. �ë¢¥áâ¨ ®¡®¡é¥­¨¥ á®®â­®è¥­¨© (13.50), (14.45) ¬¥¦¤ã ¡®«ìè¨¬¨¯®â¥­æ¨ « ¬¨ JH(V; �; T ) (14.44) ¨ JH(V; �; 0) (14.48) ¨¤¥ «ì­®£® ä¥à¬¨-£ §  ¢® ¢­¥è­¥¬ ¬ £­¨â­®¬ ¯®«¥ H, ¨ ®¡êïá­¨âì ¨å ®â«¨ç¨¥ ®â [5]x59:JH(V; �; T ) = 1Z"0 d" � JH(V; "; 0)4 ch2 (�("� �)=2) ; lim�!1 �4 ch2 (�x=2) = �(x): (14.89)22.13. �ãáâì DH(") ®¯à¥¤¥«ï¥âáï ä®à¬ã«®© ¢¨¤  (14.40)= (14.59) ¤«ïâ®ç­®£® á¯¥ªâà  í«¥ªâà®­  ¢ ¯®«¥ H, ª®â®àë©, á ãç¥â®¬ (14.5), (14.34),(14.38), ¨ à ¢¥­áâ¢  ®à¡¨â «ì­®£® ¨ á¯¨­®¢®£® ¬ £­¥â®­®¢ ¢ á¨«ì­®¬ ¯®«¥H, à §àë¢ îé¥¬ á¢ï§ì á í«¥ªâà¨ç¥áª¨¬ ¯®«¥¬ à¥è¥âª¨, ¨¬¥¥â ¢¨¤:" = "n�(pZ) = p2Z2m� + "n? + ��BH = p2Z2m� + (2n+ 1 + �)�BH =) (14.90)) p2Z2m� + 2n0�BH; £¤¥, ¯à¨ � = �1: n0 = 0; 1; 2; : : : ; m� = m�k; (14.91)¨ á®áâ®ï­¨¥ á n0 = 0 ¥¤¨­áâ¢¥­­®,   á®áâ®ï­¨ï á n0 6= 0 ¢­®¢ì ¤¢ãåªà â­®¢ëà®¦¤¥­ë. �®«ãç¨âì ®âáî¤  ®áæ¨««ïæ¨¨ ­ ¬ £­¨ç¥­­®áâ¨ ¢¨¤  (14.60)



|179|¯à¨ à §«¨ç­ëå â¥¬¯¥à âãà å ([5], [6], [7], [14], [36], [45], [49], [51]).20.14. � ©â¨ ¯®â¥­æ¨ « JH(V; �; 0) (14.45), (14.48) ¢ á¨«ì­ëå ¯®«ïå ([2]).20.15. �á¯®«ì§ãï ãá«®¢¨ï ª¢ ­â®¢ ­¨ï �®à -�®¬¬¥àä¥«ì¤  ¤«ï ¯®¯¥à¥ç-­®£® ¤¢¨¦¥­¨ï ¢ £ ¬¨«ìâ®­¨ ­¥ (14.30), ¯®ª § âì, çâ® ¯¥à¨®¤ ®áæ¨««ïæ¨©�(1=H) á¢ï§ ­ á ¯«®é ¤ìî �("; pZ) íªáâà¥¬ «ì­ëå á¥ç¥­¨© ¯®¢¥àå­®áâ¨(�¥à¬¨ ¤«ï í«¥ªâà®­®¢ ¢ ¬¥â ««¥) " = const, ¯«®áª®áâìî ¯¥à¯¥­¤¨ªã«ïà-­®© ¬ £­¨â­®¬ã ¯®«î H, ä®à¬ã«®© [5]x59, £¤¥, ¯à¨ �n = 1,c�("; pZ)e�hH = n; �  1H! = ehc�("; pZ) ; �("; pZ) = I pXdpY :20.16. �«ï â®ç­®£® á¯¥ªâà  (14.91) ­ ©â¨ ¢ ¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨e�(��") � 1: â¥à¬®¤¨­ ¬¨ç¥áª¨© ¯®â¥­æ¨ « (8.46), (8.45), (14.44), å¨¬¯®-â¥­æ¨ «, ¨ ­ ¬ £­¨ç¥­­®áâì ¨¤¥ «ì­®£® í«¥ªâà®­­®£® £ § . � ª®¢   á¨¬-¯â®â¨ª  äã­ªæ¨¨ � ­¦¥¢¥­  á ãç¥â®¬ ª ª ¤¨ - â ª ¨ ¯ à -¬ £­¨â­®£®íää¥ªâ®¢ ([5] x59)? �à ¢­¨âì á áã¬¬®© (14.70) ¨§ (14.66) ¨ (14.36) ¨§(14.37), ¯à¨: M0 = �Bn, y = ��BH, L1=2(y) = th y, L1(y) = cth y � 1=y :M(T;H)M0 = LB(y) = 1y � 2sh 2y = L1=2(y)� L1(y) =)H!0  1� 13! y: (14.92)�â® ¯®«ãç¨âáï ¤«ï ¤àã£¨å §­ ç¥­¨© á¯¨­  S? �â® ¤ áâ § ¬¥­  ª¢ ­â®¢ -­¨ï ¯à®¥ªæ¨¨ á¯¨­  � ­  ®áì Z ­¥¯à¥àë¢­ë¬ à á¯à¥¤¥«¥­¨¥¬ ¥¥ §­ ç¥­¨©�=S 7! ??: LS(y) 7! ??. �à ¢­¨âì á â¥®à¥¬®© �-¢-�.20.17. �§ (14.92) ­ ©â¨ à §­®áâì ¢®á¯à¨¨¬ç¨¢®áâ¥©, áà. (10.44), (14.88)):b�T (�)� b�T (n) � 0@@M@H 1AT;�� 0@@M@H 1AT;n=  @n@�!T;H  @�@H!2T;n ; ¨§ (14.93)(14.17): 0@@M@� 1AT;H=  @n@H!T;�= �  @n@�!T;H @�@H!T;n6= 0; £¤¥ â¥¯¥àì (14.94)� = �(T; n;H); â.¥. n = n(T; �;H); M(T;H; �),M(T;H; n): (14.95)�.ª. ®­  ®â«¨ç­  ®â ­ã«ï, â® ¢ á¨«ì­ëå ¯®«ïå ¯®« £ îâ �T =M=H [5].�¨á. 14.4. �ää¥ªâ ¤¥ �  § -� ­-�«ìä¥­  (14.60).



|180|20.18. �áå®¤ï ¨§ (14.72), (14.73) ­ ©â¨ ¯®¢¥¤¥­¨¥ ¢®á¯à¨¨¬ç¨¢®áâ¨ ¯à¨T � TC . �®ª § âì, çâ® á ãç¥â®¬ (14.74) ¥¥ ¢ëç¥â ¢ ¯®«îá¥ T = TCà ¢¥­ 1=
 ¤«ï TC + 0, ­® 1=(2
) ¤«ï TC � 0, ¤«ï ®¤­®£® ¨ â®£® ¦¥ 
¨¬¥ï áª ç¥ª. �«¥¤ãï (14.83), ¯®ª § âì ¢®§¬®¦­®áâì ãáâà ­¥­¨ï íâ®£®áª çª  ¢ ¬®¤¥«¨ �¥©§¥­¡¥à£ , æ¥­®© \à §¬ §ª¨" TC � � ¯à¨ 1 � � � 2.�à¨ T > TC á¯¨­ë ¬®£ãâ ¥é¥ ¡®«¥¥ ¨«¨ ¬¥­¥¥ à ¢­®¢¥à®ïâ­® ¨¬¥âì «î-¡ãî ¯à®¥ªæ¨î ®â 0 ¤® S ¢¤®«ì ¯®«ï, â.¥. ¢ áà¥¤­¥¬ j�S�j ' S=2 ¨«¨S(q) ' 2�S�. �®£¤  ª ª ¯à¨ T < TC ®­¨ ã¦¥ ¢ëáâà®¥­ë ¯®çâ¨ ¯ à «-«¥«ì­®, â.¥. S(q) ' �S�. �®¦­® «¨ ¯à®áâ® ®¯à¥¤¥«¨âì TC ¯à¥¤¥«®¬á¢¥àåã ¯à¨ �> = 2, ¨«¨ á­¨§ã ¯à¨ �< = 1, ¨«¨ 1 < �C � �(TC) ' 1; 5 < 2¤®«¦­  ®¯à¥¤¥«ïâìáï á ¬®á®£« á®¢ ­­® ¢¬¥áâ¥ á � ¨ TC ¨§ (14.82), (14.83)á �C 7! �<, ¨ � ¤. 20.5.? �¨¡® ¦¥ ¨¬¥¥¬ Iz(T )�(T ) � k�=S2 = const ?20.19. � ¯à¨¡«¨¦¥­¨¨ �àí££ -�¨«ìï¬á  [5, 8, 14, 18, 20] ®à¨¥­â æ¨-®­­ ï í­¥à£¨ï § ¤ ¥âáï ç¨á«®¬ ¯ à ¯ à ««¥«ì­ëå á¯¨­®¢ ¢¤®«ì ¨ ¯à®â¨¢¯®«ï N��, ¨ ç¨á«®¬ à¥ «¨§ãîé¨åáï ¤¢ã¬ï á¯®á®¡ ¬¨ ¯ à  ­â¨¯ à «-«¥«ì­ëå á¯¨­®¢ N+�, ¢ áã¬¬¥ à ¢­ëå ¯®«­®¬ã ç¨á«ã ¢§ ¨¬®¤¥©áâ¢ãî-é¨å ¯ à ¡«¨¦ ©è¨å á®á¥¤¥© ¢ ®âáãâá¢¨¥ ã ­¨å ¡«¨¦­¥£® ¯®àï¤ª  ª ª­¥§ ¢¨á¨¬®áâ¨ ¢¥à®ïâ­®áâ¥© ®à¨¥­â æ¨© ®â¤¥«ì­ëå á¯¨­®¢ w� = N�=N :N++ +N�� +N+� = NZ2 ; Eor = �I(N++ +N�� �N+�))�NZ2 IX2;£¤¥ ¯à¨ N+ +N� = N: N�� � NZ2 w2�; X = N+ �N�N = MM0 � MM0 ;¥áâì ¯ à ¬¥âà ¤ «ì­¥£® ¯®àï¤ª  ¯à¨ Z � (N � 1), ZI 7! Iz. �®ª § âì,çâ® ¢ íâ®¬ ¯à¨¡«¨¦¥­¨¨ ¢®á¯à®¨§¢®¤ïâáï ¢á¥ à¥§ã«ìâ âë â¥®à¨¨ ¬®«¥-ªã«ïà­®£® ¯®«ï �¥©áá  ¤«ï ­ ¬ £­¨ç¥­­®áâ¨, ¢®á¯à¨¨¬ç¨¢®áâ¨ ¨ â¥¯«®-¥¬ª®áâ¨ ¯à¨ ä §®¢ëå ¯¥à¥å®¤ å 2-£® à®¤ .20.20. �®¦­® «¨ ¨§ (14.75) ­ ©â¨ í­¥à£¨î ¤®¬¥­  ¯à¨ H = 0 ª ª (ç¨á«®¢§ ¨¬®¤¥©áâ¢ãîé¨å ¯ à) � (áà¥¤­¥¥ ¤«ï ®¤­®© ¯ àë) = (NZ=2)�H12�, ­ «®£¨ç­® (15.29). �â® §¤¥áì �::� =?. �¥¬ã à ¢­® �H12� ?



�¥ªæ¨ï 15�« áá¨ç¥áª¨© ­¥¨¤¥ «ì­ë© £ §� á«ãç ¥ ¢ëá®ª®© ¯«®â­®áâ¨ ç áâ¨æ ¨ ¤®áâ â®ç­® á¨«ì­®£® ¢§ ¨¬®¤¥©-áâ¢¨ï ¬¥¦¤ã ­¨¬¨ ¯à¨¡«¨¦¥­¨¥ ¨¤¥ «ì­®£® £ §  ®ª §ë¢ ¥âáï ­¥¤®áâ â®ç-­ë¬. �¥®¡å®¤¨¬®áâì ãç¥â  ¢§ ¨¬®¤¥©áâ¢¨ï ¬¥¦¤ã á®áâ ¢«ïîé¨¬¨ (¬®-«¥ªã« ¬¨) ï¢«ï¥âáï æ¥­âà «ì­®© ¯à®¡«¥¬®© áâ â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨. �¢¨¤ã ¥¥ çà¥§¢ëç ©­®© á«®¦­®áâ¨, §¤¥áì ¬®¦­® £®¢®à¨âì â®«ìª® ® ¯à¨¡«¨-¦¥­­ëå ¬¥â®¤ å à¥è¥­¨ï â ª¨å § ¤ ç.�ã­ªæ¨ï � ¬¨«ìâ®­  á¨áâ¥¬ë N ç áâ¨æ ¢ ®¡é¥¬ á«ãç ¥ à á¯ ¤ ¥âáï«¨èì ­  áã¬¬ã ª¨­¥â¨ç¥áª®© ¨ ¯®â¥­æ¨ «ì­®© í­¥à£¨¨ (6.11), ¯à¨¢®¤ï ¢¡®«ìæ¬ ­®¢áª®¬ ¯à¨¡«¨¦¥­¨¨ ª á®®â¢¥âáâ¢ãîé¥© ä ªâ®à¨§ æ¨¨ (ª¢ §¨)ª« áá¨ç¥áª®£® áâ â¨áâ¨ç¥áª®£® ¨­â¥£à «  (6.2), (4.30): X = fp; qgǸ=1,H(X) = K(fpgǸ=1) + �(fqgǸ=1) � NX̀=1 p2̀2m +� �fqgǸ=1� ; (15.1)ZclN = NYj=18><>:ZV d3qj Z d3pj9>=>; exp���K(fpgǸ=1)� �� �fqgǸ=1��; (15.2)ZN = ZclNh3NN ! = Z(0)N �N = 0@ gs�3(T )1AN V N�NN ! ; £¤¥: Z(0)N = (Ztr1 )NN ! ; (15.3)¨: Ztr1 = gsV�3(T ) = gsV  2�mkTh2 !3=2= p�2 A3=2(kT )3=2 (15.4){ á®®â¢¥âáâ¢¥­­® ¯®«­ë© ¨ âà ­á«ïæ¨®­­ë© ®¤­®ç áâ¨ç­ë© áâ â¨áâ¨ç¥-áª¨¥ ¨­â¥£à «ë ¨¤¥ «ì­®© á¨áâ¥¬ë ¨§ (6.20), ¨ (6.28), (6.33),   �N ,¯à¨ V N�N = NYj=18><>:ZV d3qj9>=>; exp ���� �fqgǸ=1�� ; ��N �=0=) 1� (15.5)¥áâì ¡¥§à §¬¥à­ë© ª®­ä¨£ãà æ¨®­­ë© ¨­â¥£à «, á®¤¥à¦ é¨© ¢áî ¨­ä®à-¬ æ¨î ® ¢§ ¨¬®¤¥©áâ¢¨¨ ¢ á¨áâ¥¬¥. � ¢ëç¨á«¥­¨î �N ¨ á¢®¤¨âáï, â ª¨¬®¡à §®¬, ®á­®¢­ ï § ¤ ç  áâ â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨ (áà. § ¤. 21.4.).181



|182|1 � § � ­-¤¥à-�  «ìá : á¨«ì­®¥ ¢§ ¨¬®¤¥©áâ¢¨¥� á«ãç ¥ á¨«ì­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¬®«¥ªã« ®â­®á¨â¥«ì­®¥ ¢«¨ï­¨¥ ­ ®¤­ã ¨§ ­¨å «î¡®© ¤àã£®© ¨§ ®áâ «ì­ëå ¬®«¥ªã« ¡ã¤¥â á­®¢  ­¥§­ ç¨â¥«ì-­ë¬. �®ç­® â ª ï ¦¥ á¨âã æ¨ï à áá¬®âà¥­  ¢ ¯à¥¤ë¤ãé¥© «¥ªæ¨¨ ¤«ïá¯¨­-á¯¨­®¢®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢ ¬®¤¥«¨ �¥©§¥­¡¥à£ . � ª ¦¥, ª ª â ¬,¥¥ ¬®¦­® ¯à¨¡«¨¦¥­­® ®¯¨á âì, ¯®« £ ï, çâ® ­  ª ¦¤ãî `-âãî ç áâ¨æã¢¬¥áâ® � �q`; fqjgNj 6=`� ¤¥©áâ¢ã¥â á®§¤ ­­®¥ ¢á¥¬¨ ®áâ «ì­ë¬¨ íää¥ªâ¨¢-­®¥ \®¤­®ç áâ¨ç­®¥" á ¬®á®£« á®¢ ­­®¥ ¢­¥è­¥¥ ¯®«¥ u(q`), ¢ ª®â®à®¬íâ  ç áâ¨æ  ¢ à ¢­®¢¥á¨¨ ¤¢¨¦¥âáï ã¦¥ ­¥§ ¢¨á¨¬® ®â ¢á¥å ®áâ «ì­ëå.�­ «®£¨ç­® (15.2), (15.3), íâ® ¯®§¢®«ï¥â ¯à¨ � �fqgNj=1� 7! PNj=1 u(qj) ­¥-¬¥¤«¥­­® ä ªâ®à¨§®¢ âì ¨ ª®­ä¨£ãà æ¨®­­ë© ¨­â¥£à « (15.5) ¢ ¯à®¨§¢¥-¤¥­¨¥ ®¤­®ç áâ¨ç­ëå ¡®«ìæ¬ ­®¢áª¨å ¨­â¥£à «®¢ (6.37) ¨§ (6.38), (15.25):V N�N 7! "ZV d3q exp (��u(q))#N� �Z(u)1 �N; á Z1(V; T ) = Z(u)1 (V; T )�3(T )(15.6)¢ ª ç¥áâ¢¥ ¯®«­®© ®¤­®ç áâ¨ç­®© áâ âáã¬¬ë. �«ï ª ¦¤®© ¬®«¥ªã«ë ¢®¡ê¥¬¥ V áãé¥áâ¢ã¥â ï¢­® ­¥¤®áâã¯­ë© ¥© ®¡ê¥¬ V0 = Nb, § ­ïâë©®áâ «ì­ë¬¨ N � 1 � N ¬®«¥ªã« ¬¨: u(q) = +1; q 2 V0. � ®áâ ¢-è¥¬áï ¤®áâã¯­ë¬ ¥© ®¡ê¥¬¥ q 2 (V �Nb) íâ® íää¥ªâ¨¢­®¥ ¯®«¥ ¤«ï ¯à®-áâà ­áâ¢¥­­® ®¤­®à®¤­®© âà ­á«ïæ¨®­­® á¨¬¬¥âà¨ç­®© á¨áâ¥¬ë (15.26) ­ «®£¨ç­® (15.22), (15.25), (16.19), ­® ¯à¨ b > 0, ¨ ¬®¦¥â ¢ â ª®¬ á«ãç ¥á¢®¤¨âìáï â®«ìª® ª ¯®áâ®ï­­®¬ã ¯®â¥­æ¨ «ã ¯à¨âï¦¥­¨ï { ¯àï¬®-ã£®«ì­®© ¯®â¥­æ¨ «ì­®© ï¬¥ ¢¨¤  (4.7), ¢® ¢á¥¬ ®¡ê¥¬¥ V �Nb, ¯à®¯®à-æ¨®­ «ì­®¬ã ¯®áâ®ï­­®© ¦¥ â®£¤  ¯«®â­®áâ¨ n = N=V ç¨á«  ç áâ¨æ:u(q)) �an = const [5] x77. �.¥. ZclN ) (Z1)N , ¨ ¢ (15.6) (gs 7! 1):Z1(V; T ) = 1�3(T ) ZV�Nbd3q exp aNV kT ! = (V �Nb)�3(T ) exp  aNV kT ! ; (15.7)P =) kT 0@@ ln (Z1)N@V 1AT = NkT @@V "ln(V �Nb) + aNV kT # ; â.¥. (15.8)P = NkTV �Nb � aN2V 2 ; U =) � 0@@ ln (Z1)N@� 1AV = CV T � aN2V ; (15.9)çâ® ¢ â®ç­®áâ¨ ¢®á¯à®¨§¢®¤¨â ®¡  ãà ¢­¥­¨ï á®áâ®ï­¨ï £ §  � ­-¤¥à-�  «ìá . �ëâ¥ª îé¥¥ ¨§ (15.6), (15.7) ¢ëà ¦¥­¨¥ ¤«ï ª®­ä¨£ãà æ¨®­­®©áâ âáã¬¬ë Z(u)1 , á¤¢¨£ ï ­ãâà¥­­îî í­¥à£¨î ¨¤¥ «ì­®£® £ §  (6.43) ­ ¢¥«¨ç¨­ã �aN2=V , ­¥ ¤ ¥â ¢ª« ¤  ­¨ ¢ í­âà®¯¨î, ­¨ ¢ â¥¯«®¥¬ª®áâì.



|183|� ®¡é¥¬ á«ãç ¥ ¬®¦­® ¯®¯ëâ âìáï ¨§¢«¥çì ®¡  ãà ¢­¥­¨ï á®áâ®ï­¨ï¨§ â¥®à¥¬ ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ ¨ ¢¨à¨ «¥ (6.7), (6.10), (6.11)¢ ¢¨¤¥: U =�E� = hhH(X)ii = 32NkT +�� �fqgǸ=1��; l ¨: (15.10)3NkT = NXj=1**0@qj �@f��fqgǸ=1�@qj 1A++; f��fqgǸ=1�=��fqgǸ=1�+ NXj=1 bu(qj); (15.11)£¤¥, á®£« á­® (6.4){(6.7), f� ¢ íâ®¬ ¢¨à¨ «¥ (15.11) ¢ª«îç ¥â ¢á¥ 3N áâ¥-¯¥­¥© á¢®¡®¤ë â ª¦¥ ¨ ¤«ï áª çª®®¡à §­®£® ¢§ ¨¬®¤¥©áâ¢¨ï á® áâ¥­ª ¬¨,§ ¯¨à îé¥£® ¬®«¥ªã«ë ¢ ®¡ê¥¬¥ V . �®®â¢¥âáâ¢ãîé¨© ¥¬ã ®¤­®ç áâ¨ç-­ë© ¯®â¥­æ¨ « bu(q) ¢­¥è­¥£® ¯®«ï ¨§ (6.38) ¢¯®«­¥  ­ «®£¨ç¥­ à áá¬®-âà¥­­®¬ã ¢ëè¥ ¯®â¥­æ¨ «ã u(q), ­® à ¢¥­ ­ã«î ¢­ãâà¨ ®¡ê¥¬  V ¨ ¡¥á-ª®­¥ç­®áâ¨ ¢­¥ ¥£®,   ¯®â®¬ã ­¥ ¤ ¥â ¢ª« ¤  ¢® ¢­ãâà¥­­îî í­¥à£¨î(15.10), ­® ¯à¨áãâáâ¢ã¥â ¢ ¢¨à¨ «¥ (15.11) ¢ ¢¨¤¥ á¨«ë F j = _pj , ¤¥©áâ¢ã-îé¥© ­  ®â¤¥«ì­ãî j-âãî ¬®«¥ªã«ã á® áâ®à®­ë áâ¥­ª¨:@f� �fqgǸ=1�@qj = @� �fqgǸ=1�@qj �F j ; F j = �@ bu(qj)@qj � �rqj bu(qj): (15.12)�á«¨ n - ¢­¥è­ïï ­®à¬ «ì ª ¯®¢¥àå­®áâ¨ á®áã¤ , â® ¢ ®âáãâá¢¨¥ ¢­¥è­¥£®¯®«ï (âï¦¥áâ¨) ¢áî¤ã ®¤¨­ ª®¢®¥, á®£« á­® § ª®­ã � áª «ï, ¤ ¢«¥­¨¥ P£ §  ¢ ­¥¬ ®¯à¥¤¥«ï¥âáï ãáà¥¤­¥­¨¥¬ áã¬¬ë ¢á¥å á¨« �F j, á ª®â®àë¬¨j- âë¥ ¬®«¥ªã«ë \¤ ¢ïâ" ­  ¬ «ë© í«¥¬¥­â d� ¯®¢¥àå­®áâ¨ áâ¥­ª¨ �V .�.¥. ¯à¨ q (= qj 2 d� : NXj=1��F j�����qj2d� =) d (�F)����q2d� = P n d�:�®£¤  ¢ ¢¨à¨ «¥ (15.11): NXj=1�(qj � (�F j))�����qj2�=) I�V (q �d (�F)) == P I�V (q � n) d� � P I�V (q � d�) = P ZV d3q (rq � q) = 3PV; (15.13)¯® â¥®à¥¬¥ � ãáá . �®¤áâ ¢«ïï (15.12), (15.13) ¢ (15.11), ¯®«ãç¨¬ ãà ¢­¥-­¨¥ á®áâ®ï­¨ï ¢ ¢¨¤¥ â¥®à¥¬ë ¢¨à¨ «  ¤«ï ¯®â¥­æ¨ «  ¢§ ¨¬®¤¥©áâ¢¨ï:PV = NkT � 13 NXj=1 **0@qj � @� �fqgǸ=1�@qj 1A++; (15.14)£¤¥ ¤ ¢«¥­¨¥ ®ª §ë¢ ¥âáï à¥§ã«ìâ â®¬ ãáà¥¤­¥­¨ï â®«ìª® ¢¨à¨ «  ®â ¯®-â¥­æ¨ «  ¢§ ¨¬®¤¥©áâ¢¨ï ¬®«¥ªã« â®«ìª® á® áâ¥­ª ¬¨ ®¡ê¥¬  V .



|184|2 �« áá¨ç¥áª¨© £ § á ¯ à­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬� á«ãç ¥ ¤®áâ â®ç­® à §à¥¦¥­­®£® £ § , áç¨â ï ªà ©­¥ ¬ «®¢¥à®ïâ­ë¬á®¡ëâ¨¥¬ áâ®«ª­®¢¥­¨¥ áà §ã âà¥å ¨ ¡®«¥¥ ¬®«¥ªã«, ¬®¦­® ®£à ­¨ç¨âìáïã¯à®é¥­­®© ¬®¤¥«ìî ¯®â¥­æ¨ «ì­®© í­¥à£¨¨ ¨å ¢§ ¨¬®¤¥©áâ¢¨ï ª ª áã¬-¬®© «¨èì ¯ à­ëå ¯®â¥­æ¨ «®¢ �(qi; qj) = �(qj; qi):� �fqgǸ=1� =)Xi<j �(qi; qj) � NXi=1 NXj=i+1�(qi; qj) = 12 NX1=i NX6=j=1�(qi; qj): (15.15)�â®¡ë ¢ë¤¥«¨âì ª®¬¡¨­ â®à¨ªã, ­¥ § ¢¨áïéãî ®â ä®à¬ë ¯®â¥­æ¨ « �(qi; qj), ¯à¥¤áâ ¢¨¬ ¯à ¢ãî ç áâì (15.15) â®¦¤¥áâ¢¥­­® ¢ ¢¨¤¥ ¨­â¥-£à «  á á¨­£ã«ïà­®© äã­ªæ¨¥© ¤¨­ ¬¨ç¥áª¨å ¯¥à¥¬¥­­ëå qi; qj:12 NX1=j NX6=i=1 �(qi; qj) � 12 ZV d3r1 ZV d3r2 �(r2; r1)bn2 �fqgǸ=1; r1; r2� ; (15.16)£¤¥ â®£¤  bn2 �fqgǸ=1; r1; r2� = NX1=j NX6=i=1 �3(qj � r1)�3(qi � r2) (15.17)®¯à¥¤¥«ï¥â en2 (r1; r2) = en2 (r2; r1) =�bn2 �fqgǸ=1; r1; r2�� (15.18){ áà¥¤­îî ¤¢ãåâ®ç¥ç­ãî (¤¢ãåç áâ¨ç­ãî) ¯«®â­®áâì. � áá¬®âà¨¬ á¯¥à-¢  ¡®«¥¥ ¯à®áâãî ®¤­®ç áâ¨ç­ãî (®¤­®â®ç¥ç­ãî) ¯«®â­®áâì ¢ ®¡é¥¬ ª -­®­¨ç¥áª®¬  ­á ¬¡«¥ ª« áá¨ç¥áª¨å á¨áâ¥¬ (15.1){(15.5)= (6.1){(6.3). �®-áª®«ìªã ¨¬¥¥âáï N ¢®§¬®¦­®áâ¥© ¢ë¡à âì ç áâ¨æã 1- ¢®© ¨§ N , â® 8�(fg)¯à¨ %N (X) = exp����K(fpg) + �(fqg)���ZclN ; Z d2sX%N(X) = 1: (15.19)bn1�fqgǸ=1; r1� � NXj=1 �3(qj � r1); n1 (r1) � �bn1�fqgǸ=1; r1�� � (15.20)� Z d2sX%N (X) bn1�fqgǸ=1; r1� = NZ d2sXd3q1 %N (X)�����q1=r1� NP1(r1) = (15.21)= N�N 1V N| {z } � NYj=28><>:ZV d3qj9>=>; exp ���� �fqgǸ=1�������q1=r1 �=0=)(15:26) NV � n: (15.22)� §®¢ ï ¯«®â­®áâì ª« áá¨ç¥áª®£®  ­á ¬¡«ï %N (X) ¤ ¥â à á¯à¥¤¥«¥­¨¥ ¢¥-à®ïâ­®áâ¨ ¯® ª®®à¤¨­ â ¬ ¨ ¨¬¯ã«ìá ¬ ¢á¥å ç áâ¨æ. �¥ ¨­â¥£à¨à®¢ ­¨¥¯® ¢á¥¬ ª®®à¤¨­ â ¬ ¨ ¨¬¯ã«ìá ¬ ¢á¥å ç áâ¨æ, ªà®¬¥ 1- ¢®©, ®¯à¥¤¥«ï¥â¯«®â­®áâì ¬ ªá¢¥««®¢áª®£® à á¯à¥¤¥«¥­¨ï ¢¥à®ïâ­®áâ¨ ¯® ¨¬¯ã«ìáã íâ®©ç áâ¨æë ¢ ªã¡¨ª¥ d3p1: (p1;p1+dp1) (6.34). �®£¤  ¨­â¥£à¨à®¢ ­¨¥ %N (X)¢ (15.21) ¯® ¢á¥¬ ¨¬¯ã«ìá ¬ ¨ ª®®à¤¨­ â ¬ ¢á¥å ç áâ¨æ, ªà®¬¥ 1- ¢®©,®¯à¥¤¥«ï¥â ¯«®â­®áâì ¢¥à®ïâ­®áâ¨ P1(r1) ®¡­ àã¦¨âì ®¤­ã ¨§ N ç áâ¨æ



|185|¢ í«¥¬¥­â¥ ®¡ê¥¬  d3r1 ¢®ªàã£ â®çª¨ r1, á¢®¤ïéãîáï ¢ á«ãç ¥ ¢­¥è­¥£®¯®«ï (15.6), ª ®¤­®ç áâ¨ç­®¬ã à á¯à¥¤¥«¥­¨î �®«ìæ¬ ­  fB(r1) (6.38):Z d2sXd3p1 %N (X)�����p1=p18 �(q)=== dw1M (p1)d3p1 = exp(�p21=2mkT )(2�mkT )3=2 � fT (p1); (15.23)Z d2sXd3q1 %N (X)�����q1=r1= dw1B(r1)d3r1 �(15:20) n1 (r1)N �(15:21) P1(r1) 7�!(15:6) fB(r1); (15.24)â.¥.: dw1B(r1) � n1 (r1)N d3r1 � P1(r1)d3r1 ¨«¨=)(15:6) e��u(r1)Z(u)1 d3r1 u=0=)(15:26)d3r1V :(15.25)�®á«¥¤­¨¥ á®¯®áâ ¢«¥­¨ï ¢ (15.22), (15.25) ®§­ ç îâ, çâ® ¨ ¤«ï ¯à®áâà ­-áâ¢¥­­® ®¤­®à®¤­®© á¨áâ¥¬ë ®¤­®ç áâ¨ç­ë¥ ¯«®â­®áâì ¨ ¢¥à®ïâ­®áâì ¯®-áâ®ï­­ë: n1 (r1)) n. �¥©áâ¢¨â¥«ì­®, â®£¤  í­¥à£¨ï ¢§ ¨¬®¤¥©áâ¢¨ï § -¢¨á¨â ®â N(N � 1)=2 ¢¥ªâ®à®¢ «¨èì ®â­®á¨â¥«ì­ëå ¯®«®¦¥­¨© ¬®«¥ªã«¢ á¨«ã ¥¥ âà ­á«ïæ¨®­­®© ¨­¢ à¨ ­â­®áâ¨:r`i = q` � qi; i<`= 2 �N; ��fqgNj=1�)��fr`igN (N�1)=2i<`=2�N �)��fr`1gǸ=2�;(15.26)¨§ ª®â®àëå ­¥§ ¢¨á¨¬ë â®«ìª® N � 1 ¢¥ªâ®à®¢, ­ ¯à¨¬¥à, r`1. �¥à¥å®¤ïª íâ¨¬ ­¥§ ¢¨á¨¬ë¬ ¯¥à¥¬¥­­ë¬, ¤«ï ª®­ä¨£ãà æ¨®­­®£® ¨­â¥£à «  �N(15.5) ¢ §­ ¬¥­ â¥«¥ (15.22) ¯®«ãç¨¬ â ª®¥ ¦¥ ¢ëà ¦¥­¨¥, ª ª ¨ ¤«ïª®­ä¨£ãà æ¨®­­®£® ¨­â¥£à «  ¢ ç¨á«¨â¥«¥ (15.22), ­® ã¬­®¦¥­­®¥ ­  V :V N�N| {z }= NYj=18<:ZV d3qj9=; exp ���� �fqgǸ=1�� =)(15:26) V NYj=28<:ZV d3rj19=; exp ���� �fr`1gǸ=2�� ;â ª ª ª ¯®¤¨­â¥£à «ì­ë¥ äã­ªæ¨¨ (15.26) ¢ ç¨á«¨â¥«¥ ¨ ¢ §­ ¬¥­ â¥«¥ ­¥§ ¢¨áïâ ¡®«¥¥ ®â q1,   ®¡« áâì ¨­â¥£à¨à®¢ ­¨ï ¯® ¯¥à¥¬¥­­ë¬ rj1 (15.26)®áâ ­¥âáï ¯à¥¦­¥© ¤«ï q1 = 0,   â ª¦¥ ¢ âà¤. ¯à¤. V !1.�®§¢à é ïáì ª ¤¢ãåâ®ç¥ç­®© ¯«®â­®áâ¨ (15.18), ¨¬¥¥¬,  ­ «®£¨ç­®N � 1 ¢®§¬®¦­®áâì ¢ë¡à âì ç áâ¨æã 2-®© ¨§ N � 1 ®áâ ¢è¨åáï:en2 (r1; r2)=N(N � 1)Z d2sXd3q1d3q2%N (X)�����q2=r2q1=r1= N(N � 1)P2(r1; r2)= (15.27)= N(N � 1)V N�N NYj=38><>:ZV d3qj9>=>; exp ���� �fqgǸ=1�������q2=r2q1=r1 =)(15:26) n2(r21); (15.28)£¤¥ P2(r1; r2) ¥áâì ¯«®â­®áâì ¢¥à®ïâ­®áâ¨ ®¡­ àã¦¨âì ®¤­ã ¨§ N ç áâ¨æ¢ ®ªà¥áâ­®áâ¨ r1, ª®£¤  «î¡ ï ¨§ ®áâ «ì­ëå N � 1 ç áâ¨æ ­ å®¤¨âáï ¢®ªà¥áâ­®áâ¨ r2 { ®âáî¤  ¬­®¦¨â¥«ì N(N � 1). �®á«¥¤­¥¥ á®¯®áâ ¢«¥­¨¥¢ (15.28) ¢­®¢ì ®â¢¥ç ¥â ¯à®áâà ­áâ¢¥­­® ®¤­®à®¤­®© á¨áâ¥¬¥ (15.26).



|186|�¨­¥©­®áâì ®¯¥à æ¨¨ ãáà¥¤­¥­¨ï ¨ íª¢¨¢ «¥­â­®áâì à §«¨ç­ëå ¯ à¯®§¢®«ïîâ ¤«ï ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï (15.15), (15.16) ¢ ®¤­®à®¤­®© á¨-áâ¥¬¥ (15.26) á �(r1; r2) =) �(r12) á ãç¥â®¬ (15.17), (15.18), (15.27),(15.28) ¯à¥¤áâ ¢¨âì áà¥¤­îî ¯®â¥­æ¨ «ì­ãî í­¥à£¨î ¢ (15.10) ¢ ¢¨¤¥¯à®¨§¢¥¤¥­¨ï (ç¨á«® ¯ à)� (áà¥¤­¥¥ ¤«ï ®¤­®© ¯ àë) á���7!��(r12)�:�� �fqgNj=1�� =)(15:15)�Xi<`�(qi; q`)� = 12N(N � 1)��(q1; q2)� � (15.29)�(15:16) 12 ZV d3r1 ZV d3r2 �(r1; r2)en2 (r1; r2) =)(15:26) V2 ZV d3r12�(r12)n2(r12): (15.30)�.¥. U = 32NkT + 2�V 1Z0 dr r2�(r)n2(r); ¨ n1(r1)) n = const; (15.31)£¤¥ r12 = r1 � r2; r12 = r; ¨ 12 NX1=j NX6=i=1 1 = 12N(N � 1) � C2N (15.32){ ¥áâì, ®ç¥¢¨¤­®, ¯®«­®¥ ç¨á«® à §«¨ç­ëå ¢§ ¨¬®¤¥©áâ¢ãîé¨å ¯ à.�ëà ¦¥­¨¥ ¤«ï ¢¨à¨ «  ¢ (15.14) ã¯à®é ¥âáï  ­ «®£¨ç­®, â¥¬ ¡®«¥¥,¥á«¨ ¢§ ¨¬®¤¥©áâ¢¨¥ § ¢¨á¨â â®«ìª® ®â ®â­®á¨â¥«ì­®£® à ááâ®ï­¨ï r21 =r12 = jr12j � jq1� q2j, â ª ª ª1 ((q1 �r1) + (q2 �r2)) r12 = r12 , r@rr, â®:NXj=1**0@qj � @� �fqgǸ=1�@qj 1A++=)(15:15)**Xi<l ((qi �ri) + (ql �rl))�(qi; ql)++ = (15.33)= 12N(N � 1)�((q1 �r1) + (q2 �r2))�(q1; q2)� =)(15:26) (15.34)=)(15:26) 12N(N � 1) **r12@�(r12)@r12 ++ (15:30)�(15:16) V2 Z d3r r �0(r)n2(r); (15.35)â.¥. ¯à¨ n = const; r12 = r : P = nkT � 2�3 1Z0 dr r3�0(r)n2(r) (15.36){ â¥®à¥¬  ¢¨à¨ «  áâ â¨áâ¨ç¥áª®© ¬¥å ­¨ª¨. �­  ¢ëâ¥ª ¥â â ª¦¥ ¨§ ï¢-­ëå ä®à¬ã« ¤«ï áâ âáã¬¬ë ZN � V N�N ¨ ®¯à¥¤¥«¥­¨ï ¤ ¢«¥­¨ï (4.40):(áà. (15.14))(): P = kT  @ lnZN@V !T = kT 24NV + 1�N 0@@ �N (V )@V 1AT35; (15.37)á ¨á¯®«ì§®¢ ­¨¥¬ ¬ áèâ ¡­®£® ¯à¥®¡à §®¢ ­¨ï qj ! �qj ¤«ï ª®­ä¨£ãà -æ¨®­­®© áâ âáã¬¬ë (15.5), á § ¢¨áïé¨¬ â®«ìª® ®â ®â­®á¨â¥«ì­®£® à á-áâ®ï­¨ï ¯®â¥­æ¨ «®¬ (15.26) ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï (15.15):1¯à¨: r1jq1 � q2j �r1r12 = r12=r12,   r2r12 = �r12=r12; ¨ (x �rx) = r@r ¯à¨ r = jxj.



|187|�N (�3V ) =)(15:26) =)(15:15) �3N(�3V )N NYj=18><>:ZV d3qj9>=>; exp0@��Xi<` � (�ri`)1A ; (15.38)¨ ®ç¥¢¨¤­®£® â®¦¤¥áâ¢ : @ �N (V )@V = 13V @ �N (�3V )@� ������=1; â.ª.: (15.39)@ ln�N (�3V )@� = NYj=18><>:ZV d3qj9>=>; e�� Pi<`�(�ri`)V N�N| {z }0@�� Xs<k rsk�0(�rsk)1A =)�=1 (15.40)=)�=1 �� Xs<k�rsk�0(rsk)� = �C2N ��r12�0(r12)�; ¤«ï gW(ri`)| {z }; ª ª (15.41)¢¥à®ïâ­®áâ¨, â.¥. á®¢¯ ¤ ¥â á (15.35), ¢ á¨«ã (15.14), (15.33), (15.37).�«ï ¤¢ãåâ®ç¥ç­®© ¯«®â­®áâ¨ (15.18), (15.28) ¢ ®¤­®à®¤­®© á¨áâ¥¬¥(15.26) ¢ ¯à¨¡«¨¦¥­¨¨ ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï (15.15) ¨¬¥¥¬:n2(r12) =)(15:15) N(N � 1)V N�N NYj=38><>:ZV d3qj9>=>; exp0@��Xi<`� (ri`)1A�����q2=r2q1=r1; £¤¥: (15.42)��Xi<` �(ri`)�����q2=r2q1=r1= ���(r12)�� NX̀=3 [�(r1`) + �(r2`)]�� X3�i<` �(ri`): (15.43)� ª ª ª ¢ ®âáãâáâ¢¨¥ ¢§ ¨¬®¤¥©áâ¢¨ï �N ) 1 ¨ n2(r)) n2, â®, ®â¡à áë-¢ ï ¢ ¯®ª § â¥«¥ (15.43) íªá¯®­¥­âë (15.42) áã¬¬ã NP`=3 [�(r1`) + �(r2`)] ª ªãç¥â á¡«¨¦¥­¨ï áà §ã âà¥å ç áâ¨æ 1; 2; ` ¯à¨ ­¨§ª¨å ¯«®â­®áâïå, ª®£¤ r1`; r2` � jr12j = r12 = r, ¨ ¯à¥­¥¡à¥£ ï ¤«ï N � 1 à §«¨ç¨¥¬ ¬¥¦¤ã �N¢ §­ ¬¥­ â¥«¥ ¨ ¢®§­¨ªè¨¬ ¢ à¥§ã«ìâ â¥ �N�2 ¢ ç¨á«¨â¥«¥ (¨«¨ ¨áå®¤ï¨§ (15.57)), ¯à¨¢¥¤¥¬ (15.28)) (15.42) ¯à¨ n = const ª ¢¨¤ã:n2(r12))n2(r) =N(N � 1)V N�2�N�2V N�N e���(r)= n2�N�2�N e���(r))n2e���(r):(15.44)� ª®¥ à §«®¦¥­¨¥ ¢¨à¨ «  (15.33) ¯® áâ¥¯¥­ï¬ ®¤­®ç áâ¨ç­®© ¯«®â­®áâ¨n ¢ ãà ¢­¥­¨¨ á®áâ®ï­¨ï (15.36) ­ §ë¢ îâ ¢¨à¨ «ì­ë¬ à §«®¦¥­¨¥¬:P = nkT �1 + nB(T ) + n2C(T ) + : : :� ; ç¥© ª®íää¨æ¨¥­â: (15.45)B(T ) = � 2�3 � 1Z0 dr r3�0(r) e���(r) = � 2�3 1Z0 r3 d �1 � e���(r)� ; (15.46)â.ª. �(r) �!r!1 0; â® ¥áâì: B(T ) = 2� 1Z0 dr r2 �1� e���(r)� ; (15.47)­ §ë¢ ¥âáï ¢â®àë¬ ¨ â.¤. ¢¨à¨ «ì­ë¬ ª®íää¨æ¨¥­â®¬. � �() (15.26) ¢á¨«ã (15.22), ¯«®â­®áâì n =const { å®à®è¨© ¯ à ¬¥âà à §«®¦¥­¨ï.



|188|�ëç¨á«¨¬ ¯à¨¡«¨¦¥­­® B(T ), áç¨â ï, çâ® ­  à ááâ®ï­¨ïå r � 2r0¢¥«¨ª ¯®â¥­æ¨ « ®ââ «ª¨¢ ­¨ï ¨ e���(r) � 0,   ¯à¨ r > 2r0 ¨¬¥¥âáï á« ¡®¥¯à¨âï¦¥­¨¥ j�j � j�0j � kT ¨ e���(r) ' 1 + j�j =kT , ¢¨¤  (4.7):B(T ) = 2� 2r0Z0 241� exp0@��(r)kT 1A35 r2dr + 2� 1Z2r0 241 � exp0@��(r)kT 1A35 r2dr;®âªã¤  B(T ) � Bab(T ) = 2�(2r0)33 � 2�kT 1Z2r0 j�(r)j r2dr � b� akT ; (15.48)â.¥. b { ¢ª« ¤ á¨« ®ââ «ª¨¢ ­¨ï ­  ¬ «ëå à ááâ®ï­¨ïå, �a=kT { ¢ª« ¤á¨« ¯à¨âï¦¥­¨ï ­  ¡®«ìè¨å à ááâ®ï­¨ïå. �®¤áâ ­®¢ª  ¢ (15.45) ¤ ¥â:P � nkT (1 + nBab(T )) = nkT + bn2kT � an2;¨«¨: �P + an2� = nkT (1 + nb) ; £¤¥, áç¨â ï, çâ®: nb� 1;¤«ï n � N=V ¢­®¢ì ¯®«ãç ¥¬: �P + an2� (1 � nb) = nkT; (15.49)ãà ¢­¥­¨¥ á®áâ®ï­¨ï � ­-¤¥à-�  «ìá  (15.9) á ¯ à ¬¥âà ¬¨ a ¨ b, ®¤­ ª®,¢ ®â«¨ç¨¥ ®â (15.9), ¢®§­¨ª îé¥¥ â¥¯¥àì ¢ ¯à¨¡«¨¦¥­¨¨ à §à¥¦¥­­®£®£ §  ª ª ®¤­® ¨§ ¢®§¬®¦­ëå â¥à¬®¤¨­ ¬¨ç¥áª¨å ãà ¢­¥­¨© á®áâ®ï­¨ï£ §  á® á« ¡ë¬ ¯ à­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬ ¬¥¦¤ã ç áâ¨æ ¬¨.�¥¬¯¥à âãà  �®©«ï Tb ®¯à¥¤¥«ï¥âáï ãá«®¢¨¥¬ B(T ) = 0, çâ® ¤«ïBab(T ) = 0 (15.48) ¤ ¥â: kTb =) a=b. �¥ «ì­®¥ ¯®¢¥¤¥­¨¥ B(T ) ¨¬¥¥â¬ ªá¨¬ã¬ ¯à¨ ­¥ª®â®à®© â¥¬¯¥à âãà¥ Tm > Tb ¨ ¬¥¤«¥­­®¥ áâà¥¬«¥­¨¥ª ­ã«î ¯à¨ T ! 1, (�¨á. 15.2). �­® ¢®á¯à®¨§¢®¤¨âáï ¤àã£®© ¤¢ãå¯ -à ¬¥âà¨ç¥áª®© ¬®¤¥«ìî ¯®â¥­æ¨ «  ¬¥¦¬®«¥ªã«ïà­®£® ¢§ ¨¬®¤¥©áâ¢¨ï�¥­­ à¤ -�¦®­á  �(r) \(6-12)" (�¨á. 15.1), (� ¤. 21.2.):�(r) = Ar12 � Dr6 � 4� 24 �r !12 �  �r !635 ; £¤¥: vuutA4� = D4� = �6; (15.50)¨ ¢ª« ¤ � �r�6 ¥áâì ¯®â¥­æ¨ « á¨« ¬¥¦¬®«¥ªã«ïà­®£® ¯à¨âï¦¥­¨ï � ­-¤¥à-�  «ìá .�ç¥¢¨¤­®¥ ®¡®¡é¥­¨¥ (15.17){(15.28) ¥áâì k- ç áâ¨ç­ ï ¯«®â­®áâì:enk (r1; : : : rk) = ** NX1=j1 NX6=j2=1 : : : NX6=jk=1 kY�=1 �3(qj� � r�)++; â.¥. (15.51)enk (r1; : : : rk) = N !(N � k)! Z d2sXd3q1 : : : d3qk%N (X)�����qk=rk::::::q1=r1 � (15.52)� N !(N � k)! NYj=k+18><>:ZV d3qj9>=>; NYj=1 �Z d3pj� %N (X)�����qk=rk::::::q1=r1 = (15.53)



|189|= N !(N � k)!V N�N NYj=k+18><>:ZV d3qj9>=>; exp ���� �fqgǸ=1�������qk=rk::::::q1=r1 : (15.54)� ª¨¬ ®¡à §®¬, áà¥¤­¥¥ ®â «î¡®© ¤¨­ ¬¨ç¥áª®© äã­ªæ¨¨, § ¢¨áïé¥© ®âª®­¥ç­®£® ç¨á«  k ä §®¢ëå ¯¥à¥¬¥­­ëå, ­ ¯à¨¬¥à qj á 1 � j � k, ¬®¦­®®¯à¥¤¥«¨âì, ¯®«ì§ãïáì «¨èì ª®­¥ç­ë¬ ­ ¡®à®¬ k -ç áâ¨ç­ëå äã­ªæ¨©à á¯à¥¤¥«¥­¨ï (15.51){(15.54). �¯¨á ­¨¥ ­  ï§ëª¥ ç áâ¨ç­ëå äã­ªæ¨©à á¯à¥¤¥«¥­¨ï íª¢¨¢ «¥­â­® áâ â¨áâ¨ç¥áª®¬ã ®¯¨á ­¨î ­  ï§ëª¥ äã­ª-æ¨¨ ä §®¢®© ¯«®â­®áâ¨ à á¯à¥¤¥«¥­¨ï %N (X), ­® ®¡« ¤ ¥â ®¯à¥¤¥«¥­­ë¬¯à¥¨¬ãé¥áâ¢®¬ ¤«ï á¨áâ¥¬ á® ¢§ ¨¬®¤¥©áâ¢¨¥¬, ¯® ªà ©­¥© ¬¥à¥, ¢ ¤¢ãå¯à¥¤¥«ì­ëå á«ãç ïå: ª®£¤  ¢§ ¨¬®¤¥©áâ¢¨¥ ¬¥¦¤ã ç áâ¨æ ¬¨ ¬ «�® ¨«¨ª®£¤  ¬ «�  ¯«®â­®áâì,   ¢§ ¨¬®¤¥©áâ¢¨¥ ¯à®¨§¢®«ì­®, ­® ­¥ ¯à¨¢®¤¨â ª®¡à §®¢ ­¨î á¢ï§ ­­ëå á®áâ®ï­¨©. �®áª®«ìªã ¢ ®âáãâáâ¢¨¥ ¢§ ¨¬®¤¥©-áâ¢¨ï �N =) 1, â® ¢ íâ®¬ ¯à¥¤¥«ì­®¬ á«ãç ¥ k { ç áâ¨ç­ ï ¯«®â­®áâì(15.54) ¢ âà¤. ¯à¤. á¢®¤¨âáï ª ¯à®¨§¢¥¤¥­¨î ®¤­®ç áâ¨ç­ëå:enk (r1; : : : rk) =)(�!0) N !(N � k)!V k =)(N;V!1) NkV k = (n)k =) kYi=1n1(ri): (15.55)� â ª ª ª ¨ ¯à¨ ­ «¨ç¨¨ ¢§ ¨¬®¤¥©áâ¢¨ï ¢ á¨áâ¥¬¥ ®­® â¥¬ ­¥ ¬¥­¥¥ ¡ë-áâà® ª ª (15.50) ¯ ¤ ¥â á à®áâ®¬ ®â­®á¨â¥«ì­®£® à ááâ®ï­¨ï jri`j ¬¥¦¤ãá®áâ ¢«ïîé¨¬¨ ¥¥ ¬®«¥ªã« ¬¨, â® ¨ ¤«ï ¯à®¨§¢®«ì­®£®  ­á ¬¡«ï ¢ (15.51){ (15.54) ¯à¨ § ¬¥­¥ ¯à¥¤¥«ì­®£® ¯¥à¥å®¤  �! 0 ¯à¥¤¥«ì­ë¬ ¯¥à¥å®¤®¬jri`j ! 1 ¢ á®®â­®è¥­¨¨ (15.55) ®­® ®ª §ë¢ ¥âáï ç áâ­ë¬ á«ãç ¥¬ ®¡-é¥£® ¯à¨­æ¨¯  ¯à®áâà ­áâ¢¥­­®£® ®á« ¡«¥­¨ï ª®àà¥«ïæ¨©, ¯®«®¦¥­­®£®�.�. �®£®«î¡®¢ë¬ ¢ ®á­®¢ã ¯®áâà®¥­¨ï ¢á¥© áâ â¨áâ¨ç¥áª®© ä¨§¨ª¨ ª ªà ¢­®¢¥á­ëå, â ª ¨ ­¥à ¢­®¢¥á­ëå á¨áâ¥¬ [38].([1], [2], [5] x65,77, [6] x74-76, [7], [18], [20], [36])� ¤ ç¨21.1. �®«ãç¨âì ¢ëà ¦¥­¨¥ (15.47) ¤«ï ¢â®à®£® ¢¨à¨ «ì­®£® ª®íää¨æ¨-¥­â , à §« £ ï ª®­ä¨£ãà æ¨®­­ë© ¨­â¥£à « (15.5), (15.38) ¯® áâ¥¯¥­ï¬äã­ªæ¨¨ � ©¥à : fi`(ri`) = exp [���(ri`)] � 1 ([5]x65,[6],[12],[15]), ¢ ¢¨¤¥:exp h��� �fqgǸ=1�i =)(15:15) exp 24��Xi<` �(ri`)35 = Yi<` (1 + fi`) =) (15.56)=) 1 +Xi<` fi` +Xi<` Xk<j fi`fkj + : : : ; £¤¥: NYj=38><>:ZV d3qj9>=>; = V N�2; (15.57)�N � 1 + V N�2V N Xi<` Z d3qi Z d3q`fi` = 1 + N(N � 1)2V 2 Z d3q1 Z d3q2f12; (15.58)



|190|Z d3q1 Z d3q2f12 =)(15:26) V Z d3r12f12(r12) =) 4�V 1Z0 r2drf(r); (15.59)ln�N � 2�N2V 1Z0 r2drf(r); ¨: P = nkT + kT 0@@ ln�N (V )@V 1AT : (15.60)�¡áã¤¨âì ª®¬¡¨­ â®à¨ªã ¢ëáè¨å £àã¯¯®¢ëå ¨­â¥£à «®¢, áãé¥áâ¢®¢ ­¨¥¨å ¯à¥¤¥«  ¯à¨ V !1, ¨ ¢ëà ¦¥­¨¥ ç¥à¥§ ­¨å ¡®«ìè®© áâ âáã¬¬ë.21.2. �®¤¥«¨àãï \ïé¨ª" bu, ¤«¨­ë L, á N ç áâ¨æ ¬¨ ®¤­®¬¥à­®£® ¨¤.£ § , ª ª ¯à¥¤¥«, ¯à¨ n ! 1 ¢­¥è­¥£® ¯®«ï u(q) = � (2q=L)2n ¯à¨jqj < L=2, ­ ©â¨, ¨á¯®«ì§ãï â¥®à¥¬ë ® à ¢­®à á¯à¥¤¥«¥­¨¨ í­¥à£¨¨ ¨ ¢¨-à¨ «¥, áà¥¤­îî á¨«ã, ¤¥©áâ¢ãîéãî­  áâ¥­ªã á® áâ®à®­ë ®¤­®© ç áâ¨æë,â¥à¬®¤¨­ ¬¨ç¥áª¨ á®¯àï¦¥­­ãî \®¡ê¥¬ã" \L": �f� = ��@ bu=@L�,¥£® ¯®«­ãî ¢­ãâà¥­­îî í­¥à£¨î ¨ ¤ ¢«¥­¨¥.21.3. �«ï d- ¬¥à­®£® £¨¡¡á®¢áª®£® £ §  N ç áâ¨æ ¢ ïé¨ª¥ ®¡ê¥¬®¬ Vdá ®¤­®à®¤­ë¬¨ äã­ªæ¨ï¬¨ áâ¥¯¥­¨ ` ª¨­¥â¨ç¥áª®© K(f�pg) = �`K(fpg)¨ áâ¥¯¥­¨ n ¯®â¥­æ¨ «ì­®© í­¥à£¨© �(f�xg = �n�(fxg) ¢§ ¨¬®¤¥©áâ¢¨ï,£¤¥ fpg = fp1; : : :pNg, fxg = fx1; : : : xNg, ­ ©â¨ ®¡é¨© ¢¨¤ áâ âáã¬¬ë,á¢®¡®¤­®© ¨ ¢­ãâà¥­­¥© í­¥à£¨¨, ¤ ¢«¥­¨ï, í­âà®¯¨¨ ¨ â¥¯«®¥¬ª®áâ¨ZN (T; V ); FN (T; V ); UN (T; V ); PN (T; V ); SN (T; V ); CV (T; V ). �à®¢¥à¨âì â¥-®à¥¬ã ¢¨à¨ «  (15.14) ¨ ®¡é¥¥  á¨¬¯â®â¨ç¥áª®¥ ¯®¢¥¤¥­¨¥ áâ â¨áâ¨ç¥-áª®© áã¬¬ë ¯à¨ N !1, ®¡ãá«®¢«¥­­®¥  ¤¤¨â¨¢­®áâìî á¢®¡®¤­®© í­¥à-£¨¨: ZN (T; V ) =) [�(T; �)]N , FN(T; V ) = N#(T; �). �¤¥áì:� = VN 7! 1n ; " = UN = �u; s = SN = ��; ¨ n = NV ; u = UV ; � = SV ;¥áâì ã¤¥«ì­ë¥ ®¡ê¥¬, í­¥à£¨ï, í­âà®¯¨ï, ¨ ®¡ê¥¬­ë¥ ¯«®â­®áâ¨ ç¨á« ç áâ¨æ, í­¥à£¨¨, í­âà®¯¨¨ ([24] N 26). � áá¬®âà¥âì á«ãç © n = �`.� áèâ ¡­®¥ ¯à¥®¡à §®¢ ­¨¥ N- ç áâ¨ç­®© áâ âáã¬¬ë â ª®£® £ § ZN (T; V ) = 1N !hNd NYj=18><>:ZVd ddxj Z ddpj9>=>; exp8<:� K(fpg) + �(fxg)kT 9=; ; (15.61)¢¨¤ : x! �x; Vd ! �dVd; p! �n=`p; T ! �nT; ¤ ¥â (15.62)äã­ªæ¨®­ «ì­®¥ ãà ¢­¥­¨¥: ZN (�nT; �dV ) = �[1+n=`]NdZN (T; V ); (15.63)á à¥è¥­¨¥¬: ZN (T; V ) = [T=�][d=n+d=`]N (exp[!(q)])N ; ¨ ¤«ïF (T; V;N) � �kT lnZN (T; V ) = �NkT ("dn + d̀# ln T�!+ !(q)) ; (15.64){ á¢®¡®¤­®© í­¥à£¨¨, £¤¥ �- ­¥ª®â®à ï ª®­áâ ­â  à §¬¥à­®áâ¨ â¥¬¯¥à -âãàë,   !(q)- ­¥ª®â®à ï äã­ªæ¨ï ¨­¢ à¨ ­â­®© ¯¥à¥¬¥­­®© q = T��n=d.



|191|�à¨ n = �` ¨¬¥¥¬ q = T��, £¤¥ � = `=d, ¨ ãà ¢­¥­¨ï á®áâ®ï­¨ï:#(T; �) 7! �kT!(q); "(T; �) = �T 2 0@ @@T #T 1A� 7! kTq !0(q);P = �0@@#@�1AT 7! �� kTq !0(q)) �� "(T; �) = �u(T; �): (15.65)� ¬¥â¨¬, çâ® ­¨ ãá«®¢¨ï ®¤­®à®¤­®áâ¨ í­¥à£¨© K ¨ �, ­¨ ®¯à¥¤¥«¥­¨¥¯®­ïâ¨ï ã¤¥«ì­®£® ®¡ê¥¬  � (¢ ®â«¨ç¨¥ ®â ª®­æ¥­âà æ¨¨ ns) �� ¯®¤à -§ã¬¥¢ îâ ®¤­®ª®¬¯®­¥­â­®áâ¨ á¨áâ¥¬ë, â.¥. çâ®¡ë ¢á¥ ¥¥ ç áâ¨æë ¡ë«¨®¤­®£® á®àâ . �­¨ ¬®£ãâ à §«¨ç âìáï ¨ ¯®áâ®ï­­® ¯à¥¢à é âìáï ¤àã£¢ ¤àã£ , «¨èì ¡ë ¨å ¯®«­®¥ ç¨á«® N = Ps Ns ®áâ ¢ «®áì ä¨ªá¨à®¢ ­ë¬,¢ª«îç ï â ª¦¥ ¨¤¥ «ì­ë© á«ãç © � � 0 á â¥¬ ¦¥ � = `=d (áà. (13.54)).21.4. �«ï ¯à®¨§¢®«ì­®£® ¯®â¥­æ¨ «  �¥­­ à¤ -�¦®­á  (15.50) ­ ©â¨ à §-«®¦¥­¨¥ ¢â®à®£® ¢¨à¨ «ì­®£® ª®íää¨æ¨¥­â  (15.47) ¢ àï¤ ¯® áâ¥¯¥­ï¬p�([2] xV.1), ¯à¨¢¥¤ï ¥£® ¯à¥¦¤¥ ¨­â¥£à¨à®¢ ­¨¥¬ ¯® ç áâï¬ ª ¢¨¤ã:B(T ) = 2�3 r30 J (�); � = �kT ; r60 = 2�6; (15.66)J (�) = �1=48><>:�  34!� 14 1Z0 dt e�tt5=4 �exp�2p�t�� 1�9>=>; : (15.67)
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�¨á. 15.1. �®â¥­æ¨ « �(r) �¥­­ à¤ -�¦®­-á  \(6-12)" (15.50) (¤«ï � = 10, ¯à¨ � = 1).�¬¥¥â ­ã«ì �(r) = 0 ¯à¨ r = � ¨ ¬¨­¨-¬ã¬ �(r0) = �� ¯à¨ r0 = 21=6�, £¤¥ 21=6 �1:122. �¢«ï¥âáï ­ ¨¡®«¥¥ à¥ «¨áâ¨ç­®© ¢¥à-á¨¥© ¬®¤¥«ì­®£® ¯®â¥­æ¨ «  â¨¯  (4.7). �¨á. 15.2. �â®à®© ¢¨à¨ «ì­ë© ª®íää¨æ¨¥­âB(T ) (15.66) ¢ ¥¤¨­¨æ å 2�r30=3 ¤«ï ¯®â¥­æ¨- «  �¥­­ à¤  - �¦®­á  (15.50) (�¨á. 15.1),¨ ¥£® £àã¡®¥ ¯à¨¡«¨¦¥­¨¥ Bab(T ) (15.48) áâ®© ¦¥ â¥¬¯¥à âãà®© �®©«ï ¨ ¬ ªá¨¬ã¬®¬,¤«ï ¬®¤¥«ì­®£® ¯®â¥­æ¨ «  â¨¯  (4.7).



�¥ªæ¨ï 16�¢ ­â®¢ë¥ á¨áâ¥¬ë á¢§ ¨¬®¤¥©áâ¢¨¥¬�1 �à¨¡«¨¦¥­¨¥ � àâà¨-�®ª � á«®¦­ëå á¨áâ¥¬ å, á®áâ®ïé¨å ¨§ ¡®«ìè®£® ç¨á«  á¨«ì­® ¢§ ¨¬®¤¥©-áâ¢ãîé¨å ¬¥¦¤ã á®¡®© ç áâ¨æ, â®ç­®¥ à¥è¥­¨¥, ª ª ¯à ¢¨«®, ­¥¢®§-¬®¦­®. �á«¨ ¢§ ¨¬®¤¥©áâ¢¨¥ ­¥ ï¢«ï¥âáï á« ¡ë¬, â® â¥®à¨ï ¢®§¬ãé¥­¨©¯® ­¥¬ã ­¥ ¯à¨¬¥­¨¬ . � ¯®áª®«ìªã â®ç­ë© £ ¬¨«ìâ®­¨ ­ ­¥ à á¯ ¤ -¥âáï ­  áã¬¬ã í­¥à£¨© ­¥§ ¢¨á¨¬ëå ç áâ¨æ, ¥£® ¯®«­ ï ¢®«­®¢ ï äã­ªæ¨ï­¥ à §« £ ¥âáï ¢ áã¬¬ã ¯à®¨§¢¥¤¥­¨© ®¤­®ç áâ¨ç­ëå ¢®«­®¢ëå äã­ªæ¨©.� íâ¨å ãá«®¢¨ïå ¬®¦­® ¯®¯ëâ âìáï ®¯¨á âì à¥ «ì­ãî á¨áâ¥¬ã ¢§ ¨¬®-¤¥©áâ¢ãîé¨å ç áâ¨æ, ª ª á®áâ®ïéãî ¨§ (¢®®¡é¥ £®¢®àï, ¨­ëå) ­¥§ ¢¨-á¨¬ëå íää¥ªâ¨¢­ëå (ª¢ §¨) ç áâ¨æ, ¤¢¨£ îé¨åáï ¢ ­¥ª®â®à®¬, § à ­¥¥­¥¨§¢¥áâ­®¬, íää¥ªâ¨¢­®¬ ¢­¥è­¥¬ ¯®«¥. �â® íää¥ªâ¨¢­®¥ (á ¬®á®£« -á®¢ ­­®¥) ¯®«¥ ¢ë¡¨à ¥âáï â ª, çâ®¡ë ­ ¨«ãçè¨¬ (á ¬®á®£« á®¢ ­­ë¬)®¡à §®¬  ¯¯à®ªá¨¬¨à®¢ âì á®áâ®ï­¨ï à¥ «ì­®© á¨áâ¥¬ë '�EN áã¬¬®© á®-®â¢¥âáâ¢¥­­® á¨¬¬¥âà¨§®¢ ­­ëå ¯à®¨§¢¥¤¥­¨© ®¤­®ç áâ¨ç­ëå ¢®«­®¢ëåäã­ªæ¨© ¢ íâ®¬ ¢­¥è­¥¬ ¯®«¥. �.¥. ¢¬¥áâ® á«®¦­®£® £ ¬¨«ìâ®­¨ ­ ,­ ¯à¨¬¥à, ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ¢á¥å N ç áâ¨æ ¤àã£ á ¤àã£®¬ à á-á¬ âà¨¢ ¥âáï \ ¯¯à®ªá¨¬¨àãîé¨©" £ ¬¨«ìâ®­¨ ­ ­¥ª®â®à®© ¨¤¥ «ì­®©á¨áâ¥¬ë â¨¯  (8.5), ª ª áã¬¬  N ®¤¨­ ª®¢ëå íää¥ªâ¨¢­ëå ãáà¥¤­¥­¨©cHa ¯®«­®£® ®¯¥à â®à  � ¬¨«ìâ®­  ¯® á®áâ®ï­¨ï¬ N � 1 ç áâ¨æë.�¡à é ïáì ¤ «¥¥ ª à áá¬®âà¥­¨î ä¥à¬¨ { á¨áâ¥¬ á £ ¬¨«ìâ®­¨ ­®¬:cHN = NXa=1 bh(a) + 12 NX1=a NX6=b=1dW(a;b); bh(a) = p2a2m + u0(xa); (16.1)¢® ¢­¥è­¥¬ ¯®«¥ u0(x), ¯à¥¤¯®«®¦¨¬, çâ®, «¨¡® ¢§ ¨¬®¤¥©áâ¢¨¥ ¢ á¨-áâ¥¬¥ ¤ «ì­®¤¥©áâ¢ãîé¥¥ (ªã«®­®¢áª¨¥ á¨áâ¥¬ë í«¥ªâà®­®¢ ¢ ¬¥â ««¥,192



|193|¢ âï¦¥«ëå  â®¬ å ¨«¨ ¢ ¯« §¬¥), «¨¡® çâ® ¨å ¯«®â­®áâì ¤®áâ â®ç­® ¢ë-á®ª  ( â®¬­®¥ ï¤à®, ¦¨¤ª¨© 3He). � ®¡®¨å á«ãç ïå ª ¦¤ ï ¤ ­­ ï a-ïç áâ¨æ  ®¤­®¢à¥¬¥­­® ¯®¤¢¥à£ ¥âáï ¢®§¤¥©áâ¢¨î ¡®«ìè®£® ç¨á«  ¤àã-£¨å ç áâ¨æ, ¯®¢¥¤¥­¨¥ ª®â®àëå, ¢ á¢®î ®ç¥à¥¤ì, ®¯à¥¤¥«ï¥âáï ¢§ ¨¬®-¤¥©áâ¢¨¥¬ á® ¢á¥¬¨ ®áâ «ì­ë¬¨ ç áâ¨æ ¬¨, ¢ª«îç ï ¤ ­­ãî. � íâ¨åãá«®¢¨ïå ®â­®á¨â¥«ì­®¥ ¢«¨ï­¨¥ «î¡®© ®â¤¥«ì­®© ç áâ¨æë ­  ¤ ­­ãî a-î ­¥ ¢¥«¨ª® ¨  ­ «®£¨ç­® £¨¯®â¥§¥ \áà¥¤­¥£® ¯®«ï" (14.80), (15.6) ¬®¦­®áç¨â âì, çâ® ª ¦¤ ï ¨§ ­¨å ¤¢¨¦¥âáï ¢ ­¥ª®â®à®¬ á ¬®á®£« á®¢ ­­®¬íää¥ªâ¨¢­®¬ ¢­¥è­¥¬ ¯®«¥ fU(xa). � ª çâ® ­®¢ë© íää¥ªâ¨¢­ë© £ ¬¨«ì-â®­¨ ­ ã¦¥ á¢®¤¨âáï ª áã¬¬¥ ®¤­®ç áâ¨ç­ëå £ ¬¨«ìâ®­¨ ­®¢ cHa:cHN 7�! fH =) NXa=1cHa; cHa = bh(a) + fU(xa); £¤¥ ¤ «¥¥: xa () a: (16.2)�®«­®¢ ï äã­ªæ¨ï ®á­®¢­®£® á®áâ®ï­¨ï N- í«¥ªâà®­­®© á¨áâ¥¬ë ¨¬¥¥â¢¨¤ ¤¥â¥à¬¨­ ­â  �«¥©â¥à  (8.22), ¯®áâà®¥­­®£® ¨§ á®®â¢¥âáâ¢ãîé¨å®¤­®í«¥ªâà®­­ëå äã­ªæ¨©  �(x) = hxj�i, ®¡à §ãîé¨å ¯®«­ãî ®àâ®­®à-¬¨à®¢ ­­ãî á¨áâ¥¬ã, ®¤¨­ ª®¢ãî, ®ç¥¢¨¤­®, ¤«ï ¢á¥å cHa (áà. (8.6), (8.7)):cHa �(xa) = "� �(xa); h �j 
i = ��
 ; X� j �ih �j = bI1; (16.3)'�EN (1; : : : ;N ) = 1pN ! NXk1=1� � � NXkN=1 �k1���kN �k1(1) � � � �kN (N ); (16.4)�­¥à£¨¨ E0N ®á­®¢­®£® á®áâ®ï­¨ï ®â¢¥ç ¥â áã¬¬¨à®¢ ­¨¥ â®«ìª® ¯® § -­ïâë¬ N ­¨§è¨¬ á®áâ®ï­¨ï¬ �k, k = 1 �N , á "� � 0, n� =) �("F � "�):E = E [n�] = X� "�n� ) NXk=1 "�k = E0N ; N [n�] =X� n� ) NXk=1 1 = N: (16.5)�®áâà®¥­¨¥ á ¬®á®£« á®¢ ­­®£® ¯®«ï � àâà¨-�®ª  ­ ç­¥¬ á ¢ëç¨á«¥­¨ïáà¥¤­¥£® §­ ç¥­¨ï â®ç­®£® £ ¬¨«ìâ®­¨ ­  (16.1) ¯® \¯à®¡­ë¬" ¢®«­®¢ë¬äã­ªæ¨ï¬ (16.4) = (8.22), ¨á¯®«ì§ãï à¥§ã«ìâ âë (8.75){(8.79) «¥ªæ¨¨ 8:D'�EN ��� cHN ���'�ENE =) F [ �] � 1N ! NXk1=1� � � NXkN=1� NXj1=1� � � NXjN=1 �k1���kN�j1���jN � (16.6)� * �k1(1) � � � �kN (N) ������ NXa=1 bh(a) + 12 NX1=a NX6=b=1dW(a;b)������ �j1(1) � � � �jN (N)+ == NXk=1h�kjbhj�ki + 12 NXk=1 NXr=1 hh�k; �rjdWj�k; �ri � h�k; �rjdWj�r; �kii (16.7)=)X� n�h�jbhj�i + 12X� X
 n�n
hh�; 
jdWj�; 
i � h�; 
jdWj
; �ii ; (16.8)£¤¥ ¯®¤ 2N- ªà â­ë¬¨ áã¬¬ ¬¨ (16.6) ¯® ª¢ ­â®¢ë¬ ç¨á« ¬ �ka ¨ �jb:



|194|NXa=1h�kajbh(a)j�kai =) Nh�k1jbhj�k1i; NXa=1 1 = N;  �ka(a)) j�kai;NX1=a NX6=b=1h�ka; �kbjdWj�ka=b; �kb=ai =) N(N � 1)h�k1; �k2jdWj�k1=2; �k2=1i;h�jbhj
i = Z d31 ��(1) bh(1) 
(1); NX1=a NX6=b=1 1 = N(N � 1); (16.9)h�; 
jdWj�; �i = Z d31 Z d32 ��(1) �
(2)dW(1;2) �(1) �(2): (16.10)�.¥. á®£« á­® (8.75), áã¬¬ë ¯® N ®¤¨­ ª®¢ë¬ \a"-âë¬ ä¥à¬¨-ç áâ¨æ ¬âà ­áä®à¬¨à®¢ «¨áì ¢ áã¬¬ë ¯® § ­ïâë¬ ¨¬¨ N ®¤­®ç áâ¨ç­ë¬ á®áâ®ï-­¨ï¬ (8.76), (8.77), ®¯à¥¤¥«ï¥¬ë¬ ç¨á« ¬¨ § ¯®«­¥­¨ï n� íâ¨å á®áâ®ï­¨©.�®á¯®«ì§ã¥¬áï â¥¯¥àì ¢ à¨ æ¨®­­ë¬ ¯à¨­æ¨¯®¬ ª¢ ­â®¢®© ¬¥å ­¨ª¨,á®£« á­® ª®â®à®¬ã â®ç­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï �à¥¤¨­£¥à  ¤«ï ®á­®¢­®£®á®áâ®ï­¨ï E0N : cHN j�0N i = E0N j�0N i, íª¢¨¢ «¥­â­® ¬¨­¨¬¨§ æ¨¨ äã­ªæ¨-®­ «  F [�0N ] � h�0N jcHN j�0N i, ¯à¨ ¥¤¨­áâ¢¥­­®¬ ãá«®¢¨¨ h�0N j�0Ni = 1.�«¥¤ãîé¥¥ á®áâ®ï­¨¥ ¤ ¥â ¬¨­¨¬¨§ æ¨ï â®£® ¦¥ äã­ªæ¨®­ «  F [�1N ] ­  ¢¥ªâ®à å �1N ,ã¤®¢«¥â¢®àïîé¨å ã¦¥ ¤¢ã¬ ãá«®¢¨ï¬: h�1N j�1N i = 1 ¨ h�0N j�1N i = 0, ¨ â.¤.�  \¯à®¡­ëå äã­ªæ¨ïå" (16.4) ¯à¨¡«¨¦¥­¨ï � àâà¨-�®ª  íâ®â äã­ªæ¨-®­ « § ¬¥­ï¥âáï ¯à¨¡«¨¦¥­­ë¬ äã­ªæ¨®­ «®¬ F [ �] (16.6){(16.10). � ªª ª à¥§ã«ìâ¨àãîé¥¥ á ¬®á®£« á®¢ ­­®¥ ¯®«¥, ¢ ª®­¥ç­®¬ áç¥â¥, ¬®¦¥â¡ëâì à §­ë¬ ¤«ï à §­ëå á®áâ®ï­¨©  �, ®­¨ ­¥ ï¢«ïîâáï ¡®«¥¥  ¢â®¬ â¨-ç¥áª¨ ®àâ®£®­ «ì­ë¬¨, ¨ ­¥®¡å®¤¨¬® ¤®¯®«­¨â¥«ì­® ­ «®¦¨âì N+C2N =N(N + 1)=2 ãá«®¢¨© ®àâ®­®à¬¨à®¢ ­­®áâ¨ ¨§ (16.3),   ¢¬¥áâ® ®¤­®£® ­¥-®¯à¥¤¥«¥­­®£® ¬­®¦¨â¥«ï � £à ­¦  E0N â®ç­®© § ¤ ç¨, ¢¢¥áâ¨ áâ®«ìª®¦¥ ­¥§ ¢¨á¨¬ëå « £à ­¦¥¢ëå ¯ à ¬¥âà®¢ ¯à¨¡«¨¦¥­­®© § ¤ ç¨, ª ª í«¥-¬¥­â®¢ á®®â¢¥âáâ¢ãîé¥© á¨¬¬¥âà¨ç­®© ¬ âà¨æë "�
 = "
�, 
 � �:0 = �nF [�0N ]� E0N h�0N j�0N io 7! �8<:F [ �]�X
�� n�n
"
�h �j 
i9=;= 0: (16.11)�«ï ­¥§ ¢¨á¨¬®© ®â  � ¢ à¨ æ¨¨ (16.11) ¯® � ��, ¨§ (16.9), (16.10) ¨¬¥¥¬:� �� h
jbhj�i = ��
Z d31 � ��(1) bh(1) �(1);   ¨§ dW(1;2) =dW(2;1) : (16.12)� �� h�; 
jdWj�; �i = Z d31 � ��(1)����w
�(1) �(1) + ��
w��(1) �(1)�; (16.13)w
�(1) = Z d32 �
(2)dW(1;2) �(2); çâ® ¯®¤ X� n�� ��(1) ¤ ¥â : (16.14)bh(1) �(1) +X
 �n
�w

(1) �(1)� w
�(1) 
(1)�� n
"
� 
(1)� = 0; (16.15)á¨áâ¥¬ã ­¥«¨­¥©­ëå¨­â¥£à®¤¨ää¥à¥­æ¨ «ì­ëå ãà ¢­¥­¨©� àâà¨-�®ª .



|195|�á«¨ ¯à¥­¥¡à¥çì ®¡¬¥­­ë¬ ¢ª« ¤®¬ ¢â®à®£® ç«¥­  w
�(1) áã¬¬ë ¯®
 (16.15) ¯à¨ 
 6= � ¨ ­¥®àâ®£®­ «ì­®áâìî äã­ªæ¨©  �, ®áâ ¢¨¢ ¢ âà¥-âì¥¬ ç«¥­¥ íâ®© áã¬¬ë «¨èì ãá«®¢¨¥ ¨å ­®à¬¨à®¢ª¨: n
"
� 7! e"(�)�
�, â®¯à¨¤¥¬ ª ®¤­®ç áâ¨ç­®¬ã ãà ¢­¥­¨î � àâà¨ (16.3) á ®¤­®ç áâ¨ç­ë¬ ¦¥£ ¬¨«ìâ®­¨ ­®¬ (16.2), ­® á § ¢¨áïé¨¬ ®â � íää¥ªâ¨¢­ë¬ ¯®â¥­æ¨ «®¬:fU(1)) fU�(1) =X
 6=�n
w

(1); â.ª. ¢ª« ¤ á 
 = � ¢á¥ ¦¥ ¨áç¥§ ¥â: (16.16)�¥è¥­¨¥ ¢ ®¡®¨å á«ãç ïå ¨é¥âáï ¨â¥à æ¨ï¬¨: ¯®¤áâ ­®¢ª  ¯à¥¤ë¤ãé¥©¨â¥à æ¨¨ à¥è¥­¨© ¤«ï  � ¢ (16.14) ¨ (16.16) ®¯à¥¤¥«ï¥â \¯®â¥­æ¨ «ë",á ª®â®àë¬¨ à¥è îâáï ã¦¥ «¨­¥©­ë¥ ãà ¢­¥­¨ï (16.15) ¨«¨ (16.3), (16.2)¤«ï á«¥¤ãîé¥© ¨â¥à æ¨¨  �. �­®¦¨â¥«¨ � £à ­¦  "
� ®¯à¥¤¥«ïîâáï § -â¥¬ ¥¥ ¯®¤áâ ­®¢ª®© ¢ N(N +1)=2 (¨«¨ N) ãá«®¢¨© ®àâ®­®¬¨à®¢ ­­®áâ¨¨§ (16.3). �à®æ¥áá ¯à®¤®«¦ ¥âáï ¤® â¥å ¯®à, ¯®ª  ¨â¥à æ¨¨  � ­¥ ¯¥à¥-áâ ­ãâ § ¬¥â­® ¬¥­ïâìáï, çâ® § ¢¨á¨â ®â â®ç­®áâ¨ \­ã«¥¢®©" ¨â¥à æ¨¨.�¥á¬®âàï ­  á«®¦­®áâì á¨áâ¥¬ë (16.15), ®­  ¤®¯ãáª ¥â ¢®§¬®¦­®áâìâ®ç­®£® à¥è¥­¨ï [33]. �ãáâì ¢­¥è­¥¥ ¯®«¥ u0(x) á¢®¤¨âáï ª áâ¥­ª ¬ (6.38)bu(x) \ïé¨ª " ®¡ê¥¬®¬ V £¤¥ ­ å®¤ïâáï í«¥ªâà®­ë, â®£¤  ¢ ®âáãâáâ¢¨¥¢§ ¨¬®¤¥©áâ¢¨ï ¯à¨ dW(1;2) =) 0 ®¤­®ç áâ¨ç­ ï ¢®«­®¢ ï äã­ªæ¨ï: �(x) 7!  k;�(x) = ei(kx)pV ��; ¥áâì ¯«®áª ï ¢®«­ : j�i 7! jk; �i; (16.17)á ¨¬¯ã«ìá®¬: p = �hk; ¨ í­¥à£¨¥©: "� =) "k� = �h2k2=2m: (16.18)�§ï¢ ¨å ­¥¯®áà¥¤áâ¢¥­­® ¢ ª ç¥áâ¢¥ ¯à®¡­®£® ­ ¡®à  ®¤­®ç áâ¨ç­ëå ¢®«-­®¢ëå äã­ªæ¨© �(x) (16.3), (16.4) ¤«ï ¯à®áâà ­áâ¢¥­­® ®¤­®à®¤­®© ª¢ ­-â®¢®© á¨áâ¥¬ë (15.26) á ¯ à­ë¬ ¢§ ¨¬®¤¥©áâ¢¨¥¬, â.ª. ¤«ï ­¨å:dW(1;2)=)W (x1 � x2); f(q) = Z d3xW (x) e�i(qx); â® ¨¬¥¥¬: w
�(1) == w��;k�(x) = h�� j��iZ d3ye�i(�y)pV W (x � y)ei(ky)pV = ���ei(x;k��)V f(k � �):�âáî¤ , ¤«ï ¯«®â­®áâ¨ n ¨ ®â¤¥«ì­ëå áã¬¬ ¢ (16.15) á ç¨á« ¬¨ § ¯®«-­¥­¨ï n� =) nk�, n
 =) n�� , á ãç¥â®¬ (16.5), (16.17) ­ å®¤¨¬ (áà. (15.22)):X
 n
w

(1) �(1) =)  k;�(x) 1V X�;� n�� f(0) =  k;�(x)nf(0); (16.19)X
 n
w
�(1) 
(1) =)X�;� n�� ��� ei(x;k��)V f(k � �)�� ei(�x)pV ==  k;�(x) 1V X� n��f(k � �); ¯à¨ n �X
 n
 j 
j2 =X
 n
V = NV : (16.20)



|196|�®áª®«ìªã á¨áâ¥¬  ¯à®¡­ëå äã­ªæ¨© (16.17) ã¦¥ ®àâ®­®à¬¨à®¢ ­ , â®¢ á®®â¢¥âáâ¢¨¨ á (16.11): n
"
� 7! e"(�)�
�, ¨ ¯®¤áâ ­®¢ª  ¢á¥£® íâ®£® ¢(16.15) ¤ ¥â ­®¢ë¥ á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï ®¤­®ç áâ¨ç­®© í­¥à£¨¨ ¤«ï ®¤-­®ç áâ¨ç­ëå á®áâ®ï­¨© (16.17) á â¥¬ ¦¥ á¯¨­®¬ ¨ ¨¬¯ã«ìá®¬ (16.18):e"(�) =) e"k� = �h2k22m + nf(0)� 1V X� n��f(k� �): (16.21)�¥¨§¬¥­­®áâì ¢®«­®¢ëå äã­ªæ¨©  k;�(x) ¨ �ãàì¥-®¡à § f(k��) ¯®â¥­æ¨- «  ¯ à­®£® ¢§ ¨¬®¤¥©áâ¢¨ï ãª §ë¢ îâ ­  1-© ¯®àï¤®ª á®®â¢¥âáâ¢ãîé¥©â¥®à¨¨ ¢®§¬ãé¥­¨©. �® ¤«ï ª®­¥ç­ëå á¨áâ¥¬ á®áâ ¢«ïîé¨¥ ¨å ¢ íâ®¬¯à¨¡«¨¦¥­¨¨ ­¥§ ¢¨á¨¬ë¥ ª¢ §¨ç áâ¨æë áãâì â®ç­ë¥ à¥è¥­¨ï (16.17),áãé¥áâ¢¥­­® ®â«¨ç îé¨¥áï ®â \§ âà ¢®ç­ëå" ç áâ¨æ ¨¤¥ «ì­®£® ä¥à¬¨-£ §  (16.18) § ª®­®¬ ¤¨á¯¥àá¨¨: "k� 7�! e"k� (16.21) ¨ ®âª«¨ª®¬ ­  ¢­¥è-­¥¥ ¯®«¥. �ª« ¤ nf(0) (16.19) ®â¢¥ç ¥â ¢¨àâã «ì­®¬ã à áá¥ï­¨î ¢¯¥à¥¤­  \à §¬ § ­­®¬" ¯® ¢á¥¬ã ®¡ê¥¬ã V à á¯à¥¤¥«¥­¨¨ § àï¤  ¢á¥© áä¥àë�¥à¬¨ ª ª æ¥«®£®, ¡¥§ ¯¥à¥¤ ç¨ ¥¬ã ¨¬¯ã«ìá  { \¡¥§ ®â¤ ç¨". �¤­ ª®,¤«ï ¤ «ì­®¤¥©áâ¢ãîé¥£® ªã«®­®¢áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï § àï¤®¢1:dW(1;2) =)W (x1 � x2) =) e2jx1 � x2j ; (16.22)â ª ï á¨áâ¥¬  ¡ã¤¥â ãáâ®©ç¨¢  â®«ìª® ¯à¨ ¢¢¥¤¥­¨¨ ª®¬¯¥­á¨àãîé¥£®ä®­  ¯®«®¦¨â¥«ì­®£® § àï¤ . �á«¨, ­¥ ¨­â¥à¥áãïáì íää¥ªâ ¬¨ ªà¨áâ «-«¨ç¥áª®© à¥è¥âª¨, áç¨â âì ¥£® à ¢­®¬¥à­® ª ª ¢ ¯« §¬¥ à §¬ § ­­ë¬ ¯®¢á¥¬ã ®¡ê¥¬ã V á â®© ¦¥, ª ª ®ç¥¢¨¤­® â®£¤ , ¯®áâ®ï­­®© ¯«®â­®áâìîn, â® à áá¥ï­¨¥ ­  ­¥¬ ¤ áâ ¢ í­¥à£¨î (16.21) ¥é¥ ¢ â®ç­®áâ¨ â ª®© ¦¥¢ª« ¤ á ¯à®â¨¢®¯®«®¦­ë¬ §­ ª®¬: (�1)nf(0). � ¨â®£¥ ¢ ¢ëà ¦¥­¨¨ ¤«ï­¥¥ ®áâ ¥âáï, ªà®¬¥ ¯¥à¢®£®, «¨èì ¯®á«¥¤­¨© ¢ª« ¤ (16.20), ®¯¨áë¢ î-é¨© à áá¥ï­¨¥ í«¥ªâà®­  ¨§¢­¥ áä¥àë �¥à¬¨ ­  ®â¤¥«ì­®¬ í«¥ªâà®­¥¢­ãâà¨ áä¥àë �¥à¬¨ á ¯¥à¥¤ ç¥© ¥¬ã ¨¬¯ã«ìá  q = k � � ¢ â®¬ ¦¥ á¯¨-­®¢®¬ á®áâ®ï­¨¨ �� ¨ § ¬¥­®© ¨å ¬¥áâ ¬¨, â.¥. ®¡¬¥­­ë© ¢ª« ¤: p = �h�,e"k� =) �h2k22m � 1V X� n��f(k � �) =) �h2k22m � 4�e2V X� n��jk� �j2 ; (16.23)¨ ¯à¨ n�� = �(pF � p); �F = pF�h ; n =) 2 pFZ d3p(2��h)3 � �3F3�2 ; (16.24)­ å®¤¨¬: �k� � 1V X� n��jk � �j2 =) Z d3�(2�)3 �(�2F � �2)[�2 + k2 � 2(k � �)] =1� á¨«ã ��� "p � n2=3 ¯à¨ jW j � n1=3. �.¥. ç¥¬ ªã«®­®¢áª¨© £ § ¯«®â­¥¥, â¥¬ ®­ á¢®¡®¤­¥¥.



|197|= 2� �FZ0 �2d�(2�)3 1Z�1 dc[�2 + k2 � 2k�c] = 2�(2�)3k �FZ0 �d� ln �����k + �k � � ����� ; ®âªã¤ :e"k� = �h2k22m � 4�e2�k� ; �k� = �F(2�)2 241 + �2F � k22�Fk ln �����k + �Fk � �F �����35 : (16.25)�â¨ ¢ëà ¦¥­¨ï ¯à¨£®¤­ë ª ª ¯à¨ k � �F , â ª ¨ ¯à¨ k < �F . �«ï ¤®¡ ¢ª¨ª U0 (13.10), â.¥. ¯®«­®© ®¡¬¥­­®© (ãçâ¨ 1/2) í­¥à£¨¨ ¢ëà®¦¤¥­­®£® ªã-«®­®¢áª®£® £ §  ¯à¨ ­ «¨ç¨¨ ª®¬¯¥­á¨àãîé¥£® ä®­  ¨§ (16.25) ­ å®¤¨¬:E®¡¬ � 12 Xk;� nk� ��4�e2�k�� � � 4�e22V Xk;�X� nk�n��jk � �j2 =) (16.26)=) �V 4�e2 Z d3k(2�)3 Z d3�(2�)3 �(�2F � k2)�(�2F � �2)jk� �j2 : (16.27)�à®é¥, ®¤­ ª®, ¯à®¢¥áâ¨ ¯àï¬®¥ ¢ëç¨á«¥­¨¥ íâ®£® ¨­â¥£à « , ¯®« £ ï:k = z+ q2 ; � = z� q2 ; ¯à¨ d3k d3� = d3q d3z; �F = (3�2n)1=3; (16.28)â.¥. =)� V 4�e2(2�)6 Z d3qq2 Z d3z �0@�2F �  z+ q2!21A �0@�2F �  z� q2!21A: (16.29)�­â¥£à « ¯® d3z ! F(q2) ¯à¨ ä¨ªá¨à®¢ ­­®¬ q ¥áâì ®¡ê¥¬ ¯¥à¥á¥ç¥­¨ï¤¢ãå è à®¢ à ¤¨ãá  �F à §­¥á¥­­ëå ­  à ááâ®ï­¨¥ q ¬¥¦¤ã æ¥­âà ¬¨ {ª ª ®¡ê¥¬ ¤¢ãå áä¥à¨ç¥áª¨å á¥£¬¥­â®¢ ¢ëá®âë � £¤¥ q=2 � h � � � �F :E®¡¬ = � V 4�e2(2�)6 � 4� � 2 �FZ0 dh � 2 �FZh d��(�2F � �2) = ((�¨á.16.1), (�¨á.16.2))= � V e2�3 �FZ0 d�(�2F � �2) �Z0 dh = � V e24�3 �4F = � 34�Ne2�F : (16.30)�®à¬ã«  (16.30) ®¯à¥¤¥«ï¥â â ª¦¥ ®¡¬¥­­ãî í­¥à£¨î ¢ëà®¦¤¥­­®© í«¥ª-âà®­­®© ¯« §¬ë áâ®«ì ­¨§ª®© â¥¬¯¥à âãàë, çâ® ¥¥ í«¥ªâà®­­ ï ª®¬¯®-­¥­â  ã¦¥ ¯®«­®áâìî ¢ëà®¦¤¥­ ,   ¨®­­ ï { ¥é¥ ­¥â. � ¬¥­¨¢ ¢ (16.26),(16.27) ä¥à¬¨-áâã¯¥­ìª¨ ç¨á¥« § ¯®«­¥­¨ï nk� (16.24) à á¯à¥¤¥«¥­¨ï¬¨�¥à¬¨ �n("k)� (13.2) ¯à¨ â¥¬¯¥à âãà¥ T á ãç¥â®¬ â¥®à¥¬ë � ã«¨ ¯ã-â¥¬ ¤¨ää¥à¥­æ¨à®¢ ­¨ï (16.1) ¨ E®¡¬ (16.27) ¯® § àï¤ã e2 ([6] x80): @J@e2!T;V;�= **@H@e2++) 1e2**Xa<bdW++; ã¡¥¤¨¬áï, çâ®: � E®¡¬) (16.31)) V 4�e2Z d3k(2�)3 Z d3�(2�)3�n("k)��n("�)�jk� �j2 = �J®¡¬(T; V; �) = P®¡¬V:



|198|�.¥. ¤«ï á« ¡®­¥¨¤ «ì­®© ¢ëà®¦¤¥­­®© ¯« §¬ë ¨¬¥­­® ®¡¬¥­­ ï í­¥à-£¨ï ¤ ¥â ®á­®¢­®© ¢ª« ¤ ¢ ¯®¯à ¢ª¨ ª ¡®«ìè®¬ã ¯®â¥­æ¨ «ã ¨ â¥à¬®¤¨­ -¬¨ç¥áª¨¬ ¢¥«¨ç¨­ ¬ ¨¤¥ «ì­®£® ä¥à¬¨-£ § . � ¯à¨¬¥à, ®âà¨æ â¥«ì­ ï¢¥«¨ç¨­  ®¡¬¥­­®© í­¥à£¨¨ ¤¥« ¥â ¢ë£®¤­®© ¯ à ««¥«ì­ãî ®à¨¥­â æ¨îí«¥ªâà®­­ëå á¯¨­®¢, çâ® ¯à¨¢®¤¨â ª à®áâã ¯ à ¬ £­¨â­®© ¢®á¯à¨¨¬-ç¨¢®áâ¨ í«¥ªâà®­­®£® £ §  (14.24) ¨ ®âªàë¢ ¥â ¢®§¬®¦­®áâì ¯¥à¥å®¤ ¢ ä¥àà®¬ £­¨â­®¥ á®áâ®ï­¨¥ (14.74) [49]: �T = �0T [1 + 2E®¡¬=(3N"F )]�1,â.¥. �T > �0T - ¢®á¯à¨¨¬ç¨¢®áâ¨ ¨¤¥ «ì­®£® £ §  (14.27), â.ª. E®¡¬ < 0.2 �â â¨áâ¨ç¥áª ï ¬®¤¥«ì �®¬ á -�¥à¬¨�â ª âà ­á«ïæ¨®­­ ï á¨¬¬¥âà¨ï (16.22) ­ ª« ¤ë¢ ¥â ¢¥áì¬  ¦¥áâª¨¥®£à ­¨ç¥­¨ï ­  à¥è¥­¨ï ãà ¢­¥­¨© � àâà¨-�®ª  (16.15). � âï¦¥«ëå ¦¥ â®¬ å ¨ ¨®­ å, ¨«¨ ¤«ï ¢­¥á¥­­®£® ¢ ­¥©âà «ì­ãî ¯« §¬ã ¯à®¡­®£® § -àï¤  ­ «¨ç¨¥ ¢ë¤¥«¥­­®£® æ¥­âà , ãáâà ­ïï âà ­á«ïæ¨®­­ãî ¨­¢ à¨ ­â-­®áâì, ¯®§¢®«ï¥â à áç¨âë¢ âì «¨èì ­  áä¥à¨ç¥áªãî á¨¬¬¥âà¨î § ¤ ç¨.�á«¨ ä¥à¬¨-á¨áâ¥¬  á®áâ®¨â ¨§ ¤®áâ â®ç­® ¡®«ìè®£® ç¨á«  ç áâ¨æ â®¯®¤ ¢«ïîé ï ¨å ç áâì, ­ ¯à¨¬¥à, ¢  â®¬¥, ­ å®¤¨âáï ¢ á¢ï§ ­­ëå á®áâ®-ï­¨ïå á ¢ëá®ª¨¬¨ ª¢ ­â®¢ë¬¨ ç¨á« ¬¨, ¨¬¥ï ®ç¥­ì ¬ «ë¥ ¤«¨­ë ¢®«­ ¢¬ áèâ ¡ å ¨§¬¥­¥­¨ï ¯®â¥­æ¨ « , â.¥. ¤®«¦­  å®à®è® ®¯¨áë¢ âìáï ª¢ -§¨ª« áá¨ç¥áª¨. �®íâ®¬ã ¬®¦­® ­¥ ãç¨âë¢ âì ¢ (16.15) ¢ª« ¤ ®¡¬¥­­®£®¢§ ¨¬®¤¥©áâ¢¨ï ®£à ­¨ç¨¢è¨áì ãà ¢­¥­¨¥¬ � àâà¨ (16.2), (16.3) á á ¬®-á®£« á®¢ ­­ë¬ ¯®â¥­æ¨ «®¬ (16.16), £¤¥ ¢¬¥áâ® ¯®áâ®ï­­ëå ¯«®â­®áâ¨n (16.20) ¨ ¯®â¥­æ¨ «  ¢ (16.19), á®£« á­® (16.14), (16.22), â¥¯¥àì ¨¬¥¥¬¢ ­¨å ã¡ë¢ îé¨¥ á à ááâ®ï­¨¥¬ r = jxj ¢®«­®¢ë¥ äã­ªæ¨¨ á¢ï§ ­­ëåá®áâ®ï­¨©, \®¦¨¢«ïîé¨¥" ¨ á ¬ ¯®â¥­æ¨ « (16.16):n(x) =X
 n
 j 
(x)j2; fU(x)= Z d3ydW(x;y)n(y)) e2Z d3y n(y)jx� yj ; (16.32)U(x) � u0(x) + fU(x) � � Ze2r + e2 Z d3y n(y)jx� yj; (16.33)®âªã¤ : r2U(x) =) 4�e2�Z�3(x)� n(x)�; U(1) = 0: (16.34)�â® ¯®§¢®«ï¥â ¯à¨¤ âì ¨¤¥¥ á ¬®á®£« á®¢ ­­®£® ¯®«ï fU(x) ®á®¡ãî ä®à¬ã¬¥â®¤  �®¬ á -�¥à¬¨, ¥á«¨ ¨­â¥à¥á®¢ âìáï ­¥ ¤¥â «ï¬¨, ­ ¯à¨¬¥à ®¡®-«®ç¥ç­®© áâàãªâãàë,   «¨èì ãáà¥¤­¥­­ë¬¨ å à ªâ¥à¨áâ¨ª ¬¨, § ¢¨áï-é¨¬¨ ®â áà¥¤­¥© ¯«®â­®áâ¨ í«¥ªâà®­®¢ n(x), ª®â®à ï ¤®áâ â®ç­® ¢¥«¨ª ¢áî¤ã, ªà®¬¥ ªà ©­¥© ¯¥à¨ä¥à¨ç¥áª®© ®¡« áâ¨  â®¬  (¨®­ ).



|199|�á«¨ áç¨â âì ¯®â¥­æ¨ « (16.33) ¯« ¢­®© (¨ ¤ «¥¥, áä¥à¨ç¥áª¨ á¨¬¬¥-âà¨ç­®©) äã­ªæ¨¥© U(r), â® ª¢ §¨ª« áá¨ç¥áª¨© å à ªâ¥à ¤¢¨¦¥­¨ï í«¥ª-âà®­®¢ ®§­ ç ¥â, çâ® ®¡ê¥¬  â®¬  ¬®¦­® à §¡¨âì ­  ¬�ªà®áª®¯¨ç¥áª¨¬ «ë¥ ïç¥©ª¨, ¢­ãâà¨ ª ¦¤®© ¨§ ª®â®àëå í«¥ªâà®­ë ¨¬¥îâ á¢®© ª¢ -§¨ª« áá¨ç¥áª¨© ä¨ªá¨à®¢ ­­ë© «®ª «ì­ë© ¨¬¯ã«ìá pF (r). �­ «®£¨ç­®ïé¨ªã á ¯«®áª¨¬ ¤­®¬ (16.24), ¢ ª ¦¤®© ¨§ ­¨å, ¢ á®®â¢¥âáâ¢¨¨ á ¯à¨­æ¨-¯®¬ � ã«¨, ãáâ ­ ¢«¨¢ ¥âáï â®£¤  á¢®¥ «®ª «ì­®¥ à á¯à¥¤¥«¥­¨¥ �¥à¬¨(T = 0) á «®ª «ì­®© ¯«®â­®áâìî n(r), ­® á ¥¤¨­®© ¤«ï ¢á¥å ïç¥¥ª £à ­¨ç-­®© í­¥à£¨¥© �¥à¬¨ "F , â.ª. § ¢¨á¨¬®áâì "F ®â r ¯à¨¢¥«  ¡ë ª ¯¥à¥â¥ª -­¨î \í«¥ªâà®­­®© ¦¨¤ª®áâ¨" ¢ ®¡« áâì ¥¥ ¬¨­¨¬ã¬ , çâ® ¯à®â¨¢®à¥ç¨âáâ æ¨®­ à­®áâ¨ á®áâ®ï­¨ï  â®¬  ¢ â ª®© \ª ¯¥«ì­®©" ¥£® ¬®¤¥«¨:"F = p2F (r)2m + U(r); (16.35)n(r) � 2 pF (r)Z d3p(2��h)3 � p3F (r)3�2�h3 =) (2m)3=23�2�h3 �"F � U(r)�3=2: (16.36)�®¤áâ ¢«ïï íâ® ¢ ãà ¢­¥­¨¥ �ã áá®­  (16.34) ¯à¨¤¥¬ ª ­¥«¨­¥©­®¬ã ãà ¢-­¥­¨î á ¬®á®£« á®¢ ­¨ï ¤«ï ¯®â¥­æ¨ «  U(r) (­¥â ¯à¨­æ¨¯  áã¯¥à¯®§¨æ¨¨):r2U(x) = 4�e2Z�3(x)� 4e2(2m)3=23��h3 �"F � U(r)�3=2: (16.37)�¥«ìâ  äã­ªæ¨î ¢ ¯à ¢®© ç áâ¨ §¤¥áì ¬®¦­® à¥¤ãæ¨à®¢ âì ¢ £à ­¨ç­®¥ãá«®¢¨¥ �(x(r))!1, ¯à¨ r ! 0, ¤«ï ¡¥§à §¬¥à­®© äã­ªæ¨¨ �(x), ¯®« £ ï:p2F (r)2m = �"F � U(r)� � Ze2r �(x(r)); ¤«ï ª®â®à®©, ¯à¨ r 6= 0 : (16.38)� 1r @2r�rU(r)� = 4�e2n(r) =) Ze2r d2�dr2 = 4e23� 0@2m�h2 Ze2r �1A3=2 ; (16.39)¨«¨, ¤«ï b = 27=3(3�)2=3 ; aB = �h2me2 : d2�dr2 =  Zr !1=2 "b �aB #3=2; (16.40)¨, ¯à¨ r = r(x) = aB xbZ1=3 ; ¨¬¥¥¬: d2�(x)dx2 = �3=2(x)px ; x = x(r); (16.41){ ã­¨¢¥àá «ì­®¥ ãà ¢­¥­¨¥ �®¬ á -�¥à¬¨ ¯® ¡¥§à §¬¥à­®© ¯¥à¥¬¥­­®©x á ®ç¥¢¨¤­ë¬¨ £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨ ¨ â®ç­ë¬ à¥è¥­¨¥¬ á®£« á®¢ ­-­ë¬ «¨èì á  á¨¬¯â®â¨ç¥áª¨¬ ãá«®¢¨¥¬ ¯à¨ x!1: (12)2 = 144,�(x) �!x!0 1; �(x) �!x!1 0; �1(x) = Axs =) 144x3 : (16.42)



|200|�«ï ¯®«®¦¨â¥«ì­ëå ¨®­®¢ ¯à¥®¡« ¤ ­¨¥ § àï¤  ï¤à  Z > N ¤®«¦­® ¯à¨-¢®¤¨âì ª á¦ â¨î í«¥ªâà®­­®© ®¡®«®çª¨, ¨ í«¥ªâà®­­ ï ¯«®â­®áâì ¡ã¤¥âá¯ ¤ ¥âì áâ®«ì ¡ëáâà®, çâ® ¬®¦­® £®¢®à¨âì ® £à ­¨ç­®© ¯®¢¥àå­®áâ¨r = r0 §  ª®â®à®© n(r � r0) = 0 ( �(r � r0) â.¥. U(r � r0) = "(N )F ¨ ¢á¥N í«¥ªâà®­®¢ ­ å®¤ïâáï ¯®¤ ­¥©,   ¢ á¨«ã â¥®à¥¬ë � ãáá  ¯®«¥ §  ­¥©¤®«¦­® á®¢¯ ¤ âì á ªã«®­®¢áª¨¬ ¯®«¥¬ ¯®«­®£® § àï¤  ¨®­  (Z �N)e2:N � r0Z d3xn(r) = 4� r0Z0 r2dr Z4�r d2�dr2 = Z(r@r�� �)����r=r0 + Z�(0); (16.43)¢ á¨«ã (16.39), E = � @U(r)@r �����r=r0� Ze2r2 (r@r�� �)����r=r0) � (Z �N)e2r20 ; (16.44)«î¡®¥ ¨§ íâ¨å ãá«®¢¨© ¤ ¥â: (r@r�� �)����r=r0) x�0(x)����x=x0= � Z �NZ : (16.45)�«ï ­¥©âà «ì­®£®  â®¬  N = Z, ¨ (16.34), (16.44) ®§­ ç îâ, çâ® ¨ á ¬¯®â¥­æ¨ « U(r � r0) = 0, ¨ á®£« á­® (16.36), "(Z)F � 0. �®áª®«ìªã ¯®á¬ëá«ã í­¥à£¨¨ �¥à¬¨ "� < "(Z)F ®âáî¤  ¨¬¥¥¬ "� < 0, çâ® ¥áâ¥áâ¢¥­­®¤«ï ¢á¥å á¢ï§ ­­ëå á®áâ®ï­¨© j�i í«¥ªâà®­®¢ ­¥©âà «ì­®£®  â®¬ . �.ª.�(x0) = 0, â® (16.45) ¨ (16.41) â¥¯¥àì ®§­ ç îâ ¨áç¥§­®¢¥­¨¥ ¢á¥å ¥¥ ¯à®-¨§¢®¤­ëå ¢ â®çª¥ x = x0, çâ® ¤«ï ª®­¥ç­ëå x0 ¤ ¥â «¨èì âà¨¢¨ «ì­®¥à¥è¥­¨¥ �(x) � 0. �¥âà¨¢¨ «ì­ãî í«¥ªâà®­­ãî ¯«®â­®áâì á �(x), á¯ -¤ îé¥© ¯® § ª®­ã (16.42) ¯®«ãç¨¬ «¨èì ¯à¨­ï¢, çâ® ¤«ï ­¥©âà «ì­®£® â®¬  x0 = 1. � ¯®«®¦¨â¥«ì­ëå ¨®­ å, ­ ¯à®â¨¢, ¨¬¥¥¬ "� < "(N )F < 0,¨ á®®â¢¥âáâ¢¥­­® ª®­¥ç­ë© à ¤¨ãá à á¯à¥¤¥«¥­¨ï r0 ¨§ ãá«®¢¨ï (16.45).� ª çâ® à á¯à¥¤¥«¥­¨ï § àï¤  ¢® ¢á¥å âï¦¥«ëå ­¥©âà «ì­ëå  â®¬ å®¯à¥¤¥«ïîâáï à¥è¥­¨¥¬ ã­¨¢¥àá «ì­®£® ãà ¢­¥­¨ï (16.41), (16.42) ¨ ¯®-¤®¡­ë ¤àã£ ¤àã£ã á § ¢¨áïé¨¬ ®â Z ª®íää¨æ¨¥­â®¬ ¯®¤®¡¨ï. � ª ®¡ê¥¬,¢­ãâà¨ ª®â®à®£® ­ å®¤¨âáï ¡®«ìè¨­áâ¢® í«¥ªâà®­®¢ (­® ­¥ ¢á¥!) ®¯à¥¤¥-«ï¥âáï ¨§ (16.40), (16.41), ª ª `3 � r3(x) ¯à¨ x � 1, ¨«¨ ` � aBZ�1=3 ¨á¦¨¬ ¥âáï á à®áâ®¬ Z ª ª 1=Z. �®®â¢¥âáâ¢¥­­® ¤«ï áà¥¤­¥© áª®à®áâ¨ v,áà¥¤­¨å ª¨­¥â¨ç¥áª®© "K ¨ ¯®â¥­æ¨ «ì­®© "� í­¥à£¨© ¨ ¯®«­®© í­¥à£¨¨¨®­¨§ æ¨¨  â®¬  EI � ZJ0 (á¬. (7.15)) ¯® ��� ¨¬¥¥¬ ®æ¥­ª¨ ¤«ï Z � 1:v = pm � �hm` � �hZ1=3maB = e2Z1=3�h = �cZ1=3; ¯à¨: � � e2�hc � 1137 ; (16.46)"K = mv22 � mc2�2Z2=3 � j"�j � Ze2` � e2Z4=3aB = mc2�2Z4=3; ¨ (16.47)(áà. ®æ¥­ª¨ ª (16.22)): EI � ZJ0 � Z j"K + "�j � Z j"�j = mc2�2Z7=3: (16.48)



|201|�¥â®¤ �®¬ á -�¥à¬¨ ¯à¨¬¥­�̈¬ â ª¦¥ ª á¨áâ¥¬¥ í«¥ªâà®­®¢ ¢ ¡®«ì-è®¬ ®¡ê¥¬¥ V ¯à¨ ­ «¨ç¨¨ ª®¬¯¥­á¨àãîé¥£® ä®­  n+0 = const. � à ¢­®-¢¥á¨¨ íâ  á¨áâ¥¬  ¯à®áâà ­áâ¢¥­­® ®¤­®à®¤­  ¨ ¢­®¢ì, á®£« á­® (16.36):n�(r) =) n�0 = 13�2  pF�h !3 � 13�2  2m"F�h2 !3=2(= n+0 ; (m = me): (16.49)�­¥á¥¬ ¢ ­ ç «® ª®®à¤¨­ â íâ®© ª¢ §¨ª« áá¨ç¥áª®© í«¥ªâà®­­®© ¯« §¬ë¢­¥è­¨© â®ç¥ç­ë© § àï¤ e0. � § ¢¨á¨¬®áâ¨ ®â §­ ª , ¢¡«¨§¨ ­¥£® ¢®§-­¨ª­¥â ®¡« ª® ¨§¡ëâ®ç­®£® § àï¤  ¯à®â¨¢®¯®«®¦­®£® §­ ª , á¢ï§ ­­®£® áã¢¥«¨ç¥­¨¥¬ ¨«¨ ã¬¥­ìè¥­¨¥¬ í«¥ªâà®­­®© ¯«®â­®áâ¨. �®¢®¥, ã¦¥ ­¥®¤-­®à®¤­®¥ ¯à®áâà ­áâ¢¥­­®¥ à á¯à¥¤¥«¥­¨¥ í«¥ªâà®­®¢ n�(r) ¡ã¤¥â â ª¨¬,çâ®¡ë ¯®â¥­æ¨ « �(r) à¥§ã«ìâ¨àãîé¥£® í«¥ªâà¨ç¥áª®£® ¯®«ï ã¤®¢«¥â¢®-àï« ãà ¢­¥­¨ï¬ á ¬®á®£« á®¢ ­¨ï (16.34), (16.36) á U(r) = e�(r):r2�(r) =)r 6=0 �4�e hn�(r)� n+0 i)� 4e(2m)3=23��h3 �("F � e�(r))3=2� "3=2F �;(16.50)¨, ¯à¨: �����e�"F ������ 1; r 6= 0: 1r @2r�r�(r)� � �2�(r); £¤¥: (16.51)�2 = 2e2�"F  2m"F�h2 !3=2� 2e2�"F 3�2n0 = 3 !2Dv2F ; !2D = 4�n0e2m; vF = pFm ; (16.52){ ¥áâì ®¡à â­ë© ¤¥¡ ¥¢áª¨© à ¤¨ãá íªà ­¨à®¢ ­¨ï � , ¤¥¡ ¥¢áª ï ç áâ®â ¯« §¬¥­­ëå ª®«¥¡ ­¨© !D, ¨ ä¥à¬¨¥¢áª ï áª®à®áâì vF á®®â¢¥âáâ¢¥­­®.�¥è¥­¨¥ ãà ¢­¥­¨ï (16.51) á £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨ (16.38), (16.42):r�(r) =)r!0 e0; ¯à¨ 1� = vFp3!D � %D; �(r) = e0r e��r; (16.53)®¯¨áë¢ ¥â áâ â¨ç¥áª®¥ íªà ­¨à®¢ ­¨¥ ¢­¥è­¥£® § àï¤  e0 ¢ í«¥ªâà®­­®¬£ §¥ ­  à ááâ®ï­¨¨ %D. �  íâ® à ááâ®ï­¨¥ á¬¥é îâáï ¢ áà¥¤­¥¬ § àï¤ë eáà¥¤ë, çâ®¡ë ¢áï á¨áâ¥¬  ¢ æ¥«®¬ ®áâ « áì ¢ à ¢­®¢¥á¨¨. �§ (16.53) ïá­®,çâ® %D ¥áâì à ááâ®ï­¨¥, ­  ª®â®à®¥ à á¯à®áâà ­ï¥âáï ¢®§¬ãé¥­¨¥ ¢ í«¥ª-âà®­­®¬ £ §¥ §  ¢à¥¬ï ¯®àï¤ª  ¯¥à¨®¤  ¯« §¬¥­­ëå ª®«¥¡ ­¨© 2�=!D.�®áª®«ìªã ¯à¨ ¢ëá®ª¨å â¥¬¯¥à âãà å ®â«¨ç¨¥ ¯«®â­®áâ¨ n(r) ®â n0¤ ¥âáï à á¯à¥¤¥«¥­¨¥¬ �®«ìæ¬ ­ , ¯®¢â®à¨¢ ¢ëç¨á«¥­¨ï (16.50){(16.53),¯à¨¤¥¬ ª â ª®¬ã ¦¥ à¥§ã«ìâ âã (16.53) á § ¬¥­®© ä¥à¬¨-áª®à®áâ¨ ­  áà¥¤-­¥ª¢ ¤à â¨ç­ãî: v2F 7! �v2� � 3kBT=m ¨ �2 7! �2T = 4�n0e2=(kBT ), â.ª.¢ (16.50), ¨¬¥¥¬ ¯à¨ íâ®¬ ãá«®¢¨¨, çâ®:����� e�kBT ������1; 1r@2r�r�(r)�)�4�e24n0 exp0@�e�(r)kBT 1A� n035�m!2DkBT �(r)= �2T�(r):



|202|([6] x80, [7], [31] x70, [33], [35])� ¤ ç¨22.1. �ë¢¥áâ¨ ¯à ¢¨«  áã¬¬ ��� ¤«ï \á¨« ®áæ¨««ïâ®à®¢" F (x;y;z)fi ¢  â®¬¥á Z í«¥ªâà®­ ¬¨:F (x)fi = 2m(Ef � Ei)�h2 ������*i ������ ZXa=1 xa������ i+������2 ; 1Xf=1F (x)fi =?; (16.54)á¯à ¢¥¤«¨¢ë¥ ¤«ï «î¡®© á¨áâ¥¬ë, £¤¥ á¨«ë § ¢¨áïâ â®«ìª® ®â ®â­®á¨-â¥«ì­ëå à ááâ®ï­¨© ¬¥¦¤ã § àï¤ ¬¨ ¨ ­¥ § ¢¨áïâ ®â ¨å ®â­®á¨â¥«ì­ëåáª®à®áâ¥©. � ª ¨§¬¥­ïâáï íâ¨ ¯à ¢¨«  áã¬¬ ��� ¤«ï í«¥ªâà®­®¢ ¢  â®¬¥¨«¨ ­ãª«®­®¢ ¢ ï¤à¥ ¯à¨ ãç¥â¥ ¯à¨­æ¨¯  � ã«¨ ([31], [33])?22.2. � ©â¨ ¯à ¢¨«® áã¬¬ ¤«ï ä«ãªâã æ¨¨ ¯«®â­®áâ¨ í«¥ªâà®­®¢ ¢  â®¬¥,¥á«¨ ¤¥©áâ¢ãîé¨¥ ­  ­¨å á¨«ë ­¥ § ¢¨áïâ ®â áª®à®áâ¥© ([31], [33]):1Xn=0 2m�h2 (En � E0) ������hnj0@ ZXa=1 ei(k�Xa)1Aj0i������2=??; £¤¥: VZ = � ZXa=1 Ze2jXaj ; (16.55)�cHZ + VZ� jni = En jni; cHZ = ZXa=1 P2a2m + 12 ZX1=a ZX6=b=1Uab(Xa �Xb): (16.56)22.3. �¥¦¤ã Z ¯à®â®­ ¬¨ ¨ N ­¥©âà®­ ¬¨ ¢ ï¤à¥ á A = Z +N ­ãª«®-­ ¬¨, ¡« £®¤ àï ®¡¬¥­ã § àï¦¥­­ë¬ ¯¨- ¬¥§®­®¬, áãé¥áâ¢ãîâ, ªà®¬¥®¡ëç­ëå, ¥é¥ ¯à®áâà ­áâ¢¥­­® ®¡¬¥­­ë¥ á¨«ë, ¯¥à¥¢®¤ïé¨¥ ­¥©âà®­ �¢ ¯à®â®­ � ¨ ®¡à â­® ¤¥©áâ¢¨¥¬ á®®â¢¥âáâ¢ãîé¥£® ®¡¬¥­¨¢ îé¥£® ®¯¥-à â®à  cP��. � ª ¨§¬¥­ïâáï ¯à ¢¨«  áã¬¬ ��� (16.54) ¤«ï ­ãª«®­®¢ ¢ï¤à¥ c ãç¥â®¬ á®®â¢¥âáâ¢ãîé¥© ¤®¡ ¢ª¨ ª � ¬¨«ìâ®­¨ ­ã ¨å ¢§ ¨¬®¤¥©-áâ¢¨ï ¢¨¤  (16.56) cHA, ¯à¨ Z 7! A = Z +N , ¨:�H®¡¬ = � NX�=1 ZX�=1U(r��)cP��; r2�� = (x� � x�)2; ¨ ¥á«¨ R = 1A AXa=1xa;{ ®¯¥à â®à à ¤¨ãá-¢¥ªâ®à  æ¥­âà  ¬ áá, ª®â®àë© ­¥ ¬®¦¥â ¢ë§ë¢ âì ¢­ã-âà¥­­¨¥ ¢®§¡ã¦¤¥­¨ï ï¤à , ­ ¯à¨¬¥à, ¢ ¥£® á¨áâ¥¬¥ ¯®ª®ï ([33]), ­ ©â¨®¯¥à â®à íää¥ªâ¨¢­®£® ¤¨¯®«ì­®£® ¬®¬¥­â  ï¤à .22.4. �á¯®«ì§ãï ¬®¤¥«ì �®¬ á -�¥à¬¨ ­ ©â¨ §­ ç¥­¨¥ Z ¯à¨ ª®â®à®¬ ¢ â®¬¥ ­ ç¨­ îâ § ¯®«­ïâìáï á®áâ®ï­¨ï á ¤ ­­ë¬ §­ ç¥­¨¥¬ ®à¡¨â «ì-­®£® ¬®¬¥­â  l ([31] x70, [35] x71).22.5. �®«ãç¨âì (16.36) ­¥¯®áà¥¤áâ¢¥­­® ¨§ ®¯à¥¤¥«¥­¨ï (16.32) ¨ ���¯à¨¡«¨¦¥­¨ï ¤«ï ¢®«­®¢ëå äã­ªæ¨© ­¥©âà «ì­®£®  â®¬  ([31]).



|203|22.6. � ©â¨ ­®à¬¨à®¢ ­­ãî äã­ªæ¨î à á¯à¥¤¥«¥­¨ï ç áâ¨æ ¨¤¥ «ì­®£®¢ëà®¦¤¥­­®£® ä¥à¬¨-£ §  ¯® ®â­®á¨â¥«ì­®¬ã ¨¬¯ã«ìáã q = (p1 � p2)=2:w(q) = Z d3p1(2�)3 Z d3p2(2�)3 np1 np2 �3  q � p1 � p22 ! ;w(q) = 24 q2p3F 0@1 � 3q2pF + q22p2F 1A ; pFZ0 dqw(q) = 1:22.7. �«ï á¨áâ¥¬ë ç áâ¨æ á � ¬¨«ìâ®­¨ ­®¬ cHN (16.56) ¤®ª § âì, çâ®ãà ¢­¥­¨¥ ­¥¯à¥àë¢­®áâ¨ ¤«ï ®¯¥à â®à  ¯«®â­®áâ¨ â®ª  J(x) ¢ëâ¥ª ¥â¨§ ãà ¢­¥­¨ï �¥©§¥­¡¥à£  ¤«ï ®¯¥à â®à  ¯«®â­®áâ¨ ç¨á«  ç áâ¨æ %(x):%(x) = NXa=1 �3(x � xa); ��h _%(x) = h%(x); cHN i ; p = �i�hr;J(x) = 12m NXa=1�pa�3(x� xa) + �3(x� xa)pa�; _%(x) + (rx � J(x)) = 0:22.8. �ç¨â ï ã¤¥«ì­ë© ®¡ê¥¬ ®¤­®£® í«¥ªâà®­  V=N = 4�a3=3, { è -à®¬ à ¤¨ãá  a, ­ ©â¨, ª ª äã­ªæ¨¨ ¡¥§à §¬¥à­®£® ®â­®è¥­¨ï �s = a=aB,å à ªâ¥à¨áâ¨ª¨ ¢ëà®¦¤¥­­®£® í«¥ªâà®­­®£® £ § : ¨¬¯ã«ìá pF ¨ í­¥à-£¨î �¥à¬¨ "F , áà¥¤­îî ª¨­¥â¨ç¥áªãî í­¥à£¨î (13.10) ­  ®¤¨­ í«¥ªâà®­" = U0=N , ¨ ®â­®è¥­¨¥ ª ­¥© áà¥¤­¥© ªã«®­®¢áª®© í­¥à£¨¨ e2=a. � ª¬¥­ï¥âáï íâ® ®â­®è¥­¨¥, å à ªâ¥à¨§ãîé¥¥ ®â­®á¨â¥«ì­®¥ ¢«¨ï­¨¥ ªã-«®­®¢áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï, á à®áâ®¬ ¯«®â­®áâ¨ £ §  n? �à¨­ïâì, çâ®:aB = 0; 53 oA, £¤¥ 1 oA = 10�8 á¬, ®âªã¤ :2 �Ry = I0 = mc2�2 = e2aB = me4�h2 = 27; 21 í� = 4; 36 � 10�11 íà£: (16.57)�F = pF�h = 3; 64�s � oA��1 ; "F = p2F2m = 3; 62�2s Ry; e2a = Ry�s ; (16.58)" = 35"F = 2; 21�2s Ry; e2=a" = 0; 90�s � (V=N)1=3 = (n)�1=3: (16.59)� ª ¨§¬¥­ïâáï íâ¨ ®æ¥­ª¨ ¤«ï d-¬¥à­®£® ä¥à¬¨-£ § ?22.9. �à¨¢«¥ª ï (13.10), (16.30) ª � ¤. 20.10. ¨ � ¤. 22.8. ¤«ï ®æ¥­ª¨¯à®¨£àëè  ¢ áà¥¤­¥© ª¨­¥â¨ç¥áª®© í­¥à£¨¨ " ¨ ¢ë¨£àëè  ¢ ®¡¬¥­­®©í­¥à£¨¨ ­  ®¤­ã ç áâ¨æã E®¡¬=N ¤«ï ­®à¬ «ì­®© ¨ ä¥àà®¬ £­¨â­®© ä §¢ëà®¦¤¥­­®£® ä¥à¬¨-£ § , ­ ©â¨ ¢ â¥à¬¨­ å �s ªà¨â¨ç¥áªãî ¯«®â­®áâì¤«ï ¥£® ¯¥à¥å®¤  ¢ ä¥àà®¬ £­¨â­®¥ á®áâ®ï­¨¥:"(pfmF )� "(pF ) =??; 1N �E®¡¬(pfmF )� E®¡¬(pF )� =??
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�¨á. 16.1. �¡« áâì ¨­â¥£à¨à®¢ ­¨ï ¢(16.29). �¨á. 16.2. �¡« áâì ¨­â¥£à¨à®¢ ­¨ï ¢(16.30).
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