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c© 2005 £. �.�. � ¤ë«ìè¨­∗� ��������� �������������������� ����������Ǳà¨¢¥¤¥­ë ­¥®¡å®¤¨¬ë¥ ¨ ¤®áâ â®ç­ë¥ ãá«®¢¨ï ¢®§­¨ª­®¢¥­¨ï á®¡áâ¢¥­­ëå §­ ç¥Ä­¨© ®¯¥à â®à �à¥¤¨­£¥à  ¢ ¯®«®á å ¨ æ¨«¨­¤à å ¯à¨ ¬ «ëå «®ª «¨§®¢ ­­ëå ¢®§¬ãÄé¥­¨ïå. Ǳ®áâà®¥­ë  á¨¬¯â®â¨ª¨ á®¡áâ¢¥­­ëå §­ ç¥­¨©.�«îç¥¢ë¥ á«®¢ : ®¯¥à â®à�à¥¤¨­£¥à , ¢®«­®¢®¤, ¢®§¬ãé¥­¨¥, á¯¥ªâà,  á¨¬¯â®â¨ª .1. ��������� à ¡®â¥ à áá¬ âà¨¢ ¥âáï ¢®§¬ãé¥­¨¥ ª¢ ­â®¢®£® ¢®«­®¢®¤ , ¬ â¥¬ â¨ç¥áª®©¬®¤¥Ä«ìî ª®â®à®£® ï¢«ï¥âáï § ¤ ç �¨à¨å«¥ ¤«ï ®¯¥à â®à H(m)0 := −(�+�m) ¢ n-¬¥à­®¬æ¨«¨­¤à¥� = (−∞;∞)×
, £¤¥ 
 ⊂ Rn−1 { ®¤­®á¢ï§­ ï ®£à ­¨ç¥­­ ï ®¡« áâì á ¤®áâ Äâ®ç­® £« ¤ª®© £à ­¨æ¥© ¯à¨ n > 3 ¨ ¨­â¥à¢ « (a; b) ¯à¨ n = 2. �¤¥áì ¨ ¤ «¥¥ 0 < �1 <�2 6 · · · { á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï § ¤ ç¨ �¨à¨å«¥ ¢ ®¡« áâ¨ 
 ¤«ï ®¯¥à â®à  −�′ :=
−

(@2=@x22+ · · ·+@2=@x2n) ¯à¨ n > 3 ¨ ¤«ï ®¯¥à â®à −�′ := −d2=dx22 ¯à¨ n = 2. �®à®Äè® ¨§¢¥áâ­®, çâ® ¯à¨ ¢®§¬ãé¥­¨¨ ¢®«­®¢®¤®¢ ¬®¦¥â ¢®§­¨ª âì ¬ «®¥ á®¡áâ¢¥­­®¥ §­ Äç¥­¨¥ ¤«ï m = 1 (â.¥. ¤«ï H(1)0 ). � ç áâ­®áâ¨, ¢ à ¡®â å [1], [2] ¡ë«® ¯®ª § ­® áãé¥áÄâ¢®¢ ­¨¥ â ª®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï ¤«ï á« ¡® ¨§®£­ãâëå ¢®«­®¢®¤®¢,   ¢ à ¡®â¥ [3]¡ë«  ¢ëç¨á«¥­  ¥£®  á¨¬¯â®â¨ª  ¯® ¬ «®¬ã¯ à ¬¥âàã. � [3] â ª¦¥ ¡ë«¨ ¯à¨¢¥¤¥­ë ãáÄ«®¢¨ï, ¯à¨ ª®â®àëå ¢®§­¨ª ¥â á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ ¢ á«ãç ¥ ¢®§¬ãé¥­¨ï ¢®«­®¢®¤ ¬ Ä«ë¬ ¯®â¥­æ¨ «®¬, ¨ ¯®áâà®¥­  ¥£®  á¨¬¯â®â¨ª . � [4]{[7] à áá¬ âà¨¢ «¨áì «®ª «ì­ë¥¤¥ä®à¬ æ¨¨ ¢®«­®¢®¤®¢. � [4] ¡ë«®¤®ª § ­®, çâ® ¥á«¨ áà¥¤­¥¥ §­ ç¥­¨¥ ¢®§¬ãé¥­¨ï ¯®Ä«®¦¨â¥«ì­®, â® á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ ¢®§­¨ª ¥â,   ¥á«¨ ®âà¨æ â¥«ì­®, â® á®¡áâ¢¥­­®£®§­ ç¥­¨ï ­¥ áãé¥áâ¢ã¥â. �à®¬¥ â®£®, ¢ ¤¢ã¬¥à­®¬ á«ãç ¥ ¡ë«  ¯®áâà®¥­   á¨¬¯â®â¨ª ¢®§­¨ª îé¥£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï. �«ï âà¥å¬¥à­®£® ®á¥á¨¬¬¥âà¨ç­®£® æ¨«¨­¤à  á¨¬¯â®â¨ª  ¢®§­¨ª îé¥£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï (­  ä¨§¨ç¥áª®¬ ãà®¢­¥ áâà®£®áâ¨)¡ë«  ¯®áâà®¥­  ¢ [5]. � à ¡®â¥ [6] ¡ë«® ¯®ª § ­®, çâ® ¯à¨ n = 2 ¢ ªà¨â¨ç¥áª®¬ á«ãç ¥,ª®£¤  áà¥¤­¥¥ §­ ç¥­¨¥ ¢®§¬ãé¥­¨ï £à ­¨æë à ¢­® ­ã«î, á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ ¬®¦¥âª ª ¢®§­¨ª âì, â ª ¨ ­¥ ¢®§­¨ª âì. � à ¡®â¥ [7] ¡ë«  ¯®áâà®¥­   á¨¬¯â®â¨ª  â ª®£® á®¡Äáâ¢¥­­®£® §­ ç¥­¨ï ¢ á«ãç ¥, ª®£¤  ®­® ¢á¥ ¦¥ ¢®§­¨ª ¥â. � à ¡®â¥ [8] ¡ë«¨ ¨áá«¥¤®¢ Ä
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� ��������� ����������� ��������� ���������� 359­ë ¢®¯à®áë ¢®§­¨ª­®¢¥­¨ï á®¡áâ¢¥­­®£® §­ ç¥­¨ï ¨ ¥£®  á¨¬¯â®â¨ª¨ ¯à¨ ¢®§¬ãé¥­¨¨¬ «ë¬ «®ª «¨§®¢ ­­ë¬ ¤¨ää¥à¥­æ¨ «ì­ë¬ ®¯¥à â®à®¬ ¢â®à®£® ¯®àï¤ª , ª ç áâ­®¬ãá«ãç î ª®â®à®£® á¢®¤¨âáï (¯®¬¨¬® ã¯®¬ï­ãâëå ¢ëè¥ ¢®§¬ãé¥­¨©) ¨ á« ¡®¥ ªàãç¥­¨¥¢®«­®¢®¤ . Ǳà¨ç¥¬ ¤«ï ¯®á«¥¤­¥£® á«ãç ï ¡ë«® ¯®ª § ­® ®âáãâáâ¢¨¥ á®¡áâ¢¥­­ëå §­ Äç¥­¨©.�­ áâ®ïé¥©à ¡®â¥ à áá¬®âà¥­®¬ «®¥ ¢®§¬ãé¥­¨¥,ª®â®à®¥ ¯à¥¤áâ ¢«ï¥â á®¡®© ¯à®Ä¨§¢®«ì­ë© «®ª «¨§®¢ ­­ë© ®¯¥à â®à ¢â®à®£® ¯®àï¤ª  ¨ ç áâ­ë¬¨ á«ãç ï¬¨ ª®â®à®£®ï¢«ïîâáï ¢á¥ ã¯®¬ï­ãâë¥ ¢ëè¥ ¢®§¬ãé¥­¨ï ¢®«­®¢®¤®¢. Ǳ® áãé¥áâ¢ã, ¬ë à §¢¨¢ ¥¬¯®¤å®¤, ¯à¥¤«®¦¥­­ë© ¢ à ¡®â¥ [9], £¤¥ ¡ë«® à áá¬®âà¥­®  ­ «®£¨ç­®¥ ¢®§¬ãé¥­¨¥ ®¯¥Äà â®à  �à¥¤¨­£¥à  ­  ®á¨ ¨ ¤ ­® ¯à®áâ®¥ ®¡êïá­¥­¨¥ \­¥à¥£ã«ïà­®£®" (­¥®¡ï§ â¥«ìÄ­®£®) ¯®ï¢«¥­¨ï á®¡áâ¢¥­­ëå §­ ç¥­¨© ¯à¨, ®ç¥¢¨¤­®, à¥£ã«ïà­®¬ ¢®§¬ãé¥­¨¨.�âàãªâãà  à ¡®âë á«¥¤ãîé ï. � à §¤¥«¥ 2 ¤ ¥âáï ä®à¬ã«¨à®¢ª  ®á­®¢­®£® ãâ¢¥à¦Ä¤¥­¨ï, ¢ à §¤¥«¥ 3 { ¥£® ¤®ª § â¥«ìáâ¢®. � ®áâ «ì­ëå ç¥âëà¥å à §¤¥« å ¯à¨¢¥¤¥­ë ­¥Äª®â®àë¥ ¯à¨¬¥àë, ¨««îáâà¨àãîé¨¥ ®á­®¢­®¥ ãâ¢¥à¦¤¥­¨¥ à ¡®âë ¨ ¥£® á«¥¤áâ¢¨ï.2. ������������ ������������������� � ��� ����������áî¤ã ¤ «¥¥Hjloc(�) { ¬­®¦¥áâ¢® äã­ªæ¨©, ®¯à¥¤¥«¥­­ëå ­  �, áã¦¥­¨ï ª®â®àëå ­ «î¡ãî ®£à ­¨ç¥­­ãî ®¡« áâìD ⊂ � ¯à¨­ ¤«¥¦ â Hj(D), ‖ · ‖G ¨ ‖ · ‖j;G { ­®à¬ë ¢L2(G) ¨Hj(G), á®®â¢¥âáâ¢¥­­®. � «¥¥, ¯ãáâìQ = (−R;R)×
, £¤¥R > 0 { ¯à®¨§¢®«ìÄ­®¥ ¤¥©áâ¢¨â¥«ì­®¥ ç¨á«®, L2(�;Q) { ¯®¤¬­®¦¥áâ¢® äã­ªæ¨© ¨§ L2(�) á ­®á¨â¥«ï¬¨ ¨§Q, L" { «¨­¥©­®¥ ®â®¡à ¦¥­¨¥H2loc(�) ¢ L2(�;Q) â ª®¥, çâ® ∥∥L"[u]∥∥Q 6 C(L)‖u‖2;Q,£¤¥ ¯®áâ®ï­­ ï C(L) ­¥ § ¢¨á¨â ®â ", 0 < "� 1,
〈F 〉 := ∫� F dx:�¥«ìî à ¡®âë ï¢«ï¥âáï ¨áá«¥¤®¢ ­¨¥ ¢®¯à®á®¢ áãé¥áâ¢®¢ ­¨ï ¨  á¨¬¯â®â¨ª á®¡áâÄ¢¥­­ëå §­ ç¥­¨© § ¤ ç¨ �¨à¨å«¥ ¤«ï ®¯¥à â®à H(m)" := H(m)0 − "L" ¢ æ¨«¨­¤à¥ �:

H(m)"  (m)" = �(m)"  (m)" ¯à¨ x ∈ �;  (m)" = 0 ¯à¨ x ∈ @�: (2.1)�«ï ¯à®áâëå �m ¨ ¬ «ëå ª®¬¯«¥ªá­ëå k ®¯à¥¤¥«¨¬ «¨­¥©­ë© ®¯¥à â®à A(m)(k):L2(�;Q) → H2loc(�) ª ªA(m)(k)g := ∞∑j=1 �j(x′)2K(m)j (k) ∫� e−K(m)j (k)|x1−t1|�j(t′)g(t) dt; (2.2)£¤¥ x′ = (x2; : : : ; xn), �j { ®àâ®­®à¬¨à®¢ ­­ë¥ ¢ L2(
) á®¡áâ¢¥­­ë¥ äã­ªæ¨¨ § ¤ ç¨�¨à¨å«¥ ¢ ®¡« áâ¨ 
 ¤«ï ®¯¥à â®à  −�′, á®®â¢¥âáâ¢ãîé¨¥ á®¡áâ¢¥­­ë¬ §­ ç¥­¨ï¬�j , K(m)j (k) = i√�m − �j − k2 ¯à¨ j < m, K(m)m (k) = k ¨K(m)j (k) = √�j − �m + k2¯à¨ j > m. � «¥¥, ­  äã­ªæ¨ïå ¨§ L2(�;Q) ®¯à¥¤¥«¨¬ ®¯¥à â®à T (m)" (k): L2(�;Q) →L2(�;Q) ª ª T (m)" (k)g := L"[A(m)(k)g] − 12k 〈g�m〉L"[�m]: (2.3)



360 �.�. ����������¡®§­ ç¨¬ ç¥à¥§ B(X;Y ) (ç¥à¥§B(X)) ¡ ­ å®¢® ¯à®áâà ­áâ¢® «¨­¥©­ëå ®£à ­¨ç¥­Ä­ëå ®¯¥à â®à®¢ ¨§ ¡ ­ å®¢  ¯à®áâà ­áâ¢  X ¢ ¡ ­ å®¢® ¯à®áâà ­áâ¢® Y (¢ ¡ ­ å®¢®¯à®áâà ­áâ¢® X),   ç¥à¥§ Bhol(X;Y ) (ç¥à¥§ Bhol(X)) ®¡®§­ ç¨¬ ¬­®¦¥áâ¢® £®«®¬®àäÄ­ëå ®¯¥à â®à­®§­ ç­ëå äã­ªæ¨© á® §­ ç¥­¨ï¬¨ ¢ B(X;Y ) (¢ B(X)).� íâ¨å ®¡®§­ ç¥­¨ïå ¨§ ®¯à¥¤¥«¥­¨ï T (m)" (k) á«¥¤ã¥â, çâ® ¯à¨ ¬ «ëå k ®¯¥à â®àT (m)" (k) ∈ Bhol(L2(�;Q)),   á«¥¤®¢ â¥«ì­®,S(m)" (k) := (I − "T (m)" (k))−1 ∈ Bhol(L2(�;Q)); S(m)" (k) −→"→0 I; (2.4)£¤¥ I { â®¦¤¥áâ¢¥­­ë© ®¯¥à â®à. � á¢®î ®ç¥à¥¤ì, ¨§ (2.4) ¢ëâ¥ª ¥â�¥¬¬  1. �á«¨ �m { ¯à®áâ®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ �¨à¨å«¥ ¤«ï −�′ ¢
, â® ¯à¨ ¤®áâ â®ç­® ¬ «ëå k ãà ¢­¥­¨¥2k − "〈�mS(m)" (k)L"[�m]〉 = 0 (2.5)¨¬¥¥â ¥¤¨­áâ¢¥­­®¥ à¥è¥­¨¥ k(m)" , ¯à¨ç¥¬k(m)" = "12〈�mL"[�m]〉+ "2 12〈�mT (m)" (0)L"[�m]〉+O("3); (2.6)  ¥á«¨ L"[�m] = 0, â® k(m)" = 0.�á­®¢­ë¬ ãâ¢¥à¦¤¥­¨¥¬, ¤®ª § â¥«ìáâ¢ã ª®â®à®£® ¯®á¢ïé¥­  à ¡®â , ï¢«ï¥âáï á«¥Ä¤ãîé ï�¥®à¥¬  1. Ǳãáâì �m { ¯à®áâ®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ �¨à¨å«¥ ¤«ï −�′¢ 
,   k(m)" { à¥è¥­¨¥ ãà ¢­¥­¨ï (2.5). �®£¤ :1) ¥á«¨ L"[�m] = 0 ¨«¨ Re k(m)" 6 0, ­® k(m)" 6= 0, â® ­¥ áãé¥áâ¢ã¥â ¬ «®£®á®¡áâ¢¥­­®£® §­ ç¥­¨ï ªà ¥¢®© § ¤ ç¨ (2.1);2) ¥á«¨ Re k(m)" > 0,   ¯à¨ m > 2 ¤®¯®«­¨â¥«ì­® ¨ Im k(m)" > 0, â® áãé¥áâ¢ã¥â¥¤¨­áâ¢¥­­®¥ ¬ «®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ ªà ¥¢®© § ¤ ç¨ (2.1), ¨ ®­® ®¯à¥¤¥«ïÄ¥âáï à ¢¥­áâ¢®¬ �(m)" = −
(k(m)" )2; (2.7)  á®®â¢¥âáâ¢ãîé ï ¥¤¨­áâ¢¥­­ ï á®¡áâ¢¥­­ ï äã­ªæ¨ï ¨¬¥¥â ¢¨¤ (m)" = A(m)(k(m)" )S(m)" (k(m)" )

L"[�m]; (2.8)3) ¥á«¨ m > 2, Re k(m)" > 0, Im k(m)" 6 0, ­®
〈�jS(m)" (k(m)" )

L"[�m]〉 = 0 (2.9)¯à¨ ¢á¥å j = 1; : : : ;m − 1, â® áãé¥áâ¢ã¥â ¥¤¨­áâ¢¥­­®¥ ¬ «®¥ á®¡áâ¢¥­­®¥ §­ Äç¥­¨¥ ªà ¥¢®© § ¤ ç¨ (2.1), ®¯à¥¤¥«ï¥¬®¥ à ¢¥­áâ¢®¬ (2.7),   á®®â¢¥âáâ¢ãîé ï¥¤¨­áâ¢¥­­ ï á®¡áâ¢¥­­ ï äã­ªæ¨ï ¨¬¥¥â ¢¨¤ (2.8);4) ¥á«¨ m > 2, Re k(m)" > 0, Im k(m)" 6 0, ­®
〈�jS(m)" (k(m)" )

L"[�m]〉 6= 0 (2.10)å®âï ¡ë ¤«ï ®¤­®£® j 6 m − 1, â® ­¥ áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ïªà ¥¢®© § ¤ ç¨ (2.1).�¥¯®áà¥¤áâ¢¥­­® ¨§ â¥®à¥¬ë 1 ¨ ¨§ (2.6) ¢ëâ¥ª ¥â



� ��������� ����������� ��������� ���������� 361�«¥¤áâ¢¨¥. Ǳà¨ ¢ë¯®«­¥­¨¨ ãá«®¢¨© 2 ¨«¨ 3 â¥®à¥¬ë 1 á®¡áâ¢¥­­®¥ §­ ç¥­¨¥¨¬¥¥â  á¨¬¯â®â¨ªã �(m)" = −"2 14〈�mL"[�m]〉2 +O("3);  ¥á«¨ 〈�mL"[�m]〉 = o("), â®�(m)" = −"4 14〈�mT (m)" (0)L"[�m]〉2 + o("4):3. �������������� ��������� ������������¡®§­ ç¨¬ ç¥à¥§ Bmer(X;Y ) (ç¥à¥§ Bmer(X)) { ¬­®¦¥áâ¢® ¬¥à®¬®àä­ëå ®¯¥à â®àÄ­®§­ ç­ëå äã­ªæ¨© á® §­ ç¥­¨ï¬¨ ¢ B(X;Y ) (¢ B(X)). �­®¦¥áâ¢® «¨­¥©­ëå ®¯¥à Äâ®à®¢ ¨§ ¡ ­ å®¢  ¯à®áâà ­áâ¢  X ¢ H2loc(�) â ª¨å, çâ® ¨å áã¦¥­¨¥ ­  «î¡®¥ ®£à ­¨Äç¥­­®¥ ¬­®¦¥áâ¢®D ¯à¨­ ¤«¥¦¨â B(X;H2(D)), ®¡®§­ ç¨¬ ª ª B(X;H2loc(�)). �¥à¥§
Bhol(X;H2loc(�)) (ç¥à¥§ Bmer(X;H2loc(�))) ®¡®§­ ç¨¬ ¬­®¦¥áâ¢® ®¯¥à â®à­®§­ ç­ëåäã­ªæ¨© á® §­ ç¥­¨ï¬¨ ¢ B

(X;H2loc(�)) â ª¨å, çâ® ¤«ï «î¡®£® ®£à ­¨ç¥­­®£® D ®­¨¯à¨­ ¤«¥¦ â Bhol(X;H2(D)) (¯à¨­ ¤«¥¦ â Bmer(X;H2(D))). � «¥¥, ¯ãáâì P (m)" (k)¨R(m)" (k) { ®¯¥à â®àë, ®¯à¥¤¥«ï¥¬ë¥ à ¢¥­áâ¢ ¬¨P (m)" (k)f := "〈�mS(m)" (k)f〉S(m)" (k)L"[�m]2k − "〈�mS(m)" (k)L"[�m]〉 + S(m)" (k)f; (3.1)
R(m)" (k) := A(m)(k)P (m)" (k): (3.2)�¡®§­ ç¨¬C+ := {k : Re k > 0}.�¥¬¬  2. Ǳãáâì �m { ¯à®áâ®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ �¨à¨å«¥ ¤«ï −�′¢ 
. �®£¤  áãé¥áâ¢ãîâ R > 0 ¨ "0(R) > 0 â ª¨¥, çâ® ¯à¨ " < "0 á¯à ¢¥¤«¨¢ëãâ¢¥à¦¤¥­¨ï.1. R(m)" (k) ∈ Bmer(L2(�;Q); H2loc(�)) ¢ ªàã£¥ |k| < R, ¯à¨ç¥¬, ¥á«¨ ª â®¬ã ¦¥k ∈ C+, â® R(m)" (k) ∈ Bmer(L2(�;Q); H2(�)).2. � íâ®¬ ªàã£¥ «¥¦¨â ¥¤¨­áâ¢¥­­ë© ¯®«îá k(m)" , ª®â®àë© ï¢«ï¥âáï à¥è¥­¨Ä¥¬ ãà ¢­¥­¨ï (2.5) ¨ ¨¬¥¥â ¯¥à¢ë© ¯®àï¤®ª. �ëç¥â äã­ªæ¨¨ R(m)" (k)f ¢ ¯®«îá¥k(m)" ®¯à¥¤¥«ï¥âáï à ¢¥­áâ¢®¬ (2.8) ¯à¨ k(m)" 6= 0, à ¢¥­áâ¢®¬ (m)" = limk→0A(m)(k)S(m)" (k)L"[�m] (3.3)¯à¨ k(m)" = 0, L"[�m] 6= 0 ¨ à ¢¥­áâ¢®¬ (m)" (x) = �m(x′); (3.4)¥á«¨ L"[�m] = 0, á â®ç­®áâì ¤® áª «ïà­®£® ¬­®¦¨â¥«ï, ¯à¨ç¥¬ íâ®â ¬­®¦¨Äâ¥«ì ­¥ à ¢¥­ ­ã«î, ¥á«¨ 〈�mf〉 6= 0.



362 �.�. ����������®ª § â¥«ìáâ¢®. � ª ª ª P (m)" (k) ∈ Bmer(L2(�;Q)) ¢ á¨«ã (2.4) ¨ ®¯à¥¤¥Ä«¥­¨ï (3.1),   A(m)(k) ∈ Bmer(L2(�;Q); H2loc(�)) ¢ á¨«ã (2.2), ¯à¨ç¥¬ A(m)(k) ∈
Bhol(L2(�;Q); H22 (�)) ¯à¨ k ∈ C+, â® ¨§ (3.2) ¢ëâ¥ª ¥â á¯à ¢¥¤«¨¢®áâì ãâ¢¥à¦¤¥Ä­¨ï 1.Ǳ®ª ¦¥¬ á¯à ¢¥¤«¨¢®áâì ãâ¢¥à¦¤¥­¨ï 2. Ǳãáâì k(m)" { à¥è¥­¨¥ ãà ¢­¥­¨ï (2.5).�§ (2.2){(2.4), (3.1), (3.2) á«¥¤ã¥â, çâ® k(m)" { ¯®«îá ®¯¥à â®à  R(m)" (k), ¯à¨ç¥¬ ¥á«¨k(m)" 6= 0, â® íâ® ¯®«îá ¯¥à¢®£® ¯®àï¤ª . �§ íâ¨å ¦¥ ä®à¬ã« á«¥¤ã¥â, çâ® ¤àã£¨å ¯®«îÄá®¢ ¯à¨ k 6= 0 ­¥ áãé¥áâ¢ã¥â, k = 0 ï¢«ï¥âáï ¯®«îá®¬ ¯¥à¢®£® ¯®àï¤ª , ¥á«¨ k(m)" = 0,¨ k = 0 ­¥ ï¢«ï¥âáï ¯®«îá®¬, ¥á«¨ k(m)" 6= 0. �¥©áâ¢¨â¥«ì­®, ­  «î¡®¬ ®£à ­¨ç¥­­®¬¯®¤¬­®¦¥áâ¢¥ ¨§ � ¯à¨ k → 0

R(m)" (k)f ∼ �m2k 〈�mP (m)" (0)f〉; k(m)" 6= 0;
R(m)" (k)f ∼ �m4k2 〈�mS(m)" (0)L"[�m]〉; k(m)" = 0:�á«¨ k(m)" 6= 0, â® 〈�mP (m)" (0)f〉 = 0 ¢ á¨«ã (3.1),   ¥á«¨ k(m)" = 0, â®〈�mS(m)" (0)L"[�m]〉 = 0 ¢ á¨«ã ãà ¢­¥­¨ï (2.5). �«¥¤®¢ â¥«ì­®, ­ã«ì ­¥ ï¢«ï¥âáï ¯®Ä«îá®¬ ¢â®à®£® ¯®àï¤ª , ¥á«¨ k(m)" = 0, ¨ ­ã«ì ­¥ ï¢«ï¥âáï ¯®«îá®¬, ¥á«¨ k(m)" 6= 0.� ¢¥­áâ¢  (2.8), (3.3) ¨ (3.4) ¤«ï ¢ëç¥â  á«¥¤ãîâ ¨§ ï¢­®£® ¢¨¤  ®¯¥à â®à R(m)" (k).�¥¬¬  3. Ǳãáâì �m { ¯à®áâ®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ �¨à¨å«¥ ¤«ï −�′¢ 
, k(m)" { à¥è¥­¨¥ ãà ¢­¥­¨ï (2.5),    (m)" { äã­ªæ¨ï, ®¯à¥¤¥«ï¥¬ ï à ¢¥­áâÄ¢®¬ (2.8), ¥á«¨ k(m)" 6= 0, ¨ à ¢¥­áâ¢®¬ (3.4), ¥á«¨ L"[�m] = 0. �®£¤ :1) ¥á«¨ Re k(m)" 6 0, â®  (m)" 6∈ L2(�);2) ¥á«¨ Re k(m)" > 0,   ¯à¨ m > 2 ¤®¯®«­¨â¥«ì­® ¨ Im k(m)" > 0, â®  (m)" ∈ H2(�);3) ¥á«¨ m > 2, Re k(m)" > 0, Im k(m)" 6 0, ­® ¢ë¯®«­ïîâáï à ¢¥­áâ¢  (2.9) ¯à¨¢á¥å j = 1; : : : ;m− 1, â®  (m)" ∈ H2(�);4) ¥á«¨ m > 2, Re k(m)" > 0, Im k(m)" 6 0, ­® ¨¬¥¥â ¬¥áâ® ­¥à ¢¥­áâ¢® (2.10)å®âï ¡ë ¤«ï ®¤­®£® j 6 m− 1, â®  (m)" 6∈ L2(�).�®ª § â¥«ìáâ¢®. �á«¨ k(m)" 6= 0 { à¥è¥­¨¥ ãà ¢­¥­¨ï (2.5), â® ¢ á¨«ã íâ®£® ãà ¢Ä­¥­¨ï 〈�mS(m)" (k(m)" )

L"[�m]〉 6= 0. �®£¤  á¯à ¢¥¤«¨¢®áâì ãâ¢¥à¦¤¥­¨© «¥¬¬ë, §  ¨áÄª«îç¥­¨¥¬ ¯ã­ªâ  1, ¤«ï á«ãç ï L"[�m] = 0 ¢ëâ¥ª ¥â ­¥¯®áà¥¤áâ¢¥­­® ¨§ ®¯à¥¤¥«¥Ä­¨ï (2.8) äã­ªæ¨¨  (m)" . �á«¨ ¦¥ L"[�m] = 0, â® á¯à ¢¥¤«¨¢®áâì ¯ã­ªâ  1 ¢ëâ¥ª ¥â­¥¯®áà¥¤áâ¢¥­­® ¨§ ®¯à¥¤¥«¥­¨ï (3.4) äã­ªæ¨¨  (m)" .�¥®à¥¬  2. Ǳãáâì �m { ¯à®áâ®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ �¨à¨å«¥ ¤«ï
−�′ ¢ 
. �®£¤  áãé¥áâ¢ãîâ R > 0 ¨ "0(R) > 0 â ª¨¥, çâ® ¯à¨ " < "0 ¨ |k| < Rá¯à ¢¥¤«¨¢ë á«¥¤ãîé¨¥ ãâ¢¥à¦¤¥­¨ï.1. �«ï «î¡®£® f ∈ L2(�;Q) äã­ªæ¨ï u" = R(m)" (k)f ï¢«ï¥âáï à¥è¥­¨¥¬ ªà ¥¢®©§ ¤ ç¨

H(m)" u" = −k2u" + f ¯à¨ x ∈ �; u" = 0 ¯à¨ x ∈ @�: (3.5)



� ��������� ����������� ��������� ���������� 3632. �ã­ªæ¨ï  (m)" , ®¯à¥¤¥«ï¥¬ ï à ¢¥­áâ¢®¬ (2.8) ¯à¨ k(m)" 6= 0, à ¢¥­áâ¢®¬ (3.3)¯à¨ k(m)" = 0, L"[�m] 6= 0 ¨ à ¢¥­áâ¢®¬ (3.4) ¯à¨ L"[�m] = 0, ï¢«ï¥âáï à¥è¥­¨¥¬ªà ¥¢®© § ¤ ç¨ (2.1), £¤¥ �(m)" ®¯à¥¤¥«ï¥âáï ¢ (2.7).�®ª § â¥«ìáâ¢®. Ǳ® ­ «®£¨¨ á [9] ¯à¨ f ∈ L2(�;Q) à¥è¥­¨¥ ªà ¥¢®© § ¤ ç¨ (3.5)¡ã¤¥¬ ¨áª âì ¢ ¢¨¤¥ u" = A(m)(k)g"; (3.6)£¤¥ g" ∈ L2(�;Q) { ¯®ª  ­¥¨§¢¥áâ­ ï äã­ªæ¨ï. �§ ®¯à¥¤¥«¥­¨ï ®¯¥à â®à A(m)(k) á«¥Ä¤ã¥â, çâ® äã­ªæ¨ï, ®¯à¥¤¥«ï¥¬ ï à ¢¥­áâ¢®¬ (3.6), ï¢«ï¥âáï à¥è¥­¨¥¬ ªà ¥¢®© § ¤ ç¨
H(m)0 u" = −k2u" + g" ¯à¨ x ∈ �; u" = 0 ¯à¨ x ∈ @�: (3.7)Ǳ®¤áâ ¢«ïï (3.6) ¢ (3.5), á ãç¥â®¬ (3.7) ¯®«ãç ¥¬, çâ® (3.6) ï¢«ï¥âáï à¥è¥­¨¥¬ (3.5),¥á«¨

(I − "L"A(m)(k))g" = f: (3.8)�¥©áâ¢ãï ®¯¥à â®à®¬ S(m)" (k) ­  ®¡¥ ç áâ¨ íâ®£® ãà ¢­¥­¨ï, ¯®«ãç ¥¬, çâ®
(g" − " 〈g"�m〉2k S(m)" (k)L"[�m]) = S(m)" (k)f: (3.9)�¬­®¦¨¢ ®¡¥ ç áâ¨ íâ®£® à ¢¥­áâ¢  ­ �m ¨ ¯à®¨­â¥£à¨à®¢ ¢ ¯®�, ¯®«ãç ¥¬ à ¢¥­áâ¢®

〈g"�m〉
(1− "2k 〈�mS(m)" (k)L"[�m]〉) = 〈�mS(m)" (k)f〉:�«¥¤®¢ â¥«ì­®,
〈g"�m〉 = 2k" 〈�mS(m)" (k)f〉2k − "〈�mS(m)" (k)L"[�m]〉 : (3.10)Ǳ®¤áâ ¢«ïï (3.10) ¢ (3.9), ¯®«ãç ¥¬, çâ®g" = P (m)" (k)f: (3.11)�§ (3.11), (3.6) ¨ ®¯à¥¤¥«¥­¨ïR(m)" (k) á«¥¤ã¥â á¯à ¢¥¤«¨¢®áâì ãâ¢¥à¦¤¥­¨ï 1. � á¢®î®ç¥à¥¤ì, á¯à ¢¥¤«¨¢®áâì ãâ¢¥à¦¤¥­¨ï 2 ¢ëâ¥ª ¥â ¨§ ãâ¢¥à¦¤¥­¨ï 1 ¤®ª §ë¢ ¥¬®© â¥®Äà¥¬ë ¨ ¯ã­ªâ  2 «¥¬¬ë 2. �¥®à¥¬  ¤®ª § ­ .�­ «®£¨ç­®à ¡®â¥ [9] ¤®ª §ë¢ ¥âáï, çâ® ­¨ª ª¨åà¥è¥­¨©ªà ¥¢®© § ¤ ç¨ (2.1), ªà®Ä¬¥ äã­ªæ¨© ¢¨¤  (2.8), (3.3) ¨ (3.4), ­¥ ¬®¦¥â áãé¥áâ¢®¢ âì. �® â®£¤  á¯à ¢¥¤«¨¢®áâìâ¥®à¥¬ë 1 ¢ëâ¥ª ¥â ¨§ ¯ã­ªâ®¢ 2 «¥¬¬ë 2 ¨ â¥®à¥¬ë 2 ¨ ãâ¢¥à¦¤¥­¨ï «¥¬¬ë 3. �¥®à¥Ä¬  1 ¤®ª § ­ .



364 �.�. ���������4. ���������� ��������� Ǳ������������ �������Ǳãáâì h { äã­ªæ¨ï ¨§ C∞(@�) á ®£à ­¨ç¥­­ë¬ ­®á¨â¥«¥¬, �" { ®¡« áâì, ¯®«ãç¥­­ ï¨§ æ¨«¨­¤à  � ¬ «®© ¤¥ä®à¬ æ¨¥©, ¯à¨ ª®â®à®© @� ¯¥à¥å®¤¨â ¢ @�" = {y : y = x +"h(x)n; x ∈ @�}, £¤¥ n { ¢­¥è­ïï ­®à¬ «ì ª �. � áá¬®âà¨¬ ªà ¥¢ãî § ¤ çã
H(m)0  (m)" = �(m)"  (m)" ¯à¨ y ∈ �";  (m)" = 0 ¯à¨ y ∈ @�": (4.1)�¡®§­ ç¨¬

〈F 〉@� := ∫@� F ds:Ǳ®ª ¦¥¬, çâ® ¥á«¨ 〈(@�m@n )2h〉@� < 0; (4.2)â® ­¥ áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï �(m)" ,   ¥á«¨
〈(@�1@n )2h〉@� > 0; (4.3)â® áãé¥áâ¢ã¥â á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" á  á¨¬¯â®â¨ª®©�(1)" = −"2 14〈(@�1@n )2h〉2@� +O("3): (4.4)Ǳãáâì �(t) { ¯à®¨§¢®«ì­ ï ¡¥áª®­¥ç­® ¤¨ää¥à¥­æ¨àã¥¬ ï áà¥§ îé ï äã­ªæ¨ï, à ¢Ä­ ï ¥¤¨­¨æ¥ ¯à¨ |t| < 1 ¨ ­ã«î ¯à¨ |t| > 2. Ǳ®«®¦¨¬ �Æ(t) = �(tÆ−1). �¥ ®£à ­¨ç¨¢ ï®¡é­®áâ¨, ¡ã¤¥¬ áç¨â âì, çâ® ®áì Ox1 «¥¦¨â ¢ �. �®£¤  ¯à¨ ¤®áâ â®ç­® ¬ «ëå Æ > 0§ ¬¥­  ¯¥à¥¬¥­­ëå y1 = x1; y′ = x′ + "nh�Æ(�); (4.5)£¤¥ � { à ááâ®ï­¨¥ ®â x′ ¤® @
 ¯® ¢­¥è­¥© ­®à¬ «¨, ®áãé¥áâ¢«ï¥â ¢§ ¨¬­® ®¤­®§­ ç­®¥á®®â¢¥âáâ¢¨¥ ¬¥¦¤ã � ¨ �". �§ (4.5) á«¥¤ã¥â, çâ® ¯à¨ ®¡à â­®¬ ®â®¡à ¦¥­¨¨ ªà ¥¢ ï§ ¤ ç  (4.1) ¯¥à¥å®¤¨â ¢ ªà ¥¢ãî § ¤ çã (2.1) c ¤¨ää¥à¥­æ¨ «ì­ë¬ ®¯¥à â®à®¬ ¢â®à®£®¯®àï¤ª  L", ¯à¥¤áâ ¢¨¬ë¬ ¢ ¢¨¤¥

L" = L(0)(x;D) + "L(1)(x;D; "); (4.6)£¤¥
L(0)(x;D) = −L̂(x;D)− L̃(x;D);

L̂(x;D) = 2h′x1�Æ @2@x1@� + h′′x1x1�Æ @@� ;
L̃(x;D) = L̃2(x;D) + L̃1(x;D);
L̃2(x;D) = n∑i;j=2 @@xi(((njh�Æ)′xi + (nih�Æ)′xj ) @@xj);
L̃1(x;D) = −

n∑i=2( n∑j=2(njh�Æ)′′xjxi) @@xi ;



� ��������� ����������� ��������� ���������� 365  L(1)(x;D; ") { ¤¨ää¥à¥­æ¨ «ì­ë© ®¯¥à â®à ¢â®à®£® ¯®àï¤ª , ª®íää¨æ¨¥­âë ª®â®à®£®ä¨­¨â­ë ¨ à ¢­®¬¥à­® ¯® " ®£à ­¨ç¥­ë ¢ ­®à¬¥ Cq(� ) ¤«ï «î¡®£® q.� ª ª ª äã­ªæ¨ï h ä¨­¨â­  ¯® x1,   äã­ªæ¨¨ �Æ ¨ �1 ­¥ § ¢¨áïâ ®â x1, â®
〈�mL̂�m〉 = 0: (4.7)�¢ ¦¤ë ¨­â¥£à¨àãï ¯® ç áâï¬ 〈�mL̃2�m〉, ¯®«ãç ¥¬, çâ®

〈�mL̃2�m〉 = −
n∑i;j=2(〈(�m)′xi(njh�Æ)′xi(�m)′xj〉+ 〈(�m)′xi(njh�Æ)′xj (�m)′xj 〉) == −2〈(@�m@n )2h〉@� + 2 n∑i;j=2〈njh�Æ((�m)′xi(�m)′xj )′xi〉: (4.8)�­ «®£¨ç­®, ¨­â¥£à¨àãï ¯® ç áâï¬ 〈�mL̃1�m〉 ¨ ãç¨âë¢ ï, çâ®−�′�m = �m�m, ¯®«ãÄç ¥¬ à ¢¥­áâ¢®

〈�mL̃1�m〉 = 〈 n∑i=2( n∑j=2(njh�Æ)′xi)(�m)′xj (�m)′xi〉++〈 n∑i=2( n∑j=2(njh�Æ)′xi)�m(�m)′′xixj〉 == 〈(@�m@n )2h〉@� −
n∑i;j=2〈njh�Æ((�m)′xi(�m)′xj)′xi〉−

−
〈 n∑i=2( n∑j=2(njh�Æ))(�m)′xi(�m)′′xixj〉++ �m〈( n∑j=2njh�Æ)(�m)′xj�m〉 == 〈(@�m@n )2h〉@� − 2 n∑i;j=2〈njh�Æ((�m)′xi(�m)′xj )′xi〉: (4.9)�ã¬¬¨àãï (4.7){(4.9), ¯®«ãç ¥¬, çâ®
〈�mL(0)�m〉� = 〈(@�m@n )2h〉@�: (4.10)�§ (2.6), (4.10) ¨ (4.6) ¢ëâ¥ª ¥â, çâ®k(m)" = "12〈(@�m@n )2h〉@� +O("2): (4.11)� á¢®î ®ç¥à¥¤ì, ¢ á¨«ã (4.11), ¯ã­ªâ®¢ 1, 2 â¥®à¥¬ë 1 ¨ ¥¥ á«¥¤áâ¢¨ï ¯®«ãç ¥¬, çâ® ¥áÄ«¨ ¨¬¥¥â ¬¥áâ® ­¥à ¢¥­áâ¢® (4.2), â® ­¥ áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï �(m)" ,  ¥á«¨ á¯à ¢¥¤«¨¢® (4.3), â® áãé¥áâ¢ã¥â á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" á  á¨¬¯â®â¨ª®© (4.4).



366 �.�. ���������5. ���������� ���������. ����������� ������� íâ®¬ à §¤¥«¥ ¨áá«¥¤ã¥âáï ªà¨â¨ç¥áª¨© á«ãç ©, ¯à¨ ª®â®à®¬
〈(@�1@n )2h〉@� = 0:Ǳ®ª ¦¥¬, çâ® ¯à¨ íâ®¬ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" ¬®¦¥â ª ª ¯®ï¢«ïâìáï, â ª ¨ ­¥ ¯®ï¢Ä«ïâìáï. � ¬¥â¨¬, çâ® ¯à¨ ¢®§¬ãé¥­¨¨ ¢®«­®¢®¤ , ®áãé¥áâ¢«ï¥¬®¬¬ «ë¬¯®â¥­æ¨ «®¬(â.¥. ª®£¤  L"g = V g), ¢ ªà¨â¨ç¥áª®¬ á«ãç ¥ (ª®£¤  〈�1V �1〉 = 0) á®¡áâ¢¥­­®¥ §­ ç¥­¨¥®¡ï§ â¥«ì­® ¯®ï¢«ï¥âáï (á¬. [3]).� áá¬®âà¨¬ ¤¥ä®à¬ æ¨î âà¥å¬¥à­®£® ¢®«­®¢®¤ , á¥ç¥­¨¥¬ ª®â®à®£® ï¢«ï¥âáï ªàã£
 = {x′ : |x′| < R}, ¯à¨ç¥¬ äã­ªæ¨î h ¡ã¤¥¬ áç¨â âì § ¢¨áïé¥© â®«ìª® ®â ¯¥à¥¬¥­­®©x1 ¨ â ª®©, çâ®

〈h〉R := ∫ ∞

−∞

h(t) dt = 0: (5.1)�á­®, çâ® â®£¤  〈(@�1@n )2h〉@� = 〈h〉R ∫@
(@�1@r )2 ds = 0;¨ ¬ë ¨¬¥¥¬ ªà¨â¨ç¥áª¨© á«ãç ©.� à áá¬ âà¨¢ ¥¬®¬ ç áâ­®¬ á«ãç ¥ ¢¬¥áâ® § ¬¥­ë (4.5) ¥áâ¥áâ¢¥­­® ¨á¯®«ì§®¢ âì¡®«¥¥ ¯à®áâãî § ¬¥­ã y1 = x1; y′ = x′(1 + "h(x1)): (5.2)�®£¤  ªà ¥¢ ï § ¤ ç  (4.1) ¯¥à¥å®¤¨â ¢ ªà ¥¢ãî § ¤ çã (2.1) c ¤¨ää¥à¥­æ¨ «ì­ë¬ ®¯¥Äà â®à®¬ ¢â®à®£® ¯®àï¤ª  L", ¯à¥¤áâ ¢¨¬ë¬ ¢ ¢¨¤¥
L" = L(0)(x;D) + "L(1)(x;D) + "2L(2)(x;D; "); (5.3)£¤¥

L(0)(x;D) = −
(2h�′ + h′′r @@r + 2rh′ @2@r@x1);

L(1)(x;D) = 3h2�′ + (h′)2(r2 @2@r2 + r @@r)+ r(h2)′ @2@r@x1 + 12r(h2)′′ @@r ; (5.4)r = |x′|,   L(2)(x;D; ") { ¤¨ää¥à¥­æ¨ «ì­ë© ®¯¥à â®à ¢â®à®£® ¯®àï¤ª , ª®íää¨æ¨¥­âëª®â®à®£® ä¨­¨â­ë ¨ à ¢­®¬¥à­® ¯® " ®£à ­¨ç¥­ë ¢ ­®à¬¥Cq(� ) ¤«ï «î¡®£® q. Ǳà¨ç¥¬¯®áª®«ìªã �1 ­¥ § ¢¨á¨â ®â x1, â® ¢ á¨«ã (5.4) ¨ (5.1)
〈�1L(0)�1〉 = 0: (5.5)Ǳ®¤áâ ¢«ïï (5.3) ¨ (5.5) ¢ (2.6) ¨ ãç¨âë¢ ï ®¯à¥¤¥«¥­¨¥ (2.3) ®¯¥à â®à  T (1)" (k), ¯®Ä«ãç ¥¬, çâ® k(1)" = "2 12(

〈�1L(1)�1〉+ 〈�1L(0) ~A(1)(0)L(0)�1〉)+ O("3); (5.6)



� ��������� ����������� ��������� ���������� 367£¤¥ ~A(1)(k)g := A(1)(k)g − 12k 〈g�1〉�1:� ª ª ª �′�1 = (@2=@r2 + r−1@=@r)�1 = −k21�1, k1 = √�1, �1 ­¥ § ¢¨á¨â ®â x1, ah { ä¨­¨â­ ï äã­ªæ¨ï, § ¢¨áïé ï â®«ìª® ®â x1, â® ¢ á¨«ã (5.4)
〈�1L(1)�1〉 = −k21(3〈h2〉R + 〈(h′)2〉

R
〈r2�21〉
); (5.7)£¤¥

〈g〉
 := ∫
 g dx′:� «¥¥, ¢ á¨«ã íâ¨å ¦¥ á®®¡à ¦¥­¨© â ª¦¥ ¨¬¥¥¬
〈�1L(0) ~A(1)(0)L(0)�1〉 = −4k21〈h�1�′

( ~A(1)(0)(h�1))〉−
− 2k21〈h′′r�1 @@r ( ~A(1)(0)(h�1))〉 − 4k21〈h′r�1 @2@r@x1 ( ~A(1)(0)(h�1))〉++ 2〈h�1�′

( ~A(1)(0)(h′′r@�1@r ))〉+〈h′′r�1 @@r( ~A(1)(0)(h′′r@�1@r ))〉++ 2〈h′r�1 @2@r@x1( ~A(1)(0)(h′′r@�1@r ))〉: (5.8)�­â¥£à¨àãï á« £ ¥¬ë¥ ¢ ¯à ¢®© ç áâ¨ (5.8) ¯® ç áâï¬ (âà¥âì¥ ¨ è¥áâ®¥ ¢ ®¡« áâ¨ �,  ®áâ «ì­ë¥ ¢ ®¡« áâ¨ 
), ¯®«ãç ¥¬ à ¢¥­áâ¢®
〈�1L(0) ~A(1)(0)L(0)�1〉 = 4k41〈h�1 ~A(1)(0)(h�1)〉−

− 4k21〈h′′�1 ~A(1)(0)(h�1)〉 − 2k21〈h′′r@�1@r ~A(1)(0)(h�1)〉−

− 2k21〈h�1 ~A(1)(0)(h′′r@�1@r )〉+ 2〈h′′�1 ~A(1)(0)(h′′r@�1@r )〉++〈h′′r@�1@r ~A(1)(0)(h′′r@�1@r )〉: (5.9)�­â¥£à¨àãï ¯® ç áâï¬ 〈�1@(r�1)=@r〉
, ¯®«ãç ¥¬, çâ®
〈�1 @@r (r�1)〉
 = −

〈 @@r (r�1)�1〉
 = 0:�«¥¤®¢ â¥«ì­®, 〈�1r @@r �1〉
 = 〈�1 @@r (r�1)〉
 − 〈�21〉
 = −1: (5.10)



368 �.�. ����������ç¨âë¢ ï à ¢¥­áâ¢  (5.10) ¨ ®¯à¥¤¥«¥­¨¥ ~A(1)(k), «¥£ª® ¯®«ãç¨âì á«¥¤ãîé¨¥ à ¢¥­áâÄ¢ : 〈h�1 ~A(1)(0)(h�1)〉 = 〈h2−1〉R;
−

〈h′′�1 ~A(1)(0)(h�1)〉 = 〈h′′r@�1@r ~A(1)(0)(h�1)〉 == 〈h�1 ~A(1)(0)(h′′r@�1@r )〉 = 〈h2〉R;
〈h′′�1 ~A(1)(0)(h′′r@�1@r )〉 = −

〈(h′)2〉
R
;

〈h′′r@�1@r ~A(1)(0)(h′′r@�1@r )〉 = 〈(h′)2〉
R
+ C(h′′r@�1@r ); (5.11)

£¤¥ h−1(x1) = ∫ x1
−∞

h(t) dt; C(h′′r@�1@r ) = ∞∑j=2〈h′′h(1)j 〉R
〈�jr@�1@r 〉2
;h(1)j (x1) = 12K(1)j (0) ∫ ∞

−∞

e−K(1)j (0)|x1−t|h′′(t) dt:�§ (5.6), (5.7), (5.9) ¨ (5.11) á«¥¤ã¥â, çâ® ¢ à áá¬ âà¨¢ ¥¬®¬ á«ãç ¥ (5.2), (5.1) ¨¬¥¥¬k(1)" = "2κ(1) +O("3); (5.12)£¤¥
κ
(1) = 12(

−k21(3〈h2〉R + 〈(h′)2〉
R
〈r2�21〉
)+ 4k41〈h2−1〉R−

−
〈(h′)2〉

R
+ C(h′′r@�1@r )): (5.13)�§ ®¯à¥¤¥«¥­¨ï C ¨ à ¢¥­áâ¢  Ǳ àá¥¢ «ï ¢ëâ¥ª ¥â, çâ®0 < C(h′′r@�1@r )

6
〈(h′)2〉

R

∞∑j=2〈�jr@�1@r 〉2
: (5.14)�¡®§­ ç¨¬ á®®â¢¥âáâ¢¥­­® ç¥à¥§K1, �1 ¨ ! ç áâ®âã k1, á®¡áâ¢¥­­ãî äã­ªæ¨î �1 ¨®¡« áâì 
 ¯à¨ R = 1. �¥£ª® ¢¨¤¥âì, çâ®kj = R−1Kj ; 〈r2�21〉
 = R2〈r2�21〉!;
〈(r@�1@r )2〉
 = 〈(r@�1@r )2〉!: (5.15)�§ (5.15) ¨ (5.13) ¢ëâ¥ª ¥â, çâ®

κ
(1)

>
12(

−K21R2 (3〈h2〉R +R2〈(h′)2〉
R
〈r2�21〉
)

−
〈(h′)2〉

R
+ 4K41R4 〈h2−1〉R); (5.16)



� ��������� ����������� ��������� ���������� 369¨, á«¥¤®¢ â¥«ì­®,κ(1) > 0 ¯à¨ ¤®áâ â®ç­® ¬ «ëåR. � á¨«ã (5.12), ¯ã­ªâ  2 â¥®à¥¬ë1 ¨¥¥ á«¥¤áâ¢¨ï ¯®«ãç ¥¬, çâ® ¯à¨ ¤®áâ â®ç­® ¬ «ëå R áãé¥áâ¢ã¥â á®¡áâ¢¥­­®¥ §­ ç¥­¨¥�(1)" á  á¨¬¯â®â¨ª®© �(1)" = −"4(κ(1))2 +O("5):� «¥¥, ¨­â¥£à¨à®¢ ­¨¥¬ ¯® ç áâï¬ á ¨á¯®«ì§®¢ ­¨¥¬ à ¢¥­áâ¢ ��1 = −K21�1 «¥£ª®¯®«ãç¨âì, çâ® 〈(r @@r�1)2〉! −K21〈r2�21〉! = 2: (5.17)�§ (5.14), (5.15), (5.17), (5.10) ¨ à ¢¥­áâ¢  Ǳ àá¥¢ «ï{�â¥ª«®¢  á«¥¤ã¥â, çâ®C(h′′r@�1@r )
−K21 〈r2�21〉!〈(h′)2〉

R
6 2〈(h′)2〉: (5.18)� á¢®î ®ç¥à¥¤ì, ¨§ (5.13), (5.18) ¨ (5.15) ¢ëâ¥ª ¥â ­¥à ¢¥­áâ¢®

κ
(1)

6
K212R2(

−3〈h2〉R + 4K21R2 〈h2−1〉R): (5.19)�âáî¤  á«¥¤ã¥â, çâ® κ(1) < 0 ¯à¨ ¤®áâ â®ç­® ¡®«ìè¨å R. � á¨«ã ¯ã­ªâ  1 â¥®à¥¬ë 1¯®«ãç ¥¬, çâ® ¯à¨ ¤®áâ â®ç­® ¡®«ìè¨åR ­¥ áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï.� ª ã¦¥ ®â¬¥ç «®áì ¢ à §¤¥«¥ 1, ¯à¨ n = 2  ­ «®£¨ç­ë¥ à¥§ã«ìâ âë ¡ë«¨ ¯®«ãç¥­ë¢ à ¡®â å [6], [7].6. ���������� ���������. ��������������������� �� Ǳ��������Ǳãáâì h ¨ h1 { äã­ªæ¨¨ ¨§ C∞(@�) á ®£à ­¨ç¥­­ë¬ ­®á¨â¥«¥¬, �" { ®¡« áâì, ¯®«ãÄç¥­­ ï ¨§ âà¥å¬¥à­®£® æ¨«¨­¤à  � = (−∞;∞)× {r < R} ¬ «®© ¤¥ä®à¬ æ¨¥©y1 = x1; y′ = x′(1 + "H(x1; ")); x1 ∈ R; r < R;£¤¥ H(x1; ") = h(x1) + "h(x1) ¢ á«ãç ¥, ª®£¤  〈h〉R = 0. Ǳ®ª ¦¥¬, çâ® ¢ íâ®¬ á«ãç ¥ãá«®¢¨¥ (4.3), ª®â®à®¥ íª¢¨¢ «¥­â­® ãá«®¢¨î 〈h1〉R > 0, ­¥ ï¢«ï¥âáï ¤®áâ â®ç­ë¬ ¤«ïáãé¥áâ¢®¢ ­¨ï ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï ªà ¥¢®© § ¤ ç¨ (4.1),   ¯à¨ ãá«®¢¨¨ (4.2),ª®â®à®¥ íª¢¨¢ «¥­â­® ãá«®¢¨î 〈h1〉R < 0, ¬®¦¥â áãé¥áâ¢®¢ âì ¬ «®¥ á®¡áâ¢¥­­®¥ §­ Äç¥­¨¥ íâ®© ªà ¥¢®© § ¤ ç¨.Ǳ®¢â®àïï ¢ëç¨á«¥­¨ï ¯à¥¤ë¤ãé¥£® à §¤¥« , «¥£ª® ¯®«ãç¨âì à ¢¥­áâ¢®k(1)" = "2(κ(1) + κ
(2))+O("3); (6.1)£¤¥ κ(1) ®¯à¥¤¥«ï¥âáï ¢ (5.13),

κ
(2) = 12〈(@�1@r )2〉
〈h1〉R = 12R2〈(@�1@r )2〉!〈h1〉R: (6.2)



370 �.�. ����������§ (6.1), (5.16), (6.2) ¨ â¥®à¥¬ë 1 á«¥¤ã¥â, çâ® ­¥§ ¢¨á¨¬® ®â §­ ª  〈h1〉 (  á«¥¤®¢ â¥«ìÄ­®, ®â ¢ë¯®«­¥­¨ï ãá«®¢¨ï (4.3)) ¯à¨ ¤®áâ â®ç­® ¬ «ëå R áãé¥áâ¢ã¥â ¬ «®¥ á®¡áâ¢¥­Ä­®¥ §­ ç¥­¨¥. Ǳãáâì â¥¯¥àì 〈h1〉 > 0, ­®
〈h1〉R < 3〈h2〉R: (6.3)�ç¥¢¨¤­®, çâ® â ª ï äã­ªæ¨ï h1 áãé¥áâ¢ã¥â. �®£¤  ¨§ (6.1){(6.3), (5.19), ®ç¥¢¨¤­®£®à ¢¥­áâ¢  〈(@�1=@r)2〉! = K21 ¨ â¥®à¥¬ë 1 á«¥¤ã¥â, çâ® ¯à¨ ¤®áâ â®ç­® ¡®«ìè¨å R ­¥áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï, ­¥á¬®âàï ­  â® çâ® ¢ë¯®«­¥­® ãá«®¢¨¥ (4.2).7. ������ Ǳ������Ǳà¨¬¥à 1. Ǳãáâì L"[g] = V g, £¤¥ V ∈ C∞(� ) { äã­ªæ¨ï á ª®­¥ç­ë¬ ­®á¨â¥«¥¬.�®£¤  ¢ á¨«ã â¥®à¥¬ë 1 ¨ ¥¥ á«¥¤áâ¢¨ï, ¥á«¨ Re〈�mV �m〉 < 0, â® Re k(m)" < 0, ¨, á«¥¤®Ä¢ â¥«ì­®, ãH(m)" ­¥â á®¡áâ¢¥­­®£® §­ ç¥­¨ï, áå®¤ïé¥£®áï ª ­ã«î,   ¥á«¨Re〈�1V �1〉 > 0,â® áãé¥áâ¢ã¥â ¬ «®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" , ¨¬¥îé¥¥  á¨¬¯â®â¨ªã�(1)" = −"2 〈�1V �1〉24 +O("3): (7.1)�«ï ¢¥é¥áâ¢¥­­®§­ ç­ëå äã­ªæ¨© V íâ   á¨¬¯â®â¨ª  ¯®«ãç¥­  ¢ [3]. � ª¨¬ ®¡à §®¬,ä®à¬ã«  (7.1) ï¢«ï¥âáï ®¡®¡é¥­¨¥¬ ­  á«ãç © ª®¬¯«¥ªá­®§­ ç­ëå ¯®â¥­æ¨ «®¢. � Ä¬¥â¨¬ â®«ìª®, çâ® ¤«ï ¢¥é¥áâ¢¥­­®§­ ç­ëå V ­¥à ¢¥­áâ¢® 〈�1V �1〉 > 0 ï¢«ï¥âáï ­¥Ä®¡å®¤¨¬ë¬ ¨ ¤®áâ â®ç­ë¬ ãá«®¢¨¥¬ áãé¥áâ¢®¢ ­¨ï á®¡áâ¢¥­­®£® §­ ç¥­¨ï ®¯¥à â®à 

H(1)" (çâ® ¨ ¡ë«® ¤®ª § ­® ¢ [3]). �¤­ ª® ¥á«¨ V { ª®¬¯«¥ªá­®§­ ç­ ïäã­ªæ¨ï, â® ãá«®Ä¢¨¥ 〈�1V �1〉 = 0 ­¥ ï¢«ï¥âáï ¤®áâ â®ç­ë¬ ¤«ï áãé¥áâ¢®¢ ­¨ï á®¡áâ¢¥­­®£® §­ ç¥­¨ï.�¥©áâ¢¨â¥«ì­®, ¯ãáâì V = v + iav, £¤¥ v ∈ C∞0 (�) { ¢¥é¥áâ¢¥­­®§­ ç­ ï äã­ªæ¨ï â Äª ï, çâ® 〈�1v�1〉 = 0,   a { ¯®ª  ¯à®¨§¢®«ì­ ï ¯®áâ®ï­­ ï. �ç¥¢¨¤­®, çâ® ¢ íâ®¬ á«ãç ¥
〈�1V �1〉 = 0. �á¯®«ì§ãï à ¢¥­áâ¢® (2.6), «¥£ª® ¯®ª § âì, çâ®k(1)" = "2κ(1) +O("3); κ

(1) = κ(v)(1− a) + ia~κ(v); (7.2)£¤¥ 2κ(v) = 〈�1v ~A(1)(0)v�1〉 > 0. �® â®£¤  ¯à¨ a > 1 ¨§ (7.2) ¢ëâ¥ª ¥â, çâ® Re k(1)" < 0.�«¥¤®¢ â¥«ì­®, ¢ á¨«ã â¥®à¥¬ë1­¥ áãé¥áâ¢ã¥â ¬ «®£® á®¡áâ¢¥­­®£® §­ ç¥­¨ï ¤«ïH(1)" .Ǳà¨¬¥à 2. ǱãáâìL"[g] = V"g, £¤¥ V" = V +"V1,   V; V1 { ¢¥é¥áâ¢¥­­®§­ ç­ë¥ äã­ªÄæ¨¨ á ª®­¥ç­ë¬¨ ­®á¨â¥«ï¬¨. �§ (2.6), â¥®à¥¬ë 1 ¨ ¥¥ á«¥¤áâ¢¨ï ¢ëâ¥ª ¥â, çâ® ãá«®¢¨ï
〈�1V �1〉 < 0 ¨ 〈�1V �1〉 > 0 ï¢«ïîâáï ¤®áâ â®ç­ë¬¨ ¤«ï á®®â¢¥âáâ¢¥­­® ®âáãâáâ¢¨ï¨ áãé¥áâ¢®¢ ­¨ï á®¡áâ¢¥­­ëå §­ ç¥­¨© �(1)" , ¯à¨ç¥¬ ¢ ¯®á«¥¤­¥¬ á«ãç ¥  á¨¬¯â®â¨ª ¨¬¥¥â ¢¨¤ (7.1). �«ï á«ãç ï 〈�1V �1〉 = 0 ¨§ (2.6) ¯®«ãç ¥¬, çâ®k(1)" = "2(12 〈�1V1�1〉+ κ(V ))+O("3): (7.3)



� ��������� ����������� ��������� ���������� 371�®£¤  ¨§ (7.3), â¥®à¥¬ë1 ¨ ¥¥ á«¥¤áâ¢¨ï ¢ëâ¥ª ¥â, çâ® ¥á«¨ 〈�1V1�1〉 6 0, â® áãé¥áâ¢ã¥âá®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" , ¨¬¥îé¥¥  á¨¬¯â®â¨ªã�(1)" = −"4(12 〈�1V1�1〉+ κ(V ))2 +O("5): (7.4)� ª¨¬ ®¡à §®¬, ãá«®¢¨¥ 〈�1V"�1〉 > 0 ï¢«ï¥âáï ¤®áâ â®ç­ë¬ ¤«ï áãé¥áâ¢®¢ ­¨ï á®¡Äáâ¢¥­­®£® §­ ç¥­¨ï, ª®â®à®¥ ¨¬¥¥â  á¨¬¯â®â¨ªã (7.1) ¯à¨ 〈�1V �1〉 > 0 ¨  á¨¬¯â®â¨Äªã (7.4), ¥á«¨ 〈�1V �1〉 = 0. �¤­ ª®, ¢ ®â«¨ç¨¥ ®â á«ãç ï ¢¥é¥áâ¢¥­­®£® V" = V , à áÄá¬®âà¥­­®£® ¢ [3], ãá«®¢¨¥ 〈�1V"�1〉 < 0 ­¥ ï¢«ï¥âáï ¤®áâ â®ç­ë¬ ¤«ï ®âáãâáâ¢¨ï á®¡Äáâ¢¥­­®£® §­ ç¥­¨ï. �¥©áâ¢¨â¥«ì­®, ¯ãáâì 〈�1V �1〉 = 0, V1 = av, 〈�1v�1〉 < 0, a { ¯®ª ¯à®¨§¢®«ì­®¥ ¯®«®¦¨â¥«ì­®¥ ç¨á«®. �®£¤  〈�1V"�1〉 = "a〈�1v�1〉 < 0, ­® ¢ á¨«ã (7.3)k(1)" = "2(a2 〈�1v�1〉+ κ(V ))+O("3):�ç¥¢¨¤­®, çâ® Re k(1)" > 0 ¯à¨ ¤®áâ â®ç­® ¬ «ëå a. �® â®£¤  ¢ á¨«ã â¥®à¥¬ë 1 ¨ ¥¥á«¥¤áâ¢¨ï áãé¥áâ¢ã¥â ¬ «®¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" , ¨¬¥îé¥¥  á¨¬¯â®â¨ªã (7.4).Ǳà¨¬¥à 3. Ǳãáâì L"[g] = �(Q)〈�g〉, £¤¥ � ∈ C∞0 (Q),   �(Q) { å à ªâ¥à¨áâ¨ç¥áª ïäã­ªæ¨ï Q (â.¥. äã­ªæ¨ï, à ¢­ ï ¥¤¨­¨æ¥ ¯à¨ x ∈ Q ¨ ­ã«î ¤«ï ®áâ «ì­ëå x). �®£¤  ¢á¨«ã (2.6), â¥®à¥¬ë 1 ¨ ¥¥ á«¥¤áâ¢¨ï, ¥á«¨ 〈��1〉 = 0 ¨«¨ Re〈�〉 < 0, â® á®¡áâ¢¥­­®¥ §­ Äç¥­¨¥ �(1)" ®âáãâáâ¢ã¥â. �á«¨ Re〈�1��1〉 > 0, â® á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �(1)" áãé¥áâ¢ã¥â ¨¨¬¥¥â  á¨¬¯â®â¨ªã �" = −"2 14(〈�(Q)�1〉〈��1〉)2 +O("3):�« £®¤ à­®áâ¨. �¢â®à ¢ëà ¦ ¥â ¯à¨§­ â¥«ì­®áâì�.�.�®à¨á®¢ã §  ¯®«¥§­ë¥ § Ä¬¥ç ­¨ï ¨ à¥æ¥­§¥­âã, ®¡à â¨¢è¥¬ã ¢­¨¬ ­¨¥ ­  à ¡®âë [1]. � ¡®â  ¢ë¯®«­¥­  ¯à¨¯®¤¤¥à¦ª¥ ���� (£à ­â ò 05-01-01008), ¯à®£à ¬¬ë \�­¨¢¥àá¨â¥âë �®áá¨¨" (£à ­â�� 04.01.484) ¨ Ǳà¥§¨¤¥­âáª®© ¯à®£à ¬¬ë ¯®¤¤¥à¦ª¨ ¢¥¤ãé¨å ­ ãç­ëå èª®« (£à ­âò 1446.2003.1). �¯¨á®ª «¨â¥à âãàë[1] �.Ǳ. � á«®¢. �������. 1958. �. 123. ò 4. �. 631; �.Ǳ. � á«®¢, �.�. �®à®¡ì¥¢. �������. 1968. �. 179. ò 3. �. 558.[2] P. Exner, P. �Seba. J. Math. Phys. 1989. V. 30. P. 2574; P. Exner . J. Math. Phys. 1993.V. 34. P. 23.[3] P. Duclos, P. Exner . Rev. Math. Phys. 1995. V. 7. P. 73.[4] W. Bulla, F. Gesztesy, W. Renger, B. Simon. Proc. Amer. Math. Soc. 1997. V. 127. P. 1487.[5] �.�. � ¤ë«ìè¨­. � á®¡áâ¢¥­­®¬ §­ ç¥­¨¨ § ¤ ç¨ �¨à¨å«¥ ¢ «®ª «ì­® ¢®§¬ãé¥­­®¬ æ¨«¨­¤Äà¥. � á¡.: �ç¥­ë¥ § ¯¨áª¨. �¡®à­¨ª ­ ãç­ëå âàã¤®¢. �ë¯.3. �¥¤. �. �. � à¨¬®¢. �§¤-¢®� èª¨àáª®£® £®áã¤ àáâ¢¥­­®£® ¯¥¤ £®£¨ç¥áª®£® ã­¨¢¥àá¨â¥â : �ä , 2001. �. 38.[6] P. Exner, S.A. Vugalter . Lett. Math. Phys. 1997. V. 39. P. 59.[7] D. Borisov, P. Exner, R. Gadyl'shin, D. Krejcirik . Ann. Henry Poincar�e. 2001. V. 2. P. 553.[8] �.�. �àãè¨­. � â¥¬. § ¬¥âª¨. 2004. �. 75. �. 360.[9] �.�. � ¤ë«ìè¨­. ���. 2002. �. 132. �. 97. Ǳ®áâã¯¨«  ¢ à¥¤ ªæ¨î 16.II.2005 £.


