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ÑÂÎÉÑÒÂÀ ÑËÀÁÎ ÊÎËËÀÏÑÈ�ÓÞÙÈÕ �ÅØÅÍÈÉÍÅËÈÍÅÉÍÎ�Î Ó�ÀÂÍÅÍÈß Ø�ÅÄÈÍ�Å�À Ï�È ÁÎËÜØÈÕÇÍÀ×ÅÍÈßÕ ÑÂÎÁÎÄÍÛÕ ÏÀ�ÀÌÅÒ�ÎÂÞ. Í. Îâ÷èííèêîâMax-Plank Institute for Physis of Complex SystemsD-01187, Dresden, GermanyÈíñòèòóò òåîðåòè÷åñêîé �èçèêè èì. Ë. Ä. Ëàíäàó �îññèéñêîé àêàäåìèè íàóê142432, ×åðíîãîëîâêà, Ìîñêîâñêàÿ îáë., �îññèÿÂ. Ë. ÂåðåùàãèíÈíñòèòóò ìàòåìàòèêè ñ âû÷èñëèòåëüíûì öåíòðîìÓðàëüñêîãî îòäåëåíèÿ �îññèéñêîé àêàäåìèè íàóê620219, Åêàòåðèíáóðã, �îññèÿÏîñòóïèëà â ðåäàêöèþ 17 èþëÿ 2001 ã.Ïîêàçàíî, ÷òî ñóùåñòâóåò áåñêîíå÷íûé íàáîð ñëàáî êîëëàïñèðóþùèõ ðåøåíèé ñ íóëåâîé ýíåðãèåé. �åøå-íèÿ ñ íóëåâîé ýíåðãèåé ðàñïðåäåëåíû âäîëü äâóõ ëèíèé â ïðîñòðàíñòâå ïàðàìåòðîâ (A;C1). Ïðè áîëüøèõçíà÷åíèÿõ ïàðàìåòðà C1 (C1 ! 1) ðàññòîÿíèå ìåæäó áëèæàéøèìè òî÷êàìè íà êàæäîé èç ëèíèé ñòðå-ìèòñÿ ê êîíå÷íîìó ïðåäåëó. Âäîëü êàæäîé èç ëèíèé àìïëèòóäà îñöèëëèðóþùèõ ÷ëåíîâ ýêñïîíåíöèàëüíîìàëà ïî ïàðàìåòðó C1.PACS: 03.65.Ge, 02.30.JrÍåëèíåéíîå óðàâíåíèå Øðåäèíãåðà, â êîòîðîìíåëèíåéíîñòü ñîîòâåòñòâóåò ý��åêòèâíîìó ïðèòÿ�æåíèþ, âîçíèêàåò â ðÿäå �èçè÷åñêèõ çàäà÷ [1; 2℄. Âd-ìåðíîì ïðîñòðàíñòâå ýòî óðàâíåíèå ìîæíî ïðåä�ñòàâèòü â âèäåi� �t +� + j j2� = 0; (1)ãäå  � ñêàëÿðíàÿ �óíêöèÿ, � � îïåðàòîð Ëàïëà�ñà. Óðàâíåíèå (1) èìååò ñëàáî êîëëàïñèðóþùèå ðå�øåíèÿ âèäà (r; t) = ��'(��) exp(i�(�; t)); (2)ãäå ïàðàìåòð � = �(t), � = jrj, ' � âåùåñòâåííàÿ�óíêöèÿ. Ñëàáî êîëëàïñèðóþùèå ðåøåíèÿ ðàññìàò�ðèâàëèñü â ðàáîòàõ [1; 3; 4℄.Äëÿ âñÿêîãî ðåøåíèÿ óðàâíåíèÿ (1) ñîõðàíÿåò�ñÿ ïîëíîå ÷èñëî ÷àñòèö è ïîëíàÿ ýíåðãèÿ ñèñòåìû.Ýòè äâà çàêîíà ñîõðàíåíèÿ ïðèâîäÿò ê ñëåäóþùèìóðàâíåíèÿì äëÿ ïàðàìåòðà � è �óíêöèé �; � [5; 6℄:

�� = 1; �(�; t) = �0(t) + ~�(��);� = Cpt0 � t ; �0(t) = C12 ln(t0 � t); (3)ãäå C;C1 � êîíñòàíòû, t0 � ìîìåíò êîëëàïñà. Â ðà�áîòàõ [5; 6℄ áûëî ïîêàçàíî, ÷òî ñèñòåìà óðàâíåíèéäëÿ �óíêöèé '; ~� ñâîäèòñÿ ê îäíîìó äè��åðåíöè�àëüíîìó óðàâíåíèþ òðåòüåãî ïîðÿäêà:Z 000 � (Z 00)22Z 0 � (d� 1)(d� 3)2y2 Z 0 �� 1C2"C1Z 0 � y(yZ 0 + (2=� � d)Z)4C2 #�� 18C4Z 0 (yZ 0 + (2=� � d)Z)2 + 2(Z 0)�+1y(d�1)� = 0: (4)Ôóíêöèè '; ~� ñâÿçàíû ñ �óíêöèåé Z ïðîñòûìè ñî�îòíîøåíèÿìè:' = pZ 0y(d�1)=2 ; ~�0 = �yZ 0 + (2=� � d)Z4C2Z 0 : (5)1509



Þ. Í. Îâ÷èííèêîâ, Â. Ë. Âåðåùàãèí ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001Íàøà çàäa÷à � èññëåäîâàíèå âîçìîæíûõ òèïîâàñèìïòîòè÷åñêîãî ïîâåäåíèÿ ðåøåíèé óðàâíå�íèÿ (4). Çäåñü ìû îãðàíè÷èìñÿ �èçè÷åñêè íàèáîëååèíòåðåñíûì ñëó÷àåì d = 3, � = 1. Óðàâíåíèå (4) âýòîì ñëó÷àå ïðèâîäèòñÿ ê âèäóZ 000 � (Z 00)22Z 0 � C1C2Z 0 + 2(Z 0)2y2 �� (yZ 0 � Z)28C4Z 0 + y(yZ 0 � Z)24C4 = 0: (6)Ïàðàìåòð C ñîîòâåòñòâóåò ìàñøòàáíîìó ïðåîáðàçî�âàíèþ â óðàâíåíèè (6):y = C~y; Z = C ~Z(~y): (7)Ïîýòîìó â äàëüíåéøåì ìû áóäåì ïîëàãàòü C = 1.Ñóùåñòâóåò âñåãî îäíî îäíîïàðàìåòðè÷åñêîå ñå�ìåéñòâî ðåøåíèé óðàâíåíèÿ (6), óäîâëåòâîðÿþùèõ�èçè÷åñêèì ãðàíè÷íûì óñëîâèÿì â íóëå [5; 6℄:Z(y) = Ay3 +Ay5 C110 � 35A!+ : : : (8)Äëÿ èññëåäîâàíèÿ ðåøåíèÿ â àñèìïòîòè÷åñêîé îáëà�ñòè (y !1) óìíîæèì îáå ÷àñòè óðàâíåíèÿ (6) íà Z 0è ïðîäè��åðåíöèðóåì ïî y. Â ðåçóëüòàòå ïîëó÷èìóðàâíåíèå4Z 0000 + y(Z 0 + yZ 00)� 8C1Z 00 � Z == 16(Z 0)2y3 � 24Z 0Z 00y2 : (9)Â îáëàñòè y � max(1;pC1) â ãëàâíîì ïðèáëèæåíèèïðàâàÿ ÷àñòü â óðàâíåíèè (9) ìîæåò áûòü îïóùåíà.Ïîñëå ýòîãî óðàâíåíèå (9) ñòàíîâèòñÿ ëèíåéíûì. Âàñèìïòîòè÷åñêîé îáëàñòè y !1 îáùåå ðåøåíèå ýòî�ãî óðàâíåíèÿ åñòüZ = By + B1y  1 + 16C19y2 + : : :!� 4y2 (1 + : : : )�� �d1 os�y24 � 2C1 ln y�++ d2 sin�y24 � 2C1 ln y�� : (10)�àçëîæåíèå â �îðìóëå (10) èäåò ïî ñòåïåíÿì1=y2. ×åòûðå êîý��èöèåíòà fB;B1; d1; d2g ñâÿçàíûîäíèì ñîîòíîøåíèåì. Ýòî ñîîòíîøåíèå ëåãêî íàõî�äèòñÿ ïîäñòàíîâêîé �îðìóëû (10) â óðàâíåíèå (6)(ñì. òàêæå [7℄):

B1 = �2BC1 � d21 + d22B : (11)Äëÿ òîãî ÷òîáû ðåøåíèå (8), (10), (11) èìåëî íóëå�âóþ ýíåðãèþ, íåîáõîäèìî è äîñòàòî÷íî âûïîëíåíèåóñëîâèé d1 = d2 = 0: (12)Êîý��èöèåíòû d1; d2 ÿâëÿþòñÿ àíàëèòè÷åñêè�ìè �óíêöèÿìè ïàðàìåòðîâ fA;C1g. Òåì ñàìûìâîçìîæíî ñóùåñòâîâàíèå ëèøü äèñêðåòíîãî ìíî�æåñòâà òî÷åê fA;C1g, íà êîòîðîì ýíåðãèÿ ðàâíàíóëþ. Îäíà òàêàÿ òî÷êà áûëà íàéäåíà ÷èñëåííî âðàáîòå [3℄: fA;C1g = f0:644; 1:09g:Êðîìå ýòîé òî÷êè ñóùåñòâóþò òàêæå è äðóãèå òî÷�êè, ñîîòâåòñòâóþùèå ðåøåíèÿì ñ íóëåâîé ýíåðãèåé.Ìû ïðèâåäåì çäåñü íåêîòîðûå èç íèõ:fA;C1g = f0:365; 3:113g;fA;C1g = f0:913; 4:41g; fA;C1g = f0:924; 5:89g;fA;C1g = f1:2619; 7:26g; fA;C1g = f1:435; 8:66g;fA;C1g = f1:689; 10:04g; fA;C1g = f1:907; 11:42g;fA;C1g = f2:137; 12:79g; fA;C1g = f2:362; 14:16g:Íèæå ìû ïîêàæåì, ÷òî ìíîæåñòâî òî÷åê fA;C1g íóëåâîé ýíåðãèåé ÿâëÿåòñÿ áåñêîíå÷íûì ñ ïî÷òè ýê�âèäèñòàíòíûì ðàñïîëîæåíèåì âäîëü äâóõ êðèâûõ(ñì. íèæå ðèñ. 3). Ìû ïîëó÷èì òàêæå àíàëèòè÷åñêîåóðàâíåíèå äëÿ ýòèõ ëèíèé â ïðîñòðàíñòâå fA;C1g.Ïåðåéäåì òåïåðü ê èññëåäîâàíèþ îáëàñòè çíà÷å�íèé C1 � 1. �àññìîòðèì äëÿ ýòîãî ëèíåéíîå óðàâ�íåíèåZ 0000 � 2C1Z 00 + 14y(Z 0 + yZ 00)� 14Z = 0: (13)Ñ ïîìîùüþ ïîäñòàíîâêèZ = y�; �0 = F (14)óðàâíåíèå (13) ñâîäèòñÿ ê óðàâíåíèþ òðåòüåãî ïî�ðÿäêàyF 000+4F 00�2C1[2F+yF 0℄+34y2F+14y3F 0 = 0: (15)Â óðàâíåíèè (15) èìååòñÿ òî÷êà ïîâîðîòày = 2p2C1: (16)1510



ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001 Ñâîéñòâà ñëàáî êîëëàïñèðóþùèõ ðåøåíèé : : :Â îêðåñòíîñòè òî÷êè ïîâîðîòà ïîëîæèìy = 2p2C1 + t: (17) ×åòûðå ëèíåéíî íåçàâèñèìûõ ðåøåíèÿ óðàâíåíèÿ(13) ìû âûáåðåì â âèäåZ1 = y (òî÷íîå ðåøåíèå óðàâíåíèÿ (13));Z2 =8>>><>>>: p8C1 � y2p8C1 äî òî÷êè ïîâîðîòà;� 12p�(2C1)1=4 �3(t) â îêðåñòíîñòè òî÷êè ïîâîðîòà; (18)
Z3 = 8>>>><>>>>: 1(8C1 � y2) exp0��12 yZ0 dy1q8C1 � y211A äî òî÷êè ïîâîðîòà;� exp(��C1)4p�(2C1)1=4 �1(t) â îêðåñòíîñòè òî÷êè ïîâîðîòà;
Z4 = 8>>>><>>>>: 1(8C1 � y2) exp0�12 yZ0 dy1q8C1 � y211A äî òî÷êè ïîâîðîòà;� exp(�C1)4p�(2C1)1=4 �2(t) â îêðåñòíîñòè òî÷êè ïîâîðîòà:Ôóíêöèè �1;2;3 â óðàâíåíèè (18) îïðåäåëåíû ñëåäóþùèì îáðàçîì:�1(t) = � i2 Z dt1t3=21 ett1 exp� t313p2C1� =��� r= 8>>>><>>>>: 2p�t; t� (2C1)1=6;�p� exp�23 jtj3=2(2C1)1=4�jtj(2C1)1=4 ; t� �(2C1)1=6;

�2(t) = i Z dt1t3=21 ett1 exp� t313p2C1� =��ÆBBr= 8>>><>>>: 2p�t(2C1)1=4 os�23t3=2(2C1)1=4� ; t� (2C1)1=6;� �jtj(2C1)1=4 exp��23 jtj3=2(2C1)1=4� ; t� �(2C1)1=6; (19)1511



Þ. Í. Îâ÷èííèêîâ, Â. Ë. Âåðåùàãèí ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001�3(t) = 12 Z dt1t3=21 ett1 exp� t313p2C1� =��ÆBB r = 8>><>>: �2p�jtj1=2; t� �(2C1)1=6;p�t(2C1)1=4 sin�23t3=2(2C1)1=4� ; t� (2C1)1=6:Óðàâíåíèÿ (18), (19) ïîçâîëÿþò ïðîéòè òî÷êó ïî�âîðîòà (17) è ïîëó÷èòü ðåøåíèå óðàâíåíèÿ (13) âîâñåé îáëàñòè y � 0.Îáùåå ðåøåíèå óðàâíåíèÿ (19), óäîâëåòâîðÿþ�ùåå ãðàíè÷íîìó óñëîâèþ â íóëå, ìîæíî ïðåäñòàâèòüâ âèäåZ = A1 �Z4 � Z3 � y2p2C1�++D1y +D2Z2 +D3Z3 +D4Z4; (20)ãäå Z1;4 � ðåøåíèÿ (18), (19) ëèíåéíîãî óðàâíåíèÿ(13), à �óíêöèè D1�4 âûðàæàþòñÿ ÷åðåç èíòåãðàëûîò ïðîèçâîäíûõ �óíêöèè Z:Dk = � 8p2C1 yZ0 dy1 Pk4 �4(Z 0)2y31 � 6Z 0Z 00y21 � ; (21)ãäå P14 = �det0B� Z2 Z3 Z4Z 02 Z 03 Z 04Z 002 Z 003 Z 004 1CA ;P24 = det0B� Z1 Z3 Z4Z 01 Z 03 Z 04Z 001 Z 003 Z 004 1CA ;P34 = �det0B� Z1 Z2 Z4Z 01 Z 02 Z 04Z 001 Z 002 Z 004 1CA ;P44 = det0B� Z1 Z2 Z3Z 01 Z 02 Z 03Z 001 Z 002 Z 003 1CA :
(22)

Â îáëàñòè y � 1 íàõîäèìP34 + P44 = p2C12 y; D3 +D4 = 96A2y3; (23)D1 = 18A2y2C1 ; D2 = �12A2y3C1 :

Ñ ïîìîùüþ �îðìóë (8), (20), (23) íàõîäèì çíà÷åíèåêîý��èöèåíòîâ A1:A1 = 12Ap2C1 : (24)Óðàâíåíèÿ, îïðåäåëÿþùèå òî÷êè fA;C1g ñ íóëåâîéýíåðãèåé, ñëåäóþò èç �îðìóë (20), (23):12Ap2C1 +D4(1) = 0; D2(1) = 0: (25)Â ãëàâíîì ïðèáëèæåíèè ïî ïàðàìåòðó C�21 èç óðàâ�íåíèé (21), (22) íàõîäèì çíà÷åíèå âåëè÷èíû D4(1):D4(1) = 2p2C1 1Z0 dy exp(�p2C1y)�� �4(Z 0)2y3 � 6Z 0Z 00y2 � : (25a)Â ýòîì æå ïðèáëèæåíèè ïåðâîå èç óðàâíåíèé (25)ìîæíî íåñêîëüêî óïðîñòèòü è ïðèâåñòè ê âèäó [8℄6A = 1Z0 dy exp��p2C1 y��� (Z 0)2y2 �3p2C1 + 2y� : (26)Ïðåäïîëîæèì, ÷òî âûïîëíÿåòñÿ íåðàâåíñòâî����A� C16 ����� C1: (27)Òîãäà �óíêöèÿZ 0 = C12 y2 + 3ypC1 �A� C16 � sin�pC1y� (28)ÿâëÿåòñÿ ðåøåíèåì óðàâíåíèÿ (9) â îáëàñòèy � pC1, óäîâëåòâîðÿþùèì ãðàíè÷íîìó óñëîâèþ âíóëå äëÿ �óíêöèè Z. Ïðåäïîëîæèì, ÷òî ñóùåñòâóåò
1512



ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001 Ñâîéñòâà ñëàáî êîëëàïñèðóþùèõ ðåøåíèé : : :ðåøåíèå óðàâíåíèÿ (26), óäîâëåòâîðÿþùåå óñëî�âèþ (27). Òîãäà èç �îðìóë (26), (28) íàõîäèì�A� C16 �(1� 12p2 1Z0 dte�t(3t+ 2)�� sin� tp2�� o� AC1 � 16�) = 0: (29)Ïîñêîëüêó12p2 1Z0 dte�t(3t+ 2) sin  tp2! = 1; (30)òî óðàâíåíèå (26) èìååò äâà áëèçêèõ ðåøåíèÿ:6A = C1; (31)êîòîðûå ðàñùåïÿòñÿ, êàê áóäåò ïîêàçàíî íèæå,ëèøü ñ ó÷åòîì ýêñïîíåíöèàëüíî ìàëûõ ïî C1 ÷ëå�íîâ. Îäíîâðåìåííî ìû íàéäåì ñëåäóþùèå ïî 1=C21÷ëåíû â óðàâíåíèè (31).Ïîêàæåì, ÷òî ñ ýêñïîíåíöèàëüíîé ïî C1 òî÷íî�ñòüþ àìïëèòóäû îñöèëëèðóþùèõ ÷ëåíîâ ïðè y !1ïðîïîðöèîíàëüíû àìïëèòóäàì îñöèëëèðóþùèõ ÷ëå�íîâ â îáëàñòè 1� y � pC1. Ïîëîæèì äëÿ ýòîãîy = 2p2C1x; Z = �2p2C1�5 ~Z(x): (32)Ñ ïîìîùüþ �îðìóë (32) óðàâíåíèå (9) ïðåîáðàçóåò�ñÿ ê âèäóx4 ( ~Z 0 + x ~Z 00)� 14 ~Z 00 � 14 ~Z + 164C21 ~Z 0000 == 4x3 ( ~Z 0)2 � 6x2 ~Z 0 ~Z 00: (33)Óðàâíåíèåx4 ( ~Z 0+x ~Z 00)�14 ~Z 00�14 ~Z = 4x3 ( ~Z 0)2� 6x2 ~Z 0 ~Z 00 (34)èìååò ðåøåíèå ~Z0, ðåãóëÿðíîå â íóëå:~Z0 = x348 � x590 + 2x72835 + : : : ; (35)÷òî ñîîòâåòñòâóåò òî÷êå C1 = 6A. Â îáëàñòè x � 1íàõîäèì, ÷òî ~Z0 = Bx+ B1x (36)� îáùåå ðåøåíèå óðàâíåíèÿ (34). ×èñëåííîå èíòå�ãðèðîâàíèå óðàâíåíèÿ (34) äàåò äëÿ êîý��èöèåíòîâB;B1 çíà÷åíèÿ~Z0 = 0:0156x� 0:0039x : (37)

�åøåíèå óðàâíåíèÿ (33) èùåì â âèäåZ = ~Z0 + ~Z1; j ~Z1j � j ~Z0j; (38)�óíêöèÿ ~Z1 óäîâëåòâîðÿåò óðàâíåíèþ~Z 001 x24 � 14 + 6x2 ~Z 00!+ ~Z 01 x4 � 8x3 ~Z 00 + 6x2 ~Z 000!�� 14 ~Z1 + 164C21 ~Z 00001 = � 164C21 ~Z 00000 : (39)Îäíîðîäíîå óðàâíåíèå (39) èìååò îäíî ãëàäêîå ðå�øåíèå ~Z(1)1 = 1 + x23 + : : : (40)Äëÿ ïîëó÷åíèÿ òðåõ îñòàëüíûõ ðåøåíèé â îáëàñòèx� 1 ìû âîñïîëüçóåìñÿ çàìåíîé~Z1 = ~Z(1)1 f: (41)Ôóíêöèÿ f óäîâëåòâîðÿåò óðàâíåíèþx16C2 f 0000 + x2f 00 + f 0 = 0: (42)�åøàÿ óðàâíåíèå (42), íàõîäèìf 01 = x sin�2p2C1x� ; f 02 = x os�2p2C1x� ; (43)f 03 = 16C21 1Z0 dx1x1 exp(�xx1)(x21 + 8C21 )2 :Òàêèì îáðàçîì, îäíîðîäíîå óðàâíåíèå (39) èìååòäâà ãëàäêèõ ðåøåíèÿ è äâà áûñòðî îñöèëëèðóþùèõ.Òî÷êà ïîâîðîòà äëÿ áûñòðî îñöèëëèðóþùèõ ðåøå�íèé ëåæèò â êîìïëåêñíîé ïëîñêîñòè x íà êîíå÷íîìðàññòîÿíèè îò âåùåñòâåííîé îñè, è, ñëåäîâàòåëüíî,âåðîÿòíîñòü ïåðåõîäà ìåæäó âåòâÿìè (áûñòðûìè èìåäëåííûìè) ýêñïîíåíöèàëüíî ìàëà. Òåì ñàìûì, çà�äà÷à ñâîäèòñÿ ê ïîñòðîåíèþ â îáëàñòè y � pC1 ðå�øåíèÿ óðàâíåíèÿ (6), íå èìåþùåãî áûñòðûõ îñöèë�ëÿöèîííûõ ñëàãàåìûõ. Îïèøåì ïðîöåäóðó, ïîçâîëÿ�þùóþ ñäåëàòü ýòî â ëþáîì ïîðÿäêå ïî 1=C21 .Â êà÷åñòâå ïåðâîãî ïðèáëèæåíèÿ ïîëîæèìZ =  C16 +A1!y3 + Z1; (44)ãäå A1 = o(1=C1). Ïîäñòàâëÿÿ âûðàæåíèå (44) â �îð�ìóëó (6), ïîëó÷èì óðàâíåíèå äëÿ �óíêöèè Z1:Z 0001 + 2y2Z 01�2yZ 001+C1Z 01 = �C1y418 �3y2C1A1: (45)1513



Þ. Í. Îâ÷èííèêîâ, Â. Ë. Âåðåùàãèí ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001Èíòåãðèðóÿ óðàâíåíèå (45), ïîëó÷èìZ 01 = �y(y318 + y 3A1 � 13C1!++ 13C3=21 sin�pC1y�(1� 9A1C1)): (46)Åñëè ïîëîæèòü A1 = 19C1 ; (47)òî �óíêöèÿ Z íå áóäåò ñîäåðæàòü îñöèëëÿöèîííûõ÷ëåíîâ: Z = y36  C1 + 23C1!� y590 : (48)Â êà÷åñòâå ñëåäóþùåãî ïðèáëèæåíèÿ èñïîëüçóåìâûðàæåíèå (48) äëÿ �óíêöèè Z â êà÷åñòâå íóëåâîãî:Z = y36  C1 + 23C1 +A1!� y590 + Z1;A1 = o �1=C31� : (49)Èç �îðìóë (6), (49) íàõîäèì óðàâíåíèå äëÿ Z1:Z 0001 + 2y2Z 01 � 2yZ 001 + C1Z 01 == 4y481C1 + y61620 � 2y2 C1A14 + 19C21 !: (50)�åøàÿ óðàâíåíèå (50), ïîëó÷èì âûðàæåíèå äëÿ Z 01,àíàëîãè÷íîå �îðìóëå (46):Z 01 = yC1( y51620 + y327C1 � 2y C1A14 + 29C21 !++ 2pC1 A1C14 + 29C21 ! sin �pC1y�): (51)Îñöèëëèðóþùàÿ ïîïðàâêà îáðàùàåòñÿ â íóëü, åñëèïîëîæèòü êîý��èöèåíò A1 ðàâíûìA1 = � 89C31 : (52)Ôóíêöèÿ Z â ðàññìàòðèâàåìîì ïðèáëèæåíèè ðàâíàZ = y36  C1 + 23C1 � 89C31 !�� y590 1� 23C21 !+ y711340 C1 : (53)

Ýòîò ïðîöåññ ìîæíî ïðîäîëæèòü íåîãðàíè÷åííî.Â ðåçóëüòàòå ïîñòðîèì �óíêöèþ Z, íå èìåþùóþ áû�ñòðûõ îñöèëëÿöèé è ïðåäñòàâèìóþ â âèäåZ(y) = �2p2C1�5 ��� ~Z0(x) + 1C21 ~Z1(x) + 1C41 ~Z2(x) + : : :� ; (54)ãäå y = 2p2C1x, à �óíêöèÿ ~Z0 îïðåäåëÿåòñÿ �îðìó�ëàìè (33), (35). Ïåðâûå ÷ëåíû ðàçëîæåíèÿ �óíêöèé~Z1(x); ~Z2(x) ïî ñòåïåíÿì x íàõîäÿòñÿ èç óðàâíåíèÿ(53): ~Z1(x) = x372 + x5135 + : : : ;~Z2(x) = �x354 + : : : (55)Îäíîâðåìåííî âîçíèêàåò âûðàæåíèå äëÿ êîý��èöè�åíòà A, óëó÷øàþùåå �îðìóëó (31):6A = C1 + 23C1 � 89C31 + : : : (56)�àçëîæåíèå (54) ÿâëÿåòñÿ àñèìïòîòè÷åñêèì ðÿäîìïî C1. Â ïðàâîé ÷àñòè �îðìóë (54), (56) âîçíèêà�þò ýêñïîíåíöèàëüíî ìàëûå ïî C1 ÷ëåíû, ñâÿçàííûåñ òóííåëèðîâàíèåì ìåæäó âåòâÿìè â ëèíåàðèçîâàí�íîì óðàâíåíèè (9). Â ñèëó óðàâíåíèÿ (29) óðàâíå�íèå (56) äîëæíî ðàñùåïèòüñÿ íà äâà. È, êàê ñëåäóåòèç èçëîæåííîãî âûøå, âåëè÷èíà ðàñùåïëåíèÿ ýêñïî�íåíöèàëüíî ìàëà ïî ïàðàìåòðó C1:6A��C1 + 23C1 � 89C31 + : : :� == �DC1:251 exp(��C1): (57)Âåëè÷èíà � îïðåäåëÿåòñÿ ïîëîæåíèåì òî÷êè ïîâî�ðîòà è áóäåò íàéäåíà íèæå. Íà êðèâûõ, îïðåäåëÿ�åìûõ óðàâíåíèåì (57), àìïëèòóäû d1;2 ýêñïîíåíöè�àëüíî ìàëû ïî ïàðàìåòðó C1. Îñöèëëÿöèîííàÿ ïî�ïðàâêà ê �îðìóëàì (54) â îáëàñòè y � pC1 ñîñòîèòèç äâóõ ñëàãàåìûõ (ñì. (10)). Ëèíåéíàÿ êîìáèíàöèÿèç íèõ, ïåðåõîäÿùàÿ â �óíêöèþ sin(pC1y) â îáëà�ñòè 1 � y � pC1, ìîæåò áûòü óáðàíà ñ ïîìîùüþìàëîãî ñäâèãà (ïîðÿäêà C�1=21 exp(�2�C1)) â óðàâíå�íèè (57). Âòîðàÿ ëèíåéíàÿ êîìáèíàöèÿ, ñäâèíóòàÿîòíîñèòåëüíî ïåðâîé íà �àçó �=2 è ïåðåõîäÿùàÿ â�óíêöèþ os(pC1y) â îáëàñòè 1� y � pC1, âîçíè�êàåò òîëüêî èç-çà òóííåëèðîâàíèÿ ìåæäó áûñòðûìèè ìåäëåííûìè âåòâÿìè â ëèíåàðèçîâàííîì óðàâíå�íèè (9). Àìïëèòóäà ïðè ýòîé êîìáèíàöèè ÿâëÿåòñÿîñöèëëèðóþùåé �óíêöèåé ïàðàìåòðà C1. Åå íóëè1514



ÆÝÒÔ, òîì 120, âûï. 6 (12), 2001 Ñâîéñòâà ñëàáî êîëëàïñèðóþùèõ ðåøåíèé : : :äàþò ñîñòîÿíèÿ ñ íóëåâîé ýíåðãèåé. Íàéäåì ïåðèîäýòîé �óíêöèè è âåëè÷èíó �.Èç ëèíåàðèçîâàííîãî óðàâíåíèÿ (9) íàõîäèì âå�ëè÷èíó ¾èìïóëüñà¿ P (x):P 2(x) = 2C1 �1 + x2 + 24x2 � ~Z0�x ! ; (58)ãäå �óíêöèÿ ~Z0 îïðåäåëåíà �îðìóëàìè (33), (35).Ïóñòü x� � òî÷êà ïîâîðîòà, â êîòîðîé ¾èìïóëüñ¿P (x) îáðàùàåòñÿ â íóëü:P (x�) = 0: (59)Òîãäà âåëè÷èíà P � äåéñòâèå íà òðàåêòîðèè:P = 4C1 x�Z0 dxsx2 + 24x2 � ~Z0�x � 1 == C1(�0 + i�) (60)îïðåäåëÿåò àìïëèòóäó îñöèëëèðóþùèõ ÷ëåíîâ â�îðìóëå (10) íà ëèíèÿõ (57):d1;2 � C5=21 exp(�2�C1): (61)Íà êàæäîé èç ëèíèé ëåæàò òî÷êè fA;C1g, ñîîòâåò�ñòâóþùèå íóëåâîé ýíåðãèè. Ýòè òî÷êè ðàñïîëîæåíûïî÷òè ýêâèäèñòàíòíî ïî C1 ñ ïåðèîäîìÆC1 � 2��0 � 2:6: (62)×èñëåííîå èíòåãðèðîâàíèå óðàâíåíèé (34), (60) äàåòñëåäóþùåå çíà÷åíèå äëÿ êîíñòàíò �; �0; x�:� = 0:712; �0 = 2:416;x� = 0:973+ i � 0:393: (63)Èç �îðìóëû (54) ñëåäóåò âàæíîå íåðàâåíñòâî, ñïðà�âåäëèâîå âäîëü ëèíèé (57):1~Z0(x) ����� Z(y)(2p2C1)5 � ~Z0(x)����� < onstC21 : (64)Îöåíêà (64) ÿâëÿåòñÿ ðàâíîìåðíîé ïî êîîðäèíàòå y.Ñëåäîâàòåëüíî, âñå ðåøåíèÿ ñ íóëåâîé ýíåðãèåé ïî�÷òè ïîäîáíû.Íà ðèñ. 1, 2 ïðåäñòàâëåíû çàâèñèìîñòè '; ��0 âòî÷êàõ ñ íóëåâîé ýíåðãèåé fA;C1g: (0:644; 1:09) è(0:913; 4:41). Ñïëîøíûå ëèíèè íà ðèñ. 1, 2 � �óíê�öèè '0; �00, ïîñòðîåííûå íà �óíêöèè ~Z0.Íà ðèñ. 3 èçîáðàæåíû òî÷êè ñ íóëåâîé ýíåðãèåéíà ïëîñêîñòè f6A;C1g, ñïëîøíûå ëèíèè îïðåäåëåíûóðàâíåíèÿìè (57), (63).

2 4 6 8 10 1200.10.20.30.40.5'=p8C1
x = y=p8C1�èñ. 1. Ôóíêöèè '=p8C1 â òî÷êàõ ñ íóëåâîéýíåðãèåé (A;C1) = (0:644; 1:09) � øòðèõïóíê-òèðíàÿ ëèíèÿ; (A;C1) = (0:913; 4:41) � øòðèõî-âàÿ ëèíèÿ; ñïëîøíàÿ ëèíèÿ � ïðåäåëüíàÿ �óíê-öèÿ '0 = q ~Z0(x)=x (óðàâíåíèÿ (34), (35));x = y=p8C1
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�0=p8C1

�èñ. 2. Ôóíêöèè �0=p8C1 â òî÷êàõ ñ íóëåâîé ýíåð-ãèåé (A;C1) = (0:644; 1:09) � øòðèõïóíêòèðíàÿ ëè-íèÿ; (A;C1) = (0:913; 4:41) � øòðèõîâàÿ ëèíèÿ;�00 � ïðåäåëüíàÿ �óíêöèÿ, ïîñòðîåííàÿ èç �óíê-öèè ~Z0(x), � ñïëîøíàÿ ëèíèÿ; x = y=p8C1Ñ óâåëè÷åíèåì ïàðàìåòðà C1 òî÷íîñòü ÷èñëåí�íîãî îïðåäåëåíèÿ òî÷åê ñ íóëåâîé ýíåðãèåé áûñòðîóìåíüøàåòñÿ.Òàêèì îáðàçîì, íà ïëîñêîñòè fA;C1g ñóùåñòâó�þò äâå ëèíèè, íà êîòîðûõ àìïëèòóäà îñöèëëèðóþ�ùåãî ÷ëåíà ýêñïîíåíöèàëüíî ìàëà. Íà ýòèõ ëèíè�ÿõ (ñì. óðàâíåíèå (57)) ïî÷òè ýêâèäèñòàíòíî ïî C1ðàñïîëîæåíû òî÷êè, ñîîòâåòñòâóþùèå ðåøåíèÿì ñíóëåâîé ýíåðãèåé. Âñå ðåøåíèÿ ñ íóëåâîé ýíåðãè�åé ãëàäêèå è ïî÷òè ïîäîáíû. Ôóíêöèÿ ' äëÿ ýòèõðåøåíèé ìåäëåííî óáûâàåò ñ ðîñòîì y â îáëàñòèy � pC1:1515
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�èñ. 3. � � òî÷êè ñ íóëåâîé ýíåðãèåé íà ïëîñêîñòè(6A;C1), ñïëîøíûå ëèíèè îïðåäåëåíû óðàâíåíèÿ-ìè (57), (63)'(y) � 8C1pBy ;ãäå âåëè÷èíà B îïðåäåëåíà �îðìóëàìè (36), (37).Òåì ñàìûì íåò íèêàêèõ îñíîâàíèé ïîëàãàòü, ÷òî ðå�øåíèå, ñîîòâåòñòâóþùåå òî÷êå fA;C1g: (0:644; 1:09),÷åì-òî âûäåëåíî è ðàçâèòèå íåóñòîé÷èâîñòè ïðèâå�äåò èìåííî ê åãî îáðàçîâàíèþ. Â íàñòîÿùåå âðåìÿâîïðîñ î âåðîÿòíîñòè îáðàçîâàíèÿ ñëàáîêîëëàïñèðó�þùèõ ðåøåíèé íå èññëåäîâàí. Íå èñêëþ÷åíî, ÷òîíàëè÷èå ñïåöèàëüíûõ ëèíèé íà ïëîñêîñòè fA;C1gîêàæåòñÿ ñóùåñòâåííûì êàê ïðè ðåøåíèè ýòîãî âî�ïðîñà, òàê è äëÿ èññëåäîâàíèÿ ïðîáëåìû óñòîé÷èâî�ñòè ñëàáîêîëëàïñèðóþùèõ ðåøåíèé.Èíòåãðàë äëÿ ïîëíîãî ÷èñëà ÷àñòèö ðàñõîäèò�ñÿ äëÿ âñÿêîãî ñëàáîêîëëàïñèðóþùåãî ðåøåíèÿ.Ñëàáîå óáûâàíèå ðåøåíèÿ äåëàåò íåîáõîäèìûì ïðî�âîäèòü îáðåçêó íà äîñòàòî÷íî áîëüøèõ çíà÷åíèÿõy. Ïîýòîìó ðåçêî ñíèæàåòñÿ âåðîÿòíîñòü îáðàçîâà�íèÿ ñîñòîÿíèÿ, ïðèâîäÿùåãî ê êîëëàïñó. Äëÿ òî÷åê
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