
�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2001. ò5 33��� 517.248.21 � ����������� ��������� ���������� ����������������� �������������� ��������. �. �¥¡®â à¥¢, �. �. �ãàª¨­, �. �. �ë¦ ª®¢, �. �. �¨­¥¢(ª ä¥¤à  ª¢ ­â®¢®© áâ â¨áâ¨ª¨ ¨ â¥®à¨¨ ¯®«ï)E-mail: alex@cheb.phys.msu.su; churandr@mail.ru� ª¢ ­â®¢®© â¥®à¨¨ ¨§¬¥à¥­¨© çã¢áâ¢¨â¥«ì­®áâì ¨§¬¥à¨â¥«ì­®£® ¯à¨¡®à  ®£à ­¨ç¥­  á­¨§ãáâ ­¤ àâ­ë¬ ª¢ ­â®¢ë¬ ¯à¥¤¥«®¬ (���). �ëà ¦¥­¨¥ ¤«ï ���, ¯®«ãç¥­­®¥  ¢â®p ¬¨ ¤«ïâ®ç­® à¥è ¥¬®© § ¤ ç¨ ®¡ ¨­â¥àä¥à¥­æ¨®­­®¬ ¤¥â¥ªâ®à¥ £à ¢¨â æ¨®­­ëå ¢®«­, ¯®§¢®«ï¥â®æ¥­¨âì ¬¨­¨¬ «ì­®¥ §­ ç¥­¨¥ ¨áªà¨¢«¥­¨ï ¬¥âà¨ª¨ ¢ ¯¥à¨®¤¨ç¥áª®© £à ¢¨â æ¨®­­®© ¢®«­¥¢ à¥§®­ ­á­®¬ ¨ ­¥à¥§®­ ­á­®¬ á«ãç ïå. � áá¬ âà¨¢ ¥âáï § ¢¨á¨¬®áâì ��� ®â ¢ë¡®à  ­ ¡«î-¤ ¥¬®© ¢¥«¨ç¨­ë ¨ ®â ¨­â¥­á¨¢­®áâ¨ « §¥à­®£® «ãç  ¯p¨ íªá¯®­¥­æ¨ «ì­®¬ à á¯à¥¤¥«¥­¨¨ç¨á«  ä®â®­®¢.�¢¥¤¥­¨¥� ­ áâ®ïé¥© p ¡®â¥ ¯®«ãç¥­ë ®æ¥­ª¨ áâ ­¤ pâ-­®£® ª¢ ­â®¢®£® ¯p¥¤¥«  (���) ¤«ï çã¢áâ¢¨â¥«ì-­®áâ¨ £à ¢¨â æ¨®­­®£® ¤¥â¥ªâ®à  â¨¯  LIGO [1].� ª¨¥ ®£à ­¨ç¥­¨ï çã¢áâ¢¨â¥«ì­®áâ¨ á«¥¤ãîâ ¨§¡ §¨á­ëå ¯à¨­æ¨¯®¢ ª¢ ­â®¢®© ¬¥å ­¨ª¨. � ª®­-æ  1960-å ££. £àã¯¯®© ãç¥­ëå ¯®¤ àãª®¢®¤áâ¢®¬�.�. �à £¨­áª®£® ¡ë« ®¯ã¡«¨ª®¢ ­ àï¤ à ¡®â, ¯®-á¢ïé¥­­ëå ®æ¥­ª ¬ ��� ¤«ï à §«¨ç­ëå áå¥¬ ¨§-¬¥à¥­¨ï á« ¡ëå ¢®§¤¥©áâ¢¨©, ¨ ¢ ç áâ­®áâ¨ ¤«ï£à ¢¨â æ¨®­­®©  ­â¥­­ë [2{5]. �à¨ íâ®¬ ¢¥«¨ç¨­ ��� ¢ë¢®¤¨« áì ­  ®á­®¢ ­¨¨ á®®â­®è¥­¨© ­¥-®¯à¥¤¥«¥­­®áâ¨ �¥©§¥­¡¥à£ . �¢â®p ¬ ¯ã¡«¨ªã¥¬®©à ¡®âë ã¤ «®áì ¯®«ãç¨âì  ­ «®£¨ç­®¥ ¢ëà ¦¥­¨¥¤«ï ��� â®ç­®áâ¨ ¨§¬¥à¥­¨ï ¯®«®¦¥­¨ï ª¢ ­â®¢®£®®áæ¨««ïâ®à  ¢ à¥§®­ ­á­®¬ ¨ ­¥à¥§®­ ­á­®¬ á«ã-ç ïå ¨áå®¤ï ¨§ ¥áâ¥áâ¢¥­­®£® ãá«®¢¨ï, çâ® áà¥¤­¥¥§­ ç¥­¨¥ ¢ëå®¤­®£® á¨£­ «  ¤®«¦­® ¡ëâì ¡®«ìè¥,ç¥¬ ¢¥«¨ç¨­  ª¢ ¤à â­®£® ª®à­ï ¨§ ¤¨á¯¥àá¨¨ ¢ë-å®¤­®£® á¨£­ « .1. �« áá¨ç¥áª®¥ à¥è¥­¨¥. �ë¡®à­ ¡«î¤ ¥¬®©�¨­ ¬¨ª  ª« áá¨ç¥áª®£® ®áæ¨««ïâ®à , ¢®§¬ã-é¥­­®£® ¢­¥è­¥© á¨«®© F (t) , ®¯¨áë¢ ¥âáï £ ¬¨«ì-â®­¨ ­®¬ H = p22m + !20mx22 � xF (t):�¥è¥­¨¥ £ ¬¨«ìâ®­®¢®© á¨áâ¥¬ë á ­ ç «ì­ë¬¨ãá«®¢¨ï¬¨ x0 = 0 , p0 = 0 ¨¬¥¥â ¢¨¤xt = tZ0 F (s)m!0 sin!0(t� s) ds:�á«¨ ¯®§¨æ¨ï ®áæ¨««ïâ®à  ¨§¬¥àï¥âáï ¨­â¥àä¥à®-¬¥âà¨ç¥áª¨¬ ¬¥â®¤®¬, â® ­  ¢ëå®¤¥ ¨­â¥àä¥à®¬¥âà 

� ©ª¥«ìá®­  ¯¥à¥¬¥­­ ï ç áâì ¨­â¥­á¨¢­®áâ¨ ¢ë-å®¤­®£® á¨£­ «  ¬®¦¥â ¡ëâì § ¯¨á ­  ¢ ¢¨¤¥A(t) = IN2i �ei!xt=c� e�i!xt=c�= IN sin �t; (1)£¤¥ à §­®áâì ä §�t = !!0 tZ0 F (s)mc sin!0(t� s) ds:�¤¥áì IN | ¢å®¤­ ï ¨­â¥­á¨¢­®áâì « §¥à­®£® «ãç ,! � 4 � 1014 á�1 | ®¯â¨ç¥áª ï ç áâ®â  « §¥à­®£®«ãç  ¨ !xc = 2�xcT = 2�x� = �' | ä §®¢ë© á¤¢¨£,¢ë§¢ ­­ë© á¬¥é¥­¨¥¬ ®áæ¨««ïâ®à  x .� á«ãç ¥, ª®£¤  £à ¢¨â æ¨®­­ ï ¢®«­  ¯ ¤ ¥â¯¥à¯¥­¤¨ªã«ïà­® ª ¯«®áª®áâ¨ ¤¥â¥ªâ®à , ¤¥©áâ¢ãî-é ï ­  ®áæ¨««ïâ®à á¨«  F (t) § ¯¨áë¢ ¥âáï á«¥¤ãî-é¨¬ ®¡à §®¬: F (t) = Lm!2gh0 cos!gt; £¤¥ L | à á-áâ®ï­¨¥ ¬¥¦¤ã ®áæ¨««ïâ®à ¬¨, !g | ç áâ®â  £à -¢¨â æ¨®­­®© ¢®«­ë, h0 |  ¬¯«¨âã¤  ¨áªà¨¢«¥­¨ï¬¥âà¨ª¨. �«ï à¥ «ì­®£® ¯à¨¡®à  LIGO !g � 30 á�1 ,L= 4 � 103 ¬, h0 � 1:4 � 10�24 .2. �¢ ­â®¢ ï ¬®¤¥«ì, ¤®¯ãáª îé ï â®ç­®¥à¥è¥­¨¥�à®áâà ­áâ¢® á®áâ®ï­¨© £à ¢¨â æ¨®­­®©  ­â¥­-­ë, ¯à¥¤áâ ¢«ïîé¥© á®¡®© « §¥à­ë© «ãç ¨ ª¢ ­â®-¢ë© ®áæ¨««ïâ®à, § ¯¨áë¢ ¥âáï á«¥¤ãîé¨¬ ®¡à §®¬:l2 
 L2(R). � ¬¨«ìâ®­¨ ­ á¨áâ¥¬ë ¢ íâ®¬ á«ãç ¥¨¬¥¥â ¢¨¤ â¥­§®à­®£® ¯à®¨§¢¥¤¥­¨ï:bH = I 
 �� ~22m @2@x2 + !20mx22 �++~! aya
 I � I 
 xF (t)� ~!c aya
 x;£¤¥ ~!aya | ®¯¥à â®à í­¥à£¨¨ ¯®«ï « §¥à ,  Hint = �I
xF (t)� ~!c aya
x | áã¬¬  í­¥à£¨¨ ¢§ -¨¬®¤¥©áâ¢¨ï ®áæ¨««ïâ®à  á £à ¢¨â æ¨®­­®© ¢®«­®©,17 ���, ä¨§¨ª ,  áâà®­®¬¨ï, ò5



34 �¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2001. ò5á®§¤ îé¥© ¢­¥è­îî á¨«ã F (t) , ¨ í­¥à£¨¨ ¢§ ¨¬®-¤¥©áâ¢¨ï ®áæ¨««ïâ®à  á «ãç®¬ « §¥à , á®§¤ îé¨¬á¢¥â®¢®¥ ¤ ¢«¥­¨¥ ~!c aya .� ¯à¥¤áâ ¢«¥­¨¨ ¢â®à¨ç­®£® ª¢ ­â®¢ ­¨ïH = ~ �!0 
 (byb+ 1=2)+ ! aya
 I��(gaya+ f(t))
 (b+ by)� : (2)�®£¤  á â®ç­®áâìî ¤® ¯®áâ®ï­­®© í­¥à£¨¨ ­ã«¥¢ëåª®«¥¡ ­¨© ®áæ¨««ïâ®à  ~!02H = ~(H0+Hint);H0 = !aya
 I + !0 
 byb;Hint =�(gaya+ f(t))
 (by+ b);£¤¥ f(t) = F (t)p2m!0~ , g = !cq ~2m!0 .�¢ ­â®¢ë©  ­ «®£ ª« áá¨ç¥áª®© ­ ¡«î¤ ¥¬®© (1)§ ¯¨áë¢ ¥âáï ¢ ¢¨¤¥A= aya2i �ei!x̂=c� e�i!x̂=c�== aya2i �eig(by+b)� e�ig(by+b)� :�á¯®«ì§ãï ä®à¬ã«ã �¥©ª¥à {� ãá¤®àä , ¯¥à¥¯¨-è¥¬ ®¯¥à â®àë ­ ¡«î¤ ¥¬ëå bA ¨ bA2 ¢ ­®à¬ «ì­®ã¯®àï¤®ç¥­­®¬ ¢¨¤¥ ®â­®á¨â¥«ì­® by; b :A= aya e�g2=22i �eigby eigb� e�igby e�igb� ;A2 = (aya)2 12 � e�2g24 �e2igby e2igb+e�2igby e�2igb�!:�®¬¯®­¥­âë fh0; h1; : : :g ­®à¬¨à®¢ ­­®£® ¢¥ªâ®-à  á®áâ®ï­¨© h 2 l2 ¯®«ï (¯¥à¢ë© á®¬­®¦¨â¥«ì¢ â¥­§®à­®¬ ¯à®¨§¢¥¤¥­¨¨) ®¯¨áë¢ îâ à á¯à¥¤¥«¥-­¨¥ ç¨á«  ä®â®­®¢: PfN = ng = jhnj2 ,   ª®¬¯®-­¥­âë fv0; v1; : : :g ­®à¬¨à®¢ ­­®£® ¢¥ªâ®à  á®áâ®-ï­¨© v 2 l2 ®áæ¨««ïâ®à  (¢â®à®© á®¬­®¦¨â¥«ì ¢â¥­§®à­®¬ ¯à®¨§¢¥¤¥­¨¨) ¯à¥¤áâ ¢«ïîâ á®¡®© ¢¥-à®ïâ­®áâ­®¥ à á¯à¥¤¥«¥­¨¥ á®áâ®ï­¨© ®áæ¨««ïâ®à PfEosc = n~!0g = jvnj2 , £¤¥ Eosc | í­¥à£¨ï ®áæ¨«-«ïâ®à .� è  § ¤ ç  á®áâ®¨â ¢ ¤¥â¥ªâ¨à®¢ ­¨¨ ¢­¥è­¥©¯¥à¨®¤¨ç¥áª®© á¨«ë F (t) . �«ï íâ®£® ¯®áâà®¨¬ à¥-è¥­¨¥ í¢®«îæ¨®­­®£® ãà ¢­¥­¨ïddtUt = iHUt; U ���t=0 = I 
 I (3)á £ ¬¨«ìâ®­¨ ­®¬ (2). � áá¬®âà¨¬ ®¯¥à â®à­®§­ ç-­ãî äã­ªæ¨î ut â ªãî, çâ®Ut = eiH0t ut; ddtut = iHtut; u���t=0 = I 
 I;

£¤¥Ht = e�iH0tHint eiH0t = �(gaya+ f(t))(byt + bt);bt = e�iH0t b eiH0t = ei!0t b;byt = e�iH0t by eiH0t = e�i!0t by:� ¬¥â¨¬, çâ® ®¯¥à â®àë (gaya+f(t))by e�i!0t ª®¬¬ã-â¨àãîâ ¢ à §­ë¥ ¬®¬¥­âë ¢à¥¬¥­¨ t . �«¥¤®¢ â¥«ì-­®, äã­ªæ¨ï ut ¬®¦¥â ¡ëâì § ¯¨á ­  ¢ ¢¨¤¥ut = e�iby�(t) vt; �(t) = tZ0 d� (gaya+ f(�)) ei!0� ;  vt ã¤®¢«¥â¢®àï¥â ãà ¢­¥­¨îddtvt =�i(gaya+ f(t)) ei!0t eiby�(t) b eiby�(t) vt ==�i(gaya+ f(t)) ei!0t �b� i�(t)� vtá ­ ç «ì­ë¬ ãá«®¢¨¥¬ v���t=0 = I 
 I . (�¥àâ  á¢¥àåã®¡®§­ ç ¥â ª®¬¯«¥ªá­®¥ á®¯àï¦¥­¨¥.) �¥è¥­¨¥ íâ®-£® ãà ¢­¥­¨ï: vt = e�ib�(t)�C(t);C(t) = tZ0 ds (g aya+ f(s)) ei!0s �(s);£¤¥ C(t) | ¬­®£®ç«¥­ ¢â®à®© áâ¥¯¥­¨ ®â ®¯¥à â®à g aya : C(t) = c0(t) + g aya c1(t) + g2(aya)2c2(t)á ª®íää¨æ¨¥­â ¬¨c0(t) = tZ0 �Z0 d� ds f(�)f(s) ei!0(��s);c1(t) = tZ0 �Z0 d� ds (f(�) + f(s)) ei!0(��s);c2(t) = tZ0 �Z0 d� ds ei!0(��s) :�«¥¤®¢ â¥«ì­®, í¢®«îæ¨®­­ë© ®¯¥à â®à § ¤ ç¨ (3)§ ¯¨áë¢ ¥âáï ª ª ­®à¬ «ì­® ã¯®àï¤®ç¥­­®¥ ¯à®¨§-¢¥¤¥­¨¥ íªá¯®­¥­â:Ut = eiH0t e�C(t) e�iby�(t) e�ib�(t) : (4)�¥è¥­¨¥ ãà ¢­¥­¨© ¢¨¤  (3) à áá¬ âà¨¢ ¥âáï ¢à ¡®â å [7, 8]. � ­ è¥¬ á«ãç ¥ à¥§ã«ìâ â á«¥£ª ®â«¨ç ¥âáï ®â ¯à¨¢¥¤¥­­®£® ¢ à ¡®â¥ [8],   ¬¥â®¤¨ª 



�¥áâ­¨ª �®áª®¢áª®£® ã­¨¢¥àá¨â¥â . �¥à¨ï 3. �¨§¨ª . �áâà®­®¬¨ï. 2001. ò5 35¯®«ãç¥­¨ï ç¨á«¥­­®© ®æ¥­ª¨ à¥§ã«ìâ â  ¯®¤à®¡­®à áá¬®âà¥­  ¢ [9].�â¬¥â¨¬, çâ® C(t)+C(t) = �(t)�(t) , ¨ ¤®¯ãáâ¨¬,çâ® ®áæ¨««ïâ®à ­ å®¤¨âáï ¢ ®á­®¢­®¬ á®áâ®ï­¨¨  0 .�®£¤  áà¥¤­¥¥ §­ ç¥­¨¥ ¢ëå®¤­®£® á¨£­ «  § ¯¨è¥â-áï ¢ ¢¨¤¥I(t) = aya e�g2=2 Im�Ut 0; eigby eigb Ut 0�l2 == aya e�g2=2 Im� ei(g��(t))b 0;e2i Im(g expfi!0tg�(t)) ei(g��(t))b 0�l2 == aya Ime�g2=2+i�t+iaya't;£¤¥ �t = !!0 tZ0 F (�)mc sin!0(t� �)d�;'t = !!0 ~!ayamc2 tZ0 sin!0(t� �) d�:�«¥¤®¢ â¥«ì­®,I(t) = aya e�g2=2 sin(�t+ aya't):�á«¨ ¯®áâ®ï­­ãî á®áâ ¢«ïîéãî á¢¥â®¢®£® ¤ ¢-«¥­¨ï ­¥ ãç¨âë¢ âì (aya't = 0), â® ¤«ï ä¨ªá¨à®-¢ ­­®£® ç¨á«  ä®â®­®¢ N , ¨á¯ãáª ¥¬ëå « §¥à®¬¢ ¥¤¨­¨æã ¢à¥¬¥­¨, ¢ëå®¤­®© á¨£­ « ­  ¤¥â¥ªâ®à¥¢ëà §¨âáï ä®à¬ã«®©I(t) =N e�g2=2 sin �t: (5)� §­®áâì ä § �t ¢¤ «¨ ®â à¥§®­ ­á  (¯à¨ !0 6= !g )¨¬¥¥â ¢¨¤�t = !c h0L!2g  sin!0t� !g!0 sin!gt!20 � !2g ! ;  ¢¡«¨§¨ à¥§®­ ­á  (¯à¨ !0 � !g ) ¢ á®®â¢¥âáâ¢¨¨ áª« áá¨ç¥áª®© â¥®à¨¥© ª®«¥¡ ­¨©  ¬¯«¨âã¤  ã¢¥«¨-ç¨¢ ¥âáï ¯à®¯®àæ¨®­ «ì­® ¢à¥¬¥­¨ t :�t � !2ch0L (!0t cos!0t+ sin!0t) :�®ï¢«¥­¨¥ â ª®© à §­®áâ¨ ä §, ®¡ãá«®¢«¥­­®© ¢®§-¤¥©áâ¢¨¥¬ £à ¢¨â æ¨®­­®© ¢®«­ë, ¬®¦¥â ¡ëâì § -à¥£¨áâà¨à®¢ ­®, ¥á«¨ ¤¨á¯¥àá¨ï á¨£­ «  ­¥ ¡ã¤¥â¯à¥¢ëè âì ª¢ ¤à â  ¥£® áà¥¤­¥£® §­ ç¥­¨ï. �æ¥-­¨¢ ï ¤¨á¯¥àá¨î D(t) á¨£­ «  I(t) , ¬ë ¯®«ãç¨¬¯à¥¤¥«ì­®¥ §­ ç¥­¨¥, ¯à¨ ª®â®à®¬ ¨§¬¥à¥­¨¥ áâ ­¥â¢®§¬®¦­ë¬. � §®¢¥¬ ¥£® à¥§®­ ­á­ë¬ áâ ­¤ àâ-­ë¬ ª¢ ­â®¢ë¬ ¯à¥¤¥«®¬ ¤«ï ¤ ­­®£® ¨§¬¥à¥­¨ï.3. �ã¢áâ¢¨â¥«ì­®áâì £à ¢¨â æ¨®­­®© ­â¥­­ë�¡­ àã¦¥­¨¥ ¯¥à¥¬¥­­®© á®áâ ¢«ïîé¥© ¢ëå®¤-­®£® á¨£­ «  ¢®§¬®¦­®, ¥á«¨ ¢ë¯®«­ï¥âáï á«¥¤ã-

îé¥¥ ãá«®¢¨¥: I(t) > pD(t): �«ï ®æ¥­ª¨ ¨­â¥­-á¨¢­®áâ¨ ¢ëå®¤­®£® á¨£­ «  ¢ á«ãç ¥ íªá¯®­¥­æ¨- «ì­®£® à á¯à¥¤¥«¥­¨ï ç¨á«  ä®â®­®¢ ­¥®¡å®¤¨¬®®æ¥­¨âì áã¬¬ãI(t) = exp��N � g22 �Re 1X0 nNnn! ei(�t+n't);£¤¥ N | áà¥¤­¥¥ ç¨á«® ä®â®­®¢; ¯à¨ íâ®¬ ¤¨á¯¥à-á¨ï à á¯à¥¤¥«¥­¨ï á®¢¯ ¤ ¥â á N . �«¥¤®¢ â¥«ì­®,I(t) =N e�N�g2=2Re ei(�t+'t+N ei't) ==N e�g2=2�N(1�cos't)Re ei(�t+'t+N sin't) :�«ï íªá¯®­¥­æ¨ «ì­®£® à á¯à¥¤¥«¥­¨ï ç¨á«  ä®-â®­®¢ á® áà¥¤­¨¬ hayai = N ¯®«ãç ¥¬ h(aya)2i =N(N + 1) . �á«¨ ®áæ¨««ïâ®à ­ å®¤¨âáï ¢ ®á­®¢­®¬á®áâ®ï­¨¨  0 , â® ¤¨á¯¥àá¨ï ¢ëç¨á«ï¥âáï á«¥¤ãî-é¨¬ ®¡à §®¬:S(t) = e�N�2g22 Im�Ut 0; e�2igby e�2igb Ut 0�== e�N�2g22 Im 1X0 Nnn2n! e2i(�t+n't) == N2 e�N(1�cos2't)�2g2 �� Im �N ei(2�t+4't+N sin2't)+ei(2�t+2't+N sin2't)� :�æ¥­¨¬ ¤¨á¯¥àá¨î ¢ â®çª å tk = �!0 (k + 12) , £¤¥'t = 0 . �­¥ íâ¨å â®ç¥ª á¨£­ « I(t) ¯à®¯ ¤ ¥â, â ªª ª ¤«ï N = 1023 äã­ªæ¨ï expf�N(1 � cos 2'tg®¡à é ¥âáï ¢ ­ã«ì. � ¢ë¡à ­­ëå â®çª å ¯®«ãç ¥¬I2(t) = N2 e�g22 (1� cos 2�t);S(t) = N(N + 1)2 �1� e�2g2 cos 2�t� ;D(t) = S(t)� I2(t) == N22 �1� e�g2��1+ e�g2 cos 2�t�++N2 �1� e�2g2 cos 2�t� :� ª¨¬ ®¡à §®¬, ¤«ï à¥£¨áâà æ¨¨ á¨£­ «  �t ­¥®¡å®-¤¨¬® ¢ë¯®«­¥­¨¥ ­¥à ¢¥­áâ¢ sin �t >s sh g22NN+1 � e�g2 : (6)� §« £ ï ¢ àï¤ �¥©«®à  «¥¢ãî ¨ ¯à ¢ãî ç áâ¨ ­¥à -¢¥­áâ¢  (6) ¯à¨ N !1 (¡®«ìè®¥ ç¨á«® ä®â®­®¢)18 ���, ä¨§¨ª ,  áâà®­®¬¨ï, ò5
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