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+R(x; t) = y(t); �1 < t < 1; (0.1)
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x(�) d� +R(x; t) = y(t); �1 � t � 1; (0.2)

¨ á¨­£ã«ïà­®£® ¨­â¥£à®-¤¨ää¥à¥­æ¨ «ì­®£® ãà ¢­¥­¨ï I-à®¤  (â ª ­ §ë¢ ¥¬®£® ãà ¢­¥­¨ï â¥-
®à¨¨ ªàë« ) ¢¨¤ 
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+ V (�; t) = f(t); �1 < t < 1; (0.3)

¯à¨ ªà ¥¢ëå ãá«®¢¨ïå

�(�1) = �(+1) = 0: (0.30)

�¤¥áì R ¨ V | ¤ ­­ë¥ ¢¯®«­¥ ­¥¯à¥àë¢­ë¥ (¢ â®¬ ç¨á«¥ ¨­â¥£à «ì­ë¥) ¨«¨ ¦¥ ¬ «ë¥ ¯® ­®à¬¥
®¯¥à â®àë, y(t) ¨ f(t) | ¤ ­­ë¥,   x(t) ¨ �(t) | ¨áª®¬ë¥ äã­ªæ¨¨ ¨§ ­¥ª®â®àëå äã­ªæ¨®­ «ì-
­ëå ¯à®áâà ­áâ¢.

�§¢¥áâ­® ([6], [10], [11]), çâ® ãª § ­­ë¥ ãà ¢­¥­¨ï, ª ª ¯à ¢¨«®, â®ç­® ­¥ à¥è îâáï. �®-
íâ®¬ã ¤«ï ¨å à¥è¥­¨ï à §à ¡®â ­ë ¨ ¯à¨¬¥­ïîâáï ¬­®£®ç¨á«¥­­ë¥ ¯à¨¡«¨¦¥­­ë¥ (¢ ¯¥à¢ãî
®ç¥à¥¤ì, ¯àï¬ë¥ ¨ ¯à®¥ªæ¨®­­ë¥) ¬¥â®¤ë. � á¢ï§¨ á íâ¨¬ ¢®§­¨ª ¥â § ¤ ç  ®¯â¨¬¨§ æ¨¨ ¯®
â®ç­®áâ¨ à §«¨ç­ëå ª« áá®¢ ¬¥â®¤®¢ à¥è¥­¨ï â ª¨å ãà ¢­¥­¨©. �­ ç¨â¥«ì­ ï ç áâì íâ®© à -
¡®âë ¯®á¢ïé¥­  à¥è¥­¨î ãª § ­­®© § ¤ ç¨ ­  ®á­®¢¥ à ­¥¥ ¯®«ãç¥­­ëå  ¢â®à®¬ à¥§ã«ìâ â®¢
¯® ®¯â¨¬¨§ æ¨¨ ¬¥â®¤®¢ à¥è¥­¨ï ®¯¥à â®à­ëå ãà ¢­¥­¨© [2], [12], [13] ¨ ¯® ¯àï¬ë¬ ¬¥â®¤ ¬
(­ ¯à., [2], [4], [5]) à¥è¥­¨ï ãà ¢­¥­¨© (0.1){(0.3). � á¢ï§¨ á íâ¨¬ ¢ ­ ç «¥ à ¡®âë ¯à¨¢®¤¨âáï
àï¤ ®¡é¨å à¥§ã«ìâ â®¢ ¯® ®¯â¨¬¨§ æ¨¨ ¯àï¬ëå ¨ ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ à¥è¥­¨ï «¨­¥©­ëå
®¯¥à â®à­ëå ãà ¢­¥­¨© ¢ ­®à¬¨à®¢ ­­ëå ¯à®áâà ­áâ¢ å.
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1. �®áâ ­®¢ª  § ¤ ç¨ ¨ ­¥ª®â®àë¥ ®¡é¨¥ à¥§ã«ìâ âë

1.1. �®áâ ­®¢ª  § ¤ ç¨. �ãáâì X ¨ Y | ¤ ­­ë¥ ¡ ­ å®¢ë ¯à®áâà ­áâ¢ ,   Xn � X ¨ Yn �
Y { ¨å ¯à®¨§¢®«ì­ë¥ ª®­¥ç­®¬¥à­ë¥ ¯®¤¯à®áâà ­áâ¢  ®¤¨­ ª®¢®© à §¬¥à­®áâ¨ n 2 N. �¥à¥§
L(X;Y ) ¡ã¤¥¬ ®¡®§­ ç âì ¯à®áâà ­áâ¢® «¨­¥©­ëå (â. ¥.  ¤¤¨â¨¢­ëå ¨ ®¤­®à®¤­ëå) ®¯¥à â®à®¢,
®â®¡à ¦ îé¨å X ¢ Y .

� áá¬®âà¨¬ ª« áá E = feg ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨©
Kx = y (x 2 X; y 2 Y; K 2 L(X;Y )); (1.1)

®¯à¥¤¥«ï¥¬ë© ­¥ª®â®àë¬¨ ª« áá ¬¨ ®¯¥à â®à®¢ K = fKg � L(X;Y ) ¨ ¯à ¢ëå ç áâ¥© Y � =
fyg � Y á®®â¢¥âáâ¢¥­­®. �¢¥¤¥¬ ª« áá En = feng ®¤­®§­ ç­® à §à¥è¨¬ëå ®¯¥à â®à­ëå ãà ¢­¥-
­¨©

Knxn = yn (xn 2 Xn; yn 2 Yn; Kn 2 L(Xn; Yn)); (1.2)

¯®à®¦¤ ¥¬ëå ¯àï¬ë¬¨ ¬¥â®¤ ¬¨ à¥è¥­¨ï ãà ¢­¥­¨ï (1.1) ¯à¨ ª ¦¤®© ¯ à¥ ¯à®¨§¢®«ì­® ä¨ª-
á¨à®¢ ­­ëå ¯®¤¯à®áâà ­áâ¢ Xn ¨ Yn á dimXn = dimYn = n < 1. �¥è¥­¨¥ x� 2 X ãà ¢­¥­¨ï
(1.1) ¨§ ª« áá  E ¡ã¤¥¬  ¯¯à®ªá¨¬¨à®¢ âì à¥è¥­¨ï¬¨ x�n 2 Xn � X ãà ¢­¥­¨© (1.2) ¨§ ª« áá 
En. �à¨ íâ®¬ §  ®¯â¨¬ «ì­ãî ®æ¥­ªã ¯®£à¥è­®áâ¨ ª« áá  En ¯àï¬ëå ¬¥â®¤®¢ (1.2) ­  ª« áá¥ E
ãà ¢­¥­¨© (1.1) ¯à¨¬¥¬ ¢¥«¨ç¨­ã [2], [12]

Vn(E) = inf
Xn;Yn

inf
en2En

sup
e2E

kx� � x�nkX ; (1.3)

£¤¥ ¢­ãâà¥­­¨© inf ¡¥à¥âáï ¯® ¢á¥¬ ãà ¢­¥­¨ï¬ ¢¨¤  (1.2) ¯à¨ ¯à®¨§¢®«ì­® ä¨ªá¨à®¢ ­­ëå
¯®¤¯à®áâà ­áâ¢ å Xn ¨ Yn,   ¢­¥è­¨© inf | ¯® ¢á¥¢®§¬®¦­ë¬ ¯®¤¯à®áâà ­áâ¢ ¬ Xn � X ¨
Yn � Y à §¬¥à­®áâ¨ n.

�¯à¥¤¥«¥­¨¥ 1. �ãáâì áãé¥áâ¢ã¥â ä¨ªá¨à®¢ ­­ë© ¯àï¬®© ¬¥â®¤ (ãà ¢­¥­¨¥)

K�
nx

�
n = y�n (x�n 2 X�

n � X; y�n 2 Y �
n � Y;K�

n 2 L(X�
n; Y

�
n )) (1.2�)

c dimX�
n = dimY �

n = n, ¤«ï ª®â®à®£® ¢ë¯®«­ï¥âáï ®¤­® ¨§ ãá«®¢¨©1)

supfkx� � x�nkX : e 2 Eg = ; �; � Vn(E); x�n = K�
n
�1y�n: (1.4)

�®£¤  ¬¥â®¤ (1:2�) ­ §ë¢ ¥âáï á®®â¢¥âáâ¢¥­­® ®¯â¨¬ «ì­ë¬,  á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬ «ì­ë¬,
®¯â¨¬ «ì­ë¬ ¯® ¯®àï¤ªã áà¥¤¨ ¢á¥¢®§¬®¦­ëå ¯àï¬ëå ¬¥â®¤®¢ ¢¨¤  (1.2) ­  ª« áá¥ E ãà ¢-
­¥­¨© (1.1).

� á¢ï§¨ á® áª § ­­ë¬ ¢®§­¨ª ¥â § ¤ ç  1 ­ å®¦¤¥­¨ï ®¯â¨¬ «ì­®© ®æ¥­ª¨ ¯®£à¥è­®áâ¨ (1.3)
¨ ¯®áâà®¥­¨ï ä¨ªá¨à®¢ ­­®£® ¬¥â®¤  (1:2�), ®¯â¨¬ «ì­®£® ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 1.

� «¥¥, ®¡®§­ ç¨¬ ç¥à¥§ Pn = Pn(Y; Yn) � L(Y; Yn) ­¥ª®â®à®¥ ¬­®¦¥áâ¢® «¨­¥©­ëå ¯à®¥ªæ¨-
®­­ëå (P 2

n = Pn) ®¯¥à â®à®¢ ¨§ Y ¢ Yn ¨ ­ àï¤ã á (1.2) ¨ (1:2�) à áá¬®âà¨¬ ãà ¢­¥­¨ï

Knxn � PnKxn = Pny (xn 2 Xn; Pn 2 Pn(Y; Yn)); (1.5)

K�
nx

�
n � P �nKx

�
n = P �ny (x�n 2 X�

n; P
�
n 2 Pn(Y; Y

�
n )): (1:5�)

�â¬¥â¨¬, çâ® ãà ¢­¥­¨ï¬¨ (1.5), (1:5�) ®¯¨áë¢ îâáï ç áâ® ¨á¯®«ì§ã¥¬ë¥ ­  ¯à ªâ¨ª¥ ¯à®¥ª-
æ¨®­­ë¥ ¬¥â®¤ë. �à®¥ªæ¨®­­ë¬¨ ï¢«ïîâáï, ­ ¯à¨¬¥à, å®à®è® ¨§¢¥áâ­ë¥ ¬¥â®¤ë � «¥àª¨­ ,
¬®¬¥­â®¢, ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢, ª®««®ª æ¨©, ¯®¤®¡« áâ¥© ¨ ¤à. �á­®, çâ® ¯à®¥ªæ¨®­­ë¥ ¬¥-
â®¤ë (1.5) ¨ (1:5�) ï¢«ïîâáï ç áâ­ë¬¨ á«ãç ï¬¨ ¯àï¬ëå ¬¥â®¤®¢ (1.2) ¨ (1:2�) á®®â¢¥âáâ¢¥­­®.
�®íâ®¬ã, ¥á«¨ í«¥¬¥­â x�n = (P �nK)�1P �ny ã¤®¢«¥â¢®àï¥â ®¤­®¬ã ¨§ ãá«®¢¨© (1.4), â® ¯à®¥ªæ¨®­-
­ë© ¬¥â®¤ (1:5�) ï¢«ï¥âáï á®®â¢¥âáâ¢¥­­® ®¯â¨¬ «ì­ë¬,  á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬ «ì­ë¬, ®¯â¨-
¬ «ì­ë¬ ¯® ¯®àï¤ªã áà¥¤¨ ¢á¥å ¯àï¬ëå ¬¥â®¤®¢ ¢¨¤  (1.2). �¤­ ª® ­  ¯à ªâ¨ª¥ ¬­®£¨¥ ¯à®¥ª-
æ¨®­­ë¥ ¬¥â®¤ë â ª®© \ª®­ªãà¥­æ¨¨" ­¥ ¢ë¤¥à¦¨¢ îâ. � ª á«¥¤ã¥â ¨§ ¯à®¢¥¤¥­­ëå  ¢â®à®¬

1) �¤¥áì ¨ ¤ «¥¥ á¨¬¢®«ë � ¨ � ®§­ ç îâ á®®â¢¥âáâ¢¥­­® á¨«ì­ãî ¨ á« ¡ãî íª¢¨¢ «¥­â­®áâ¨.
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¨áá«¥¤®¢ ­¨© ([2], £«. II, IV), â ª¨¬ \­¥¯à¨ïâ­ë¬" á¢®©áâ¢®¬ ®¡« ¤ îâ, ­ ¯à¨¬¥à, ¢ ¦­¥©è¨¥
¯®«¨­®¬¨ «ì­ë¥ ¯à®¥ªæ¨®­­ë¥ ¬¥â®¤ë à¥è¥­¨ï ¨­â¥£à «ì­ëå ¨ ¤¨ää¥à¥­æ¨ «ì­ëå ãà ¢­¥-
­¨© ¢ ¯à®áâà ­áâ¢ å â¨¯  C ¨ C(m) (m | ¯®àï¤®ª ãà ¢­¥­¨ï) á ®¡ëç­ë¬¨ ­®à¬ ¬¨. �®íâ®¬ã
¨¬¥¥â á¬ëá« á¯¥æ¨ «ì­® ®à£ ­¨§®¢ âì ®¯â¨¬¨§ æ¨î ª« áá  ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ ¢¨¤  (1.5).
� íâ®¬ á«ãç ¥ §  ®¯â¨¬ «ì­ãî ®æ¥­ªã ¯®£à¥è­®áâ¨ ª« áá  En ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ (1.5) ­ 
ª« áá¥ E ãà ¢­¥­¨© (1.1) ¥áâ¥áâ¢¥­­® ¯à¨­ïâì ¢¥«¨ç¨­ã [2], [12]

Un(E) = inf
Xn;Yn

inf
Pn2Pn

sup
e2E

kx� � x�nkX : (1.6)

�¯à¥¤¥«¥­¨¥ 2. �á«¨ í«¥¬¥­â x�n = (P �nK)�1P �ny ã¤®¢«¥â¢®àï¥â ®¤­®¬ã ¨§ ãá«®¢¨©

supfkx� � x�nkX : e 2 Eg = ; �; � Un(E); (1.7)

â® ¯à®¥ªæ¨®­­ë© ¬¥â®¤ (1:5�) ­ §ë¢ ¥âáï á®®â¢¥âáâ¢¥­­® ®¯â¨¬ «ì­ë¬,  á¨¬¯â®â¨ç¥áª¨ ®¯â¨-
¬ «ì­ë¬,®¯â¨¬ «ì­ë¬ ¯® ¯®àï¤ªã áà¥¤¨ ¢á¥å ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ ¢¨¤  (1.5) ­  ª« áá¥ E
ãà ¢­¥­¨© (1.1).

� á¢ï§¨ á® áª § ­­ë¬ ¢®§­¨ª ¥â § ¤ ç  2 ­ å®¦¤¥­¨ï ®¯â¨¬ «ì­®© ®æ¥­ª¨ ¯®£à¥è­®áâ¨ (1.6)
¯à¨ à §«¨ç­ëå á¯®á®¡ å § ¤ ­¨ï ª« áá  ®¯¥à â®à®¢ Pn ¨ ¯®áâà®¥­¨ï ¬¥â®¤  (1:5�), ®¯â¨¬ «ì-
­®£® ¯à¥¦¤¥ ¢á¥£® ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 2,   â ª¦¥ ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 1, â. ¥. ¯®áâà®¥­¨ï
¯à®¥ªæ¨®­­®£® ¬¥â®¤  (1:5�), ®¯â¨¬ «ì­®£® ¨«¨  á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬ «ì­®£® ¨«¨ ¦¥ ®¯â¨-
¬ «ì­®£® ¯® ¯®àï¤ªã áà¥¤¨ ¢á¥å ¯àï¬ëå ¬¥â®¤®¢ ¢¨¤  (1.2) ­  ª« áá¥ E ãà ¢­¥­¨© (1.1).

1.2. �¯â¨¬¨§ æ¨ï ¯àï¬ëå ¬¥â®¤®¢. �­ ç «  ¯à¨¢¥¤¥¬ ¤¢¥ â¥®à¥¬ë ¤«ï ®¡é¨å ¯àï¬ëå ¬¥-
â®¤®¢ (1.2). �à¨ íâ®¬ áãé¥áâ¢¥­­ãî à®«ì ¡ã¤ãâ ¨£à âì n{¯®¯¥à¥ç­¨ª¨ �®«¬®£®à®¢  (­ ¯à.,
[14]{[16]) dn(Y �; Y ) ¨ dn(X�;X), £¤¥ X� = fx� 2 X : Kx� � y; K 2 K; y 2 Y �g.

�¥®à¥¬  1.1. �ãáâì ¢ë¯®«­¥­ë ãá«®¢¨ï

 ) X� (á®®â¢¥âáâ¢¥­­® Y �) | æ¥­âà «ì­®-á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ ¯à®áâà ­áâ¢¥ X
(á®®â¢¥âáâ¢¥­­® ¢ Y );

¡) kKkX!Y � c0 < 1, kK�1kY!X � c1 < 1, £¤¥ c0 ¨ c1 | ¯®«®¦¨â¥«ì­ë¥ ¯®áâ®ï­­ë¥,

®¡é¨¥ ¤«ï ¢á¥£® ª« áá  E ;
¢) ãà ¢­¥­¨ï (1:1) ¨ (1:2�) â ª®¢ë, çâ®

sup
K2K

kK �K�
nkX�

n
!Y = O(dn); sup

y2Y �
ky � y�nkY = O(dn);

£¤¥ dn = dn(X�; X) (á®®â¢¥âáâ¢¥­­® dn = dn(Y �; Y )).

�®£¤  á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

Vn(E) � sup
e2E

kx� � x�nkX � dn; (1.8)

¨ ¯àï¬®© ¬¥â®¤ (1:2�) ®¯â¨¬ «¥­ ¯® ¯®àï¤ªã ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 1.

�®ª § â¥«ìáâ¢® ¯à®¢¥¤¥¬ ¯® áå¥¬¥ ¤®ª § â¥«ìáâ¢   ­ «®£¨ç­ëå à¥§ã«ìâ â®¢ ¨§ ([2], £«. 2).
�ã¤¥¬ à áá¬ âà¨¢ âì á«ãç © dn = dn(X�;X). �­ ç «  ¯®ª ¦¥¬, çâ® ãà ¢­¥­¨ï (1:2�) ®¤­®-

§­ ç­® à §à¥è¨¬ë ¯à¨ ¢á¥å n 2 N, ­ ç¨­ ï å®âï ¡ë á ­¥ª®â®à®£® n0 2 N. � á¨«ã ãá«®¢¨ï ¢)
à ¢­®¬¥à­® ®â­®á¨â¥«ì­® K 2 K ¨¬¥¥¬

"n � kK �K�
nkX�

n
!Y � c2dn(X

�;X)! 0; n!1; (1.9)

£¤¥ c2 | ¯®áâ®ï­­ ï, ­¥ § ¢¨áïé ï ®â n 2 N ¨ ®â K 2 K. �®íâ®¬ã ¤«ï ¢á¥å n � n0 ¨ K 2 K
¢ë¯®«­ï¥âáï ­¥à ¢¥­áâ¢®

qn � "n kK�1kY!X < 1=2: (1.10)
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�®£¤  ¢ á¨«ã ([2], £«. I, â¥®à¥¬  7) ¨ ãá«®¢¨ï ¡) ®¯¥à â®àë K�
n 2 L(X�

n; Y
�
n ) «¨­¥©­® ®¡à â¨¬ë

¯à¨ ¢á¥å n � n0 ¨ ®¡à â­ë¥ ®¯¥à â®àë ®£à ­¨ç¥­ë ¯® ­®à¬¥ ¢ á®¢®ªã¯­®áâ¨, â®ç­¥¥,

kK�
n
�1kY �

n
!X�

n
� kK�1kY!X (1� q)�1 � 2 kK�1kY!X � 2 c1 (n � n0): (1.11)

� á¨«ã á®®â­®è¥­¨© (1.9){(1.10) ¯®á«¥¤­¨¥ ­¥à ¢¥­áâ¢  á¯à ¢¥¤«¨¢ë à ¢­®¬¥à­® ®â­®á¨â¥«ì­®
K 2 K.

� á¨«ã ([2], £«. I, â¥®à¥¬a 7) ¯®£à¥è­®áâì à¥è¥­¨ï x�n = K�
n
�1y�n ãà ¢­¥­¨ï (1:2�) ¬®¦­®

®æ¥­¨âì ­¥à ¢¥­áâ¢ ¬¨

kx� � x�nkX � kK�1k
1� qn

[ky � y�nkY + qn kykY ] � 2 c1[ky � y�nkY + qn kykY ]: (1.12)

�á­®, çâ® ¢ á¨«ã ãá«®¢¨©  ) ¨ ¡)

sup
y2Y �

kykY � sup
e2E

(kKkX!Y kx�kX) � c0 sup
x�2X�

kx�kX � c3 <1; (1.13)

£¤¥ c3 | ¯®áâ®ï­­ ï, ®¡é ï ¤«ï ª« áá  E . �§ á®®â­®è¥­¨© (1.9){(1.13) ¨ ãá«®¢¨©  ){¢) â¥®à¥¬ë
­ å®¤¨¬ ­¥à ¢¥­áâ¢ 

Vn(E) � sup
e2E

kx� � x�nkX = O fdn(X�;X)g: (1.14)

�®áª®«ìªã ãà ¢­¥­¨ï (1.1) ¨ (1.2) ®¤­®§­ ç­® à §à¥è¨¬ë, â® x�n = K�1
n yn 2 Xn ¨

sup
e2E

kx� � x�nkX � sup
x�2X�

�(x�;Xn) = �(X�;Xn);

£¤¥ �(�; �) | äã­ªæ¨ï à ááâ®ï­¨ï ¢ ¯à®áâà ­áâ¢¥ X. �®íâ®¬ã á ãç¥â®¬ (1.3) ¨¬¥¥¬

Vn(E) = inf
Xn;Yn

inf
en2En

sup
x�2X�

kx� � x�nkX � inf
Xn�X

�(X�;Xn) = dn(X
�;X): (1.15)

�§ á®®â­®è¥­¨© (1.14), (1.15) á ãç¥â®¬ ®¯à¥¤¥«¥­¨ï 1 ¯®«ãç ¥¬ âà¥¡ã¥¬®¥ ãâ¢¥à¦¤¥­¨¥

dn(X
�; X) � Vn(E) � sup

e2E
kx� � x�nkX = O fdn(X�; X)g;

â. ¥. â¥®à¥¬  1.1 ¯à¨ dn = dn(X�;X) ¤®ª § ­ . �«ãç © dn = dn(Y �; Y ) ¤®ª §ë¢ ¥âáï  ­ «®£¨ç­®.
�§ â¥®à¥¬ë 1.1,   â ª¦¥ ¨§ à¥§ã«ìâ â®¢ ([2], £«. I, x 5) «¥£ª® ¢ë¢®¤ïâáï ¤¢  á«¥¤áâ¢¨ï.

�«¥¤áâ¢¨¥ 1. �á«¨

K�
n = P �nK 2 L(X�

n; Y
�
n ); y�n = P �ny 2 Y �

n ; P �n 2 Pn(Y; Y �
n );

â® ¢ ãá«®¢¨ïå â¥®à¥¬ë 1.1 ¯à®¥ªæ¨®­­ë© ¬¥â®¤ (1:5�) ®¯â¨¬ «¥­ ¯® ¯®àï¤ªã áà¥¤¨ ¢á¥å ¯àï¬ëå
¬¥â®¤®¢ ¢¨¤  (1.2).

�«¥¤áâ¢¨¥ 2. � ãá«®¢¨ïå â¥®à¥¬ë 1.1 á¯à ¢¥¤«¨¢ë ãâ¢¥à¦¤¥­¨ï

 ) ®¯â¨¬ «ì­ë© ¯® ¯®àï¤ªã ¯àï¬®© ¬¥â®¤ (1:2�) ãáâ®©ç¨¢ ®â­®á¨â¥«ì­® ¬ «ëå ¢®§¬ãé¥­¨©
®¯¥à â®à  K�

n 2 L(X�
n; Y

�
n ) ¨ í«¥¬¥­â  y�n 2 Y �

n ;
¡) ¨§ å®à®è¥© ®¡ãá«®¢«¥­­®áâ¨ ãà ¢­¥­¨© (1.1) ¨§ ª« áá  E á«¥¤ã¥â å®à®è ï ®¡ãá«®¢«¥­-

­®áâì ãà ¢­¥­¨ï (1:2�),   á«¥¤®¢ â¥«ì­®, ¨ ª®­¥ç­®© á¨áâ¥¬ë «¨­¥©­ëå  «£¥¡à ¨ç¥áª¨å
ãà ¢­¥­¨©, íª¢¨¢ «¥­â­®© ®¯¥à â®à­®¬ã ãà ¢­¥­¨î (1:2�).

�¥®à¥¬  1.2. �ãáâì ¢ë¯®«­¥­ë ãá«®¢¨ï

 ) X� (á®®â¢¥âáâ¢¥­­® Y �) | æ¥­âà «ì­®-á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ X (á®®â¢¥âáâ-
¢¥­­® ¢ Y );

¡) X�
n (á®®â¢¥âáâ¢¥­­® Y

�
n ) íªáâà¥¬ «ì­® å®âï ¡ë ¯® ¯®àï¤ªã ¤«ï dn(X�;X) (á®®â¢¥âáâ-

¢¥­­® ¤«ï dn(Y �; Y ));
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¢) áãé¥áâ¢ã¥â â ª®© ®¯¥à â®à P �n 2 Pn(Y; Y �
n ), çâ® ¯à¨ n!1

�n � sup
K2K

kE �K�
n
�1P �nKkX!X = O (1);


n � sup
K2K

kE �K�
n
�1P �nKkX�

n
!X�

n
= O (dn);

�n � sup
K2K; y2Y �

kK�
n
�1(y�n � P �ny)kX = O (dn);

£¤¥ dn = dn(X�; X) (á®®â¢¥âáâ¢¥­­® dn = dn(Y �; Y )).

�®£¤  ¢ë¯®«­ïîâáï á®®â­®è¥­¨ï (1:8), ¨ ¯àï¬®© ¬¥â®¤ (1:2�) ®¯â¨¬ «¥­ ¯® ¯®àï¤ªã ¢ á¬ëá«¥

®¯à¥¤¥«¥­¨ï 1.

�®ª § â¥«ìáâ¢®. �®áª®«ìªã ãà ¢­¥­¨ï (1.1) ¨ (1:2�) ¯à¨ Xn = X�
n ¨ Yn = Y �

n ¯à¨­ ¤«¥¦ â
ª ª« áá ¬ á®®â¢¥âáâ¢¥­­® E ¨ En, â® ¢ á¨«ã ([2], £«. I, â¥®à¥¬a 6) ­ å®¤¨¬ â®¦¤¥áâ¢®

x� � x�n = (x� � x�n) + (x�n � x�n) = (E �K�
n
�1P �nK)(x� � xn) +

+ (E �K�
n
�1P �nK)xn +K�

n
�1(P �ny � y�n); (1.16)

£¤¥ x�n = K�
n
�1P �ny | à¥è¥­¨¥ ãà ¢­¥­¨ï (1:2�) á ¯à ¢®© ç áâìî P �ny,   xn | ¯à®¨§¢®«ì­ë©

í«¥¬¥­â ¨§ X�
n. � (1.16) ¢ ª ç¥áâ¢¥ xn 2 X�

n ¢®§ì¬¥¬ í«¥¬¥­â ­ ¨«ãçè¥£® ¯à¨¡«¨¦¥­¨ï ¤«ï
â®ç­®£® à¥è¥­¨ï x� 2 X ¢ ¯à®áâà ­áâ¢¥ X. �®£¤  ¢ á¨«ã ãá«®¢¨©  ) ¨ ¢) â¥®à¥¬ë ¨§ â®¦¤¥áâ¢ 
(1.16) ¯®á«¥¤®¢ â¥«ì­® ­ å®¤¨¬

sup
e2E

kx� � x�nkX � �n sup
x�2X

En(x�)X + 
n sup
e2E

kxnkX + �n � O(1) �(X�;X�
n) +

+ 
n sup
x�2X�

[kx�kX +En(x
�)X ] + �n = O(1) �(X�;X�

n) + 
nO(1) + �n:

�âáî¤  ¨ ¨§ ãá«®¢¨© â¥®à¥¬ë ¯à¨ dn = dn(X�;X) ¯®«ãç ¥¬

Vn(E) � sup
e2E

kx� � x�nkX = O fdn(X�;X)g: (1.17)

�§ á®®â­®è¥­¨© (1.15) ¨ (1.17) á«¥¤ã¥â âà¥¡ã¥¬®¥ ãâ¢¥à¦¤¥­¨¥ ¯à¨ dn = dn(X�;X), á«ãç © ¦¥
dn = dn(Y �; Y ) à áá¬ âà¨¢ ¥âáï  ­ «®£¨ç­®.

1.3. �¯â¨¬¨§ æ¨ï ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢. �«ï ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ (1.5), (1:5�) â¥®à¥¬ë
1.1 ¨ 1.2 §­ ç¨â¥«ì­® ã¯à®é îâáï. �¤­ ª® §¤¥áì ¬®¦­® ¯®«ãç¨âì ¨ ¡®«¥¥ á¨«ì­ë¥ à¥§ã«ìâ âë;
¯à¨ íâ®¬ áãé¥áâ¢¥­­ãî à®«ì ¨£à îâ ¯®¯¥à¥ç­¨ª¨ (­ ¯à., [14]{[16]),   ¨¬¥­­® n-¯®¯¥à¥ç­¨ª �®«-
¬®£®à®¢  dn(X�;X) ¨ n-© ¯à®¥ªæ¨®­­ë© ¯®¯¥à¥ç­¨ª �n(X�;X) ¬­®¦¥áâ¢  X� ¢ ¯à®áâà ­áâ¢¥
X,   â ª¦¥ á®®â­®è¥­¨¥

�n � sup
K2K

kE �K�
n
�1P �nKkX!X ; K�

n = P �nK 2 L(X�
n; Y

�
n ):

�®  ­ «®£¨¨ á ([2], £«. II, «¥¬¬  1) ¤®ª §ë¢ ¥âáï

�¥¬¬  1.1. �«ï ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© (1:1), (1:2), (1:5), (1:5�) á¯à ¢¥¤«¨¢ë

­¥à ¢¥­áâ¢ 

dn(X�;X) � Vn(E) � Un(E) � sup
e2E

kx� � x�nkX � �n �(X�; X�
n);

£¤¥ x�n = (P �nK)�1P �ny 2 X�
n.

�§ «¥¬¬ë 1.1 «¥£ª® ¢ë¢®¤¨âáï

�¥®à¥¬  1.3. �ãáâì ¢ë¯®«­ï¥âáï ®¤­® ¨§ ãá«®¢¨©

 ) �n = 1 ¨ X�
n | íªáâà¥¬ «ì­®¥ ¯®¤¯à®áâà ­áâ¢® ¤«ï ¯®¯¥à¥ç­¨ª  dn(X�;X);

¡) �n � 1 ¨ X�
n | å®âï ¡ë  á¨¬¯â®â¨ç¥áª¨ íªáâà¥¬ «ì­®¥ ¯®¤¯à®áâà ­áâ¢® ¤«ï dn(X�;X);

¢) �n � 1 ¨ X�
n | íªáâà¥¬ «ì­®¥ å®âï ¡ë ¯® ¯®àï¤ªã ¯®¤¯à®áâà ­áâ¢® ¤«ï dn(X�;X).
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�®£¤  ¯à®¥ªæ¨®­­ë© ¬¥â®¤ (1:5�) á®®â¢¥âáâ¢¥­­® ®¯â¨¬ «¥­,  á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬ «¥­,

®¯â¨¬ «¥­ ¯® ¯®àï¤ªã ­¥ â®«ìª® ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 2, ­® ¨ ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 1.

�¥¬¬  1.2. �ãáâì

K = G+ T 2 L(X;Y ); Kn = PnG+ PnT 2 L(Xn; Yn); GX�
n = Y �

n ;

K�
n = G+ P �nT 2 L(X�

n; Y
�
n ); Pn 2 Pn(Y; Yn); P �n 2 Pn(Y; Y �

n );

£¤¥ G 2 L(X;Y ) | ä¨ªá¨à®¢ ­­ë© ¨§®¬¥âà¨ç¥áª¨© ¨§®¬®àä¨§¬. �®£¤  ¤«ï ®¤­®§­ ç­® à §à¥-

è¨¬ëå ãà ¢­¥­¨© (1:1), (1:5), (1:5�) á¯à ¢¥¤«¨¢ë ­¥à ¢¥­áâ¢ 

�n(X
�;X) � Un(E) � sup

e2E
kx� � x�nkX � �n �n; x

�
n = (K�

n)
�1P �ny;

£¤¥

�n = sup
K2K

kE �K�
n
�1P �nTkX!X ; �n = sup

x�2X�

kx� �G�1P �nGx
�kX :

�®ª § â¥«ìáâ¢® ä ªâ¨ç¥áª¨ á®¢¯ ¤ ¥â á ¤®ª § â¥«ìáâ¢®¬ «¥¬¬ë 3 ¨§ ([2], £«. II).
�§ «¥¬¬ë 1.2 á ãç¥â®¬ (1.7) «¥£ª® ¢ë¢®¤¨âáï

�¥®à¥¬  1.4. �ãáâì ¢ ãá«®¢¨ïå «¥¬¬ë 1:2 ¢ë¯®«­ï¥âáï ®¤­® ¨§ âà¥¡®¢ ­¨©

 ) �n = 1 ¨ ®¯¥à â®à ��n = G�1P �nG 2 L(X;X�
n) ï¢«ï¥âáï íªáâà¥¬ «ì­ë¬ ¤«ï ¯à®¥ªæ¨®­­®£®

¯®¯¥à¥ç­¨ª  �n(X�;X);
¡) �n � 1 ¨ ®¯¥à â®à ��n å®âï ¡ë  á¨¬¯â®â¨ç¥áª¨ íªáâà¥¬ «¥­ ¤«ï �n(X�;X);
¢) �n � 1 ¨ ®¯¥à â®à ��n íªáâà¥¬ «¥­ å®âï ¡ë ¯® ¯®àï¤ªã ¤«ï �n(X�;X).

�®£¤  ¯à®¥ªæ¨®­­ë© ¬¥â®¤ (1:5�) á®®â¢¥âáâ¢¥­­® ®¯â¨¬ «¥­,  á¨¬¯â®â¨ç¥áª¨ ®¯â¨¬ «¥­,

®¯â¨¬ «¥­ ¯® ¯®àï¤ªã ¢ á¬ëá«¥ ®¯à¥¤¥«¥­¨ï 2.

2. �¨­£ã«ïà­ë¥ ¨­â¥£à «ì­ë¥ ãà ¢­¥­¨ï I-à®¤ 

�®«®¦¨¬ p = p(t) = (1 � t2)�1=2; q = q(t) = (1 � t2)1=2 ¨ à áá¬®âà¨¬ ¢¥á®¢ë¥ ¯à®áâà ­áâ¢ 

�¥¡¥£  Y = L2(q) = L2(q; [�1; 1]) ¨ X =
�

L2(p) =
�

L2(p; [�1; 1]) =
n
x 2 L2(p) :

+1R
�1

p(t)x(t) dt = 0
o
á

®¡ëç­ë¬¨ ­®à¬ ¬¨

kykY =
�Z +1

�1

q(t)jy(t)j2 dt
�1=2

� kyk2q ; y 2 Y ;

kxkX =
�Z +1

�1

p(t)jx(t)j2 dt
�1=2

� kxk2p; x 2 X;

  â ª¦¥ á ®¡ëç­ë¬¨ áª «ïà­ë¬¨ ¯à®¨§¢¥¤¥­¨ï¬¨ ('; )2q ¨ ('; )2p á®®â¢¥âáâ¢¥­­®.
� áá¬®âà¨¬ ª« áá E = feg ®¤­®§­ ç­® à §à¥è¨¬ëå á. ¨. ã. ¢¨¤  (0.1){(0:10)

Kx � Sx+Rx = y (x 2 X; y 2 Y ); (2.1)

£¤¥ á¨­£ã«ïà­ë© ¨­â¥£à «

S(x; t) =
1
�

Z +1

�1

x(�) d�

(� � t)
p
1� � 2

; x 2 X; �1 < t < 1; (2.2)

¯®­¨¬ ¥âáï ¢ á¬ëá«¥ £« ¢­®£® §­ ç¥­¨ï ¯® �®è¨{�¥¡¥£ã.
�§¢¥áâ­® (­ ¯à., [4], £«. II), çâ® ®¯¥à â®à S 2 L(X;Y ) ­¥¯à¥àë¢­® ®¡à â¨¬ ¨

kSkX!Y = kS�1kY!X = 1: (2.3)
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� á¨«ã (2.2){(2.3) ¬®¦­® áç¨â âì, çâ®

kKkX!Y � 1 + kRkX!Y � c0 <1; (2.4)

kK�1kY!X � c1 <1; (2.5)

£¤¥ c0 ¨ c1 | ¯®«®¦¨â¥«ì­ë¥ ¯®áâ®ï­­ë¥, ®¡é¨¥ ¤«ï ¢á¥£® ª« áá  E = feg.
�ãáâì Xn � X ¨ Yn � Y á dimXn = dimYn = n < 1, Pn = Pn(Y; Yn) � Ln(Y; Yn). �¢¥¤¥¬

ª« ááë En = feng ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© ¢¨¤ 
Knxn � Snxn +Rnxn = yn (xn 2 Xn; yn 2 Yn; Kn 2 L(Xn; Yn)); (2.6)

PnKxn � PnSxn + PnRxn = Pny (xn 2 Xn; Pn 2 Pn); (2.7)

¨ ¯à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (2.1) ¡ã¤¥¬ ®¯à¥¤¥«ïâì ª ª â®ç­®¥ à¥è¥­¨¥ «î¡®£® ¨§ ãà ¢-
­¥­¨© (2.6) ¨ (2.7). � ¬¥â¨¬, çâ® ª ¦¤®¥ ¨§ ãà ¢­¥­¨© (2.6) ¨ (2.7) íª¢¨¢ «¥­â­® á¨áâ¥¬¥ «¨­¥©-
­ëå  «£¥¡à ¨ç¥áª¨å ãà ¢­¥­¨© (����) ¯®àï¤ª  n 2 N.

�ãáâì IHm | ¬­®¦¥áâ¢® ¢á¥å  «£¥¡à ¨ç¥áª¨å ¬­®£®ç«¥­®¢ áâ¥¯¥­¨ ­¥ ¢ëè¥ m (m+ 1 2 N).
�®«®¦¨¬

X�
n = IH n \X; Y �

n = IH n�1 \ Y; P �n 2 L(Y; Y �
n );

£¤¥ ¤«ï «î¡®© äã­ªæ¨¨ ' 2 Y

P �n('; t) =
nX

k=1

cuk�1(')uk�1(t); uk�1(t) =
sink arccos tp

1� t2
; (2.8)

cuk�1(') =
2
�

Z +1

�1

q(t)'(t)uk�1(t) dt; (2.9)

¨«¨

P �n('; t) =
d

dt
Ln+1

�Z t

0
'(�) d�

�
; ' 2 Y; (2.10)

£¤¥ Ln+1( ; t) | ¨­â¥à¯®«ïæ¨®­­ë© ¬­®£®ç«¥­ � £à ­¦  ¤«ï äã­ªæ¨¨  2 C[�1; 1] ¯® ã§« ¬
�¥¡ëè¥¢ 

t�k = cos
2k + 1
2n+ 2

�; k = 0; n; n 2 N: (2.11)

�¢¥¤¥¬ ®¯¥à â®à­®¥ ãà ¢­¥­¨¥

P �nKxn � P �nSxn + P �nRxn = P �ny (xn 2 X�
n; P

�
ny 2 Y �

n );

£¤¥ ®¯¥à â®à P �n 2 L(Y; Y �
n ) ®¯à¥¤¥«¥­ ä®à¬ã« ¬¨ (2.8), (2.9) ¨«¨ ¦¥ (2.10), (2.11). �®áª®«ìªã

(P �n)
2 = P �n ¨ Sxn 2 Y �

n ¤«ï «î¡®£® í«¥¬¥­â  xn 2 X�
n, â® ¯®á«¥¤­¥¥ ãà ¢­¥­¨¥ ¯à¨­¨¬ ¥â ¢¨¤

P �nKxn � Sxn + P �nRxn = P �ny (xn 2 X�
n; P

�
ny 2 Y �

n ): (2.12)

C«¥¤ã¥â ®â¬¥â¨âì,çâ® (2.12) ¯à¥¤áâ ¢«ï¥â á®¡®© ¬¥â®¤ ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ¨«¨ ¦¥ á®-
®â¢¥âáâ¢¥­­® ¬¥â®¤ ¯®¤®¡« áâ¥© à¥è¥­¨ï ãà ¢­¥­¨ï (2.1), ¥á«¨ ®¯¥à â®à P �n ®¯à¥¤¥«¥­ á®®â¢¥â-
áâ¢¥­­® á®£« á­® (2.8), (2.9) ¨«¨ ¦¥ á®£« á­® (2.10), (2.11). �¥è¥­¨¥ x�n ãà ¢­¥­¨ï (2.12), ¢ á«ãç ¥
¥£® áãé¥áâ¢®¢ ­¨ï, ¬®¦­® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

x�n(t) = (P �nK)�1P �ny(t) =
nX

k=1

��kTk(t); Tk(t) = cos k arccos t; (2.13)

£¤¥ ��1; �
�
2; : : : ; �

�
n ®¯à¥¤¥«ïîâáï ([4], áá. 119, 120, 126) ª ª à¥è¥­¨ï ���� ¯®àï¤ª  n = dimX�

n =
dimY �

n .

�¥®à¥¬  2.1. �ãáâì ¢ë¯®«­¥­ë ãá«®¢¨ï
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 ) R : X ! Y | ¢¯®«­¥ ­¥¯à¥àë¢­ë© ®¯¥à â®à ¨«¨ ¦¥ kRkX!Y � q < 1, £¤¥ q | ¯®áâ®ï­-

­ ï, ®¡é ï ¤«ï ¢á¥£® ª« áá  E ;
¡) X� = fx 2 X : Kx� � y; e 2 Eg | æ¥­âà «ì­®-á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ X.

�®£¤ 

Vn(E) � Un(E) � sup
e2E

kx� � x�nkX � dn(X
�;X); (2.14)

¨ ¯®«¨­®¬¨ «ì­ë¥ ¬¥â®¤ë ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ (2:12), (2:13), (2:8), (2:9) ¨ ¯®¤®¡« áâ¥©

(2:12), (2:13), (2:10), (2:11) ®¯â¨¬ «ì­ë ¯® ¯®àï¤ªã ¢ á¬ëá«¥ «î¡®£® ¨§ ®¯à¥¤¥«¥­¨© 1 ¨ 2.

�®ª § â¥«ìáâ¢® ¬®¦¥â ¡ëâì ¯à®¢¥¤¥­® á ¯®¬®éìî «î¡®© ¨§ â¥®à¥¬ 1.1{1.4. �à¥¦¤¥ ¢á¥£®
®â¬¥â¨¬, çâ® ¨§ á®®â­®è¥­¨© (1.3), (1.6) ¨ (1.15) á«¥¤ãîâ ­¥à ¢¥­áâ¢ 

Un(E) � Vn(E) � dn(X�;X): (2.15)

�§¢¥áâ­®, çâ® ¤«ï ®¯¥à â®à  P �n 2 L(Y; Y �
n ), ®¯à¥¤¥«¥­­®£® ä®à¬ã« ¬¨ (2.8), (2.9), ¤«ï «î¡ëå

n 2 N á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

(P �n )
2 = P �n ; kP �nkY!Y = 1; kf � P �nfk = En(f)Y ; f 2 Y; (2.16)

£¤¥ En(f)Y = �(f; Y �
n ) | ­ ¨«ãçè¥¥ ¯à¨¡«¨¦¥­¨¥ äã­ªæ¨¨ f 2 Y = L2(q)  «£¥¡à ¨ç¥áª¨¬¨

¬­®£®ç«¥­ ¬¨ áâ¥¯¥­¨ ­¥ ¢ëè¥ n� 1 ¢ ¯à®áâà ­áâ¢¥ Y .
� á«ãç ¥ ¬¥â®¤  ¯®¤®¡« áâ¥©, â. ¥. ¤«ï ®¯¥à â®à  P �n 2 L(Y; Y �

n ), ®¯à¥¤¥«ï¥¬®£® ä®à¬ã« ¬¨
(2.10), (2.11),  ­ «®£¨ç­®¥ á®®â­®è¥­¨ï¬ (2.16) ãâ¢¥à¦¤¥­¨¥ á®¤¥à¦¨âáï ¢ á«¥¤ãîé¥© «¥¬¬¥
([5], £«. I, x 4, á«¥¤áâ¢¨ï «¥¬¬ 4.1 ¨ 4.2).

�¥¬¬  2.1. �«ï «î¡ëå ­ âãà «ì­ëå n = 1; 2; : : : á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

(P �n )
2 = P �n ; kP �nkY!Y � �

2
;

En(f)Y � kf � P �nfkY �
�

2
En(f)Y ; f 2 Y:

(2.17)

�§ á®®â­®è¥­¨© (2.16), (2.17) á«¥¤ã¥â, çâ® ¤«ï ®¯¥à â®à®¢ P �n , ®¯à¥¤¥«ï¥¬ëå á®£« á­® ä®à-
¬ã« ¬ (2.8){(2.11), ¨¬¥¥¬

P �n ! E á¨«ì­® ¢ Y; P �n 2 Pn(Y; Y �
n ): (2.18)

� «¥¥, ¨§ ãà ¢­¥­¨© (2.1) ¨ (2.12) ¤«ï «î¡®£® xn 2 X�
n ­ å®¤¨¬

kKxn �K�
nxnkY = kRxn � P �nRxnkY � kxnkX sup

zn2Xn; kznk�1

kRzn � P �nRznkY � �n kxnkX ;
(2.19)

£¤¥ ¢ á¨«ã (2.16), (2.17) ¨¬¥¥¬

�n = sup
zn2Xn; kznk�1

kRzn � P �nRznkY � sup
z2X; kzk�1

kRz � P �nRzkY = sup
'2RS(0;1)

k'� P �n'kY �

� �

2
sup

'2RS(0;1)

En(')Y =
�

2
�(RS(0; 1); Y �

n ); S(0; 1) = fx 2 X : kxkX � 1g: (2.20)

�®áª®«ìªã M � RS(0; 1) | ª®¬¯ ªâ­®¥ ¬­®¦¥áâ¢® ¢ ¯à®áâà ­áâ¢¥ Y ,   ¢ á¨«ã â¥®à¥¬ë
�.�. �¥«ìä ­¤  (­ ¯à., [17], á. 274{276) á¨«ì­® áå®¤ïé ïáï ¯®á«¥¤®¢ â¥«ì­®áâì ®¯¥à â®à®¢ ­ 
ª®¬¯ ªâ­®¬ ¬­®¦¥áâ¢¥ áå®¤¨âáï à ¢­®¬¥à­®, â® ¨§ (2.18){(2.20) ¯®«ãç ¥¬

"n � kK �K�
nkX�

n
!Y � �n � �

2
�(M;Y �

n )! 0; n!1: (2.21)
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�§ (2.21), ª ª ¨ ¯à¨ ¤®ª § â¥«ìáâ¢¥ â¥®à¥¬ë 1.1, ­ å®¤¨¬, çâ® ®¯¥à â®àë K�
n 2 L(X�

n; Y
�
n ) ¨§

(2.12) «¨­¥©­® ®¡à â¨¬ë ¨

sup
e2E

kK�
n
�1kY �

n
!X�

n
� 2 c1 <1 (n � n0): (2.22)

� á¨«ã ([2], £«. I, â¥®à¥¬a 6) ¨ á®®â­®è¥­¨© (2.4), (2.5) ¤«ï à¥è¥­¨© x� 2 X ¨ x�n 2 X�
n

ãà ¢­¥­¨© á®®â¢¥âáâ¢¥­­® (2.1) ¨ (2.12) á¯à ¢¥¤«¨¢  ®æ¥­ª 

kx� � x�nkX � kE �K�
n
�1P �nKkX!X �En(x�)X ; (2.23)

£¤¥ En(x�)X = �(x�;X�
n), K

�
n = S + P �nR 2 L(X�

n; Y
�
n ), x

�
n = (K�

n)
�1P �ny. �®áª®«ìªã X� |

æ¥­âà «ì­®-á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ X,   X�
n = IH n \ X | íªáâà¥¬ «ì­®¥ ¯® ¯®àï¤ªã ¯®¤-

¯à®áâà ­áâ¢® ¤«ï ¯®¯¥à¥ç­¨ª  dn(X�;X), â® ¨§ á®®â­®è¥­¨© (2.23), (2.22), (2.16), (2.17), (2.4)
¯®á«¥¤®¢ â¥«ì­® ­ å®¤¨¬

Un(E) � sup
x�2X�

kx� � x�nkX � (1 + �c0c1)�(X�;X�
n) = O fdn(X�;X)g: (2.24)

�§ á®®â­®è¥­¨© (2.15) ¨ (2.24) á«¥¤ãîâ ­¥à ¢¥­áâ¢  (2.14),   ¨§ ­¨å | ãâ¢¥à¦¤¥­¨¥ â¥®à¥¬ë
¢ á«ãç ¥ ¯®«­®© ­¥¯à¥àë¢­®áâ¨ ®¯¥à â®à  R 2 L(X;Y ). �á«¨ ¦¥ R| ¬ «ë© ¯® ­®à¬¥ ®¯¥à â®à,
­ ¯à¨¬¥à,

kRkX!Y < 2=�;

â® ¤®ª § â¥«ìáâ¢® â¥®à¥¬ë §­ ç¨â¥«ì­® ã¯à®é ¥âáï; íâ® ¤®áâ¨£ ¥âáï §  áç¥â ¯à¨¬¥­¥­¨ï ª ãà ¢-
­¥­¨ï¬ (2.1) ¨ (2.12) ¯à¨­æ¨¯  á¦ âëå ®â®¡à ¦¥­¨©, á®£« á­® ª®â®à®¬ã áãé¥áâ¢ãîâ ®¡à â­ë¥
®¯¥à â®àë K�1 2 L(Y;X) ¨ (K�

n)
�1 2 L(Y �

n ;X
�
n) 8n 2 N, ¨ ¤«ï ­¨å á¯à ¢¥¤«¨¢ë ­¥à ¢¥­áâ¢ 

kK�1kY!X � 1
1� q1

� c1; q1 = kRkX!Y < 1;

¨

kK�
n
�1kY �

n
!X�

n
� 1
1� q1

; q1 = kRkX!Y < 1; n 2 N;

¤«ï ¬¥â®¤  ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ¨

kK�
n
�1kY �

n
!X�

n
� 1
1� q2

; q2 =
�

2
kRkX!Y < 1; n 2 N;

¤«ï ¬¥â®¤  ¯®¤®¡« áâ¥©. � á¨«ã áª § ­­®£® ¢ëè¥ ®áâ «ì­®¥ ®ç¥¢¨¤­®.
�¥¯¥àì ­¥áª®«ìª® ¨§¬¥­¨¬ ª« áá ¤®¯ãáª ¥¬ëå ª ª®­ªãà¥­æ¨¨ ¯àï¬ëå ¬¥â®¤®¢ à¥è¥­¨ï

ãà ¢­¥­¨ï (2.1). �¡®§­ ç¨¬ ç¥à¥§ En = feng ¬­®¦¥áâ¢® ¢á¥¢®§¬®¦­ëå ¯®«¨­®¬¨ «ì­ëå ¯à¨¡«¨-
¦¥­­ëå ¬¥â®¤®¢ à¥è¥­¨ï ª« áá  E = feg ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© (2.1), ¯®§¢®«ïîé¨å
¯®áâà®¨âì ¯à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ ¢ ¢¨¤¥ ¬­®£®ç«¥­ 

xn(t) =
nX

k=1

�k Tk(t) 2 X�
n; �k 2 C : (2.25)

�®£¤  §  ®¯â¨¬ «ì­ãî ®æ¥­ªã ¯®£à¥è­®áâ¨ ª« áá  En â ª¨å ¬¥â®¤®¢ ¢ ª« áá¥ E ãà ¢­¥­¨© (2.1)
¬®¦­® ¯à¨­ïâì ¢¥«¨ç¨­ã

V n(E) = inf
en2En

sup
e2E

kx� � xnkX : (2.26)

� íâ®¬ á«ãç ¥ â¥®à¥¬ã 2.1 ­¥áª®«ìª® ¤®¯®«­ï¥â
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�¥®à¥¬  2.2. � ãá«®¢¨ïå â¥®à¥¬ë 2:1 á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

V n(E) � dn(X�;X);

¨ ®¯â¨¬ «ì­ë¬¨ ¯® ¯®àï¤ªã ï¢«ïîâáï ãª § ­­ë¥ ¢ëè¥ ¢ à¨ ­âë ¬¥â®¤®¢ ®àâ®£®­ «ì­ëå

¬­®£®ç«¥­®¢ ¨ ¯®¤®¡« áâ¥©,   â ª¦¥ ¬¥â®¤ ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ (2:25),
nX

k=1

�k (KTk;KTj)2q = (y;KTj)2q; j = 0; n� 1; n 2 N: (2.27)

�®ª § â¥«ìáâ¢®. � á¨«ã (2.25), (2.26) ¨¬¥¥¬

V n(E) � sup
x�2X�

inf
zn2X�

n

kx� � znkX = �(X�;X�
n) � dn(X�;X): (2.28)

� ¤àã£®© áâ®à®­ë, ¢ å®¤¥ ¤®ª § â¥«ìáâ¢  â¥®à¥¬ë 2.1 ¯®ª § ­® (á¬. (2.24)), çâ®

sup
e2E

kx� � x�nkX = sup
x�2X�

kx� � x�nkX = O fdn(X�;X)g; (2:240)

£¤¥ ¯®«¨­®¬ x�n(t) ®¯à¥¤¥«¥­ ¢ (2.13) ¬¥â®¤®¬ ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ¨«¨ ¦¥ ¯®¤®¡« áâ¥©.
�á«¨ ¦¥ ¯®«¨­®¬ x�n(t) ®¯à¥¤¥«¥­ ¯® ¬¥â®¤ã ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ (2.13), (2.27), â® ¢ á¨«ã ([4],
£«. II, â¥®à¥¬a 2.12) á¯à ¢¥¤«¨¢  ®æ¥­ª 

kx� � x�nkX � �(K)En(x�)X ; n 2 N; (2.29)

£¤¥ á ãç¥â®¬ (2.4), (2.5) ¨¬¥¥¬

�(K) = kKkX!Y kK�1kY!X � c0c1 <1: (2.30)

�§ ä®à¬ã« (2.29), (2.30) á«¥¤ã¥â á¯à ¢¥¤«¨¢®áâì á®®â­®è¥­¨© (2:240) ¨ ¤«ï à áá¬ âà¨¢ ¥¬®£®
§¤¥áì ¢ à¨ ­â  ¬¥â®¤  ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ (2.25), (2.27). �®£¤  ¨§ á®®â­®è¥­¨© (2.28){(2.30),
(2:240) ­ å®¤¨¬ ­¥à ¢¥­áâ¢ 

dn(X
�;X) � V n(E) � sup

e2E
kx� � x�nkX = O fdn(X�; X)g;

®âªã¤  ¨ á«¥¤ã¥â âà¥¡ã¥¬®¥ ãâ¢¥à¦¤¥­¨¥.

3. �« ¡® á¨­£ã«ïà­ë¥ ¨­â¥£à «ì­ë¥ ãà ¢­¥­¨ï I-à®¤ 

�ãáâì X = L2(p), p = p(t) = (1 � t2)�1=2, c ®¡ëç­®© ­®à¬®© ¨ Y = W 1
2 (q; [�1; 1]) = W 1

2 (q),
q = q(t) = (1� t2)1=2, á ­®à¬®©

kykY = kyk2p + ky0k2q; y 2 Y;
£¤¥ ­®à¬ë k�k2p ¨ k�k2q ®¯à¥¤¥«¥­ë ¢ x 2. �®£¤  á« ¡® á. ¨. ã. (0.2) ¬®¦­® § ¯¨á âì ª ª ®¯¥à â®à­®¥
ãà ¢­¥­¨¥ ¢¨¤ 

Kx � Gx+Rx = y (x 2 X; y 2 Y; K 2 L(X;Y )); (3.1)

£¤¥ ¨­â¥£à «

G(x; t) =
1
�

Z +1

�1

ln j� � tjp
1� � 2

x(�) d�; x 2 X;
¯®­¨¬ ¥âáï ª ª ­¥á®¡áâ¢¥­­ë©.

�§¢¥áâ­® (­ ¯à., [5], £«. II, x 2), çâ® ®¯¥à â®à G : X ! Y ­¥¯à¥àë¢­® ®¡à â¨¬ ¨

kGkX!Y � 1; kG�1kY!X � 1
ln 2

;

¯®íâ®¬ã ¢ ¤ «ì­¥©è¥¬ ¬®¦­® áç¨â âì, çâ®

kKkX!Y � 1 + kRkX!Y � c0; kK�1kY!X � c1; (3.2)
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£¤¥ c0 ¨ c1 | ®¡é¨¥ ¤«ï ¢á¥£® ª« áá  E = feg ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© (0.2) ¯®«®¦¨-
â¥«ì­ë¥ ¯®áâ®ï­­ë¥.

�ãáâì Xn � X ¨ Yn � Y | ¯à®¨§¢®«ì­ë¥ ª®­¥ç­®¬¥à­ë¥ ¯®¤¯à®áâà ­áâ¢  ®¤¨­ ª®¢®©
à §¬¥à­®áâ¨ n 2 N,   Pn = Pn(Y; Yn) � L(Y; Yn).

�à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (3.1) ¡ã¤¥¬ ®¯à¥¤¥«ïâì ª ª â®ç­®¥ à¥è¥­¨¥ «î¡®£® ¨§
®¤­®§­ ç­® à §à¥è¨¬ëå ª®­¥ç­®¬¥à­ëå ãà ¢­¥­¨©

Knxn � Gnxn +Rnxn = yn (xn 2 Xn; yn 2 Yn; Kn 2 L(Xn; Yn)); (3.3)

PnKxn � PnGxn + PnRxn = Pny (xn 2 Xn; Pny 2 Yn; Pn 2 Pn): (3.4)

� ¬¥â¨¬, çâ® ª ¦¤®¥ ¨§ ãà ¢­¥­¨© (3.3) ¨ (3.4) íª¢¨¢ «¥­â­® ���� ¯®àï¤ª  n = dimXn =
dimYn <1.

�®«®¦¨¬

X�
n = IH n�1 \X; Y �

n = IH n�1 \ Y; P �n 2 Pn(Y; Y �
n );

P �n('; t) =
nX

k=1

'(t�k) lk(t); ' 2 Y;
(3.5)

£¤¥ lk(t) | äã­¤ ¬¥­â «ì­ë¥ ¬­®£®ç«¥­ë � £à ­¦  ¯® ã§« ¬ �¥¡ëè¥¢ 

t�k = cos
2k � 1
2n

�; k = 1; n; n 2 N; (3:50)

P �n('; t) =
cT0 (')
2

+
n�1X
k=1

cTk (')Tk(t); ' 2 Y; (3.6)

£¤¥1)

cTk (') =
2
�

Z +1

�1

'(t)Tk(t)p
1� t2

dt; k = 0; 1; : : : ; (3:60)

| ª®íää¨æ¨¥­âë �ãàì¥{�¥¡ëè¥¢ .
� á®®â¢¥âáâ¢¨¨ á (3.5), (3.6) ¨ (3.3), (3.4) ¢¢¥¤¥¬ ä¨ªá¨à®¢ ­­®¥ ª®­¥ç­®¬¥à­®¥ ãà ¢­¥­¨¥

P �nKxn � Sxn + P �nRxn = P �ny (xn 2 X�
n; P

�
ny 2 Y �

n ); (3.7)

ª®â®à®¥ ¯à¥¤áâ ¢«ï¥â á®¡®© ãà ¢­¥­¨¥ ¬¥â®¤  ª®««®ª æ¨¨ ¨«¨ ¦¥ ¬¥â®¤  ®àâ®£®­ «ì­ëå ¬­®-
£®ç«¥­®¢, ¥á«¨ ®¯¥à â®à P �n 2 Pn(Y; Y �

n ) ®¯à¥¤¥«¥­ ¯® ä®à¬ã«¥ á®®â¢¥âáâ¢¥­­® (3.5){(3:50) ¨«¨
¦¥ (3.6){(3:60).

�«ï ª« áá®¢ ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© E = feg ¢¨¤  (3.1) ¨ En = feng ¢¨¤  (3.3) ¨
(3.4) á¯à ¢¥¤«¨¢ 

�¥®à¥¬  3.1. �ãáâì ¢ë¯®«­¥­ë ãá«®¢¨ï

 ) R 2 L(X;Y ) | ¢¯®«­¥ ­¥¯à¥àë¢­ë¥ ¨«¨ ¦¥ ¬ «ë¥ ¯® ­®à¬¥ ®¯¥à â®àë;
¡) ®¯¥à â®àë R 2 L(X;Y ) ¨ ¬­®¦¥áâ¢® Y � = fyg � Y â ª®¢ë, çâ® ¬­®¦¥áâ¢® X� = fx� :

Kx� � y; e 2 Eg ¥áâì æ¥­âà «ì­®{á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ ¯à®áâà ­áâ¢¥ X.

�®£¤ 

Vn(E) � Un(E) � sup
e2E

kx� � x�nkX � dn(X
�;X); (3.8)

£¤¥

x�n(t) = (P �nK)�1P �ny(t) =
nX

k=1

��kTk�1(t); (3.9)

1) �¥§¤¥ ¯®« £ ¥¬
0P

k=1

= 0.
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¨ ¬¥â®¤ë ª®««®ª æ¨© (3:7), (3:5){(3:50) ¨ ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ (3:7), (3:6){(3:60) ®¯â¨-
¬ «ì­ë ¯® ¯®àï¤ªã ­  ª« áá¥ E ª ª áà¥¤¨ ¢á¥å ¯àï¬ëå ¬¥â®¤®¢ ¢¨¤  (3:3), â ª ¨ áà¥¤¨ ¢á¥¢®§-

¬®¦­ëå ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ ¢¨¤  (3:4).

�®ª § â¥«ìáâ¢® á®®â­®è¥­¨© (3.8){(3.9) ¢¥¤¥âáï ¯® áå¥¬¥ ¤®ª § â¥«ìáâ¢  â¥®à¥¬ë 2.1; ®¤-
­ ª® §¤¥áì, ¢ ®â«¨ç¨¥ ®â x 2, áãé¥áâ¢¥­­ë¬ ®¡à §®¬ ¨á¯®«ì§ãîâáï à¥§ã«ìâ âë  ¢â®à  ¯® ¬¥â®¤ ¬
ª®««®ª æ¨© ¨ ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ¨§ ¯ à £à ä®¢ á®®â¢¥âáâ¢¥­­® 5 ¨ 11 ¨§ ([5], £«. II).

� áá¬®âà¨¬ ç áâ­ë© á«ãç © ¯®¤¯à®áâà ­áâ¢ Xn = X�
n � X, Yn = Y �

n � Y ¨, á«¥¤ãï x 2, à á-
á¬®âà¨¬ â ª¦¥ ª« áá En = feng ¢á¥¢®§¬®¦­ëå ¯à¨¡«¨¦¥­­ëå ¬¥â®¤®¢, ¯®§¢®«ïîé¨å ¯®áâà®¨âì
¯à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (3.1) ¨§ ª« áá  E = feg ¢ ¢¨¤¥ ¬­®£®ç«¥­ 

xn(t) =
nX

k=1

�k Tk�1(t) 2 X�
n; �k 2 C : (3.10)

�®£¤  ¯®  ­ «®£¨¨ á â¥®à¥¬®© 2.2 ¤®ª §ë¢ ¥âáï

�¥®à¥¬  3.2. � ãá«®¢¨ïå â¥®à¥¬ë 3:1 á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

V n(E) � inf
en2En

sup
e2E

kx� � xnkX � dn(X
�;X); (3.11)

¨ ®¯â¨¬ «ì­ë¬¨ ¯® ¯®àï¤ªã ­  ª« áá¥ E ï¢«ïîâáï ãª § ­­ë¥ ¢ëè¥ ¬¥â®¤ë ª®««®ª æ¨© ¨ ®à-

â®£®­ «ì­ëå ¬­®£®ç«¥­®¢,   â ª¦¥ ¬¥â®¤ ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢

x�n(t) =
nX

k=1

��k Tk�1(t);
nX

k=1

��k (KTk�1;KTj) = (y;KTj); j = 0; n� 1; (3.12)

£¤¥

('; ) = ('; )2p + ('0;  0)2q; ';  2W 1
2 (q); (3.13)

| áª «ïà­®¥ ¯à®¨§¢¥¤¥­¨¥ ¢ ¯à®áâà ­áâ¢¥ W 1
2 (q), q = q(t) = (1� t2)1=2.

�®ª § â¥«ìáâ¢® â¥®à¥¬ë, ¢ ç áâ­®áâ¨, á®®â­®è¥­¨© (3.11), ¢¥¤¥âáï ¯® áå¥¬¥ ¤®ª § â¥«ìáâ¢ 
â¥®à¥¬ë 2.2, ¨á¯®«ì§ãï ¯à¨ íâ®¬ à¥§ã«ìâ âë  ¢â®à  ¨§ ([5], £«. II, x x 5, 11). �¤­ ª® §¤¥áì ¤«ï
¬¥â®¤  ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ (3.10), (3.12) âà¥¡ã¥âáï ­¥¡®«ìè®¥ ¯®ïá­¥­¨¥.

1�. �¡®§­ ç¨¬ ç¥à¥§ Y ¯à®áâà ­áâ¢® W 1
2 (q), ­ ¤¥«¥­­®¥ ­®à¬®©

k'kY = fk'k2p + k'0k2qg1=2; ' 2W 1
2 (q);

¨­¤ãæ¨à®¢ ­­®© áª «ïà­ë¬ ¯à®¨§¢¥¤¥­¨¥¬ (3.13). �¥£ª® ¯®ª § âì, çâ® ­®à¬ë k � kY ¨ k � kY
ï¢«ïîâáï íª¢¨¢ «¥­â­ë¬¨, â®ç­¥¥,

p
2
2
k'kY � k'kY � k'kY ; ' 2W 1

2 (q): (3.14)

2�. �¨áâ¥¬ë äã­ªæ¨© fTi(t)g10 ¨ fK(Ti; t)g10 ï¢«ïîâáï «¨­¥©­® ­¥§ ¢¨á¨¬ë¬¨,   â ª¦¥ ¯®«-
­ë¬¨ ¢ ¯à®áâà ­áâ¢ å á®®â¢¥âáâ¢¥­­® X ¨ Y ; ¢ á¨«ã (3.14) á¨áâ¥¬  äã­ªæ¨© fK(Ti; t)g10 ¯®«­ 
â ª¦¥ ¢ ¯à®áâà ­áâ¢¥ Y . �®£¤ , ª ª ¨§¢¥áâ­® ([18], x 83), á¨áâ¥¬  «¨­¥©­ëå  «£¥¡à ¨ç¥áª¨å
ãà ¢­¥­¨© (3.12) ¨¬¥¥â ¥¤¨­áâ¢¥­­®¥ à¥è¥­¨¥ ¯à¨ «î¡ëå n 2 N,   á«¥¤®¢ â¥«ì­®, ¬­®£®ç«¥­
x�n(t) ¬¥â®¤®¬ ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ ®¯à¥¤¥«ï¥âáï ®¤­®§­ ç­®. �®íâ®¬ã ¤«ï «î¡ëå xn 2 X�

n

á¯à ¢¥¤«¨¢® ­¥à ¢¥­áâ¢®

kKx�n � ykY � kKxn � ykY ; n 2 N: (3.15)

3�. �§ á®®â­®è¥­¨© (3.14) ¨ (3.15) ­ å®¤¨¬ ­¥à ¢¥­áâ¢®

kKx�n � ykY �
p
2 kKxn � ykY 8xn 2 X�

n: (3.16)
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�®«ì§ãïáì ®£à ­¨ç¥­­®áâìî ®¯¥à â®à  K 2 L(X;Y ) ¨ ¥£® ­¥¯à¥àë¢­®© ®¡à â¨¬®áâìî,   â ª¦¥
¯à®¨§¢®«ì­®áâìî í«¥¬¥­â  xn 2 X�

n, ¨§ (3.16) ­ å®¤¨¬ ­¥à ¢¥­áâ¢®

kx� � x�nkX �
p
2 kKkX!Y � kK�1kY!X �En(x

�)X ; En(x
�)X = �(x�; X�

n): (3.17)

4�. �§ á®®â­®è¥­¨© (3.17), (3.2) ¨ ãá«®¢¨© â¥®à¥¬ë ­ å®¤¨¬

sup
e2E

kx� � x�nkX �
p
2 c0c1�(X

�;X�
n) = O fdn(X�;X)g: (3.18)

5�. � ¤àã£®© áâ®à®­ë, ¢ á¨«ã (3.10) ¨¬¥¥¬

V n(E) = inf
en2En

sup
x�2X�

kx� � xnkX � sup
x�2X�

inf
zn2X�

n

kx� � znkX = �(X�;X�
n) � dn(X

�;X): (3.19)

�§ (3.18), (3.19) á ãç¥â®¬ ãá«®¢¨© â¥®à¥¬ë ¯®«ãç ¥¬ á®®â­®è¥­¨ï

dn(X�;X) � V n(E) � sup
e2E

kx� � x0nkX = Ofdn(X�;X)g;

®âªã¤  ¨ á«¥¤ã¥â âà¥¡ã¥¬®¥ ãâ¢¥à¦¤¥­¨¥ ¢ á«ãç ¥ ¬¥â®¤  ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢.

4. �à ¢­¥­¨¥ â¥®à¨¨ ªàë« 

� íâ®¬ ¯ à £à ä¥ à¥è ¥âáï § ¤ ç  ®¯â¨¬¨§ æ¨¨ ¯®«¨­®¬¨ «ì­ëå ¯àï¬ëå ¨ ¯à®¥ªæ¨®­­ëå
¬¥â®¤®¢ à¥è¥­¨ï ª« áá  E = feg ®¤­®§­ ç­® à §à¥è¨¬ëå ªà ¥¢ëå § ¤ ç ¢¨¤  (0.3){(0:30); ¯¥à¥-
å®¤ ª ®¡é¥¬ã á«ãç î, â. ¥. ª á«ãç î ®¡é¨å ¯àï¬ëå ¨ ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢, ¢ á¨«ã à¥§ã«ìâ â®¢
 ¢â®à  ¨§ ([4], £«. III, x x 2, 3) ¨ ¢ëè¥¯à¨¢¥¤¥­­ëå â¥®à¥¬ 1.1{1.4 ­¥ ¯à¥¤áâ ¢«ï¥â ¯à¨­æ¨¯¨ «ì-
­®© âàã¤­®áâ¨.

�®«®¦¨¬ � = �(t) = (1 � t2)1=2, �1 � t � 1, ¨ ®¡®§­ ç¨¬ ç¥à¥§ X =
�

W 1
2(�) ¯à®-

áâà ­áâ¢® äã­ªæ¨© ¨§ W 1
2 (�; [�1; 1]), ã¤®¢«¥â¢®àïîé¨å ãá«®¢¨ï¬ (0:30) ¨ ¯à¥¤áâ ¢¨¬ëå ¢ ¢¨¤¥

�(t) =
p
1� t2 
(t), £¤¥ 
0(t) 2 L2(q), q = q(t) = (1� t2)�1=2. �®à¬ã ¢ X ¢¢¥¤¥¬ á®®â­®è¥­¨¥¬

k�kX =
�Z +1

�1

p
1� t2 j�0(t)j2 dt

�1=2

; � 2 X:

�ã¤¥¬ ¨á¯®«ì§®¢ âì â ª¦¥ ¯à®áâà ­áâ¢® Y = L2(�) = L2(�; [�1; 1]) á ®¡ëç­®© ­®à¬®© kykY =
kyk2�, y 2 Y . �®£¤  § ¤ ç  (0.3){(0:30) íª¢¨¢ «¥­â­  ®¯¥à â®à­®¬ã ãà ¢­¥­¨î

K� � G�+ V � = f (� 2 X; f 2 Y ); (4.1)

£¤¥ K = G+ V 2 L(X;Y ),   á¨­£ã«ïà­ë© ¨­â¥£à «

G(�; t) =
1
�

Z +1

�1

�0(�) d�
� � t

; � 2 X;

¯®­¨¬ ¥âáï ¢ á¬ëá«¥ £« ¢­®£® §­ ç¥­¨ï ¯® �®è¨{�¥¡¥£ã.
�§¢¥áâ­® ([4], á. 165{166), çâ® ®¯¥à â®à G : X ! Y ­¥¯à¥àë¢­® ®¡à â¨¬ ¨

kGkX!Y = 1; kG�1kY!X = 1; (4.2)

¯®íâ®¬ã ¢ ¤ «ì­¥©è¥¬ ¬®¦­® áç¨â âì, çâ®

kKkX!Y � 1 + kV kX!Y � c0 <1; kK�1kY!X � c1 <1;

£¤¥ c0 ¨ c1 | ®¡é¨¥ ¤«ï ¢á¥£® ª« áá  E ¯®«®¦¨â¥«ì­ë¥ ¯®áâ®ï­­ë¥.
�ãáâì Yn = IH n�1 \ Y ,   Xn � X ¥áâì ¯®¤¯à®áâà ­áâ¢® í«¥¬¥­â®¢ ¢¨¤ 

�n(t) =
p
1� t2

nX
k=1

�k uk�1(t) =
nX

k=1

�k sink arccos t; (4.3)
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£¤¥ �k 2 C | ­¥¨§¢¥áâ­ë¥ ¯®áâ®ï­­ë¥. �¡®§­ ç¨¬ ç¥à¥§ Pn = Pn(Y; Yn) � L(Y; Yn) ¬­®¦¥áâ¢®
¢á¥å ¯®«¨­®¬¨ «ì­ëå ¯à®¥ªæ¨®­­ëå (P 2

n = Pn) ®¯¥à â®à®¢ ¨§ Y ¢ Yn.
�à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ ��n(t) 2 Xn ãà ¢­¥­¨ï (4.1) ¨§ ª« áá  E ¡ã¤¥¬ ®¯à¥¤¥«ïâì ª ª â®ç­®¥

à¥è¥­¨¥ «î¡®£® ¨§ á«¥¤ãîé¨å ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨©

Kn�n � Gn�n + Vn�n = fn (�n 2 Xn; fn 2 Yn); (4.4)

PnK�n � PnG�n + PnV �n = Pnf (�n 2 Xn; Pnf 2 Yn); (4.5)

£¤¥ Kn = Gn + Vn 2 L(Xn; Yn), PnK = PnG + PnV 2 L(Xn; Yn), Pn 2 Pn. �á­®, çâ® ª ¦¤®¥ ¨§
ãà ¢­¥­¨© (4.4) ¨ (4.5) íª¢¨¢ «¥­â­® ���� ¯®àï¤ª  n 2 N ®â­®á¨â¥«ì­® ­¥¨§¢¥áâ­ëå ¯®áâ®-
ï­­ëå �1; �2; : : : ; �n í«¥¬¥­â  (4.3). �á­® â ª¦¥, çâ® ¢ à áá¬ âà¨¢ ¥¬®¬ á«ãç ¥ ®¯â¨¬ «ì­ë¥
®æ¥­ª¨ ¯®£à¥è­®áâ¨ (1.3) ¨ (1.6) ¯à¨­¨¬ îâ ¢¨¤ á®®â¢¥âáâ¢¥­­®

Vn(E) = inf
en2En

sup
e2E

k�� � ��nkX ; Un(E) = inf
Pn2Pn

sup
e2E

k�� � ��nkX :

� àï¤ã á ®¡é¨¬¨ ¯®«¨­®¬¨ «ì­ë¬¨ ¨ ¯à®¥ªæ¨®­­ë¬¨ ¬¥â®¤ ¬¨ (4.4) ¨ (4.5) ¢¢¥¤¥¬ â ª¦¥
á«¥¤ãîé¨¥ ª®­ªà¥â­ë¥ ¯®«¨­®¬¨ «ì­ë¥ ¬¥â®¤ë à¥è¥­¨ï § ¤ ç¨ (0.3){(0:30). �§¢¥áâ­® (­ ¯à.,
[4], £«. III, x 3), çâ® á®£« á­® ¬¥â®¤ã ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ª®íää¨æ¨¥­âë ¯à¨¡«¨¦¥­­®£®
à¥è¥­¨ï (4.3) ®¯à¥¤¥«ïîâáï ¨§ ����

i�i +
nX

k=1

�ik�k = cui�1(f); i = 1; n; (4.6)

£¤¥

cui�1(f) =
2
�

Z +1

�1

p
1� t2f(t)ui�1(t) dt; �ik =

2
�

Z +1

�1

p
1� t2V (�uk�1; t)ui�1(t) dt; (4:60)

a­ «®£¨ç­®, ¢ ¬¥â®¤¥ ¯®¤®¡« áâ¥© ãª § ­­ë¥ ª®íää¨æ¨¥­âë ®¯à¥¤¥«ïîâáï ¨§ ����

nX
k=1

(cos k�i�1 � cos k�i + 
ik)�k = fi; i = 1; n; (4.7)

£¤¥

fi =
Z ti

ti�1

f(t) dt; 
ik =
Z ti

ti�1

V (�uk�1; t) dt; tr = cos
2r + 1
2n+ 2

� : (4:70)

� ([4], £«. III, x 3) ¤®ª § ­®, çâ® ª ¦¤ ï ¨§ ���� (4.6){(4:60) ¨ (4.7){(4:70) ¨¬¥¥â ¥¤¨­áâ¢¥­­®¥
à¥è¥­¨¥ ��1; �

�
2; : : : ; �

�
n ¤«ï ¢á¥å n 2 N, å®âï ¡ë ­ ç¨­ ï á ­¥ª®â®à®£® n0 2 N; ¯®íâ®¬ã ¬¥â®¤ë

®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ ¨ ¯®¤®¡« áâ¥© ¯®§¢®«ïîâ ¯®áâà®¨âì ¯à¨¡«¨¦¥­­®¥ à¥è¥­¨¥ § ¤ ç¨
(0.3){(0:30) ¢ ï¢­®¬ ¢¨¤¥:

��n(t) =
p
1� t2

nX
k=1

��k uk�1(t): (4.8)

�«ï ª« áá®¢ ®¤­®§­ ç­® à §à¥è¨¬ëå ãà ¢­¥­¨© E = feg ¢¨¤  (4.1) ¨ En = feng ¢¨¤  (4.4) ¨
(4.5) á¯à ¢¥¤«¨¢ 

�¥®à¥¬  4.1. �ãáâì ¢ë¯®«­¥­ë ãá«®¢¨ï

 ) V 2 L(X;Y ) | ¢¯®«­¥ ­¥¯à¥àë¢­ë¥ ¨«¨ ¦¥ ¬ «ë¥ ¯® ­®à¬¥ ®¯¥à â®àë;
¡) ®¯¥à â®àë V 2 L(X;Y ) ¨ ¬­®¦¥áâ¢® Y � = fyg � Y â ª®¢ë, çâ® ¬­®¦¥áâ¢® GX� |

æ¥­âà «ì­®-á¨¬¬¥âà¨ç¥áª¨© ª®¬¯ ªâ ¢ ¯à®áâà ­áâ¢¥ Y .
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�®£¤ 

Vn(E) � Un(E) � sup
e2E

k�� � ��nkX � dn(GX
�; Y );

¨ ¬¥â®¤ë ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢ (4:8), (4:6){(4:60) ¨ ¯®¤®¡« áâ¥© (4:8), (4:7){(4:70) ®¯â¨-
¬ «ì­ë ¯® ¯®àï¤ªã ª ª áà¥¤¨ ¢á¥å ¯®«¨­®¬¨ «ì­ëå ¯àï¬ëå ¬¥â®¤®¢ (4:4), â ª ¨ áà¥¤¨ ¢á¥å

¯®«¨­®¬¨ «ì­ëå ¯à®¥ªæ¨®­­ëå ¬¥â®¤®¢ (4:5).

�®ª § â¥«ìáâ¢® ¢¥¤¥âáï ¯® áå¥¬¥ ¤®ª § â¥«ìáâ¢  â¥®à¥¬ë 2.1, áãé¥áâ¢¥­­® ¨á¯®«ì§ãï ¯à¨
íâ®¬ à¥§ã«ìâ âë  ¢â®à  ¨§ ([4], £«. III, x x 2, 3),   â ª¦¥ «¥¬¬ã 2.1 ¯à¨ ®¡®á­®¢ ­¨¨ ¬¥â®¤ 
¯®¤®¡« áâ¥©.

�¡®§­ ç¨¬ ç¥à¥§ En = feng ¬­®¦¥áâ¢® ¢á¥å ¯àï¬ëå ¬¥â®¤®¢, ¯®§¢®«ïîé¨å ¯®áâà®¨âì ¯à¨-
¡«¨¦¥­­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï (4.1) ¨§ ª« áá  E ¢ ¢¨¤¥ í«¥¬¥­â  (4.3). �®£¤  ¯®  ­ «®£¨¨ á
â¥®à¥¬ ¬¨ 2.2 ¨ 3.2 ¤®ª §ë¢ ¥âáï

�¥®à¥¬  4.2. � ãá«®¢¨ïå â¥®à¥¬ë 4:1 á¯à ¢¥¤«¨¢ë á®®â­®è¥­¨ï

V n(E) � inf
en2En

sup
e2E

k�� � �nkX � dn(GX�; Y );

¨ ®¯â¨¬ «ì­ë¬¨ ¯® ¯®àï¤ªã ­  ª« áá¥ E ï¢«ïîâáï ãª § ­­ë¥ ¢ëè¥ ¬¥â®¤ë ®àâ®£®­ «ì­ëå

¬­®£®ç«¥­®¢ ¨ ¯®¤®¡« áâ¥©,   â ª¦¥ ¬¥â®¤ ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ (4:3),

nX
k=1

(K'k;K'j)�k = (f;K'j); j = 1; n;

£¤¥ 'r(t) = sin r arccos t,   (�; �) | áª «ïà­®¥ ¯à®¨§¢¥¤¥­¨¥ ¢ ¯à®áâà ­áâ¢¥

Y = L2(�); � = (1� t2)1=2:

� ¬¥â¨¬, çâ® ¯à¨ ¤®ª § â¥«ìáâ¢¥ íâ®© â¥®à¥¬ë áãé¥áâ¢¥­­® ¨á¯®«ì§ãîâáï à¥§ã«ìâ âë  ¢-
â®à  ¯® ¬¥â®¤ ¬ ®àâ®£®­ «ì­ëå ¬­®£®ç«¥­®¢, ¯®¤®¡« áâ¥© ¨ ­ ¨¬¥­ìè¨å ª¢ ¤à â®¢ ¤«ï ãà ¢-
­¥­¨ï â¥®à¨¨ ªàë«  (0.3), ¨§«®¦¥­­ë¥ ¢ ([4], £«. III, x 3),   â ª¦¥ ¯à¨¢¥¤¥­­ ï ¢ëè¥ «¥¬¬  2.1.

� ¬¥ç ­¨¥. �¥âàã¤­® ¤®ª § âì, çâ® ¢ ãá«®¢¨ïå â¥®à¥¬ 1.4, 2.1, 2.2, 4.1 ¨ 4.2 á¯à ¢¥¤«¨¢®
à ¢¥­áâ¢®

dn(X
�;X) = dn(GX

�; Y ); (4.9)

  ¢ ãá«®¢¨ïå â¥®à¥¬ 3.1 ¨ 3.2 | ­¥à ¢¥­áâ¢ 

dn(X
�; X) ln 2 � dn(GX

�; Y ) � dn(X
�;X): (4.10)

�®à¬ã« ¬¨ (4.9), (4.10) ã¤®¡­® ¯®«ì§®¢ âìáï ¢ â¥å á«ãç ïå, ª®£¤  ®¯¨á ­¨¥ áâàãªâãàë ¬­®-
¦¥áâ¢  äã­ªæ¨© GX� ¯à®é¥, ç¥¬  ­ «®£¨ç­ ï § ¤ ç  ¤«ï ¬­®¦¥áâ¢  X�; íâ® â ª, ­ ¯à¨¬¥à,
¤«ï á¨­£ã«ïà­ëå ãà ¢­¥­¨© I-à®¤  (0.1){(0.3),   â ª¦¥ ¤«ï àï¤  ¤àã£¨å ª« áá®¢ á¨­£ã«ïà­ëå
¨­â¥£à «ì­ëå ¨ ¨­â¥£à®-¤¨ää¥à¥­æ¨ «ì­ëå ãà ¢­¥­¨©.

�â¬¥â¨¬, çâ® à¥§ã«ìâ âë à ¡®âë ¤®ª« ¤ë¢ «¨áì ¨ ®¡áã¦¤ «¨áì ­  à §«¨ç­ëå ­ ãç­ëå ª®­-
ä¥à¥­æ¨ïå (á¬., ­ ¯à., [13], [19], [20],   â ª¦¥ ¡¨¡«¨®£à ä¨î ¢ [4], [5]), ¢ â®¬ ç¨á«¥ ­  �¥¦¤ã-
­ à®¤­ëå ª®­ä¥à¥­æ¨ïå ¯® ª®­áâàãªâ¨¢­®© â¥®à¨¨ äã­ªæ¨© (�®«£ à¨ï, £. � à­ , 1987 £.), ¯®
ç¨á«¥­­ë¬ ¬¥â®¤ ¬ ¨ ¨å ¯à¨¬¥­¥­¨ï¬ (�®«£ à¨ï, £. �®ä¨ï, 1989 £.), ¯® â¥®à¨¨ ¯à¨¡«¨¦¥­¨©
¨ äã­ªæ¨®­ «ì­®¬ã  ­ «¨§ã (�â «¨ï, £. � à¨, 1992 £.) ¨ ­  �ª®«¥-ª®­ä¥à¥­æ¨¨, ¯®á¢ïé¥­­®©
100-«¥â¨î á® ¤­ï à®¦¤¥­¨ï ¯à®ä. �.�. � £ ¥¢  (�®áá¨ï, £. � § ­ì, 1997 £.).
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