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� á¢ï§¨ á ¯à®¡«¥¬®© ®á®¢®£® á®áâ®ï¨ï í«¥ªâà®®© á¨áâ¥¬ë ¢ ¬®¤¥«¨ � ¡¡ à¤  ¯à¨ U = ∞
à áá¬ âà¨¢ ¥âáï ®à¬ «ì®¥ (á¨£«¥â®¥ ¨«¨® ¥¬ £¨â®¥) N-á®áâ®ï¨¥ á¨áâ¥¬ë ¢® ¢á¥© ®¡« áâ¨

í«¥ªâà®ëå ª®æ¥âà æ¨© n 6 1. �®ª § ®, çâ® ¢ ®¤®ç áâ¨ç®¬ ¯à¨¡«¨¦¥¨¨,  ¯à¨¬¥à ¢ ®¡®¡-
é¥®¬ ¯à¨¡«¨¦¥¨¨ � àâà¨–�®ª , í¥à£¨ï N-á®áâ®ï¨ï ε

(1)
0 (n) ¨¦¥ í¥à£¨¨  áëé¥®£® ä¥àà®-

¬ £¨â®£® á®áâ®ï¨ï εFM(n) ¯à¨ ¢á¥å n. � ¯à¨¡«¨¦¥¨¨ á«ãç ©ëå ä § ¢ëç¨á«¥  ¤¨ ¬¨ç¥áª ï

¬ £¨â ï ¢®á¯à¨¨¬ç¨¢®áâì ¨ ¯®ª § ®, çâ® N-á®áâ®ï¨¥ áâ ¡¨«ì® ¢® ¢á¥© ®¡« áâ¨ í«¥ªâà®ëå
ª®æ¥âà æ¨©: áâ â¨ç¥áª ï ¢®á¯à¨¨¬ç¨¢®áâì (ω = 0) ¯à¨ ¢®«®¢®¬ ¢¥ªâ®à¥ q→ 0 ¥ ¨¬¥¥â ¯®«îá®©
®á®¡¥®áâ¨. �®«ãç¥® ä®à¬ «ì® â®ç®¥ ¯à¥¤áâ ¢«¥¨¥ ¤«ï ¬ áá®¢®£® ®¯¥à â®à  ®¤®ç áâ¨ç®©
äãªæ¨¨ �à¨  ¨ ¯à¥¤«®¦¥  ¥£®  ¯¯à®ªá¨¬ æ¨ï: Mk(E) ' λF (E), £¤¥ λ = n(1 − n)/(1 − n/2)z —
¯ à ¬¥âà ª¨¥¬ â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï, z — ç¨á«® ¡«¨¦ ©è¨å á®á¥¤¥©, F (E) — ¯®« ï

®¤®ã§¥«ì ï äãªæ¨ï �à¨ . �«ï í««¨¯â¨ç¥áª®© ¯«®â®áâ¨ á®áâ®ï¨© ¨â¥£à «ì®¥ ãà ¢¥¨¥

®â®á¨â¥«ì® F (E) à¥è¥® â®ç® ¨ ¯®ª § ®, çâ® á¯¥ªâà «ì ï ¨â¥á¨¢®áâì áâà®£® ã¤®¢«¥â¢®àï¥â
¯à ¢¨«ã áã¬¬. �ëç¨á«¥ ï í¥à£¨ï á¨«ì® ª®àà¥«¨à®¢ ®£® N-á®áâ®ï¨ï ε0(n) < εFM(n) ¤«ï
¢á¥å n, ¢ á¢ï§¨ á ç¥¬ ®¡áã¦¤ ¥âáï ¯à¥¤¯®«®¦¥¨¥ ®¡ ®á®¢®¬ ®à¬ «ì®¬ (á¨£«¥â®¬) á®áâ®ï¨¨
á¨áâ¥¬ë ¢ â¥à¬®¤¨ ¬¨ç¥áª®¬ ¯à¥¤¥«¥. �ãªæ¨ï à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ ¯à¨ T = 0 áãé¥áâ¢¥®
®â«¨ç ¥âáï ®â ä¥à¬¨-áâã¯¥ìª¨: ®  ”à §¬ §  ” ¯® ¢á¥¬ã í¥à£¥â¨ç¥áª®¬ã á¯¥ªâàã, áª ç®ª ¢

®¡« áâ¨ å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  ®âáãâáâ¢ã¥â.

�®¤¥«ì � ¡¡ à¤  [1] ï¢«ï¥âáï ®á®¢®© ¬®¤¥«ìî

¢ â¥®à¨¨ á¨«ì® ª®àà¥«¨à®¢ ëå í«¥ªâà®ëå á¨-
áâ¥¬. �®¢à¥¬¥®¥ á®áâ®ï¨¥ â¥®à¥â¨ç¥áª¨å ¨áá«¥¤®-
¢ ¨© ¬®¤¥«¨ � ¡¡ à¤  ®âà ¦¥® ¢ ª¨£ å [2,3] ¨ ¢
®¡§®à å �§î¬®¢  [4,5] ¨ �¨¡  [6]. �¨¡ ®â¬¥ç ¥â, çâ®
¯®á«¥ ¡®«¥¥ ç¥¬ 30-«¥â¥£® ¨áá«¥¤®¢ ¨ï ¬®¤¥«¨ ®â-
®á¨â¥«ì® àï¤  ¥¥ äã¤ ¬¥â «ìëå å à ªâ¥à¨áâ¨ª

¥â ¯®«®© ïá®áâ¨.

�¥«ìî  áâ®ïé¥© à ¡®âë ï¢«ï¥âáï ®¡áã¦¤¥¨¥

¯à®¡«¥¬ë ®á®¢®£® á®áâ®ï¨ï í«¥ªâà®®© á¨áâ¥¬ë

¢ ¬®¤¥«¨ � ¡¡ à¤  ¢ ¯à¥¤¥«¥ ¡¥áª®¥ç®© ¢¥«¨ç¨ë

ªã«®®¢áª®£® ®ââ ª¨¢ ¨ï (U =∞). � ¯à¥â   ¯®ï¢-
«¥¨¥ ”¤¢®¥ª” ¯à¨¢®¤¨â ª â®¬ã, çâ®   ª ¦¤®¬ ã§«¥

¢®§¬®¦® áãé¥áâ¢®¢ ¨¥ «¨èì âà¥å á®áâ®ï¨©: |0〉-
¤ëàª , |α〉-í«¥ªâà® á® á¯¨®¬ ”¢¢¥àå” ¨ |β〉-í«¥ªâà®
á® á¯¨®¬ ”¢¨§”. �«ï ®¯¨á ¨ï í«¥ªâà®ëå á®áâ®-
ï¨© ¨ ¯¥à¥å®¤®¢ ¬¥¦¤ã ¨¬¨ ¥áâ¥áâ¢¥® ¨á¯®«ì§®-
¢ âìX-®¯¥à â®àë� ¡¡ à¤ ,  «£e¡à  ª®â®àëå å®à®è®
¨§¢¥áâ  [1–3]. � ¬¨«ìâ®¨  ¬®¤¥«¨ H∞ § ¤ ¥âáï

  D-¬¥à®© à¥è¥âª¥ ¨§ N ã§«®¢ á ª®®à¤¨ æ¨®ë¬

ç¨á«®¬ z ¨ ¯¥à¨®¤¨ç¥áª¨¬¨ £à ¨çë¬¨ ãá«®¢¨ï¬¨

¨ ®¯¨áë¢ ¥â á®¢®ªã¯®áâì Ne í«¥ªâà®®¢, âã¥«¨-
àãîé¨å   ¡«¨¦ ©è¨¥ ¥§ ¯®«¥ë¥ ã§«ë à¥è¥âª¨.
�®áª®«ìªãH∞ á®¤¥à¦¨â â®«ìª® ®¤¨ í¥à£¥â¨ç¥áª¨©

¯ à ¬¥âà t (¨â¥£à « âã¥«¨à®¢ ¨ï í«¥ªâà®   

¡«¨¦ ©è¨© á®á¥¤¨© ã§¥« à¥è¥âª¨), ¥£® ã¤®¡® ®¡¥§-
à §¬¥à¨âì   ¯®«ãè¨à¨ã § âà ¢®ç®© §®ë zt. � -
¬¨«ìâ®¨  ¨ ®¯¥à â®à ç¨á«  í«¥ªâà®®¢ ¯à¥¤áâ ¢¨¬

¢ ¢¨¤¥

h∞=H∞/zt=
∑
f∆σ

τ(∆)Xσ0
f X0σ

f+∆, N̂e=
∑
fσ

Xσσ
f . (1)

�¤¥áì Xσ0
f — ®¯¥à â®à ¯¥à¥å®¤  ã§«  f ¨§ ¤ëà®ç-

®£® á®áâ®ï¨ï |0〉 ¢ ®¤®í«¥ªâà®®¥ á®áâ®ï¨¥ |σ〉,
∆ — ¢¥ªâ®à, á®¥¤¨ïîé¨© ¡«¨¦ ©è¨¥ á®á¥¤¨¥ ã§«ë
(¡.á.), τ(∆) = −1/z â®«ìª® ¤«ï ¡.á., Ne — ç¨á«®

í«¥ªâà®®¢, N0 — ç¨á«® ¤ëà®ª (N = Ne + N0), ª®-
æ¥âà æ¨ï í«¥ªâà®®¢ n = Ne/N ¬®¦¥â ¨§¬¥ïâìáï ¢

¯à¥¤¥« å 0 6 n 6 1. � «¨ç¨¥ â®«ìª® âà¥å á®áâ®ï¨©
  ã§«¥ ®âà ¦ ¥âáï ãá«®¢¨¥¬ ¯®«®âë

X00
f +Xαα

f +Xββ
f = 1. (2)

� àï¤ã á £ ¬¨«ìâ®¨ ®¬ Ne-í«¥ªâà® ï á¨áâ¥¬ 
å à ªâ¥à¨§ã¥âáï ¯®«ë¬ á¯¨®¬ S, ¢¥«¨ç¨  ª®â®à®-
£® ¬®¦¥â ¯à¨¨¬ âì § ç¥¨ï

S = Smax, Smax − 1, . . . , Smin, Smax = Ne/2, (3)

£¤¥ Smin = 0 ¨«¨ 1/2. �®áª®«ìªã £ ¬¨«ìâ®¨ 

(1) ª®¬¬ãâ¨àã¥â á® ¢á¥¬¨ ª®¬¯®¥â ¬¨ ®¯¥à â®à 

¯®«®£® á¯¨  á¨áâ¥¬ë S = (S+, S−, Sz), áâàãª-
âãà  á®¡áâ¢¥ëå Ne-í«¥ªâà®ëå äãªæ¨© |ΨS〉 ¨
á®¡áâ¢¥ë¥ § ç¥¨ï E(S) ãà ¢¥¨ï �à¨¤¥£¥à 

h∞|ΨS〉 = E(S)|ΨS〉 § ¢¨áïâ ®â S.
�á¥ á¢®©áâ¢  á¨áâ¥¬ë á £ ¬¨«ìâ®¨ ®¬ h∞ ¢ â¥à-

¬®¤¨ ¬¨ç¥áª®¬ ¯à¥¤¥«¥ (N → ∞, Ne → ∞ ¯à¨

å®à®è® ®¯à¥¤¥«¥®¬ § ç¥¨¨ n = Ne/N) § ¢¨áïâ
â®«ìª® ®â â®¯®«®£¨¨ à¥è¥âª¨ (¥¥ à §¬¥à®áâ¨ D,
ç¨á«  ¡.á. z), ª®æ¥âà æ¨¨ í«¥ªâà®®¢ n ¨ ¢¥«¨ç¨ë
¯®«®£® á¯¨  S.
�®§¨ª ¥â ¢®¯à®á: ª ª®¬ã § ç¥¨î S ¨§  ¡®à  (3)

á®®â¢¥âáâ¢ã¥â ®á®¢®¥ á®áâ®ï¨¥ á¨áâ¥¬ë (£«®¡ «ì-
ë© ¬¨¨¬ã¬ E(S)) ¢ § ¢¨á¨¬®áâ¨ ®â ª®æ¥âà æ¨¨
í«¥ªâà®®¢ n ¯à¨ § ¤ ®© £¥®¬¥âà¨¨ à¥è¥âª¨?
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�à¥¤¢ à¨â¥«ì® ®â¬¥â¨¬ ¤¢  ¢ ¦ëå ä ªâ . �®-
¯¥à¢ëå, ¤«ï £ ¬¨«ìâ®¨ ®¢ ¬®¤¥«¨ � ¡¡ à¤  HU ¨

H∞ ¨¬¥¥âáï â®ç®¥ à¥è¥¨¥ ¤«ï «î¡®© à §¬¥à®áâ¨

¨ â®¯®«®£¨© à¥è¥âª¨ ¨ ¯à¨ «î¡®¬ ¤®¯ãáâ¨¬®¬ ç¨á«¥

í«¥ªâà®®¢ Ne — íâ®  áëé¥®¥ ä¥àà®¬ £¨â®¥

á®áâ®ï¨¥ (FM) á S = Smax = Ne/2 (¨¤¥ «ìë© £ §

ä¥à¬¨®®¢ á ®¤¨¬  ¯à ¢«¥¨¥¬ ¯à®¥ªæ¨¨ á¯¨®¢).
�®-¢â®àëå, ¤«ï ®¤®¬¥à®© § ¬ªãâ®© æ¥¯®çª¨, ª ª
¡ë«® ¯®ª § ® �¨¡®¬ ¨ �ã [7], ¢ â¥à¬®¤¨ ¬¨ç¥áª®¬
¯à¥¤¥«¥ ®á®¢ë¬ ï¢«ï¥âáï á¨£«¥â®¥ á®áâ®ï¨¥

(S = 0).
�áâ®à¨ï ¨áá«¥¤®¢ ¨© ¯à®¡«¥¬ë ®á®¢®£® á®áâ®ï-

¨ï (��) ¢ ¬®¤¥«¨ � ¡¡ à¤  ¯à¨ U = ∞  ç¨ ¥âáï

á à ¡®âë � £ ®ª  [8], ª®â®àë© ¤®ª § « á«¥¤ãîéãî

â¥®à¥¬ã:    «ìâ¥à âëå à¥è¥âª å ¯à¨  «¨ç¨¨

®¤®© ¤ëàª¨ (Ne = N − 1) ®á®¢ë¬ ï¢«ï¥âáï FM-
á®áâ®ï¨¥ á S = Smax (¯®§¤¥¥ �ìï [9] ¤®ª § «
íâã â¥®à¥¬ã ¡®«¥¥ ¯à®áâë¬ á¯®á®¡®¬). �  áâ®ïé¥¬ã

¢à¥¬¥¨ ¥â áâà®£®© â¥®à¥¬ë ®â®á¨â¥«ì® ¤¢ãå (¨
¡®«¥¥) ¤ëà®ª. �®£®ç¨á«¥ë¥ ¨áá«¥¤®¢ ¨ï ¯à¨¢¥-
«¨ ª ¯à®â¨¢®à¥ç¨¢ë¬ ¯à®£®§ ¬ ®â®á¨â¥«ì® áâàãª-
âãàë ��.
� ®¤®© áâ®à®ë, ¯à¨¢®¤¨âáï  à£ã¬¥â æ¨ï ¢ ¯®«ì-

§ã â®£®, çâ® ã¦¥ ¯à¨ ¤¢ãå ¤ëàª å FM-á®áâ®ï¨¥ ¥
ï¢«ï¥âáï ®á®¢ë¬ [10–14],   ç¨á«¥ë¥ à áç¥âë  

¬ «ëå ª« áâ¥à å ¯®ª §ë¢ îâ ¢ æ¥«®¬ ãáâ®©ç¨¢ãî

â¥¤¥æ¨î ª ¨§ª®á¯¨®¢®¬ã �� [15–18].
� ¤àã£®© áâ®à®ë, ãâ¢¥à¦¤ ¥âáï, çâ® FM-á®áâ®ï-

¨¥ áâ ¡¨«ì® ¢ ¤®áâ â®ç® è¨à®ª®© ®¡« áâ¨ ¤ë-
à®çëå ª®æ¥âà æ¨© δ = N0/N < δcr [3,18–20]
(ªà¨â¨ç¥áª ï ª®æ¥âà æ¨ï ¤ëà®ª δcr ' 1/3 ¤«ï

¯àï¬®ã£®«ì®© ¯«®â®áâ¨ á®áâ®ï¨© [3]).
� ä¨§¨ç¥áª®© â®çª¨ §à¥¨ï ®ç¥¢¨¤®, çâ® ¢ £ §®¢®¬

¯à¥¤¥«¥ (n � 1) ¤ «ì¨© ¬ £¨âë© ¯®àï¤®ª ®âáãâ-
áâ¢ã¥â, â ª çâ® ¯®¤®§à¥¨¥   áãé¥áâ¢®¢ ¨¥ ä¥à-
à®¬ £¥â¨§¬  ®â®á¨âáï ª ¢ëá®ª®ª®æ¥âà æ¨®®©

®¡« áâ¨.
�®çª  §à¥¨ï  ¢â®à  â ª®¢ . � ª« áá¥ ¯à®áâà -

áâ¢¥® ®¤®à®¤ëå á®áâ®ï¨©  ¨¡®«¥¥ ¢¥à®ïâ®,
çâ® �� á¨áâ¥¬ë ï¢«ï¥âáï «¨¡®  áëé¥®¥ FM-á®á-
â®ï¨¥ (S = Smax), «¨¡® á¨£«¥â®¥ á®áâ®ï¨¥ (S = 0
¤«ï ç¥â®£® ç¨á«  í«¥ªâà®®¢). � FM-á®áâ®ï¨¨
ª ¦¤ ï ïç¥©ª  ¨¬¯ã«ìá®£® k-¯à®áâà áâ¢  ¢ãâà¨
�¥à¬¨-¯®¢¥àå®áâ¨ § ¯®«¥  â®«ìª® ®¤¨¬ í«¥ªâà®-
®¬; ¯® íâ®© ¯à¨ç¨¥ í¥à£¨ï �¥à¬¨ ¬ ªá¨¬ «ì 

¯à¨ § ¤ ®¬ ç¨á«¥ í«¥ªâà®®¢ Ne. � á¨£«¥â®¬

á®áâ®ï¨¨ áãé¥áâ¢ã¥â ¢®§¬®¦®áâì ¤¢®©®£® § ¯®«-
¥¨ï k-ïç¥©ª¨ í«¥ªâà® ¬¨ á ¯à®â¨¢®¯®«®¦ë¬¨

¯à®¥ªæ¨ï¬¨ á¯¨®¢. C ®¤®© áâ®à®ë, íâ® ¯à¨¢®-
¤¨â ª ¯®¨¦¥¨î å¨¬¨ç¥áª®£® ¯®â¥æ¨ « ; á ¤àã£®©
áâ®à®ë, ª®àà¥«ïæ¨¨ ¬¥¦¤ã í«¥ªâà® ¬¨ á  â¨¯ -
à ««¥«ìë¬¨ á¯¨ ¬¨ ¯à¨¢®¤ïâ ª ¨å íää¥ªâ¨¢®¬ã

®ââ «ª¨¢ ¨î ¨ ¯®¢ëè¥¨î í¥à£¨¨ á¨áâ¥¬ë. �®-
ªãà¥æ¨ï íâ¨å ä ªâ®à®¢ ¢ à¥§ã«ìâ â¥ ¨ ®¯à¥¤¥«ï¥â

í¥à£¨î á¨£«¥â®£® á®áâ®ï¨ï.
�¥«ì ¤ ®© à ¡®âë — ¢ëç¨á«¨âì í¥à£¨î á¨-

£«¥â®£® á®áâ®ï¨ï á¨áâ¥¬ë ¢ ¬®¤¥«¨ á U = ∞ ¨

áà ¢¨âì ¥¥ á â®ç®© í¥à£¨¥© FM-á®áâ®ï¨ï, çâ®
¯®§¢®«¨â á¤¥« âì ¢ë¢®¤ ®¡ �� á¨áâ¥¬ë.�á¯®«ì§ã¥âáï
¬¥â®¤ äãªæ¨© �à¨ , ª®â®àë© á®¤¥à¦¨â «¨èì ®¡-
é¨¥ âà¥¡®¢ ¨ï ª áà¥¤¨¬ ¯® ¢®«®¢®© äãªæ¨¨ á¨-
£«¥â®£® á®áâ®ï¨ï. � ¤ «ì¥©è¥¬ ¯®¤ á¨£«¥âë¬

á®áâ®ï¨¥¬ ¡ã¤¥¬ ¯®¤à §ã¬¥¢ âì ¥¬ £¨â®¥ á®áâ®-
ï¨¥, ¨«¨ ¯®   «®£¨¨ á ®¡ëçë¬¨ ä¥à¬¨-á¨áâ¥¬ ¬¨
®à¬ «ì®¥ (N) á¨«ì® ª®àà¥«¨à®¢ ®¥ á®áâ®ï¨¥.
�®áª®«ìªã ¯à¨ ¨§ª¨å í«¥ªâà®ëå ª®æ¥âà æ¨-

ïå �� § ¢¥¤®¬® ¥ ®¡« ¤ ¥â ¤ «ì¨¬ ¬ £¨âë¬

¯®àï¤ª®¬, ãáâ®©ç¨¢®áâì N-á®áâ®ï¨ï ¯à¨ ¯®¢ëè¥¨¨
ª®æ¥âà æ¨¨ í«¥ªâà®®¢ ¬®¦¥â ¡ëâì ¨áá«¥¤®¢  

¯ãâ¥¬ à áç¥â  ¬ £¨â®© ¢®á¯à¨¨¬ç¨¢®áâ¨ (¯®¯¥à¥ç-
®© ¨«¨ ¯à®¤®«ì®©) ª ª äãªæ¨¨ ç áâ®âë ω ¨ ¢®«®-
¢®£® ¢¥ªâ®à  q. � áå®¤¨¬®áâì áâ â¨ç¥áª®© ¢®á¯à¨¨¬-
ç¨¢®áâ¨ (ω = 0) ¯à¨ q → 0, ¥á«¨ ®  ¨¬¥¥â ¬¥áâ®

¯à¨ ¥ª®â®à®© ª®æ¥âà æ¨¨ nc, á¢¨¤¥â¥«ìáâ¢ã¥â ®
¥ãáâ®©ç¨¢®áâ¨ N-á®áâ®ï¨ï ¨ ¢®§¨ª®¢¥¨¨ ä¥àà®-
¬ £¥â¨§¬  ¯à¨ n > nc.

1. �à ¢¥¨¥ ¤¢¨¦¥¨ï

�¢¥¤¥¬ äãàì¥-®¡à §æë ä¥à¬¨¯®¤®¡ëå (Xkσ) ¨ ¡®-
§¥¯®¤®¡ëå (Xσσ′(q)) å ¡¡ à¤®¢áª¨å ®¯¥à â®à®¢

Xkσ = N−1/2
∑

f

eikfX0σ
f ,

Xσσ′(q) = N−1/2
∑

f

eiqfXσσ′

f ,
(4)

£¤¥ ¢¥ªâ®àë k ¨ q ¯à¨ ¤«¥¦ â ¯¥à¢®© §®¥ �à¨««î-
í . � ¨¬¯ã«ìá®¬ ¯à¥¤áâ ¢«¥¨¨ £ ¬¨«ìâ®¨  (1)
¨ ®¯¥à â®à ç¨á«  í«¥ªâà®®¢ ¯à¨¨¬ îâ ¢¨¤

h∞ =
∑
kσ

ωkX
+
kσXkσ, N̂e =

∑
kσ

X+
kσXkσ, (5)

£¤¥ ωk — ¡¥§à §¬¥àë© § ª® ¤¨á¯¥àá¨¨ í«¥ªâà®®¢

¢ ¯à¨¡«¨¦¥¨¨ ¡.á.

ωk =
∑
∆

τ(∆)eik(∆) = −γk. (6)

�¥è ïï ¯à®áâ®â  £ ¬¨«ìâ®¨   (5) ¨««î§®à-
 . �á¯®«ì§ãï ¯¥à¥áâ ®¢®çë¥ á®®â®è¥¨ï ¤«ï X-
®¯¥à â®à®¢, ¯®«ãç ¥¬ ¥«¨¥©ë¥ ãà ¢¥¨ï ¤¢¨¦¥-
¨ï (~ = 1)

iẊkσ = [Xkσ, h∞] = cσωkXkσ +Rkσ, (7)

Rkσ=N−1/2
∑

f

eikf
∑
∆

τ(∆)
(
X σ̄σ

f X0σ̄
f+∆−νf σ̄X

0σ
f+∆

)
= N−1/2

∑
p

ωp

(
X σ̄σ(k− p)Xpσ̄−νσ̄(k− p)Xpσ

)
,

σ̄ = −σ. (8)
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�à®¡«¥¬  ®á®¢®£® á®áâ®ï¨ï ¢ ¬®¤¥«¨ � ¡¡ à¤  ¯à¨ U =∞ 195

�¤¥áì cσ = 1−nσ̄ ¨ ¢¢¥¤¥ ä«ãªâã æ¨®ë© ®¯¥à â®à

νf σ̄ = X σ̄σ̄
f −

〈
X σ̄σ̄

f

〉
= X σ̄σ̄

f − nσ̄. (9)

�¥«¨¥©®áâì ãà ¢¥¨© ¤¢¨¦¥¨ï á¢ï§   á  «¨ç¨-
¥¬ ª¨¥¬ â¨ç¥áª¨å ª®àà¥«ïæ¨© í«¥ªâà®®¢ á ¯à®â¨-
¢®¯®«®¦ë¬¨ ¯à®¥ªæ¨ï¬¨ á¯¨®¢; ®¨ ®¡ãá«®¢«¥ë

 «£¥¡à®© X-®¯¥à â®à®¢ ¨ ï¢«ïîâáï ¯àï¬ë¬ á«¥¤-
áâ¢¨¥¬ íää¥ªâ  ¨áª«îç¥®£® ®¡ê¥¬  — § ¯à¥â   

¤¢®©®¥ § ¯®«¥¨¥ ã§« .
� FM-á®áâ®ï¨¨ ¨¬¥¥¬ í«¥ªâà®ë â®«ìª® á ®¤¨¬

 ¯à ¢«¥¨¥¬ ¯à®¥ªæ¨¨ á¯¨ ,  ¯à¨¬¥à σ = α, â®£¤ 

iẊkα = ωkXkα. (10)

2. �ãªæ¨¨ �à¨ . �¡é¨¥ á¢®©áâ¢ 

�¡é ï áå¥¬  à áç¥â  ¡ §¨àã¥âáï   ¬¥â®¤¥ ¤¢ãå-
¢à¥¬¥ë́å â¥¬¯¥à âãàëå äãªæ¨© �à¨ , ¨§«®¦¥-
®¬ ¢ à ¡®â å �®£®«î¡®¢  [21], �ï¡«¨ª®¢  [22] ¨ ¤à.
�¢¥¤¥¬ ¤¢ãå¢à¥¬¥ãî § ¯ §¤ë¢ îéãî (r)  â¨ª®¬-
¬ãâ â®àãî äãªæ¨î �à¨ 

G
(r)
kσ (τ) = −iθ(τ)

〈{
Xkσ(t1),X+

kσ(t2)
}〉

, τ = t1 − t2,

(11)
¨ ¥¥ äãàì¥-®¡à §

〈〈
Xkσ|X

+
kσ

〉〉
E
≡ G(r)

kσ (E) =

+∞∫
−∞

dτ eiEτG
(r)
kσ (τ), (12)

£¤¥ E — á¯¥ªâà «ì ï ¯¥à¥¬¥ ï, θ(τ) — áâã¯¥-
ç â ï äãªæ¨ï (á¨¬¢®« r ¢ ¤ «ì¥©è¥¬ ¡ã¤¥¬ ®¯ãá-
ª âì).
�ãªæ¨î �à¨  ã¤®¡® § ¯¨á âì ¢ ¢¨¤¥

Gkσ(E) = cσFkσ(E), (13)

¢ë¤¥«¨¢ ®¤®¢à¥¬¥®©  â¨ª®¬¬ãâ â®à

〈{Xkσ,X
+
kσ}〉 = 1 − nσ̄ ≡ cσ. �¢¥¤¥¬ á¯¥ªâà «ìãî

¨â¥á¨¢®áâì

Nkσ(E) = −
1

π
ImFkσ(E + i0), (14)

ç¥à¥§ ª®â®àãî   ®á®¢ ¨¨ á¯¥ªâà «ì®£® ¯à¥¤-
áâ ¢«¥¨ï â¨¯  �¥¬  –�¥««¥   å®¤ïâáï áà¥¤¨¥
(§¤¥áì ¨ ¤ «¥¥ à áá¬ âà¨¢ ¥âáï á«ãç © T = 0)

nkσ ≡
〈
X+

kσXkσ

〉
= cσ

µ∫
−∞

Nkσ(E) dE. (15)

�¯¥ªâà «ì ï ¨â¥á¨¢®áâì ï¢«ï¥âáï ¢¥é¥áâ¢¥®©

¯®«®¦¨â¥«ì® ®¯à¥¤¥«¥®© äãªæ¨¥© ¨ ¤®«¦  ¯®¤-
ç¨ïâìáï ¯à ¢¨«ã áã¬¬

+∞∫
−∞

Nkσ(E) dE = 1. (16)

�¨¬¨ç¥áª¨© ¯®â¥æ¨ « µ  å®¤¨âáï ¨§ ãà ¢¥¨ï

n =
1

N

∑
kσ

nkσ =
1

N

∑
kσ

cσ

µ∫
−∞

Nkσ(E) dE, (17)

£¤¥ n — § ¤  ï ª®æ¥âà æ¨ï í«¥ªâà®®¢. �®á«¥
á ¬®á®£« á®¢ ®£® ¢ëç¨á«¥¨ï å¨¬¨ç¥áª®£® ¯®â¥-
æ¨ «  µ = µ(n) ä®à¬ã«  (15) ®¯à¥¤¥«ï¥â ®¤®ç áâ¨ç-
ãî äãªæ¨î à á¯à¥¤¥«¥¨ï nkσ . �¥à£¨ï á¨áâ¥¬ë

(  ã§¥« à¥è¥âª¨) à ¢ 

ε=〈k∞〉/N=
1

N

∑
k

ωknkσ=
1

N

∑
k

ωkcσ

µ∫
−∞

Nkσ(E)dE.

(18)
�á¥ ¢ëç¨á«¥¨ï ¡ã¤ãâ ¯à®¢®¤¨âìáï ¢ â¥à¬®¤¨ ¬¨-

ç¥áª®¬ ¯à¥¤¥«¥, ¨ ¯®íâ®¬ã á¨áâ¥¬ â¨ç¥áª¨ ¨á¯®«ì§ã-
¥âáï ¯à¨¥¬ § ¬¥ë áã¬¬ë ¨â¥£à «®¬

1

N

∑
k

F (ωk) =

+1∫
−1

D(ω)F (ω)dω,

+1∫
−1

D(ω)dω = 1,

(19)
£¤¥ D(ω) — ¯«®â®áâì á®áâ®ï¨©, á®®â¢¥âáâ¢ãîé ï
§ ª®ã ¤¨á¯¥àá¨¨ ωk (¤«ï  «ìâ¥à âëå à¥è¥â®ª

D(ω) = D(−ω), −1 6 ωk 6 1).
�«ï FM-á®áâ®ï¨ï ¨¬¥¥¬ â®ç®¥ à¥è¥¨¥

Gkα(E) = (E−ωk)−1, −
1

π
ImGkα(E+i0) = δ(E−ωk),

¨§ ª®â®à®£® ¯®á«¥ ¨á¯®«ì§®¢ ¨ï á¯¥ªâà «ìëå á®®â-
®è¥¨© á«¥¤ã¥â

n =

ωFM∫
−1

D(ω)dω ≡ g(ωFM),

εFM =

ωFM∫
−1

ωD(ω)dω ≡ v(ωFM).

(20)

�¤¥áì ωFM(n) — í¥à£¨ï �¥à¬¨ ¢  áëé¥®¬ ä¥à-
à®¬ £¨â®¬ á®áâ®ï¨¨, εFM — í¥à£¨ï á¨áâ¥¬ë ( 
ã§¥« à¥è¥âª¨). �áª«îç ï ¢¥àå¨© ¯à¥¤¥« ¢ íâ¨å

¨â¥£à « å, ¬®¦®  ©â¨ ï¢ãî ª®æ¥âà æ¨®ãî

§ ¢¨á¨¬®áâì εFM(n).

3. �¤®ç áâ¨ç®¥ ¯à¨¡«¨¦¥¨¥

�¤®ç áâ¨ç®¥ ¯à¨¡«¨¦¥¨¥ á®®â¢¥âáâ¢ã¥â â®¬ã

¨«¨ ¨®¬ã á¯®á®¡ã «¨¥ à¨§ æ¨¨ ãà ¢¥¨ï (7). �à®-
áâ¥©è¨¬ ¨§ ¨å ï¢«ï¥âáï ¯à¨¡«¨¦¥¨¥ ”� ¡¡ à¤-I”
(  «®£ à áæ¥¯«¥¨ï �ï¡«¨ª®¢  [22]   à §ëå ã§-
« å), ª®â®à®¥ ã¦¥ ãçâ¥® ¢ «¨¥©®¬ ç«¥¥ íâ®£®

ãà ¢¥¨ï §  áç¥â ¢¢¥¤¥¥¨ï ä«ãªâã æ¨®®£® ®¯¥-
à â®à  (9). �®§¬®¦  â ª¦¥ ¤ «ì¥©è ï «¨¥ à¨-
§ æ¨ï ®¯¥à â®à  Rkσ, á®®â¢¥âáâ¢ãîé ï ®¡®¡é¥®¬ã
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�¨á. 1. �®æ¥âà æ¨® ï § ¢¨á¨¬®áâì å¨¬¨ç¥áª®£®

¯®â¥æ¨ «  (í¥à£¨¨ �¥à¬¨) ¢  áëé¥®¬ ä¥àà®¬ £¨â-
®¬ á®áâ®ï¨¨ ωFM(n) (1 ) ¨ íää¥ªâ¨¢®£® å¨¬¨ç¥áª®£®

¯®â¥æ¨ «  m(n) (2 ) ¢ ®à¬ «ì®¬ á®áâ®ï¨¨ ¤«ï í««¨-
¯â¨ç¥áª®© ¯«®â®áâ¨ á®áâ®ï¨©.

¯à¨¡«¨¦¥¨î � àâà¨–�®ª  (����). �  ®á®¢  

  ¢¢¥¤¥¨¨ ¥¯à¨¢®¤¨¬®£® ®¯¥à â®à  R̃kσ [22–26]

R̃kσ = Rkσ−
〈{Rkσ,X

+
kσ}〉

〈{Xkσ,X
+
kσ}〉

Xkσ ≡ Rkσ−
akσ

cσ
Xkσ, (21)

®¡« ¤ îé¥£® á¢®©áâ¢®¬ ”®àâ®£® «ì®áâ¨”:
〈{R̃kσ,X

+
kσ}〉 = 0. � ãç¥â®¬ (21) ãà ¢¥¨¥ ¤¢¨¦¥¨ï

(7) ¯à¨¨¬ ¥â ¢¨¤

iẊkσ = ΩkσXkσ + R̃kσ,

Ωkσ = cσωk +
akσ

cσ
≡ Aσ +Bσωk,

Aσ =
|εσ̄|

cσ
, Bσ = cσ +

κσ̄
cσ
. (22)

�¯¥ªâà ¢ ���� Ωkσ á®¤¥à¦¨â á¤¢¨£ á¯¨®¢®© ¯®¤-
§®ë Aσ, £¤¥ εσ̄ — í¥à£¨ï ¯®¤á¨áâ¥¬ë í«¥ªâà®®¢ á

¯à®¥ªæ¨¥© á¯¨  σ̄, ¨ ¤®¯®«¨â¥«ìãî (¯® áà ¢¥¨î
á ¯à¨¡«¨¦¥¨¥¬ � ¡¡ à¤-I) ¬®¤¨ä¨ª æ¨î ¤¨á¯¥àá¨¨

Bσ, £¤¥

κσ =
1

N

∑
f

〈
X σ̄σ

f Xσσ̄
f+∆ + νf σ̄νf+∆,σ̄

〉
(23)

— ª®àà¥«ïæ¨® ï äãªæ¨ï ¢ ¯¥à¢®© ª®®à¤¨ æ¨®-
®© áä¥à¥ (¤«ï ¡.á.).
� ���� ¯à¥¥¡à¥£ îâ ¥¯à¨¢®¤¨¬ë¬ ®¯¥à â®à®¬

R̃kσ, â®£¤ 

G
(RPA)
kσ (E) ≡ G

(1)
kσ (E) = cσ/(E − Ωkσ). (24)

� ª¨¬ ®¡à §®¬ ¢ «î¡®¬ ®¤®ç áâ¨ç®¬ ¯à¨¡«¨¦¥¨¨

(á¨¬¢®« (1)) äãªæ¨ï �à¨  ¨¬¥¥â ¯à®áâ®© ¯®«îá, ¨
¯®íâ®¬ã äãªæ¨ï à á¯à¥¤¥«¥¨ï ¯à¨ T = 0 ï¢«ï¥âáï
áâã¯¥ìª®©.
� áá¬®âà¨¬ ®à¬ «ì®¥ á®áâ®ï¨¥ ¢ ���� (¢á¥ å -

à ªâ¥à¨áâ¨ª¨ á¨áâ¥¬ë ¥ § ¢¨áïâ ®â ¯à®¥ªæ¨¨ á¯¨ :

nα = nβ = n/2, cα = cβ = c = 1 − n/2 ¨ â.¤.) á
í«¥ªâà®ë¬ á¯¥ªâà®¬ Ωk = A(n)+B(n)ωk. �ãªæ¨ï
à á¯à¥¤¥«¥¨ï ¨¬¥¥â ¢¨¤

nk = c

µ∫
−∞

δ
[
E − (A+Bωk)

]
dE = cθ(m− ωk) ≡ cfk,

(25)
£¤¥ m = (µ−A)/B. �¥à¥®à¬¨à®¢ ë© å¨¬¨ç¥áª¨©
¯®â¥æ¨ « m ¨ í¥à£¨ï á¨áâ¥¬ë ¢ N -á®áâ®ï¨¨ ¢ ®¤-

®ç áâ¨ç®¬ ¯à¨¡«¨¦¥¨¨ ε
(1)
0 (n) ¢ëà ¦ îâáï ç¥à¥§

à ¥¥ ¢¢¥¤¥ë¥ äãªæ¨¨ g ¨ v (á¬. (20))

n/(2− n) = g(m), ε
(1)
0 (n)/(2− n) = v(m). (26)

� ¦® ®â¬¥â¨âì, çâ® ¤¥â «¨ á¯¥ªâà  (ª®íää¨æ¨¥âë
A ¨ B) ¥ ¢å®¤ïâ ¢ ®ª®ç â¥«ìãî ª®æ¥âà æ¨®ãî

§ ¢¨á¨¬®áâì ε
(1)
0 (n), â ª ª ª ¢¥àå¨© ¯à¥¤¥« ¢ ®¡®¨å

¨â¥£à « å ¨áª«îç ¥âáï (  «®£¨ç ï á¨âã æ¨ï ¨¬¥-
¥â ¬¥áâ® ¨ ¤«ï á®®â®è¥¨© (20) ¢ FM-á«ãç ¥).

�®¯®áâ ¢«¥¨¥ á®®â®è¥¨© (20) ¨ (26) ¯®ª §ë¢ ¥â,
çâ® ¯à¨ «î¡®© ¯«®â®áâ¨ á®áâ®ï¨© ¨ ¤«ï ¯à®¨§¢®«ì-
®© ª®æ¥âà æ¨¨ í«¥ªâà®®¢ n í¥à£¨ï ®à¬ «ì®£®
á®áâ®ï¨ï, ¢ëç¨á«¥ ï ¢ ®¤®ç áâ¨ç®¬ ¯à¨¡«¨-
¦¥¨¨, ¨¦¥ í¥à£¨¨  áëé¥®£® ä¥àà®¬ £¨â®£®
á®áâ®ï¨ï

ε
(1)
0 (n) 6 εFM(n) (27)

(§ ª à ¢¥áâ¢  ¨¬¥¥â ¬¥áâ® â®«ìª® ¯à¨ n = 0 ¨ 1,
ª®£¤  ®¡¥ í¥à£¨¨ ®¡à é îâáï ¢ ã«ì). � ª ç¥áâ¢¥

¨««îáâà æ¨¨   à¨á. 1 ¨ 2 ¯®ª § ë § ¢¨á¨¬®áâ¨

ωFM(n), m(n) ¨ í¥à£¨¨ εFM(n), ε
(1)
0 (n) ¤«ï í««¨¯â¨-

ç¥áª®© ¯«®â®áâ¨ á®áâ®ï¨©. �¥à ¢¥áâ¢® (27) ®âà -
¦ ¥â «¨èì ¯¥à¢ë© ¨§ ãª § ëå à ¥¥ ä ªâ®à®¢ —
í¥à£¥â¨ç¥áªãî ¢ë£®¤®áâì ®à¬ «ì®£® á®áâ®ï¨ï

§  áç¥â ¯®¨¦¥¨ï å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  á¨áâ¥¬ë.
�ç¥âã ª®àà¥«ïæ¨© ¯®á¢ïé¥ë à §¤¥«ë 5–7.

�¨á. 2. �®æ¥âà æ¨® ï § ¢¨á¨¬®áâì í¥à£¨¨ á¨áâ¥¬ë
(  ã§¥« à¥è¥âª¨) ¤«ï í««¨¯â¨ç¥áª®© ¯«®â®áâ¨ á®áâ®-
ï¨©. 1 — εFM(n) ¢  áëé¥®¬ FM-á®áâ®ï¨¨ (â®ç®¥

à¥è¥¨¥), 2 — ε
(1)
0 (n) ¢ ®à¬ «ì®¬ á®áâ®ï¨¨ (®¤®ç -

áâ¨ç®¥ ¯à¨¡«¨¦¥¨¥), 3 — ε0(n) ¢ ®à¬ «ì®¬ á®áâ®ï¨¨
á ãç¥â®¬ ª¨¥¬ â¨ç¥áª¨å ª®àà¥«ïæ¨© (á¬. à §¤¥« 6).
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4. �à¨¡«¨¦¥¨¥ á«ãç ©ëå ä §

�¨ ¬¨ç¥áª ï ¬ £¨â ï ¢®á¯à¨¨¬ç¨¢®áâì á¨áâ¥-
¬ë ¯® ®â®è¥¨î ª ¢¥è¥¬ã ¬ «®¬ã ¬ £¨â®¬ã

¯®«î á ¢®«®¢ë¬ ¢¥ªâ®à®¬ q ¨ ç áâ®â®© ω, á®£« á®
â¥®à¨¨ «¨¥©®© à¥ ªæ¨¨ [22], ¢ëà ¦ ¥âáï ç¥à¥§

äãàì¥-®¡à § § ¯ §¤ë¢ îé¥© ª®¬¬ãâ â®à®© äãª-
æ¨¨ �à¨ 

χij(q, ω) = −
〈〈
Si(q)|Sj(−q)

〉〉
ω+i0

, (28)

£¤¥ i, j — ¯à®¥ªæ¨ï á¯¨®¢ëå ®¯¥à â®à®¢ (+,−, z).
�®¯¥à¥ç ï äãªæ¨ï �à¨  áâà®¨âáï   ®¯¥à â®-

à å S+(q) ¨ S−(−q), ª®â®àë¥ ¤«ï ¬®¤¥«¨ � ¡¡ à¤ 
¯à¨ U =∞ ¨¬¥îâ ¢¨¤

S+(q) =
1
√
N

∑
f

eiqfXαβ
f =

1
√
N

∑
p

X+
pαXp+qβ,

S−(−q) =
(
S+(q)

)+

. (29)

�  ®á®¢ ¨¨ (7) ¨¬¥¥¬ â®ç®¥ ãà ¢¥¨¥ (~ = 1)

i
d

dt

(
X+

pαXp+qβ

)
=
(
cβωp+q − cαωp

)
X+

pαXp+qβ

+
(
X+

pαRp+qβ −R
+
pαXp+qβ

)
, (30)

£¤¥

Rp+qβ =
1
√
N

∑
k

ωk

(
XkαS

+(p + q− k)

−Xkβνα(p + q− k)
)
, (31)

R+
pα =

1
√
N

∑
k

ωk

(
S+(k− p)X+

kβ − νβ(k− p)X+
kα

)
.

(32)
�á¯®«ì§ãï (30), ¯®«ãç ¥¬ ãà ¢¥¨¥ ¤«ï § ¯ §¤ë-

¢ îé¥© ª®¬¬ãâ â®à®© äãªæ¨¨ �à¨  ¢ ¢¨¤¥

(ω− Ωpq)
〈〈
X+

pαXp+qβ|S
−(−q)

〉〉
ω
=

1
√
N

(npα− np+qβ)

−
〈〈
R+

pαXp+qβ −X
+
pαRp+qβ|S

−(−q)
〉〉
ω
,

(33)
£¤¥ Ωpq = cβωp+q − cαωp.
�§¢¥áâ®, çâ® ¯à¨¡«¨¦¥¨¥ á«ãç ©ëå ä § (���)

á®®â¢¥âáâ¢ã¥â «¨¥ à¨§ æ¨¨ ãà ¢¥¨© ¯® ®â®è¥-
¨î ª ¨áå®¤®© ®¯¥à â®à®© áâàãªâãà¥ ¨ ®áãé¥-
áâ¢«ï¥âáï ¯ãâ¥¬ á¯ à¨¢ ¨ï ”¢¥è¨å” ®¯¥à â®à®¢

(Xp+qβ ¨ X
+
pα). � ��� ¨¬¥¥¬

R+
pαXp+qβ →

1
√
N

∑
k

ωk S
+(k− p)〈X+

kβXp+qβ〉

=
1
√
N
np+qβ ωp+q S

+(q),

X+
pαRp+qβ →

1
√
N

∑
k

ωk〈X
+
pαXkα〉S

+(p + q− k)

=
1
√
N
npα ωp S

+(q).

(34)
� à¥§ã«ìâ â¥ ãà ¢¥¨¥ (33) ¢ ��� ¯à¨¨¬ ¥â ¢¨¤

(ω − Ωpq)
〈〈
X+

pαXp+qβ|S
−(−q)

〉〉
ω

=
1
√
N

(
(npα − np+qβ)− Jpq

〈〈
S+(q)|S−(−q)

〉〉
ω

)
,

Jpq = np+qβ ωp+q − npα ωp. (35)

�â ¤ àâë¬ á¯®á®¡®¬ ¨§ (35)  å®¤¨¬

〈〈S+(q)|S−(−q)〉〉ω ¨ ¤ «¥¥ ¢ á®®â¢¥âáâ¢¨¨ á (28)
®¯à¥¤¥«ï¥¬ ¯®¯¥à¥çãî ¢®á¯à¨¨¬ç¨¢®áâì

χ+−(q, ω) =
χ+−

0 (q, ω)

1 + J(q, ω)
, (36)

χ+−
0 (q, ω) =

1

N

∑
p

np+qβ − npα

ω − Ωpq
,

J(q, ω) =
1

N

∑
p

Jpq

ω − Ωpq
. (37)

�à®¤®«ì ï ¢®á¯à¨¨¬ç¨¢®áâì χzz(q, ω) ¢ëç¨á«ï¥âáï
  «®£¨ç®.
� áá¬®âà¨¬ N -á®áâ®ï¨¥ ¨ ¨áá«¥¤ã¥¬ ¥£® ãáâ®©-

ç¨¢®áâì (¨«¨ ¥ãáâ®©ç¨¢®áâì) ¯® ®â®è¥¨î ª ¢®§-
¨ª®¢¥¨î ä¥àà®¬ £¥â¨§¬ .�«ï íâ®£®  ©¤¥¬ áâ -
â¨ç¥áªãî ¢®á¯à¨¨¬ç¨¢®áâì (ω = 0) ¯à¨ q → 0.
�ëç¨á«ïï ¯à¥¤¥«ë

lim
q→0

χ+−
0 (q, ω) =

1

N

∑
p

(
−
∂fp

∂ωp

)
≡ χ0(0, 0), (38)

lim
q→0

J(q, 0) = −
1

N

∑
p

(
fp + ωp

∂fp

∂ωp

)

= −
n/2

1− (n/2)
+

1

N

∑
p

(
−
∂fp

∂ωp

)
(39)

¨ ¯®¤áâ ¢«ïï ¨å ¢ (36),  å®¤¨¬

χ+−(0, 0) =
χ0(0, 0)

1− n

1− (n/2)
+

1

N

∑
p

(
−
∂fp

∂ωp

) . (40)

� ®¤®ç áâ¨ç®¬ ¯à¨¡«¨¦¥¨¨ (á¬. (25), (26))

fp = θ(m− ωp), −
∂fp

∂ωp
= δ(m− ωp),

n

2− n
= g(m)

¨ ¢®á¯à¨¨¬ç¨¢®áâì (40) ¯à¨¨¬ ¥â ¢¨¤

χ+−(0, 0) =
D(m)

1− n

1− (n/2)
+mD(m)

, (41)

£¤¥ D(m) — ¯«®â®áâì á®áâ®ï¨© ¯à¨ § ç¥¨¨ íä-
ä¥ªâ¨¢®£® å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  m.
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� «¨§ ¯®ª §ë¢ ¥â, çâ® ¢®á¯à¨¨¬ç¨¢®áâì (41) ¯®-
«îá®© ®á®¡¥®áâ¨ ¥ ¨¬¥¥â ¯à¨ «î¡ëå ¤®¯ãáâ¨¬ëå

í«¥ªâà®ëå ª®æ¥âà æ¨ïå n ¨ ¯à¨ ¢á¥å ¯«®â®áâïå
á®áâ®ï¨© D(ω), á®®â¢¥âáâ¢ãîé¨å  «ìâ¥à âë¬

à¥è¥âª ¬ (¢ª«îç ï ¯«®â®áâì á®áâ®ï¨© á «®£ à¨ä-
¬¨ç¥áª®© ®á®¡¥®áâìî). �«¥¤®¢ â¥«ì®, ®à¬ «ì®¥
(¥¬ £¨â®¥) á®áâ®ï¨¥ ï¢«ï¥âáï ãáâ®©ç¨¢ë¬ ¯® ®â-
®è¥¨î ª ¢®§¨ª®¢¥¨î ä¥àà®¬ £¨â®© ä §ë.

�â®â ¢ë¢®¤ á®£« áã¥âáï á à¥§ã«ìâ â®¬ ¯à¥¤ë¤ãé¥-
£® à §¤¥« ,   â ª¦¥ á à ¡®â®© � ¡¡ à¤  ¨ �¦¥©-
  [27], ® ¯à®â¨¢®à¥ç¨â ¢ë¢®¤ ¬ �§î¬®¢  ¨ �¥â-
äã«®¢  (á¬. [3]), ª®â®àë¥ ¯®«ãç¨«¨ ¢ëà ¦¥¨¥ ¤«ï

¢®á¯à¨¨¬ç¨¢®áâ¨, à áå®¤ïé¥¥áï ¯à¨ ¥ª®â®à®© ªà¨-
â¨ç¥áª®© ª®æ¥âà æ¨¨ í«¥ªâà®®¢ nc, çâ® á¢¨¤¥â¥«ì-
áâ¢ã¥â ® ¢®§¨ª®¢¥¨¨ ä¥àà®¬ £¥â¨§¬  ¯à¨ n > nc.
� § ¤ çã  ¢â®à  ¥ ¢å®¤¨â ªà¨â¨ç¥áª¨©   «¨§ íâ®-
£® ¬¥â®¤  ¨ ¨á¯«ì§®¢ ®£® ¢ [3] ¯à¨¡«¨¦¥¨ï. �
à ¬ª å ¬¥â®¤  ãà ¢¥¨© ¤¢¨¦¥¨ï «¨¥ à¨§ æ¨ï

(34) ®ç¥¢¨¤  ¨ ¯à¨¢®¤¨â ª «¥£ª® ¯à®á«¥¦¨¢ ¥¬®¬ã
à¥§ã«ìâ âã (36)–(41).

5. �à ¢¥¨¥ � ©á®  ¨  ¯¯à®ªá¨¬ æ¨ï

¬ áá®¢®£® ®¯¥à â®à 

�à ¢¥¨¥ � ©á®  ¤«ï à áá¬ âà¨¢ ¥¬®© ¬®¤¥«¨

¯®«ãç¥® ¢ à ¡®â¥  ¢â®à  [28]. �ãªæ¨ï �à¨  ¨¬¥¥â
¢¨¤

Gkσ(E) =
cσ

E − Ωkσ −Mkσ(E)
,

Mkσ(E) =
1

cσ

〈〈
Rkσ|R

+
kσ

〉〉con

E
. (42)

� áá®¢ë© ®¯¥à â®à Mkσ(E) ï¢«ï¥âáï á¢ï§ ®© ç -

áâìî (¥ à §à¥§ ¥¬®© ¯® «¨¨¨ G
(RPA)
kσ £à ä¨ç¥áª®£®

¯à¥¤áâ ¢«¥¨ï) ¢ëáè¥© £à¨®¢áª®© äãªæ¨¨ ¨ ãç¨-
âë¢ ¥â ¢á¥ ª®àà¥«ïæ¨¨ ¢¥ à ¬®ª íâ®£® ¯à¨¡«¨¦¥¨ï.
�à¥¤áâ ¢«¥¨¥ äãªæ¨¨ �à¨  ¢ ¢¨¤¥ (42) ï¢«ï¥âáï
ä®à¬ «ì® â®çë¬. �â¬¥â¨¬, çâ® â ª®© á¯®á®¡ ¯à¥¤-
áâ ¢«¥¨ï ¬ áá®¢®£® ®¯¥à â®à  ¥®¤®ªà â® ¨á¯®«ì-
§®¢ «áï (á¬.,  ¯à¨¬¥à, [22,26]).

�ëç¨á«¥¨¥ ¬ áá®¢®£® ®¯¥à â®à  Mkσ(E) ¯à¥¤áâ -
¢«ï¥â á®¡®© ¨áª«îç¨â¥«ì® âàã¤ãî § ¤ çã (®âáãâ-
áâ¢¨¥ ¬ «®£® ¯ à ¬¥âà ). �à¥¤« £ ¥¬ ï  ¯¯à®ªá¨-
¬ æ¨ï á®áâ®¨â ¢ à áæ¥¯«¥¨¨ ¢ëáè¥© £à¨®¢áª®©

äãªæ¨¨ ¯® á«¥¤ãîé¥© áå¥¬¥:

〈〈
Rkσ|R

+
kσ

〉〉con

E
=

1

N

∑
pp′

ωpωp′

〈〈
X σ̄σ(p− k)Xpσ̄

− νσ̄(p−k)Xpσ|X
σσ̄(k−p′)X+

p′σ̄−νσ̄(k− p′)X+
p′σ

〉〉con

E

'
1

N

∑
p

ω2
p

(〈
X σ̄σ(p− k)Xσσ̄(k− p)

〉
Gpσ̄(E)

+
〈
νσ̄(p− k)νσ̄(k− p)

〉
Gpσ(E)

)
.

(43)

� áá¬®âà¨¬ á¨£«¥â®¥ á®áâ®ï¨¥ á¨áâ¥¬ë ¯à¨

T = 0. �áà¥¤¥¨¥ ¢ (43) ¯à®¢®¤¨âáï ¯® Ne-í«¥ªâà®-
®© á¨£«¥â®© (S = 0) ¢®«®¢®© äãªæ¨¨ |Ψ0〉 = |0〉,
ª®â®à ï ®¡« ¤ ¥â á¢®©áâ¢ ¬¨

Sz|0〉 = 0, S2|0〉 = 0, N̂e|0〉 = Ne|0〉. (44)

� á¨£«¥â®¬ á®áâ®ï¨¨ £à¨®¢áª¨¥ äãªæ¨¨ ¨ ¢á¥

áà¥¤¨¥ ¥ § ¢¨áïâ ®â á¯¨®¢ëå ¯à®¥ªæ¨©

Gpσ(E) = Gpσ̄(E) = Gp(E) =
(

1− (n/2)
)
Fp(E),〈

0|Xαβ
f Xβα

m |0
〉

=
〈

0|Xβα
f Xαβ

m |0
〉
,〈

0|Xαα
f Xαα

m |0
〉

=
〈

0|Xββ
f Xββ

m |0
〉
.

�ç¨âë¢ ï íâã á¯¨®¢ãî ¨§®âà®¯®áâì, ¨§(43) ¯®«ãç -
¥¬ á«¥¤ãîé¥¥ ¢ëà ¦¥¨¥ ¤«ï ¬ áá®¢®£® ®¯¥à â®à  ¢

á¨£«¥â®¬ á®áâ®ï¨¨ á¨áâ¥¬ë:

Mk(E) '
1

N

∑
p

ω2
pL(p− k)Fp(E), (45)

£¤¥

L(q) =
∑

r

e−iqrκ(r), (46)

κ(r) =
1

N

∑
f

〈
0|sfsf+r +

1

4

(
n̂f n̂f+r − n

2
)
|0
〉
. (47)

�ãàì¥-®¡à § L(q) ®¡« ¤ ¥â á«¥¤ãîé¨¬¨ á¢®©áâ¢ -
¬¨: ¥£® áà¥¤¥¥ § ç¥¨¥ ¯® §®¥ �«¨««îí  á¢®¤¨âáï

ª ®¤®ã§¥«ì®¬ã ª®àà¥«ïâ®àã κ(0) = n
(

1 − (n/4)
)

,

  ¨§ á¢®©áâ¢ (44) á«¥¤ã¥â, çâ® ¯à¨ q = 0 § ç¥¨¥

L(0) = 0. �«ï L(q) ¨¬¥¥¬ á«¥¤ãîé¥¥ íª¢¨¢ «¥â®¥

¯à¥¤áâ¢«¥¨¥:

L(q) = 〈0|S(q)S(−q)|0〉 +
1

4
〈0|ν(q)ν(−q)|0〉, (48)

£¤¥ S(q) — ®¯¥à â®à á¯¨®¢®© ¯«®â®áâ¨, ν(q) —
®¯¥à â®à ä«ãªâã æ¨© ¯«®â®áâ¨. �¨£ãà¨àãîé¨¥ ¢

(48) áà¥¤¨¥ ¢ëç¨á«ïîâáï ç¥à¥§ á®®â¢¥âáâ¢ãîé¨¥

äãªæ¨¨ �à¨ , ¯à¨ç¥¬ ¨§-§  á¯¨®¢®© ¨§®âà®¯®áâ¨

〈0|S(q)S(−q)|0〉 =
3

2
〈0|S+(q)S−(−q)|0〉. (49)

�à¨ T = 0 ¨¬¥¥¬

〈0|S+(q)S−(− q)|0〉 =

∞∫
0

dω

(
1

π

)
× Im〈〈S+(q)|S−(−q)〉〉ω+i0 ≡ σ(q), (50)

〈0|ν(q)ν( − q)|0〉 =

∞∫
0

dω

(
−

1

π

)
× Im〈〈ν(q)|ν(−q)〉〉ω+i0 ≡ P (q). (51)
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�®¯¥à¥ç ï á¯¨®¢ ï äãªæ¨ï �à¨  ¢ëç¨á«¥  ¢

à §¤¥«¥ 4 ¢ ¯à¨¡«¨¦¥¨¨ á«ãç ©ëå ä § (á¬. (28),
(37) ¨ (38)). �®áª®«ìªã ä¥àà®¬ £¨â ï ¥ãáâ®©ç¨-
¢®áâì ®âáãâáâ¢ã¥â (¢®á¯à¨¨¬ç¨¢®áâì ®áâ ¥âáï ª®¥ç-
®© ¯à¨ «î¡ëå q ¨ ω ¨ ¯à¨ ¯à®¨§¢®«ì®© í«¥ªâà®®©
ª®æ¥âà æ¨¨), σ(q) ¢ëç¨á«¨¬ ¢ ã«¥¢®¬ ¯à¨¡«¨¦¥-
¨¨, ¨á¯®«ì§ãï ¢ëà ¦¥¨¥ ¤«ï χ+−

0 (q, ω) á äãªæ¨¥©
à á¯à¥¤¥«¥¨ï (25)

σ0(q) =

∞∫
0

dω
1

N

∑
p

(np − np+q)δ
[
ω − c(ωp+q − ωp)

]
.

(52)
�â¥£à « ®â«¨ç¥ ®â ã«ï, ¥á«¨ ωp+q − ωp > 0, çâ®
à¥ «¨§ã¥âáï ¯à¨ np+q = 0 (á®áâ®ï¨¥ á í¥à£¨¥©

ωp+q > m á¢®¡®¤®) ¨ np = c = 1 − n/2 (á®áâ®ï¨¥
á í¥à£¨¥© ωp 6 m § ïâ®), m — íää¥ªâ¨¢ë©

å¨¬¨ç¥áª¨© ¯®â¥æ¨ «, â.¥.

σ0(q) =
(

1− (n/2)
) 1

N

∑
p

θ(ωp+q−m)θ(m−ωp). (53)

�ëà ¦¥¨¥ (53) ï¢«ï¥âáï (á â®ç®áâìî ¤® ¬®¦¨-
â¥«ï)   «®£®¬ áâ â¨ç¥áª®£® ä®à¬ä ªâ®à  ¤«ï ¨¤¥-
 «ì®£® ä¥à¬¨-£ §  [29]. �¤ ª® ¢ à áá¬ âà¨¢ ¥¬®¬
á«ãç ¥ ¬®¤¥«¨ � ¡¡ à¤  ¨¬¥¥â ¬¥áâ® ¨®© å à ªâ¥à

§ ¯®«¥¨ï í«¥ªâà® ¬¨ ¨¬¯ã«ìá®£® ¯à®áâà áâ¢ ,
  â ª¦¥ ¢®§¨ª îâ íää¥ªâë, á¢ï§ ë¥ á £à ¨æ ¬¨
§®ë �à¨««îí . � ãà ¢¥¨¨ (26) n/(2− n) = g(m)
¤«ï íää¥ªâ¨¢®£® å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  m äãª-
æ¨ï g(m) ¨¬¥¥â ¯à®áâ®© £¥®¬¥âà¨ç¥áª¨© á¬ëá«: íâ®
¤®«ï ®¡ê¥¬  §®ë �à¨««îí  ¢ãâà¨ ¨§®í¥à£¥â¨ç¥-
áª®© ¯®¢¥àå®áâ¨ ω = m. � áá¬®âà¨¬ ç áâë¥ á«ãç ¨
  ¯à¨¬¥à¥ ¯à®áâ®© ªã¡¨ç¥áª®© (¨«¨ ª¢ ¤à â®©)
à¥è¥âª¨.

a) � ®ªà¥áâ®áâ¨ æ¥âà  §®ë �à¨««îí  (p = 0)
¨§®í¥à£¥â¨ç¥áª¨¥ ¯®¢¥àå®áâ¨ ωp ¯à¨¡«¨¦¥®

ï¢«ïîâáï áä¥à¨ç¥áª¨¬¨; ¢ á«ãç ¥ ¬ «®© í«¥ªâà®-
®© ª®æ¥âà æ¨¨ (n � 1) ä¥à¬¨¥¢áª ï ¯®¢¥àå®áâì
â ª¦¥ ¥áâì áä¥à  à ¤¨ãá  pF, ¯à¨ç¥¬ ¬ «®áâì n ®§ -
ç ¥â, çâ® 2pF < π/a. �¡« áâì ¤®¯ãáâ¨¬ëå § ç¥¨©

p, ¤«ï ª®â®àëå ¢ë¯®«ïîâáï ãá«®¢¨ï ωp+q > m ¨

ωp < m ¯à¨ ä¨ªá¨à®¢ ®¬ ¢¥ªâ®à¥ q, ¨§®¡à ¦ ¥âáï
”¯®«ã¬¥áïæ¥¬”   à¨á. 3,a (á¬. [29]). �£® ®¡ê¥¬

¨ ®¯à¥¤¥«ï¥â § ç¥¨¥ ¨áª®¬®© áã¬¬ë. �ç¨âë¢ ï

å à ªâ¥à § ¯®«¥¨ï,  å®¤¨¬

σ0(q) =
(

1−
n

2

) n

(2− n)
S0

(
q

2pF

)
,

S0(x) =


3

2
x−

1

2
x3, x < 1,

1, x > 1,
(54)

£¤¥ x = q/2pF. �à¥¤¥«ì®¥ § ç¥¨¥ à ¢®

[σ0(q)]max = n/2.
b) � ®ªà¥áâ®áâ¨ £à ¨ç®© â®çª¨ §®ë �à¨««îí 

Q =
π

a
(1,1,1) ¢ áå¥¬¥ à áè¨à¥ëå §® ¨§®í¥à£¥-

â¨ç¥áª¨¥ ¯®¢¥àå®áâ¨ ωp â ª¦¥ ¯à¨¡«¨¦¥® ï¢«ï-
îâáï áä¥à¨ç¥áª¨¬¨. �à¨ ¬ «®© ª®æ¥âà æ¨¨ ¤ëà®ª

�¨á. 3. �¡« áâ¨ à §à¥è¥ëå § ç¥¨© ¢¥ªâ®à  p ¢

§®¥ �à¨««îí  ª¢ ¤à â®© à¥è¥âª¨ (¤¢®© ï èâà¨å®¢-
ª ). a) ”�®«ã¬¥áïæ” ¯à¨ ¬ «®© í«¥ªâà®®© ª®æ¥âà -
æ¨¨ (§ ¯®«¥ ï ç áâì §®ë �à¨««îí  § èâà¨å®¢  ),
b) áå¥¬  à áè¨à¥ëå §® ¨ ”¯®«ã¬¥áïæ” ®â®á¨â¥«ì®

¤ëà®ç®© áä¥àë ¢ á«ãç ¥ ¬ «®© ¤ëà®ç®© ª®æ¥âà æ¨¨.

n0 � 1 (n+n0 = 1) ¨¬¥¥¬ ¤ëà®çãî áä¥àã à ¤¨ãá  p0

(2p0 < π/a) á á®®â¢¥âáâ¢ãîé¨¬ § ç¥¨¥¬ íää¥ªâ¨¢-
®£® å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  m. �®-¯à¥¦¥¬ã ¯à¨
ä¨ªá¨à®¢ ®¬ ¢¥ªâ®à¥ q ®¡« áâì ¤®¯ãáâ¨¬ëå § ç¥-
¨© p ®¯à¥¤¥«ï¥âáï ®¡ê¥¬®¬ ”¯®«ã¬¥áïæ ” (à¨á. 3,b),
¨ ®ç¥¢¨¤®, çâ® ¥£® ®¡ê¥¬ ¯à¨ q > 2p0 áâ ®¢¨âáï

à ¢ë¬ ®¡ê¥¬ã ¤ëà®ç®© áä¥àë, â.¥.

σ0(q) =
(

1− (n/2)
)(

1−
n

2− n

)
S0(q/2p0), (55)

¬ ªá¨¬ «ì®¥ § ç¥¨¥ (55) à ¢® ª®æ¥âà æ¨¨ ¤ë-
à®ª n0 = 1− n.

�¨§¨ª  â¢¥à¤®£® â¥« , 1997, â®¬ 39, ò 2



200 �.�. �ã§ì¬¨

c) �«ï ª®æ¥âà æ¨¨ n, á®®â¢¥âáâ¢ãîé¥© íää¥ª-
â¨¢®¬ã å¨¬¨ç¥áª®¬ã ¯®â¥æ¨ «ã m = 0, ä¥à¬¨¥¢-
áª ï ¯®¢¥àå®áâì ï¢«ï¥âáï ªã¡®¬ (ª¢ ¤à â®¬) á ®¡ê-
¥¬®¬, à ¢ë¬ ¯®«®¢¨¥ §®ë �à¨««îí . �á«¨ ¢¥ª-
â®à q = (q, 0, 0) ¨§¬¥ï¥âáï ¢  ¯à ¢«¥¨¨ [1,0,0], â®
£¥®¬¥âà¨ç¥áª¨© ä®à¬ä ªâ®à S0(q) ï¢«ï¥âáï «¨¥©-
®© äãªæ¨¥© q; ¬ ªá¨¬ã¬ ¤®áâ¨£ ¥âáï ¯à¨ q = π/a ¨
á®áâ ¢«ï¥â 1/2 ®â § ¯®«¥®© ç áâ¨. �á«¨ ¦¥ ¢¥ªâ®à
q ¨§¬¥ï¥âáï ¢  ¯à ¢«¥¨¨ [1,1,1], â® ¯®-¯à¥¦¥¬ã
S0(q) ï¢«ï¥âáï «¨¥©®© äãªæ¨¥© q, ¤®áâ¨£ îé¥©
¬ ªá¨¬ã¬  ¯à¨ q = Q; ¬ ªá¨¬ «ì®¥ § ç¥¨¥ à ¢®
§ ¯®«¥®© ç áâ¨ §®ë �à¨««îí .
�®¯®áâ ¢«ïï à¥§ã«ìâ âë (54), (55) ¨ ãç¨âë¢ ï á«ã-

ç © ¯à®¬¥¦ãâ®çëå ª®æ¥âà æ¨©, ¬®¦® § ¯¨á âì
¨â¥à¯®«ïæ¨®®¥ ¢ëà ¦¥¨¥ ¤«ï ¢¥àå¥© £à ¨æë

σ0(q) ª ª äãªæ¨¨ ª®æ¥âà æ¨¨ n

[σ0(q)]max
∼=
n(1− n)

2− n
. (56)

� ¦® ®â¬¥â¨âì, çâ® ¬ ªá¨¬ «ì®¥ § ç¥¨¥ σ0(q)
«¨¬¨â¨àã¥âáï ª®æ¥âà æ¨¥© í«¥ªâà®®¢ n ¯à¨ n� 1
¨ ª®æ¥âà æ¨¥© ¤ëà®ª n0 = 1− n ¯à¨ n0 � 1.
�®àà¥«ïâ®à P (q) ¢ëç¨á«ï¥âáï   «®£¨ç® ¢ â®¬

¦¥ ¯à¨¡«¨¦¥¨¨. �£® ¬ ªá¨¬ «ì®¥ § ç¥¨¥

[P (q)]max
∼= n(1− n). (57)

�¡ê¥¤¨ïï ¯®«ãç¥ë¥ à¥§ã«ìâ âë, ¨¬¥¥¬ á«¥¤ãî-
é¥¥ ¨â¥à¯®«ïæ¨®®¥ ¢ëà ¦¥¨¥ ¤«ï ¬ ªá¨¬ «ì®-
£® § ç¥¨ï ª®àà¥«ïâ®à 

[L(q)]max
∼=

3

2
[σ0(q)]max+

1

4
[P (q)]max

∼=
n(1− n)

1− (n/2)
≡ L(n).

(58)

� ¦® ¯®¤ç¥àªãâì, çâ® ¯à¨ n → 1 ª®àà¥«ïæ¨¨

®¡à é îâáï ¢ ã«ì.
�à¨ ¤ «ì¥©è¥©  ¯¯à®ªá¨¬ æ¨¨ ¬ áá®¢®£® ®¯¥à -

â®à  (45) ¡ã¤¥¬ ¨á¯®«ì§®¢ âì § ¢¥¤®¬® § ¢ëè¥®¥

§ ç¥¨¥ ¤«ï ª®àà¥« â®à  L(k− p), § ¬¥¨¢ ¥£® ¬ ª-
á¨¬ «ìë¬ § ç¥¨¥¬ L(n). � íâ®¬ ¯à¨¡«¨¦¥¨¨

¬ áá®¢ë© ®¯¥à â®à ®â ¨¬¯ã«ìá  ¥ § ¢¨á¨â

Mk(E) ' L(n)
1

N

∑
p

ω2
pFp(E) ≡ L(n)F2(E) = M(E).

(59)
�§-§  ®âáãâáâ¢¨ï ¨¬¯ã«ìá®© § ¢¨á¨¬®áâ¨ ¬ áá®¢®£®
®¯¥à â®à  ¯à¨¡«¨¦¥¨¥ (59)   «®£¨ç® ®¤®ã§¥«ì-
®¬ã ª®£¥à¥â®¬ã ¯®â¥æ¨ «ã. �â¬¥â¨¬, çâ® â ª ï
¦¥ á¨âã æ¨ï ¨¬¥¥â ¬¥áâ® ¢ â¥®à¨¨ á ¡¥áª®¥ç®©

à §¬¥à®áâìî ¯à®áâà áâ¢  [5].
�§ ®¡é¥© áâàãªâãàë £à¨®¢áª®© äãªæ¨¨ (42) ¨

 ¯¯à®ªá¨¬ æ¨¨ (59) á«¥¤ã¥â ¨â¥£à «ì®¥ ãà ¢¥¨¥
¤«ï ”¢§¢¥è¥®©” äãªæ¨¨ �à¨  F2(E)

F2(E) =

+1∫
−1

ω2D(ω)dω

E − (A+Bω)− L(n)F2(E)
, (60)

à¥è¥¨¥ ª®â®à®£® § ¢¨á¨â ®â ¢¨¤  ¯«®â®áâ¨ á®áâ®-
ï¨© D(ω). �â®¡ë â¥®à¨ï ¡ë«  á ¬®á®£« á®¢ ®©

¢ à ¬ª å ¯à¨ïâëå ¯à¨¡«¨¦¥¨©, ª ª®íää¨æ¨¥â¥

B á«¥¤ã¥â ®¯ãáâ¨âì ¥áãé¥áâ¢¥ãî ¯¥à¥®à¬¨à®¢ªã,
â.¥. B = c.

6. �à¨¬¥à â®ç® à¥è ¥¬®£® ãà ¢¥¨ï

¤«ï ¬ áá®¢®£® ®¯¥à â®à . �¥à£¨ï
¨ äãªæ¨ï à á¯à¥¤¥«¥¨ï

�«ï ã¯à®é¥¨ï ¯®á«¥¤ãîé¨å ¢ëç¨á«¥¨© § ¬¥¨¬

¢ (59) ω2
p ¥£® áà¥¤¨¬ § ç¥¨¥¬ ¯® §®¥ �à¨««îí 

〈ω2
p〉av =

1

N

∑
p

ω2
p =

1

z
=

+1∫
−1

ω2D(ω) dω, (61)

â®£¤ 

M(E) ' λ(n)F (E), F (E) =
1

N

∑
p

Fp(E),

λ(n) =
1

z

n(1− n)

1− (n/2)
. (62)

�¤¥áì F (E) — ¯®« ï ®¤®ã§¥«ì ï äãªæ¨ï �à¨-
 , z — ç¨á«® ¡«¨¦ ©è¨å á®á¥¤¥©, λ — ¯ à ¬¥âà

ª¨¥¬ â¨ç¥áª®£® ª®àà¥«ïæ¨®®£® ¢§ ¨¬®¤¥©áâ¢¨ï.
� ãç¥â®¬ (62) ¨¬¥¥¬ ¨â¥£à «ì®¥ ãà ¢¥¨¥ ¤«ï

äãªæ¨¨ F (E)

F (E) =

+1∫
−1

D(ω)dω

E −A− cω − λF (E)
. (63)

� «ì¥©è¨¥ à áç¥âë, à §ã¬¥¥âáï, ¥ ¬®£ãâ ¯à¥â¥¤®-
¢ âì   ª®«¨ç¥áâ¢¥ãî áâà®£®áâì, ®¤ ª® ®¨ ®âà -
¦ îâ ª ç¥áâ¢¥® å à ªâ¥à ¯®¢¥¤¥¨ï á¨áâ¥¬ë ¯à¨

 «¨ç¨¨ ª¨¥¬ â¨ç¥áª¨å ª®à¥«ïæ¨©.
� áá¬®âà¨¬ í««¨¯â¨ç¥áªãî ¯«®â®áâì á®áâ®ï¨©

(���)

D(ω) =


2

π

√
1− ω2, |ω| 6 1,

0, |ω| > 1.
(64)

�§-§  ª®à¥¢®£® ¯®¢¥¤¥¨ï   £à ¨æ å ¨â¥à¢ « 

®  á®®â¢¥âáâ¢ã¥â ®¤®ç áâ¨ç®¬ã á¯¥ªâàã ¥ª®â®-
à®£® ¬®¤¥«ì®£® âà¥å¬¥à®£® ªà¨áâ «« . �¤ ª® ¢

á®®®â¢¥âáâ¢¨¨ á (61) ¤«ï ¯«®â®áâ¨ á®áâ®ï¨© (64)
ª®®à¤¨ æ¨®®¥ ç¨á«® ¬®¤¥«ì®£® ªà¨áâ ««  ®ª §ë-
¢ ¥âáï à ¢ë¬ x = 4.
�«ï ���

1

N

∑
k

1

E − ωk
=

+1∫
−1

D(ω)dω

E − ω
= 2

(
E −

√
E2 − 1

)

=

2E − iπD(E), |E| 6 1,

2(E −
√
E2 − 1), |E| > 1.

(65)
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�á¯®«ì§ãï (65),  å®¤¨¬ â®ç®¥   «¨â¨ç¥áª®¥ à¥è¥-
¨¥ ãà ¢¥¨ï (63)

F (E) = (2/α)
(
x−

√
x2 − 1

)
, α2 = c2 + 4λ, (66)

£¤¥ x = (E−A)/α — ®¢ ï á¯¥ªâà «ì ï ¯¥à¥¬¥ ï;
â®£¤  äãªæ¨ï �à¨  Fk(E) ¯à¨¨¬ ¥â ¢¨¤

Fk(x) =

[
αx− cωk −

2λ

α

(
x−

√
x2 − 1

)]−1

. (67)

�¯¥ªâà «ìãî ¨â¥á¨¢®áâì Nk(E) ã¤®¡® ¯à¥¤-
áâ ¢¨âì ¢ ¢¨¤¥

Nk(E) = −
1

π
ImFk(E) =

1

α
N(x, ωk), (68)

N(x, ωk) = ξ
D(x)

(ax− ωk)2 + b2(1− x2)
, (69)

ξ = λ/c2, b = 2λ/αc, a =
√

1 + b2. (70)

1) �®ª ¦¥¬, çâ®  ©¤¥ ï á¯¥ªâà «ì ï ¨â¥-
á¨¢®áâì ã¤®¢«¥â¢®àï¥â ¯à ¢¨« ¬ áã¬¬. �®áª®«ìªã

−
1

π
ImF (E) = N(E) =

1

α
D(x), (71)

”¨â¥£à «ì®¥” ¯à ¢¨«® áã¬¬ ¤«ï N(E) ¢ë¯®«ï¥âáï
 ¢â®¬ â¨ç¥áª¨. � ¤àã£®© áâ®à®ë, á®®â®è¥¨¥ (7–1)
¬®¦® ¯à¥¤®áâ ¢¨âì ¢ ä®à¬¥

N(E) =
1

N

∑
k

Nk(E)

=
1

N

∑
k

1

α
N(x, ωk) =

1

α

+1∫
−1

dωD(ω)N(x, ω)

=
D(x)

α

+1∫
−1

ξ
D(ω)dω

(ax− ω)2 + b2(1− x2)
=
D(x)

α
,

â.¥. ¨â¥£à «

I0(x) = ξ

+1∫
−1

D(ω)dω

(ax− ω)2 + b2(1− x2)
= 1 (72)

¯à¨ ãª § ëå ¢ëè¥ á®®â®è¥¨ïå ¬¥¦¤ã ¯ à ¬¥-
âà ¬¨ a, b ¨ ξ. �¥£ª® ã¡¥¤¨âìáï ¢ â®¬, çâ® § ¬¥ -
â¥«ì ¯®¤ëâ¥£à «ì®£® ¢ëà ¦¥¨ï (72) ¨¢ à¨ â¥
®â®á¨â¥«ì® § ¬¥ë ω → x. �®íâ®¬ã

+∞∫
−∞

dENk(E) =

+1∫
−1

dxN(x, ωk)

= ξ

+1∫
1

D(x)dx

(ax− ωk)2 + b2(1− x2)
= 1, (73)

�¨á. 4. �¨¯¨çë© ¢¨¤ á¯¥ªâà «ì®© ¨â¥á¨¢®áâ¨

N(x, ωk) ¤«ï à §«¨çëå § ç¥¨© ωk (x — á¯¥ªâà «ì ï

¯¥à¥¬¥ ï, n = 0.03). �¨ª¨ à á¯®«®¦¥ë á¨¬¬¥âà¨ç®

®â®á¨â¥«ì® § ç¥¨ï ωk = 0.

â.¥.äã¤ ¬¥â «ì®¥ ¯à ¢¨«® áã¬¬ (16) ¢ë¯®«ï¥âáï
â®ç®. �¨¯¨çë© ¢¨¤ á¯¥ªâà «ì®© ¨â¥á¨¢®áâ¨

N(x, ωk) ¨§®¡à ¦¥   à¨á. 4.

2) �à ¢¥¨¥ ¤«ï á ¬®á®£« á®¢ ®£®  å®¦¤¥¨ï
å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  (17) ¯à¨¢®¤¨âáï ª ¢¨¤ã

n

2− n
=

m∫
−1

dx
1

N

∑
k

N(x, ωk) =

m∫
−1

dxD(x) I0(x)

=

m∫
−1

D(x)dx ≡ g(m), (74)

£¤¥ m = (µ − A)/α. �à ¢¥¨¥ (74) ¢ â®ç®áâ¨

á®¢¯ ¤ ¥â á ãà ¢¥¨¥¬ (26) ¤«ï ®à¬ «ì®£® á®áâ®ï-
¨ï ¢ ®¤®ç áâ¨ç®¬ ¯à¨¡«¨¦¥¨¨, â.¥. íää¥ªâ¨¢ë©
å¨¬¨ç¥áª¨© ¯®â¥æ¨ « m ¥ ¬¥ï¥âáï ¨§-§  ãç¥â 

ª®àà¥«ïæ¨©. �«ï ��� ¢§ ¨¬®á¢ï§ì n ¨ m â ª®¢ 

n =
2g(m)

1 + g(m)
,

g(m) =
1

2
+

1

π

[
m
√

1−m2 + arcsin(m)
]
. (75)

3) �¥à£¨ï á¨áâ¥¬ë (18) ¢ N-á®áâ®ï¨¨ ¯à¨¨¬ ¥â
¢¨¤

ε0 = (2− n)
1

N

∑
k

ωk

µ∫
−∞

dE N(x, ωk)

= (2− n)

m∫
−1

dxD(x) I1(x), (76)

£¤¥ ¨â¥£à «

I1(x) = ξ

m∫
−1

ωD(ω)dω

(ax− ω)2 + b2(1− x2)
=
c

α
x (77)
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¢ëç¨á«ï¥âáï ¥¯®áà¥¤áâ¢¥®. �§ (76) ¨ (77) á«¥¤ã¥â
(z = 4)

ε0(n) =
c

α
ε

(1)
0 (n),

α2 = c2 + n(1− n)/c, c = 1− (n/2), (78)

£¤¥ ε
(1)
0 (n) — í¥à£¨ï N-á®áâ®ï¨ï ¢ ®¤®ç áâ¨ç®¬

¯à¨¡«¨¦¥¨¨ ¤«ï ���,

ε
(1)
0 (n)=(2−n)

m∫
−1

xD(x)dx = −
2

1 + g(m)

2

3π
(1−m2)3/2.

(79)
�ëç¨á«¥ãî í¥à£¨î ε0(n) áà ¢¨¬ á í¥à£¨¥©

 áëé¥®£® FM-á®áâ®ï¨ï, ª®â®à ï ¤«ï ��� à ¢ 

εFM(n) = −
2

3π

(
1−m2

FM

)3/2
, n = g(mFM), (80)

£¤¥ äãªæ¨ï g(m) ®¯à¥¤¥«¥  á®®â®è¥¨¥¬ (75). �

à¥§ã«ìâ â¥ ¯®«ãç ¥¬

ε0(n) < εFM(n) (81)

¤«ï ¢á¥å í«¥ªâà®ëå ª®æ¥à æ¨© 0 < n < 1.
� ª¨¬ ®¡à §®¬, ¢ à ¬ª å ¯à¨ïâëå  ¯¯à®ªá¨¬ æ¨©
®á®¢ë¬ á®áâ®ï¨¥¬ á¨áâ¥¬ë ï¢«ï¥âáï ®à¬ «ì®¥

(á¨£«¥â®¥) á®áâ®ï¨¥ (à¨á. 2).
4) �ãªæ¨ï à á¯à¥¤¥«¥¨ï (15) ¢ ®à¬ «ì®¬ á¨«ì-

® ª®àà¥«¨à®¢ ®¬ á®áâ®ï¨¨ ¯à¨  ©¤¥®¬ § ç¥-
¨¨ å¨¬¨ç¥áª®£® ¯®â¥æ¨ «  m = m(n) ¢ à áá¬ âà¨-
¢ ¥¬®¬ á«ãç ¥ à ¢  (c = 1− (n/2))

nk ≡ cf(ωk, n), f(ωk, n)=

m∫
−1

ξ
D(x)dx

(ax−ωk)2+b2(1−x2)

(82)
¨ ¯à¥¤áâ ¢«¥    à¨á. 5 ¢ § ¢¨á¨¬®áâ¨ ®â ª®æ¥âà -
æ¨¨ í«¥ªâà®®¢ n. �à¨ «î¡ëå ª®¥çëå ª®æ¥âà -
æ¨ïå áª ç®ª ¢ ®ªà¥áâ®áâ¨ å¨¬¨ç¥áª®£® ¯®â¥æ¨ « 

�¨á. 5. �ãªæ¨ï à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ ¯à¨ T = 0
¢ á¨«ì® ª®àà¥«¨à®¢ ®¬ N-á®áâ®ï¨¨ ¤«ï à §«¨çëå

ª®æ¥âà æ¨© n. �âà¨å®¢ë¬¨ «¨¨ï¬¨ ®¡®§ ç¥ 

ä¥à¬¨-áâã¯¥ìª , á®®â¢¥âáâ¢ãîé ï ®¤®ç áâ¨ç®¬ã ¯à¨-
¡«¨¦¥¨î.

m ®âáãâáâ¢ã¥â. � à ªâ¥à ”à §¬ §ë¢ ¨ï” äãªæ¨¨

à á¯à¥¤¥«¥¨ï ¯® í¥à£¥â¨ç¥áª®¬ã á¯¥ªâàã ®¯à¥¤¥-
«ï¥âáï ¯ à ¬¥âà®¬ ª¨¥¬ â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï

λ(n) ∝ n(1 − n). � ª¨¬ ®¡à §®¬, ¯à¨  «¨ç¨¨

¯à¥¤¥«ì® á¨«ìëå ª®àà¥«ïæ¨© (U = ∞) äãªæ¨ï

à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ ¯à¨ T = 0 áãé¥áâ¢¥®

®â«¨ç ¥âáï ®â ä¥à¬¨¥¢áª®©.

7. �¡áã¦¤¥¨¥ à¥§ã«ìâ â®¢

� à ¡®â¥ ¯à¥¤áâ ¢«¥  â¥®à¥â¨ç¥áª ï ¢¥àá¨ï ®¯¨-
á ¨ï á¨«ì® ª®àà¥«¨à®¢ ®£® ®à¬ «ì®£® (á¨-
£«¥â®£®) N-á®áâ®ï¨ï í«¥ªâà®®© á¨áâ¥¬ë ¢ ¬®¤¥«¨
� ¡¡ à¤  ¯à¨ ¡¥áª®¥ç®© ¢¥«¨ç¨¥ ®¤®ã§¥«ì®£®

®ââ «ª¨¢ ¨ï (U = ∞). �¨áªãáá¨® ï ¯à®¡«¥¬ 

®á®¢®£® á®áâ®ï¨ï ¯à¥¤áâ ¢«¥  ª ª  «ìâ¥à â¨-
¢  ¬¥¦¤ã ®à¬ «ìë¬ (á¨£«¥âë¬) ¨  áëé¥ë¬
ä¥àà®¬ £¨âë¬ á®áâ®ï¨ï¬¨ í«¥ªâà®®© á¨áâ¥¬ë

¢ â¥à¬®¤¨ ¬¨ç¥áª®¬ ¯à¥¤¥«¥.
1) �®ª § ®, çâ® ¢ «î¡®¬ ®¤®ç áâ¨ç®¬ ¯à¨-

¡«¨¦¥¨¨ ( ¯à¨¬¥à, ¢ ����) í¥à£¨ï N-á®áâ®ï¨ï

ε
(1)
0 (n) ¨¦¥ â®ç®© í¥à£¨¨  áëé¥®£® FM-á®áâ®ï-
¨ï εFM(n) ¯à¨ ¯à®¨§¢®«ì®© í«¥ªâà®®© ª®æ¥-
âà æ¨¨ n 6 1.

2) � áç¥â ¤¨ ¬¨ç¥áª®© ¬ £¨â®© ¢®á¯à¨¨¬ç¨¢®-
áâ¨ ¢ ��� ¯®ª §ë¢ ¥â, çâ® N-á®áâ®ï¨¥ ãáâ®©ç¨¢®
®â®á¨â¥«ì® ¢®§¨ª®¢¥¨ï ä¥àà®¬ £¥â¨§¬  (áâ -
â¨ç¥áª ï ¢®á¯à¨¨¬ç¨¢®áâì ¯à¨ q → 0 à áå®¤¨¬®áâ¨

¥ ¨¬¥¥â ¤«ï ¢á¥å ¤®¯ãáâ¨¬ëå ª®æ¥âà æ¨©).
3) �«ï ¬ áá®¢®£® ®¯¥à â®à  Mk(E) ®¤®ç áâ¨ç®©

äãªæ¨¨ �à¨ , ãç¨âë¢ îé¥£® ¢á¥ ª¨¥â¬ â¨ç¥áª¨¥
ª®àà¥«ïæ¨®ë¥ íää¥ªâë ¢¥ à ¬®ª ����, ¯à¥¤«®-
¦¥   ¯¯à®ªá¨¬ æ¨ï

Mk(E)→ λF (E), λ =
1

z

n(1− n)

1− (n/2)
,

λ — ¯ à ¬¥âà ª¨¥¬ â¨ç¥áª®£® ¢§ ¨¬®¤¥©áâ¢¨ï,
F (E) — ¯®« ï ®¤®ã§¥«ì ï äãªæ¨ï �à¨ . �®-
æ¥âà æ¨® ï § ¢¨á¨¬®áâì ¯ à ¬¥âà  λ ®â«¨ç ¥âáï
®â ¨á¯®«ì§®¢ ®© ¢ à ¡®â¥ [28]. � ¬®á®£« á®¢ ®¥
â®ç®¥ ¢ëç¨á«¥¨¥ F (E) ¤«ï í««¨¯â¨ç¥áª®© ¯«®â®-
áâ¨ í«¥ªâà®ëå á®áâ®ï¨© ¯à¨¢®¤¨â ª ¥âà¨¢¨ «ì-
®¬ã ¢¨¤ã á¯¥ªâà «ì®© ¨â¥á¨¢®áâ¨, ¤«ï ª®â®-
à®© áâà®£® ¢ëá¯®«ï¥âáï äã¤ ¬¥â «ì®¥ ¯à ¢¨«®

áã¬¬. �¨¥¬ â¨ç¥áª¨¥ ª®àà¥«ïæ¨¨, ª ª ¨ á«¥¤®¢ «®
®¦¨¤ âì, ¯®¢ëè îâ í¥à£¨î N-á®áâ®ï¨ï ¯® áà ¢¥-
¨î á ®¤®ç áâ¨çë¬ ¯à¨¡«¨¦¥¨¥¬, â¥¬ ¥ ¬¥¥¥

í¥à£¨ï á¨«ì® ª®àà¥«¨à®¢ ®£® N-á¨áâ®ï¨ï ε(n)
¨¦¥ í¥à£¨¨ FM-á®áâ®ï¨ï

ε
(1)
0 (n) < ε0(n) < εFM(n).

4) �®«ãç¥  ”à §¬ §  ï” ¯® á¯¥ªâàã ωk äãªæ¨ï

à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ ¯à¨ T = 0, á¢¨¤¥â¥«ì-
áâ¢ãîé ï ® ¥ä¥à¬¨-¦¨¤ª®áâ®¬ ¯®¢¥¤¥¨¨ á¨«ì®

ª®àà¥«¨à®¢ ®© í«¥ªâà®®© á¨áâ¥¬ë.
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� â®çª¨ §à¥¨ï áâà®£®© ®¡®á®¢ ®áâ¨ ¯à¥¤«®-
¦¥ ï  ¯¯à®ªá¨¬ æ¨ï ¬ áá®¢®£® ®¯¥à â®à  ï¢«ï¥â-
áï ãï§¢¨¬ë¬ ¬¥áâ®¬ â¥®à¨¨ (ª ª ¨ ¤àã£¨å â¥®à¨©,
¨¬¥îé¨å ¤¥«® á ¯à®æ¥¤ãà®© à áæ¥¯«¥¨ï). � ª,  -
¯à¨¬¥à, ¢ ¯à¨¡«¨¦¥¨¨ ”� ¡¡ à¤-III” [1] ¤«ï ¬®¤¥«¨
á ª®¥çë¬ U ¬ áá®¢ë© ®¯¥à â®à â ª¦¥ ¥ § ¢¨á¨â ®â

¨¬¯ã«ìá ,   § âãå ¨¥ ¯à®¯®àæ¨® «ì® ImC11(E),
ª ª ¨ ¢ ¤ ®© à ¡®â¥. �â® ¯à¨¢®¤¨â ª ®âáãâáâ¢¨î

áª çª  ¢ äãªæ¨¨ à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢, â.¥. ª
®âáãâáâ¢¨î ª ª â ª®¢®© ä¥à¬¨-¯®¢¥àå®áâ¨. �®¤®¡-
®£® à®¤  à¥¦¨¬ ¡ë« ¯®«ãç¥ ¢ àï¤¥ à ¡®â (á¬.
®¡§®à [5]) ¨   á¥£®¤ïè¨© ¤¥ì ã¦¥ ¥ ï¢«ï¥âáï

®âªà®¢¥¨¥¬ ¢ á¢ï§¨ á ¨áá«¥¤®¢ ¨ï¬¨ ¯® « ââ¨-
¦¥à®¢áª®© [30] ¨ ¬ à£¨ «ì®© [31–33] í«¥ªâà®ë¬
¦¨¤ª®áâï¬.
�ª®ç â¥«ìë© ¢ë¢®¤ ®¡ ®á®¢®¬ á¨£«¥â®¬ á®-

áâ®ï¨¨ á¨áâ¥¬ë ¢ ¬®¤¥«¨ á U = ∞ ¯à¨ ¢á¥å

í«¥ªâà®ëå ª®æ¥âà æ¨ïå ¤¥« âì ¥é¥ à ®, â¥¬ ¥
¬¥¥¥ íâ  à ¡®â  ãª §ë¢ ¥â   â ªãî ¢®§¬®¦®áâì.
�¥®¡å®¤¨¬ë ç¨á«¥ë¥ à áç¥âë ¤«ï à¥ «ìëå ¯«®â-
®áâ¥© á®áâ®ï¨©, á®®â¢¥âáâ¢ãîé¨å  «ìâ¥à âë¬
à¥è¥âª ¬. �®áª®«ìªã ª¨¥¬ â¨ç¥áª¨¥ ª®àà¥«ïæ¨¨

áãé¥áâ¢¥® ã¬¥ìè îâáï ¢ ¢ëá®ª®ª®æ¥âà æ¨®-
®© ®¡« áâ¨ (¨¬¥® â ¬, £¤¥ ¬®¦® ¯®¤®§à¥¢ âì

áãé¥áâ¢®¢ ¨¥ ä¥àà®¬ £¥â¨§¬ ), ¬®¦®  ¤¥ïâìáï
  â®, çâ® ¯à®£®§ ®¡ ®á®¢®¬ á¨£«¥â®¬ á®áâ®ï-
¨¨ ®¯à ¢¤ ¥âáï. �¬¥áâ® ®â¬¥â¨âì, çâ® ¢á¥ à áç¥âë
¯à®¢¥¤¥ë ¢ â¥à¬®¤¨ ¬¨ç¥áª®¬ ¯à¥¤¥«¥, ¨ ¯®íâ®¬ã
â®ª¨¥ ª¢ â®¢®-¬¥å ¨ç¥áª¨¥ íää¥ªâë ¤«ï ª®¥ç-
®£® ç¨á«  ¤ëà®ª (¢ª«îç ï â¥®à¥¬ã � £ ®ª ) ¢ íâ®¬
¯à¥¤¥«¥ ¨áç¥§ îâ.

�¢â®à ¡« £®¤ à¥ �.�. � «ìª®¢ã, �.�. �¨¥ª® ¨
�.�. � â¨ªîà®¢ã §  ¯®«¥§ë¥ ¤¨áªãáá¨¨.

� ¡®â  ¢ë¯®«¥  ¯à¨ ä¨ á®¢®© ¯®¤¤¥à¦ª¥

�¥âà  äã¤ ¬¥â «ì®£® ¥áâ¥áâ¢®§ ¨ï (� ªâ-
�¥â¥à¡ãà£áª¨© £®áã¤ àáâ¢¥ë© ã¨¢¥àá¨â¥â) (£à -
âë 94-5.1077, 96-0-7.4-55) ¨ � ãç®£® á®¢¥â  ¯®

¯à®¡«¥¬¥ ¢ëá®ª®â¥¬¯¥à âãà®© á¢¥àå¯à®¢®¤¨¬®áâ¨

(£à â ò 93237).
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