
4.1 �¢ ­â®¢ë¥ á¨áâ¥¬ë

�¥à¥©¤¥¬ â¥¯¥àì ª á¨áâ¥¬ ¬, ­ å®¤ïé¨¬áï ¢® ¢§ ¨¬®¤¥©áâ¢¨¨ á® á¢®-

¨¬ ®ªàã¦¥­¨¥¬. �ãáâì ­ è  á¨áâ¥¬  ï¢«ï¥âáï ¬ «®© ç áâìî ¡®«ìè®©

¨§®«¨à®¢ ­­®© á¨áâ¥¬ë á í­¥à£¨¥© EU , ª®â®à ï ®¯¨áë¢ ¥âáï ¬¨ªà®ª -

­®­¨ç¥áª¨¬  ­á ¬¡«¥¬. � è  á¨áâ¥¬  ¬®¦¥â ®¡¬¥­¨¢ âìáï í­¥à£¨¥© á

¢­¥è­¨¬ ¬¨à®¬ (á¢®¨¬ ¤®¯®«­¥­¨¥¬ ¤® : S � = ). �ã¤¥¬ áç¨-

â âì: 1 � NS � NW ; VS � VW . �­¥à£¨î á¨áâ¥¬ë ¬®¦­® § ¯¨á âì

¢ ¢¨¤¥ áã¬¬ë âà¥å á« £ ¥¬ëå: EU = ES + EW + ISW , £¤¥ ISW { í­¥à£¨ï

¢§ ¨¬®¤¥©áâ¢¨ï ¨ . �à¨ à §ã¬­ëå ¯à¥¤¯®«®¦¥­¨ïå ® ¯®â¥­æ¨ «¥ ¬¥¦-

¬®«¥ªã«ïà­®£® ¢§ ¨¬®¤¥©áâ¢¨ï á« £ ¥¬ë¬ ISW ¬®¦­® ¯à¥­¥¡à¥çì. �ãáâì

¬®¤¥«ì­ë© ¯®â¥­æ¨ « ¨¬¥¥â ¢¨¤

' =

8>><
>>:
1; r < d;

�'0; d < r < R0;

0; r > R0

:

�æ¥­¨¬ í­¥à£¨î ¢§ ¨¬®¤¥©áâ¢¨ï ¬®«¥ªã« ¢ ®¡ê¥¬¥ V : j I j� '0� (ç¨-

á«® ¬®«¥ªã«) � (¬ ªá¨¬ «ì­®¥ ç¨á«® ¬®«¥ªã« ¢ ¯à¥¤¥« å à ¤¨ãá  ¤¥©áâ¢¨ï

á¨« ¯à¨âï¦¥­¨ï) � '0nV R
3

0
=d3

0
: � ª ª ª ª¨­¥â¨ç¥áª ï í­¥à£¨ï ¯à®¯®àæ¨®-

­ «ì­  ç¨á«ã ¬®«¥ªã«,   á«¥¤®¢ â¥«ì­®, ®¡ê¥¬ã V (¯à¨ § ¤ ­­®© ¯«®â­®áâ¨

ç¨á«  ç áâ¨æ), â® ES � VS , EW � VW . �«ï ®æ¥­ª¨ ISW § ¬¥â¨¬, çâ® ¢§ ¨-

¬®¤¥©áâ¢ãîâ ¬®«¥ªã«ë ¨§ á«®ï â®«é¨­®© R0 ¢¡«¨§¨ £à ­¨æë ¨ ; ®¡ê¥¬

íâ®£® á«®ï � L2

SR0 , £¤¥LS { «¨­¥©­ë© à §¬¥à ­ è¥© á¨áâ¥¬ë. �®íâ®¬ã ¤«ï

LS !1 jISW =ESj � R0=LS ! 0; â. ¥. ¤«ï ¡®«ìè¨å á¨áâ¥¬ EU �= ES+EW .

�¥¯¥àì ¯®áâ ¢¨¬ § ¤ çã ­ ©â¨ ¢¥à®ïâ­®áâì Pm ­ å®¦¤¥­¨ï á¨áâ¥¬ë

¢ § ¤ ­­®¬ ª¢ ­â®¢®¬ á®áâ®ï­¨¨ m, ¥á«¨ á¨áâ¥¬  ¯à¥¤áâ ¢«¥­  ¬¨-

ªà®ª ­®­¨ç¥áª¨¬ à á¯à¥¤¥«¥­¨¥¬. (� áâ æ¨®­ à­ëå á®áâ®ï­¨ïå á¨áâ¥¬ë

¬®¦­® £®¢®à¨âì «¨èì ¢ á¨«ã ¯à¥­¥¡à¥¦¨¬®áâ¨ ISW .)

�­¥è­¨© ¬¨à ¬®¦¥â ­ å®¤¨âìáï ¢ «î¡®¬ ¨§ á®áâ®ï­¨© á í­¥à£¨-

ï¬¨ ¬¥¦¤ã EW = EU � Em ¨ EW + �E; ç¨á«® â ª¨å á®áâ®ï­¨© ®¡®§­ ç¨¬

ç¥à¥§ 
W . �â  ¢¥«¨ç¨­  á®¢¯ ¤ ¥â á ç¨á«®¬ â ª¨å ª®­ä¨£ãà æ¨© á¨áâ¥¬ë

, ¢ ª®â®àëå ES = Em ¨ ®¤­®¢à¥¬¥­­® EW = EU � Em. � á¨«ã ¯à¨­-
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à ¢­®¢¥à®ïâ­ë, ¯®íâ®¬ã

Pm =

W (EU � Em; �E)


U (EU ; �E)
: (1)

�¤¥áì 
U (EU ; �E) { áâ â¨áâ¨ç¥áª¨© ¢¥á á¨áâ¥¬ë . � §«®¦¨¬ ln
W ¯®

áâ¥¯¥­ï¬ ¬ «®© ¢¥«¨ç¨­ë EW � EU = �Em (Em � EW ), ®£à ­¨ç¨¢ ïáì

«¨­¥©­ë¬ ¯® Em ¢ª« ¤®¬ ¢ ®ªà¥áâ­®áâ¨ E = EU :

ln
W (EU � Em; �E) = ln
W (EU ;�E)�

 
@ ln
W

@E

!
E=EU

Em + � � � (2)

O¡®§­ ç¨¬:

� =

 
@ ln
W

@E

!
E=EU

: (3)

�®¤áâ ¢¨¢ (2) ¢ ¢ëà ¦¥­¨¥ ¤«ï lnPm, ­ ©¤¥¬:

Pm =

W (EU ; �E)


U (EU ; �E)
exp(��Em): (4)

�¢¥¤¥¬ ®¡®§­ ç¥­¨¥

ZN =

U (EU ; �E)


W (EU ; �E)
;

¨ ¨áª®¬®¥ à á¯à¥¤¥«¥­¨¥ ¢¥à®ïâ­®áâ¥©, ª®â®à®¥ ­®á¨â ­ §¢ ­¨¥ ª ­®­¨ç¥-

áª®£® à á¯à¥¤¥«¥­¨ï �¨¡¡á , ¯à¨¬¥â ¢¨¤

Pm =
1

ZN
exp(��Em); (5)

£¤¥ ZN á ãç¥â®¬
P
m
Pm = 1 ¬®¦­® ¯¥à¥¯¨á âì ¢ ¢¨¤¥

ZN =
X
m

exp(��Em): (6)

�¥«¨ç¨­ã ZN ­ §ë¢ îâ ª ­®­¨ç¥áª®© áâ â¨áâ¨ç¥áª®© áã¬¬®©; ®­  § ¢¨á¨â

®â � ¨ ¢­¥è­¨å ¯ à ¬¥âà®¢ (­ ¯à¨¬¥à V ). �­¤¥ªá N ¢ ZN ­ ¯®¬¨­ ¥â

­ ¬, çâ® à áá¬ âà¨¢ ¥¬ ï á¨áâ¥¬  ï¢«ï¥âáï § ªàëâ®©, â. ¥. NS = const.
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«¨ç¨­®©, ª®â®à ï ¯®§¢®«ï¥â ­ ©â¨ â¥à¬®¤¨­ ¬¨ç¥áª¨© ¯®â¥­æ¨ « á¨áâ¥¬ë,

  á«¥¤®¢ â¥«ì­®, ¨ ãà ¢­¥­¨ï á®áâ®ï­¨ï.

�ëà ¦¥­¨¥ (5) { íâ® ¤¨ £®­ «ì­ë¥ í«¥¬¥­âë ¬ âà¨æë ¯«®â­®áâ¨. �

¯à®¨§¢®«ì­®¬ ¯à¥¤áâ ¢«¥­¨¨ (£¤¥ Ĥ ­¥ ï¢«ï¥âáï ¤¨ £®­ «ì­ë¬) áâ â¨áâ¨-

ç¥áª¨© ®¯¥à â®à ¬®¦¥â ¡ëâì § ¯¨á ­ ª ª

%̂ =
1

ZN
exp(��Ĥ); (7)

£¤¥

ZN = Tr
�
e��Ĥ

�
: (8)

4.2 �¢ §¨ª« áá¨ç¥áª¨© ¯à¥¤¥«

�á¯®«ì§ãï âã ¦¥ «®£¨ªã, çâ® ¨ ¢ «¥ªæ¨¨ 3 (¯.3), ¬®¦­® ®áãé¥áâ¢¨âì

¯¥à¥å®¤
P
m
!

R
dX=(2��h)�N , £¤¥ � { ç¨á«® ¢­ãâà¥­­¨å áâ¥¯¥­¥© á¢®¡®¤ë

ç áâ¨æë. �¤­ ª® ¯à¨ íâ®¬ ­¥®¡å®¤¨¬® ¥é¥ ãç¥áâì ­¥à §«¨ç¨¬®áâì ç áâ¨æ,

ª®â®à ï ¯à¨¢®¤¨â ª â®¬ã, çâ® ª®­ä¨£ãà æ¨¨, ¯®«ãç¥­­ë¥ ¢ à¥§ã«ìâ â¥ N !

¯¥à¥áâ ­®¢®ª ç áâ¨æ, ï¢«ïîâáï íª¢¨¢ «¥­â­ë¬¨ ¨ ¤®«¦­ë áç¨â âìáï § 

®¤­ã, ¯®íâ®¬ã

ZN ! Zª¢:ª«
N =

1

N !

Z
exp[��H(X)]dX=(2��h)�N (9)

¨

Pm ! %Nd� =
1

N !Zª¢:ª«:
N

exp[(��H(X)]dX=(2��h)�N : (10)

�âà®£® à¥§ã«ìâ âë (9), (10) ¬®£ãâ ¡ëâì ¯®«ãç¥­ë á ¯®¬®éìî à §«®-

¦¥­¨ï ª¢ ­â®¢®© áâ âáã¬¬ë (8) ¯® áâ¥¯¥­ï¬ �h ¯à¨ �h! 0.

4.3 �ëç¨á«¥­¨¥ â¥à¬®¤¨­ ¬¨ç¥áª¨å ¢¥«¨ç¨­

�ë ¥é¥ ­¨ç¥£® ­¥ áª § «¨ ® ¯ à ¬¥âà¥ �, ®¯à¥¤¥«¥­¨¥ ª®â®à®£® (3), ¯®

áãâ¨ ¤¥«  á®¢¯ ¤ ¥â á ¢ëà ¦¥­¨¥¬ ¤«ï ®¡à â­®© â¥¬¯¥à âãàë (á¬.(3.6)).

� áá¬®âà¨¬ ¤¢¥ á¨áâ¥¬ë { 1 ¨ 2 , ­ å®¤ïé¨¥áï ¢ à ¢­®¢¥á¨¨ á ¡®«ìè®©
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¯®á«¥ ãáâ ­®¢«¥­¨ï à ¢­®¢¥á¨ï ¡ã¤¥¬ áç¨â âì ­¥§ ¢¨á¨¬ë¬¨:

Pnm = PnPm; Pnm =
1

ZS1S2N

exp(��Enm) =
1

ZS1N1

exp(��1En)
1

ZS2N2

exp(��2Em):

�ç¨â ï Enm = En +Em, ¯®«ãç¨¬: �1 = �2 = � ¨ ZS1S2N = ZS1N1
�ZS2N1

. �¥à¢®¥

¯®¤â¢¥à¦¤ ¥â, çâ® ¯ à ¬¥âà � ï¢«ï¥âáï â¥¬¯¥à âãà­ë¬ ¯ à ¬¥âà®¬,  

¯®á«¥¤­¥¥ { çâ® lnZS1S2N ¥áâì  ¤¤¨â¨¢­ ï äã­ªæ¨ï.

�®§ì¬¥¬ ¢ ª ç¥áâ¢¥ ¨áå®¤­®£® á®®â­®è¥­¨ï ®¯à¥¤¥«¥­¨¥ í­âà®¯¨¨ (3.5),

¢ ª®â®à®¥ ¯®¤áâ ¢¨¬ ª ­®­¨ç¥áª®¥ à á¯à¥¤¥«¥­¨¥ �¨¡¡á :

S = �k
X
m
Pm lnPm = �k

X
m
Pm(��Em � lnZN ) = k�

X
m
PmEm + k lnZN :(11)

�® ®á­®¢­®¬ã ¯®áâã« âã ¢­ãâà¥­­ïï í­¥à£¨ï ¥áâì ãáà¥¤­¥­­ ï ¯®  ­á ¬¡«î

í­¥à£¨ï á¨áâ¥¬ë U � hEi =
P
m
PmEm, ¨ (11) ¯¥à¥¯¨è¥âáï ¢ ¢¨¤¥

�(1=�) lnZN = U � S=(k�):

� ¯®á«¥¤­¥¬ ¬®¦­® ã§­ âì ®¯à¥¤¥«¥­¨¥ á¢®¡®¤­®© í­¥à£¨¨ F = U � TS,

¥á«¨ 1=(k�) = T ¨«¨ � = 1=kT ¨

F = �
1

�
lnZN = �kT lnZN : (12)

�® ¥áâì á¢®¡®¤­ãî í­¥à£¨î á¨áâ¥¬ë ¬®¦¥¬ ­ ©â¨, ¢ëç¨á«¨¢ áâ â¨áâ¨ç¥-

áªãî áã¬¬ã; ¢ëç¨á«¥­¨¥ ¦¥ ¢á¥å ®áâ «ì­ëå â¥à¬®¤¨­ ¬¨ç¥áª¨å å à ªâ¥-

à¨áâ¨ª á¨áâ¥¬ë ã¦¥ ­¥ ¯à¥¤áâ ¢«ï¥â âàã¤ . �®¦­® ¯®«ãç¨âì ®á­®¢­®¥

ãà ¢­¥­¨¥ â¥à¬®¤¨­ ¬¨ª¨, ­ å®¤ï ¤¨ää¥à¥­æ¨ « í­âà®¯¨¨ ¢ (11):

dS = Ukd� + k�dU + kd lnZN : (13)

�ç¨â ï ­¥§ ¢¨á¨¬ë¬¨ ¯¥à¥¬¥­­ë¬¨ � ¨ V , ­ ©¤¥¬:

d lnZN =
1

ZN

@ZN

@�
d� +

1

ZN

@ZN

@V
dV =

=
1

ZN

X
m
(�Em) exp(��Em)d� +

�

ZN

X
m

 
�
@Em

@V

!
exp(��Em)dV =

= �hEid� + �h�
@E

@V
idV; (14)

28



h�
@V

i =
X
m

 
�

m

@V

!
Pm �

áà¥¤­ïï ®¡®¡é¥­­ ï (â¥à¬®¤¨­ ¬¨ç¥áª ï) á¨« , á®¯àï¦¥­­ ï ®¡ê¥¬ã, â. ¥.

¤ ¢«¥­¨¥

P � h�
@E

@V
i:

(�¥«¨ç¨­ã �@Em=@V ¬®¦­® áç¨â âì "¯ àæ¨ «ì­ë¬" ¤ ¢«¥­¨¥¬, â. ¥.

¢ª« ¤®¬ á®áâ®ï­¨ï m á¨áâ¥¬ë ¢ ¤ ¢«¥­¨¥.) � ª¨¬ ®¡à §®¬,

1

�
d lnZN = �

1

�
Ud� + PdV:

�®¤áâ ¢¨¢ ¯®á«¥¤­¥¥ ¢ (13), ­ ©¤¥¬:

1

k�
dS = dU + PdV; (15)

â. ¥. ¯®«ãç¨¬ ®á­®¢­®¥ ãà ¢­¥­¨¥ â¥à¬®¤¨­ ¬¨ª¨, ¥á«¨ 1=� = kT .

�¥¯®áà¥¤áâ¢¥­­ë¬ ¢ëç¨á«¥­¨¥¬ ¬®¦­® ¯®ª § âì, çâ®

P = kT
@ lnZN

@V
¨ S =

@(kT lnZN )

@T
;

çâ® á®¢¯ ¤ ¥â á â¥à¬®¤¨­ ¬¨ç¥áª¨¬¨ ®¯à¥¤¥«¥­¨ï¬¨

P = �@F=@V; S = �@F=@T; ¥á«¨ F = �kT lnZN :
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