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!"! #$%&'()*%&+,-.*/01234  

! #$56789:;<=>?@A2BCDEF)*GHI2JKHLMNO

PQ,R;2STUVW6X;YZZ6[\F)*GHI2]VW#L^_;

`a\bcdefgLhi,OjF)*GHI2kl2m'no,4pqr+

DE\s2#$%&L^_;YsZ6[\#$%&atuR;()*%&2h

lhla/Ovwx01LyiR;YZ:[z-.*/01234{,|}:

;Y()*%&2~�L W ,R;,\Boltzmann 2c��>�g2���

! 

S = k
B
lnWS�E:;YZ2c��>�gSL�v�\F)*GHI2]VW#

245�L��Z,S6�;Y�����'<=>�>��e��+,|}:

;^_�6X;Y01�TU��a�R;�5a��?��*��[���a

�, jY¡¢£¤9:jvY 

 

6-1) ¥¦$I2#$%&'()*%&+L^_;§¨   

! ()*%&2©ªL4«R;j 2¬rm,O�\ i+zN ­2®¯2°±²

³$DE´;,^_jF)*no{,\!ii+zµ¶2·2¸¹º»'4pqr+{\

2#$%&L^_;Y! !1¼7 68½jPQa\i)2¾rnoS¿3$no6 n

­23$LÀ }\bÁ6

! 

3n2²³2ÂÃÄSX;YÅÆ�\3n­2²³$L

^_;YODO\ÇÈ2�56[\^_;½�²³$2�L N ,R;26\3

$� nLÉQ,\

! 

N = 3n6X;YÊËÌÍ\i), ii)2m6[Î�?ÏvÊX;S\

34*?Á�6[ÐÑKÊ¥v26\ZZ6[h�, aOjÒÓ*?78L

Ô_;Y!Õ¢*azÖ²³${ÊzÖ¦${ÊÐazÖ¦${,|×Y!

! �Ø\­Ù2Ú´�Û2#$%&L^_;Z,6\zÖ¦$2()*%&{
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LÜ ;YÝa\s2PQ?Ö¦$S N ­Þ�ÆjÊ2L^_\Z:Lßà*

azN ­2áâaãä?¦$2Þå{,æ?O\s2Þårbr2#$%&

'()*%&+L^_;YZ:ELzN¦$I2#$%&'()*%&+{,

|×YÚ´�Û6X;zÖ²³${,zÖ¦${L,ÊazÖ¦${,|×Z

,aOjDE\zN¦$I{[ N­2²³$DE´;IÊÀ �v;Y!

! çäI,O�bcdefgè Shi6X;é\zN ¦$I2#$%&'()

*%&+{[\b�S®/2wx01Lêl,yiO\s2()*%&2~�W

L^_\s2Âët�Sc��>�gaìmR;,2 Boltzmann2���, 

! ! ! ! ! ! ! !

! 

S = k
B
lnW ! ! ! ! ! ! ! ! ! ! ! ! ! !       (1) 

LíîR;Yìmi�[ Boltzmanni�'kB+6X;Y(1)[ Boltzmann2ïða

ñ�:�v;Z,6Êòó6X;YzN¦$I2#$%&\()*%&2~�W{

[(1)aPôc��>�gLÔ_;26\Z:Lõö÷,O�]VW#245�

LøÝ�õR;Z,Sõù;Yz-.*/01(/Î1)2yi{�z()*%&

�a�R; Boltzmann 2���(1){LúûaO��E:;45�[\üÙ?w

.*ýgþ,tì6�;Yÿ!?tu��S0îõù:}\s245"2úû

ÂrS¡#6X;,$_;%ÌQY!

! zÖ¦$2()*%&{,[zÖ¦$2#$%&{2Z,6X;DE\Ö

¦$2#$VW2&'6X;Y#$VW�#$(W2)*+6[\i+Ê ii+Ê

,-*?'.,O�/0a1ô"2E:;Z,S¥�\3µ[s:456Ov

76[?vYÖ¦$Ii8%&atR; Schrödinger�9�L¡:?;A<=2

È6«�\>?(9:jcdefg¾ò@,Z:atuR;A³��LÜ ;Y

>?*?cdefg¾ò@LBiR;#$�2CS#$%&LDxO\Z:S
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zÖ¦$2()*%&{6X;Y 

! ODO?SE\zN¦$I2#$%&'()*%&+{alv�[\i+, ii+

2m6[Î�?ÏvSX;Ys:[zN ­2¦$SEFõù;DGD{2&'

6X;YH+2z®¯2 n ­23$DE?;¾rno{2Iå\òJKÄ62

L¦$'3$+[no2LM$÷�Nô6]²³LOôPO�v;,^_�ÿ

vYÅÆ�\L¦$[LM$÷ßQa8aRSO�v;YLM$÷[\(l,m,n)

2T�hCaPÆ�UVeL�W;Z,S6�\áâaXFõù;DE\L3

$ÊnY*aEFZ[6X;,^_\}?E?vYh�\ii+2zµ¶2·2¸

¹º»'4pqr+{2Iå[�]S^?;YL¦$[µ¶'_+2`aDab

SR;2[cÏv?vS\8adi2IeaRSO�v;76[?�\µ¶3

ÁLXËZË³�fÆ�v;YZ2PQ?gRS2®¯2 N ­2¦$[34

*aÊEFõù?v,^_;½�6X;YZ:[zGibbs2hM{aiS;&'

6X;YÞårLÚ´R;¦$LEFõù;DGD[\()*%&2�_�a

:ëjkR;YZ2PQ?÷al©O�\ �Ø\i+2IåDE^_PQY!

!

6-2) ¾rno2#$%&!

! !m¼n6[h­2op5*°±²³$alv�MNO\Z:L�q�\!1¼6\

76�$,no2²³r³,Z:as;]µ#alv�8½jY!1¼5a7Oj

PQa\h­2op*°±²³$2r³�9�  

! 

m
! 
" =
! 
F [\

! 

m(d
2
x /dt

2
) = "kx  6

X;YZ2«[

! 

x = Acos("t + #)  ,?;Y 

! 

" = k /m  [¿²³2t²³�6\

t²³�[²³�!,

! 

" = 2#$2��aX;Y

! 

A[²u2i�\

! 

"[vwxáLD

Ri�6X;YZ2°±²³$2bcdefg(E)[yr³cdefg(Ek),xz
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cdefg(Ep)2±6X;DE\ 

     

! 

E = Ek + Ep = (1/2)m(dx /dt)
2

+ (1/2)kx
2  

               

! 

= (1/2)m{"#Asin(#t + $)}2 + (1/2)k{Acos(#t + $)}2 

! ! ! ! ! ! !

! 

= (1/2)kA
2

= (1/2)m" 2
A
2
! ! ! ! ! ! ! ! ! !    ! (1) 

6X;YF)*?¾rnoatR;¿{?|ýe,O�\}­2°±²³$2

ÞåL^_;YZ:[ Einstein2¾rno|ýe6X;Y! nL3$2�,R;

,\̂ _;½�²³$2�[ N=3n6X;YL°±²³$[#$5*?>?*c

defg%&LêlY  

 

6-2-1) Schrödinger�9�,°±²³$2#$%&  

 h~a\op562Ö¦$2bcdefgE[\ 

              

! 

1

2
mv2 + V (r) =

p2

2m
+ V (r) = E                     (2) 

6\Z:[«�VW2�<e����

! 

H(p,r)ah�O\Ö¦$2r³#V=�

e p,xzV=�e r2��6X;Y 

! ! ! ! ! ! !

! 

H(p,r) =
p2

2m
+ V (r) = E                          (3) 

op52i8r³2&'L#$52&'a��9�\Schrödinger �9�L�;

�C'��#$(2�B+S�E:�v; ��\��\��+YZ2�C2�h»��

�[\�<e����

! 

H(p,r)2r³#V=�e pL\ 

! ! ! ! ! ! !

  

! 

p "    
!

i
# =
!

i
(
$

$x
,  
$

$y
,  
$

$z
)                      (4) 

,��$a�_;Z,6X;Y  

! 

! = h /(2" )6\h [ Planck i�6X;Y(3)L(4)

L�v�+��R,\ 
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! ! ! ! ! ! !

  

! 

"
!

2

2m
(
# 2

#x 2
,  
# 2

#y 2
,  
# 2

#z2
) + V (r) = E ! ! ! ! ! ! ! ! !  (5) 

,?;Y 

! Ý2»���[\Z2��aA³��

! 

"(r)L��DE�W;Z,6X;Y 

! ! ! ! ! ! !

  

! 

["
!

2

2m
(
# 2

#x 2
,  
# 2

#y 2
,  
# 2

#z2
) + V (r)]$(r) = E$(r)         !  (6) 

S�E:;YÇ"2���DE\zh¦$i8%&atR; Schrödinger�9�{

S�E:;Y

! 

" # (
$ 2

$x 2
,  
$ 2

$y 2
,  
$ 2

$z2
) # %

2,D76�;26\ (6)[U�U»��$

'

! 

"+�[\��U��$2 2 �'

! 

"
2+L�v��¿aD7õù;YU�U»

��$'

! 

"+LÉ_}\ 

! ! ! ! ! ! ! ! !
  

! 

["
!
2

2m
# + V (r)]$(r) = E$(r)                        (7) 

6X;Y�a��O�D7R;Z,Êõù;Ys:[\(3)

! 

H(p,r) =
p2

2m
+ V (r) = E  

6\�<e����2��,O�2 p a� (4)L¡,O�\�<e����Â

rL��$,O�O�QZ,6X;Y 

! ! ! ! ! ! ! ! !
  

! 

H(
!

i
",r) = #

!
2

2m
$ + V (r) % ˆ H                      (8) 

��$,O�2�<e����'Hamiltonian+6X;Z,¢R`a\

! 

ˆ H ,D7

R;YZ:Pô\1¦$atR;zécasbO?v Schrödinger�9�{[ 

! ! ! ! ! ! ! !  

! 

ˆ H "(r) = E"(r)                                   (9) 

,+W;Y 

! ÊO\zh¦$i8%&atR; Schrödinger�9�{aJi�Ø\écaÊs

bR;zh~*? Schrödinger�9�{LÜ ;a[\(3)2opVW2�9�6\
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Ý2��#$(���\
  

! 

E "#
!

i

$
$t
\L�a£�R;YA³��a[écS��

,O�¤N;S\ (8)[s2��6´äR;,O�\
  

! 

H(
!

i
",r) = #

!
2

2m
$ + V (r) % ˆ H  

6X;Y(9)[ 

! ! ! ! !
  

! 

ˆ H "(r,t) = #
!

i

$"(r,t)

$t
.                                

,?;Y

! 

"(1/i) = "(i /i
2
) = i  6X;DE\ 

! ! ! ! !
  

! 

ˆ H "(r,t) = i!
#"(r,t)

#t
                                     (9’) 

Z:S\(3)2opVW2�9�2��#$(DE�E:;zh~*? Schrödinger

�9�{6X;YA³��S\xz¥ð��,éc��a�>õù;Iå\ 

! ! ! ! !

! 

"(r, t) = "(x,y,z,t) = u(x,y,z) # T(t) , 

6X;YZ:L(9’)a¡,R;,\
  

! 

ˆ H " #
!

2

2m
$ + V (r)[xz¥ða�R;��$

6X;DE\(9’)2¦��[

! 

ˆ H (u " T) = T " ˆ H u,?;Y���[\éc2§(�6

X;DE\ 

      !
  

! 

i! " [#$(r,t) /#t] = i! " [#(uT) /#t] = i! " u " [#T /#t] 

6X;YZ2¦���L

! 

"(x,y,z,t) = u(x,y,z) # T(t)2¨6©;,\ 

! ! ! !

  

! 

1

u(x, y,z)
ˆ H u(x,y,z) =

i!

T(t)

"T(t)

"t
= E = const. 

¦�[¥ð��2æ\��[éc��2æ6X;DE\�ª[i�6?W:}

?E?vY���2/�DE[\ 

! ! ! ! !

  

! 

i!

T(t)

"T(t)

"t
= E ! ! ! «! ! !

  

! 

dT(t)

dt
= "

iE

!
# T(t) 

,2�9�S�E:;YZ:[\
  

! 

T(t) = A " exp(#iEt /!)! 6X;Z,L©ªR;Y
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h�\¦��2/�[\

! 

u(x,y,z)"#(x,y,z) = #(r),R;Z,6\(9)2zéca

sbO?v Schrödinger �9�{S�E:;YÅÆ�\ zécasbO?v

Schrödinger�9�{L&'a6�;,[\ 

! ! ! ! ! ! ! !
  

! 

"(x,y,z,t) = u(x,y,z) # exp($iEt /!)  

2PQa\xz��,éc��S�>õù;«S\ (9’)zh~*? Schrödinger

�9�{L¬jO�v;Iå6X;Y 

 

! 1­2op5*°±²³$2Iå[\(8), (9)a­v�\ 

! ! ! ! ! ! ! !  

! 

" #
d

2

dx
2

,     V (r)# (1/2)kx
2

= (1/2)m$ 2
x

2            (10) 

,z�®_:}ÿvY¬r*?zécasbO?v Schrödinger�9�{[\ 

! ! ! ! ! ! ! !
  

! 

["
!
2

2m

d
2

dx
2

+
m

2
# 2
x
2
]$(x) = E$(x)                     (11) 

,?;Y+���}\ 

! ! ! ! ! ! ! !
  

! 

d
2"(x)

dx
2

+ [
2mE

!
2
#
m
2$ 2

x
2

!
2

]"(x) = 0                    (11’) 

6X;YZ2�9�2«[\>?*?cdefg¾ò@ (

! 

E
n
),Z:atuR;

A³��(

! 

"
n
)LÔ_;Y>?*?cdefg¾ò@(

! 

E
n
)[\ 

! ! ! ! ! ! ! ! !
  

! 

E
n

= (
1

2
+ n)!",    n = 0, 1, 2, 3, . .                  (12) 

6X;Y

! 

n = 0, 1, 2, 3, . . S#$�a:ô\1²³$2#$%&\¯Ë\1²³$

2()*%&LBiR;YA³��(

! 

"
n
)2�[\ce<—�(Hermite)2¥��L

�v�Dx9:;S\ZZ62�56[\>?*?¾ò@%WL°�R:}±

�6X;26\A³��(

! 

"
n
)278[²�R;Y 
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! (12)aP:}\n=0 2³´2cdefg6XÆ�Ê\
  

! 

E
0

= (1/2)!" = (1/2)h#6

Xô\s2³´cdefg[µ6[?vYZ:[¶÷cdefg,|}:;Y

! 

"

[°±²³$2¾ò²³�6X;Y  

! 

!" = (h /2# )" = h $ (" /2# ) = h%2��aXô\

Z:[cdefg2Ý·LêlY�j\ (12)DE\
  

! 

E
n+1 " En

= !# = h$6Xô\

cdefg�x[/c¸6X;Z,S¹;Yh~a n2"Ja[ºJ[»vS\

òJKÄ,2<=SX;,»J¼a[?:?vYÝa\ (12)2nYL�v�\N

­2²³$2Þårbr'no+62#$%&L^_;Y 

!

6-2-2)  ½ ­2²³$Þår62#$%&!

! zF)*no¾ãäar³R; N ­2°±²³$2Þår{,O�\s2#

$%&L^_;a[\L²³$S52PQ?zm¦$#$%&{aX;DLBi

R:}ÿvY (12)2 n2@L N­2²³$atO�BiR;Y¿aBÀOjP

Qa\F)*no2L3$[\LM$÷2UVe(l, m, n)6X;T�2CaPÆ

�áâaXFõù;Y%DE\²³$aÊÖ\Á\�\ÂÂÂ,UVeL�W�\

Z:ELXFR;Z,S6�;[Ø6X;Ym_}\HÃÄ23$2 Å�Æ\Ç

�Æ\È�Æ2]²³2�xL78R;a[\�­2²³$S��6X;Ys2

PQ? jÃÄ2²³$2zÖ²³$2#$�{L

! 

n j,O�\N­2zÖ²³$2

#$�{2hC\!

! ! ! ! !!!!!!!

! 

(n
1
,  n

2
,  n

3
,  . . . ,  n

N
)! ! ! ! ! ! ! ! ! ! ! ! ! (13) 

Shl2#$%&6X;YZ:Shl2()*%&LBiR;Y(13)2#$%&

2bcdefgL

! 

E(n
1
,  n

2
,  . . . ,  n

N
),D7R;,\s2@[(12)L�v�!
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!!!!

! 

E(n
1
,  n

2
,  . . . ,  n

N
) = (

1

2
+ n

1
)h" + (

1

2
+ n

2
)h" + . . . . + (

1

2
+ n

N
)h" !

!!!!!!!!!!!!!!!!!!!

! 

=
1

2
Nh" + (n

1
+ n

2
+ . . . .+ n

N
)h" !!!!!!!!!!!!(14) 

6X;Y^?;

! 

(n
1
,  n

2
,  n

3
,  . . . ,  n

N
)2C[^?;#$%&LDRY (14)2��6

^_;,\^?;#$%&6Ê\�h�2¶÷cdefg2 N ­2±

'

! 

1

2
Nh" =

1

2
N#

0
+[8ahi6X;YN [Ô_E:j²³$'3$+2­�\

  

! 

h" = !# = $
0
[úû,R;²³$2¾ò²³�a�U�=i�L�WjÊ26\

ÉôåQ#$ÊVe2cdefgË6X;Y#$%&2ÏvaPô�(R;2

[�k�2zÖ²³$2#$�{2±6X;YZ2±L ÌL�v�!

! ! ! ! !

! 

M = (n
1
+ n

2
+ . . . .+ n

N
)! ! ! ! ! ! ! ! ! ! ! ! ! !    (15) 

,R;,\�k�[\ 

! ! ! !  

! 

(n
1
+ n

2
+ . . . .+ n

N
)h" = M#

0
 

6X;Y'

! 

1

2
Nh" =

1

2
N#

0
+2hicdefg%WØEOjbcdefgL!

! ! !!!!

! 

E * (n
1
,  n

2
,  . . . ,  n

N
) " E(n

1
,  n

2
,  . . . ,  n

N
) #

1

2
N$

0! ! ! ! !     (16) 

,R;,\#$�2C[·2bcdefg,ÖtÖatuO\ 

! ! ! !

! 

E * (n
1
,  n

2
,  . . . ,  n

N
) = (n

1
+ n

2
+ . . . .+ n

N
)"

0
= M"

0
! ! ! ! ! !!(17) 

,Dxõù;Y!
  

! 

h" = !# = $
0
[\Í�Ojbcdefg

! 

E *LÎ;Ï2¿x2c

defg6X;Y

! 

(n
1
,  n

2
,  n

3
,  . . . ,  n

N
)2CæåN�[^?Æ�Ê\¯Ë\nob!

r2#$%&[^?Æ�Ê\

! 

M = (n
1
+ n

2
+ . . . .+ n

N
)S®h6X;Iå[¥�X

;[Ø6X;Ys2~�L

! 

W
N
(M)LR;,\Z:[\Ð"¼Öa¢RPQa\Ñb

Á6 Ì ­2®h2XFõù?vÒL\XFõù; ½ ­2,:Ga�ÓR;Iå
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2�Ô,®Õ6X;�+Y!

!

!

!

!

!

!

!

!

! Ð"¼Ö2ÈÖa¢Oj×ÒÂØÒ2ÙÚL^_:}\×Ò[bÁ6 Ì­\Ø

Ò[µ¶2;A2�ah�O!Û½ÜmÝ­X;YbÁ6ÛÌÞ½ÜmÝ­2ÒSX;YÊO\

b�2ÒSXF6�;?E\Ù½�[

! 

(M + N "1)!6X;S\wÏ[×Ò5QO\

ØÒ5QO[XF6�?vDE\

! 

(N "1)!M!6©;��SX;Y 

! ! ! ! ! !

! 

W
N
(M) =

(M + N "1)!

(N "1)!M!
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (18)!

Z:S\

! 

M = (n
1
+ n

2
+ . . . .+ n

N
)L¬ßR;^?;

! 

(n
1
,  n

2
,  n

3
,  . . . ,  n

N
)#$%&2

~�\()*%&2~�6X;YF2$v�LR:}\

! 

E = M"
0

+ (1/2)N"
0
2�

�SX;26\

! 

W
N
(M)2 MLBiR;Z,[\cdefgELBiR;Z,6

X;Y%DEàX; ELBiOjIå\Z2%&LMNõù;#$%&2~�S

! 

W
N
(M)6X;Y 

 !

Ö 2 3 4 

Ð"¼ÖYbÁ6 Ì¾"­2®h2×ÒL\XFõù; ½¾�­2

_a�ÓR;Iå2�2Ü �Y�Ó9:�v;×ÒL1ôõ

O\áaÙ½;Yj%O\É2_2ÒLÙ½;éa[\�Ø\Ø

Òh­L¤_;YsO�\×Ò,ØÒ2Ù½�L�_;Y!
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6-2-3) !"#$%&' Boltzmann$()*  

! +,-$./0/1102345$%6789:;<=9>?@ABCDE(18)

$

! 

W
N
(M)FGH9I<=JKL'9:$MEN$OPQL@RSTABEUV

/WXY$Z[, 

! 

n >> 1\Q]T

! 

ln(n!) " n(lnn #1)@^_:` 

!

! 

lnW
N
(M) = ln

(M + N "1)!

(N "1)!M!
!

          

! 

" (M + N #1){ln(M + N #1) #1}

! 

"(N "1){ln(N "1) "1}" M{lnM "1}!

'9:`]7]ENOabGH9LMc:$MEN-1!N@de'E!

! ! ! ! ! !

! 

" (M + N){ln(M + N) #1}

! 

"N{lnN "1}" M{lnM "1}!

            

! 

= (M + N)ln(M + N) " N lnN " M lnM !

            

! 

= N[(1+
M

N
)ln(M + N) " lnN " (

M

N
)lnM] !

fgh$

! 

ln(M + N)FE

! 

ln(M + N) = ln[N(1+
M

N
)]= lnN + ln(1+

M

N
)'ij:78E!

            

! 

= N[(1+
M

N
)lnN + (1+

M

N
)ln(1+

M

N
) " lnN " (

M

N
)lnM]!

            

! 

= N[(
M

N
)lnN + (1+

M

N
)ln(1+

M

N
) " (

M

N
)lnM]!

            

! 

= N[(1+
M

N
)ln(1+

M

N
) " (

M

N
)ln(

M

N
)]`! ! ! ! ! ! ! ! ! !

>kElmn-o/

! 

E(n
1
,  n

2
,  . . . ,  n

N
) = M"

0
+

1

2
N"

0@pqr:I<=JKLFE

N$OPQLsE!

     

! 

lnW
N
(M) = ln

(M + N "1)!

(N "1)!M!

! 

" N[(1+
M

N
)ln(1+

M

N
) # (

M

N
)ln(

M

N
)]     (19) 

Mc:`M' Nstuv$GH9L'ABwx

! 

(M /N " 1) , Hy79Lz']T!

     

! 

lnW
N
(M) " N # (2ln2) " N !
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!"

! 

lnW
N
(M)#$%&'()*+,-./0 n=N/3 1234560!7-89

:;" 

! 

W
N
(M)<=#

! 

e
N6>?@?6ABC0!7-8!

! DE!"FGHI!#JKLM6.NO1PQR-S6TU)VW,-X!

! J$%&CYZ[6\]^_`?#aU!"bcCdefg!hi-1"!

! ! jklmCn/op#\;KqeLM!jk,-8O! ! ! ! ! (20) 

ER#"rstopu7-YZ[6]^_`?6E1)vw;e-E1uxy

q;"E6.N)z{|R-8\]^_`?

! 

E(n
1
,  n

2
,  . . . ,  n

N
) = M"

0
+

1

2
N"

0)}

~,-�%&op6�0#

! 

W
N
(M)!7-��"DR�R6�%&op6jkL

M#Kq�"��6�%&op(j)6jkLM

! 

p j (N,M)#"!

! ! ! ! ! ! ! ! ! !

! 

p j (N,M) =
1

WN (M)
                         (21) 

1C-8��!#7-�",w;6

! 

p j (N,M)6�#�!7-8!

! ! ! ! ! ! ! ! ! !

! 

p j (N,M)
j

" =WN (M) #
1

WN (M)
= 1             (22)!

,��uvw-��u"D6'�"JrHI6]����?#�%&op6�0

W6<��0u��,-O16 Boltzmann6���!

! ! ! ! ! ! ! ! ! !

! 

S = k
B
lnW ! ! ! ! ! ! ! ! ! ! ! ! ! !     (23)!

���R-8E6��U0# BoltzmannU0, 

! 

k
B

= 1.380658 "10
#23
(J /K), !7-8

�S�n6

! 

lnW )"S�

! 

[J /K]6�Nn!7-rHI]����?�� ¡-u

#"��U0�

! 

[J /K]6S�)¢£¤QC�Ce8rHI6]����?#¥n

opn!7-��"¦§"¨�#

! 

[J /K /mol]6©ª)We;«kq;e-8(23)

#�¬n)�./�£­!hi£®¯6S�

! 

[J /K]1C:;e-�"¦§6

! 

[J /K /mol]©ª6°u±,u#"²³´µ�0

! 

N
A

= 6.0221367 "10
23
(1/mol))¶{
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!"#$% 

!&'()*+,-./0123456 Boltzmann*789(23)352*:;! <

!.=>?@%A!BC4DEFGHIJ*KLMNOP*0QBR2*SC

5T4&UV-*KLMNOP.=>2WXYZ[$%<!C Boltzmann*\3

\3*=>WS\]2%^*_`C4ab*cdeNS*4`4f4g4h4

i4j*kXS2().lmn$2%cdeNoACpq*cdeNS4jb*

r52kX'()Ss2%cdeNoB4C4DCdtcuvwx*cdeNS]

2%pq*cdeNByzn4A!{!4f*k4i*k4`*kXs|1$%

cdeNoDSC&1*kXs|1$-SC5Tn41*km:s5$% 

 

_`%ab*cdeNB}12UV(information)*KLMNOPSI*y~% 

Pi(i*k*())! P1! Pf! Pg! Ph! Pi! Pj! SI 

cdeNo�!

�'()�!
1/6! 1/6! 1/6! 1/6! 1/6! 1/6! +1.79 

cdeNP�!

�fXs|1$�!
0.1! 0.5! 0.1! 0.1! 0.1! 0.1! +1.50 

cdeNoC 

(iXs|1$) 
0.1 0.1 0.1 0.05 0.6 0.05 +1.30 

cdeNoD 

(`m:S5$) 
1 0 0 0 0 0 0 

 

�� i*��() PiX�>�!n$2��\���4() PiC4�!:*��

X�<2*C��$5$:�4 

! 

P
i

i

" = 1 .��mn$2��X]2�4UV

(information)*KLMNOPSI.(24)*?@B0Qm4A*()����*�(

����� ¡¢4£¤¥��*¦§._¨12©3=>2% 



 112 

! ! ! ! ! ! !

! 

SI = " P
i

i

# lnP
i
!! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (24) 

! 

lnP
i
" 0"#$%&'()*+,-.)/01234567,89! 

! :;4<=4>62%?@4ABCD4EFGHIDJKSI5)LM,N9!!

! 

A > B > C > D4OP SI52QR7%STUVWXYZ[\%]^_V`aQR

b9O_):c7,89!! dTe)fg9hi4ABCDjA2<k4ST

U\)lm!n4oapqb8 B2 Arst\uEFGHIDJKSI)lm!

ABCDjCP2v4oapqb8!CPv4oap942%BPn4oap9

rs2TUVaN9!wx, C2 Brst\uEFGHIDJKSI5)yb!

z4o7#pu8ABCDjD2{2qTe|}P2u~��|PN9!�4E

FGHIDJKSI2 0P%XYZ[\2u~%<Q453PN9! 

! dTe4��a<k4ST�VWXYZ[\%]^_V`)y7%�4oa

P9#6m8,4T#uEF2u~%<t4EF�7#fgu8!��%z4o

7#pu8ABCDjD4�STUV�2<tP3PNs%�4oaP9#4E

F2;4o7#Pu84P<kPN9!ABCDjA4r�udTe4��a%

<k4EFGHIDJKSI)fg9��)�RPT�7r�! 

!

! 

i = 1, 2, 3, . . ,  n! 4����6�7,

! 

P
i
afg$�,�s% 

! 

P
i

i=1

n

" = 1�4��

2i6�17,89!�6 

! 

SI = " P
i
lnP

i

i

n

# 2%�)���7,% 

   ! !

! 

SI = " P
i
lnP

i

i=1

n

# + $(1" P
i

i=1

n

# )  

�P�9!��*�4�5��2%��)

! 

P
i
P� 71¡¢)3�£~��P%

SI4�5��a¤$�9!Lagrange4¥�¦�§W*¨©`4ª«PN9! 
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! ! !

! 

"SI

"P
i

= #[lnP
i
+ 1]# $ = 0  !  

!"#$!

! 

lnP
i
= "(1+ #)!%&'()*+,%

! 

P
i
= e

"(1+ #)
! -()!%./ i01

234,52$6789:;<#$!

! 

P
i

i=1

n

" = 14=

! 

e
"(1+ #)

i=1

n

$ = 1!"#+,% 

! ! ! !

! 

P
i
= e

"(1+ #)
= 1/n  

!"#$>?@AB!' n=6!"#$C0678!DE<# SI0FG'%!

! ! ! ! ! ! !

! 

" 2SI

"P
i

2
= #

1

P
i

< 0! !

!"#+,%CH'FIGJKIGL!"#$M7DNJOPQRS%TU

VSL0WX!"#YZ[A\]'%6780^_0-`!KIG`5#$ 

! (21)0abcde0DE78-%f/ i0gh78 Pi`ij4k3lmHno

2$ Boltzmann'%pqrYZ[A\]s9 (24)`it3%!!

! ! ! ! ! ! !

! 

S = "k
B

P
i

i

# lnP
i
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (25) 

`lmu$u*v%pqrcYZ[A\]`wx<#4k3%yz{)9|}

~�!2#$6780�abcde0DE78

! 

p j (N,M) =
1

WN (M)
(21)9(25)3�

�<#`%

! 

i(= j) = 1, 2, 3, . . . ,  WN (M)3�2�0�9�#C`3�:v�% 

! ! !

! 

S = "kB Pi
i

# lnPi = "kB
1

WN (M)
ln[

1

WN (M)
]

j

# = kB ln[WN (M)]! ! ! (26) 

`5#$C0��'(23)0 Boltzmann0�{�0��z35��2#$C0pq

rcYZ[A\]'%�abcde�678!DE<#`0^_0�!0KI

G!"#$ 

! Boltzmann�lmu�YZ[A\]0��978��`����#C`�̀ '%

D'%��0��0YZ[A\]0��� L¡0-0!"#$(26) !¢£`¢
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!"#$%&'()*"#$"+%,-./"0( (23)" Boltzmann"12$

! 

S = k
B
lnW34567"12$8(Boltzmann9:/ Planck0;<=>?@-.

/"345AB(ACD6/E/EFGHI)!JK"LMNOPQ%RSTUEV

WXY57EZ>[\34]. Planck"^_%77>`57E0ab56F(26)

8(cLdefQ%

! 

E(n
1
,  n

2
,  . . . ,  n

N
) = M"

0
+

1

2
N"

0

!
Egh-.i(jk=Vl

"cmk=no

! 

W
N
(M)EGHI=LMNOPQS"12%p-qr5ZEst

u57E8(Planckv" Boltzmann"12$"stE-q8w-r6-x-(L

MNOPQ8FyRz{"|}"<~���~�DZ34:(����0�b=

>RS�=��TI={�%�]qr56Planckv"st38(7"����

�%`�-q-��7E>�:x��r6�b8GHI)!JK/7"9��

��x�stu�'34��6! 7�>1u5��8 6-2-5, -6�3��u56!

 

6-2-4�  Vl"LMNOPQx���5LdefQEG ¡"s�$  

! (15),! (16)"12x�(

! 

E(n
1
,  n

2
,  . . . ,  n

N
) = M"

0
+

1

2
N"

0! 34:( M% E3¢

u7E03'5"3(�"V£%(26)¤¥>¦§u�¨(S% E3¢©ab57

E>�56

! 

M = E /"
0
# (1/2)N

 

ªx� 

! 

M

N
=

E

N"
0

#
1

2
34:(7�%(26)¤¥>¦

§u5E( 

   

! 

S(E) = k
B
lnW

N
(M)

! 

" k
B
N[(1+

M

N
)ln(1+

M

N
) # (

M

N
)ln(

M

N
)] 

!                  

! 

" k
B
N[(

E

N#0
+
1

2
)ln(

E

N#0
+
1

2
) $ (

E

N#0
$
1

2
)ln(

E

N#0
$
1

2
)]! (27) 

3456«¬(­5"�5-5D>p-.9�>( 
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! ! ! ! ! ! ! !

! 

(
"S

"U
)
V ,n

i

= 1/T  

!"#$%&'() E=U!"#*+,

! 

dS /dE = 1/T!"-,(27)&./0 E!1

2345&6

! 

1/T7839%:7;#$ 

! !     

! 

dS /dE = 1/T = (
k
B

"0
)[ln(

E

N"0
+
1

2
) # ln(

E

N"0
#
1

2
)] 

%<)=&>?7@ABC%:6!A#$ 

! ! ! !

! 

E + (1/2)N"0

E # (1/2)N"0
= exp["0 /(kB /T)]!

%<>-,(DE)FGHIJ6KL&MN:3O=&>?7PQ#$ 

! ! ! !

! 

U(T) = E(T) =
1

2
N"0 +

N"0

exp["0 /(kBT)]#1
$                    (28) 

RS&TUN0 n:C#V,WXYZUN N=3n!"#*+,TUN n0[?V

),N\3n:]A^_<`a9$ 

         

! 

U(T) = E(T) =
3n"0

2
+

3n"0

exp["0 /(kBT)]#1
                      (29) 

(DE)FGHIJ&KL126bcd!"#*+,(29)*+bcd&efg6h

+<#$%&'(),ijkl6m!bno0pq;9WXYZU0[rO9

#&!,Psbcd7tuC#$ 

        

! 

C
V

=
dE

dT
=
N("0)

2

k
B
T
2

exp["0 /(kBT)]

{exp["0 /(kBT)]#1}
2

.                       (30) 

%<6,RS& EinsteinvwH6x_#Psbcd&efg!"#$WXYZU

N N!);y,TUN n0[?V),z)-,N\3n:]A^_<`a9$ 

! ! ! !

! 

C
V

=
dE

dT
=
3n("0)

2

k
B
T
2

exp["0 /(kBT)]

{exp["0 /(kBT)]#1}
2

 

                

! 

= 3nk
B
["0 /(kBT)]

2
#

exp["0 /(kBT)]

{exp["0 /(kBT)]$1}
2

.              (31) 
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! !"#$%&'()*+,-"./012"34

! 

W
N
(M)5 Boltzmann"67

89:;' S(E)9<=((>?)@ABCD5EFG9HI"645&'<=J!

5KLMJNO%(31)PQRSTUKVJNWXEFG

! 

C
P
PYZ"[\]L(

!^%E_`74

! 

"5Xab!9:;Jcd9e$5([\]5&'"WfEF

G

! 

C
V
Kgh^Jij5"(5k7) 8 

! 

C
V

= C
P
" TV# 2

/$%#JlN(31)P[\]5"

YZmn9op%qJN 

!
  

! 

"
0

= h# = !$PGrst^';Juv"@ABCD9wqW4LVJN!^P

EinsteinxyB"z{|}r"~�|}4L��J]��h(
  

! 

"
0

= h#
E

= !$
E
5�

!$N

! 

"
0
5

! 

k
B
TP5�%@ABCD9wq"L(��"nP���G5S�( 

! ! ! ! !

! 

"
0

k
B
T

=
h#

E

k
B
T

=
h#

E
/k

B

T
= $

E
/T  

LVJNEinsteinxyB"O�HI9

! 

"
E
# h$

E
/k

B
5W�&'��5��LVJN

(31)P 

         

! 

C
V

= 3nk
B
("

E
/T)

2
#

exp("
E
/T)

{exp("
E
/T) $1}

2
! ! ! ! ! ! ! ! ! (32) 

5SJN�H12P

! 

("
E
/T)# 09TUqJ"L(

! 

exp("
E

/T) # 1+ ("
E

/T) + . . .9�

$5((32)P 

         

! 

C
V
" 3nk

B
(#

E
/T)

2
$
1+ (#

E
/T)

(#
E
/T)

2
" 3nk

B
 

5SJN!")�P(j1L����HL"~-"xBEFG%�;'�h^'

;J Dulong-Petit"��5��&';JN!  

 &�&(Dulong-Petit�P�H� LP¡¢£¤([\)��hqJ5(�H

� LP

! 

C
V
"T

3L¥%¦§qJN (32)L

! 

T" 0"129¨©#$N!"ª

! 

("
E

/T)#$,   exp("
E

/T)#$LVJ�h(

! 

exp("
E
/T) >> 1! %«TqJ5!
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! 

C
V

= 3nk
B
("

E
/T)

2
#

exp("
E
/T)

{exp("
E
/T) $1}

2

! 

" 3nk
B
(#

E
/T)

2
$

1

exp(#
E
/T)

% 0  

!"#$%&'!  

       

! 

x
2

exp x
=
x

2

e
x

=
x

2

1+ x +
x

2

2!
+
x

3

3!
+  

x
4

4!
 +....

=
1

1

x
2

+
1

x
+

1

2!
+
x

3!
+  

x
2

4!
 +....

  

!"#()*

! 

x"#  !

! 

x
2
/e

x
" 0! +,#$ 

! -./0123456!7+89:#%;3<=!>#$20?@/AB!'*

CDEFGHIJKL(M)&NO)P*56!01235Q:#RS'TU

VW!>XYZ!"[\$]+^_#,`+*abcd/ef() Planck(1900)

'CDEFG3ghij&#;/2klmnoL\$%&'pq012/6r

simtu:#vw!xyz!"#%;m*Einstein(1907)'U)(+L\${

&3(32)|!"#$ Einstein(1905)+,#}~��/TU;;x+*���X2

k��/�v(1926)m�:��;X[\$ Einstein(1907)/��E!'*

! 

C
V
"T

3

K,�x��7+89:#$%/�']+ Debye(1912)+,���j&*S�p

�()/

! 

C
V
"T

3K3�V!>#,`+X[\$%/ef'�12!�l:#$!

!
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6-2-5) !"#$%&'()*(+,-./0123  

! 456789:;<=>?9@ABC<DE;F6GH;IJKLMN;O

PKQRSTF<KDF6UVW6XY9OPZ[/;\ZT 

 ]^N789_`a Nb6cdefg(
  

! 

"
0

= h#
E

= !$
E
) 6hij/OPDkl

m+noE9"pq M9rJKD 

! ! ! ! ! ! ! !

! 

E(n
1
,n

2
,....,n

N
) = M"

0
+ (1/2)N"

0
     

/st<=uDF6]^N786kv^N016wqx 

! ! ! ! ! ! ! !

! 

W
N
(M) =

(M + N "1)!

(N "1)!M!
!

yzZT{|}~6����6���9��\Z/DkK6v^N016��

��x

! 

P
i
= 1/W

N
(M)y��;�<JT��D]^N786klm+no� Ey

zZu6b�6v^N016����x

! 

P
i
= 1/W

N
(M)yzZT[�x�`�/<

K6]^N78����;zZ�iyzZT 

! ��D�� i6����9

! 

P
i
/\ZuD 

! ! ! ! ! ! ! !

! 

SI(= S /k
B
) = " P

i

i

# lnP
i
 

/t���Z���6l� '¡o

! 

SI(= S /k
B
)� xDF6��¢£¤¥6¦�

�§$¨©ª«�D¬­®§,9¯�\Z"6°3yz±D�²;D

! 

P
i
�kK

�<Ju;³´µ9¶\Tklm+no� EyzZ]^N786�ixD 

             !

! 

(S /k
B
)max = "

1

W
N
(M)

ln[
1

W
N
(M)

]
i

# = ln[W
N
(M)] 

/aZT6-2-4) ;·¸=786�}~¹tµ/6º»¼½D���6l� '¡

o

! 

(S /k
B
)
max
� 6 Sx, [6]^N786klm+no9st<=u6�}~l

� '¡oS(E)/¾a<K¿JT  
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! ! ! ! ! ! !

! 

S(E) = Smax = k
B
ln[W

N
(M)]! ! ! ! ! ! ! ! ! ! ! (33) 

!"#$ 

! %&%'()*+,-./"#01234567' N89:;<=>

(
  

! 

"
0

= h#
E

= !$
E
) 9?@ABCDE#FGH(*IJ/KLM!NO34PQR

/S#&/TUVWXY9Z[(\]!"#$ 

i^_>`a9bcdef/ghi*"Mj/klc/mnHopPqr#LC

sA/[t(uU$vdS#mnHop9bcdwx!E^Cy9mnHopP

qdS#zr9{v|}xt^C9~W 

                   

! 

t " #E $ h = 6.63%10
&34
(J " s)                    (34) 

Planckd�9��!"#C9��("#$!EP 0/��w�#/W tP���

%'�hi')'U$ 

ii^67/�=%VU#:;<=>9�dW*e>}9����(��9���

!"#CS#:;��9���!W��'k9!"#$<=>}/WmnHo

p9�j�jk�wh#$%&%*e>9<=�=/W�&!" Vk¡:;

¢("#£¤^$¥Ei*349,¦§9N¨W¡:;¢PDE'U©jQRª«

'U$¡:;¢("#C¬­2mnHopWIJ/W®}¯/')'U$  

iii^,-./"#°7±9mnHopW�d!"#$%&%*LhW²D³9

LC!" V*NO±!LhPIJ/´7w�#LCWµ¶!"#$0123

4C·¸C9��9,2����P¹º/»¼S#LCWb½¾¿&)!"#$

À V*Á�9<=>(Â/Á�9_>�PÃÄ%*lc/Á�9mnHop

ÅÆ/"#CWÇE'U$mnHop9È)É(ÊE)PDEËi')'U$ 

! i)*ii),! iii)9ÌÍPDE#C*mnHop/WÈ)É(ÊE)("#LCPÎÏ
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!"#$%&'()*+&',-./0/123456789:;<=>$%

&'()*+&',-?/

! 

W
N
(M)@"2A-B:CDEFG4

! 

E@

! 

E + "E-H

!IJ$%&'()*+&',-?/

! 

W (E,  "E)@KL"234MNOP+>Q

J7R*+ST-$%UV<2WX+CDEFGB:YZ"#[1<\:)]

YH^

! 

"E(_G`G@"#:

! 

"E # h$ /W
N
(M) # (h$)e%N,>ab+!Bcd+!

ef"#6Jg,7! hZiCDEFG

! 

"EB:;-)]CDEFGH^

! 

"EMNj

k!lm6

! 

("E >> #E)@"#: 

            

! 

W
N
(M)"

! 

W (E,"E) =  #(E)"E ! ! ! ! ! ! ! ! ! ! (35) 

$%&'/0/1J7 

! 

"(E)B:&'no(density of states,@p\<J. 

! 

"(E)#E

B:

! 

E@

! 

E + "E-qr>$%&'-./0cds/+!/12St@KLuJ7 

! 

W (E,"E) =  #(E)"E@uJ;@>:)*+&'-vwefs/

! 

f (E)0[1J;

@4>mJ7xvw-yK0z{u<\:|-)*+&'A(

! 

E ,

! 

E + "E,-q

r!QJ}~kZ:

! 

f (E)"E = 1>QJ7;<B 

! ! ! ! !

! 

f (E)"E = 1 =
#(E)

W (E,"E) 
"E ! ! ! ! ! ! ! ! ! ! ! !  ! (36)!  

0��uJ7)*+&'-vwefs/

! 

f (E)B� 6�2!�uM�!: 

 

 

 

 

 

 

E E+!E 

f(E) 

1/!E 

E 

� 6-27)*+&'-vwefs/

! 

f (E)�!

! ! ! ]��(�������E,ef!

� 

! 

f (E) = 1/"E =
#(E)

W (E,"E) 
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! !  

! 

(E,E + "E)!"#$%&! !

! 

f (E) = 1/"E =
#(E)

W (E,"E) 
!  ! !  (37'1) 

! ! ! (!"#)$%! ! ! ! ! !

! 

f (E) = 0                      (37'2) 

$*+,

! 

f (E)!-%&./0E$&12/(1/0E)!3-$*4&5!67%(36)

!849:;<=,12/;<=(>/?;@A!BCD:EFG+, 

! (!HI:&JKLMN!OPQ0ERST&

! 

(E,  E + "E)!"#U:VWG

+XY!Z[\]^_`a\]b/;<=cd@ARefghi!jk%&l

mn^opqrstrLbjk^microcanonical ensembleb>uvw+,5!Z

[\]^_`a\]b/;<=@A$cdG+@Axy/lmn^opqrs

trLbxy^microcanonical distributionb$*4&z 6'{:|<}@Axy/

(w:~+,���><}�`a��!��%(!lmnxy/�~G+, 

 

6-2-6) lmn^opqrstrLbxy!�����L��  

! ��:��a���>%&��a@Axy!�k%?cd�>5!cd@A

!7D!�&��xy!�k%5!7x�$*+^�� 3-3b,z 6-2!lmn

^opqrstrLbxy��

! 

f (E)R�=Y&JKLMN !���

! 

< E >R¡

TY¢HI, (37'1)>(37'2)£P&!

!!!!!!

! 

< E >= E " f (E)dE = E
E

E +#E

$
E

$ " f (E)dE = E " f (E) " #E = E ! ! ! ! (38) 

>¤+,¥¦:&

! 

S(E)!���

! 

< S(E) >§& 

! ! !

! 

< S(E) >= S(E) " f (E)dE = S(E
E

E +#E

$
E

$ ) " f (E)dE !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!

! 

= S(E) " f (E) " #E = S(E)              (39) 

$*+,(¨¤;©:ª!«¬/*+!£­®:¯I£§°w¤=/&(w%
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!"#$%&'()*+,-./01234)5 

! 678!9:$;<"$=8+“>?@ABC”D4)%='()5EF8>?

GHIJKLMN;"#$IO4P8Q)5 (38)=(39)8+R;ST0'(U;

VW&XYZP[)5\]^_`IaT9:$&bcdTef8+R;9:$

;ghiIj)O;=ZP\]^hf&'(+klmn"#o&pTE==8+

E;ghiqK !r7;<"$%&kstou)E=+v8kwxyzo;w

x=ZP!r7;<"$%&ywE=={|u)5lmn"#;}~I8+�

L+k��o+k����o3��P[)E=&'�Z�'(UD4)5�qK+

!>?��;lYC%D4)!r7;<"$%IR;lY��&��P�&b

)E=D! “>?@ABC”! &��)5E;C3+M�;lmQ�8"#;��

=ZP;!<"$%D4)='()5 

! >?GHD8+E;ST0! “>?@ABC”! &�Ik��������o

=� 5¡¢@09:$&+£¢@¤¥$;�#;k��_`o;��CI¦

§¨©)'(Uª������:«¬8+Josiah Willard Gibbs(1839~1903) IS

�P­®¨F�5! (38)=(39)8+!<"$I¯ju)k°±²³´µ³�hf;

��������o3:«CIM¶u)%E=&·¸u)./0XYD4)5

°±²³´µ³�_`;>?GHqK8¹FPO+!<"$8“>?@ABC”=

ZP;k��������o%='()E=8ºxD4)5»7D8 k]^ª³

´µ³�¬hf;��������o&+»9D8 k,]^ª¼��½³´µ

³�¬hf;��������o&'()5k������(ansemble)o8¾�

�¿À;!hf%&12u)ÁÂD+Gibbs3>?GHI­®Z�5Ã;ST0

��_`D4)q8+k������o;ÄIÅwÆÇÀDÈÉu)5Gibbs8
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!"#$%&'()*+,-./0Maxwell 1 Boltzmann23456789:

;-<.=>?2@2-A0Maxwell 2BoltzmannB!"#$8CD;28E*B0

Gibbs<F8CD;GHIJKLMLN>F8O;BPQR=STAUVWUX

8YZ[\G]^_`N=> 

 

6-2-7abcdef8gVhijX  

! bcdef8klcdSm8no

! 

W
N
(M)%0(35)8

! 

W (E,"E) =  #(E)"E-p

qrI=20bcdef8gVhijXS %sI= Boltzmann 8tuv

! 

S = k
B
ln[W

N
(M)]A!

! ! ! ! ! !

! 

S = k
B
ln[W (E,"E)] = k

B
ln[#(E)"E)]! ! ! ! ! ! ! ! ! (40) 

2L/0wMx8gyz{X

! 

"EBgVhijXS8vG|_=>

! 

"(E)A0gy

z{XB

! 

E2

! 

E + "E8}~G.=��Smo%

! 

"E-��*<8-0

! 

"E�&A

wMx2)`8l�Lgyz{X.=>

! 

"(E)A��gyz{X�*/8��S

mo-.=> ��0bcdef8k��#$Sm8noA

! 

W
N
(M)-.=^M0

LM)`�I_K0F8no%�����8��gyz{X
  

! 

"
0

= h#
E

= !$
E
-�

�*<8B�J

! 

"(E)-.=2�I`�N>�G0!

! ! ! ! ! ! !

! 

"(E) =W
N
(M) /#

0
.                                 (41)!

��`0(40)8

! 

"(E)#EA 

              

! 

"(E)#E =

! 

"(E)#
0
($E /#

0
) =W

N
(M) % $E /#

0
 

2Z�=^M0(40)A�8��G�|��=> 

! ! ! ! ! ! !

! 

S = k
B
ln["(E)#E]

! 

= k
B
ln["(E)#0]+ k

B
ln(
$E

#0
) 
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                   ! ! ! ! !

! 

= k
B
{ln[W

N
(M)]+ ln(

"E

#0
)}    ! ! ! ! (42) 

!"#$(33)%&'()*+%,-./0123456! (19)789:%;<=

>?@+A+.B:

! 

M " N345C>?

! 

lnW
N
(M) " N3456!D#%

! 

ln("E /#0)

789:$?&EFG+%H>I$JK7LM9N

! 

"E << N#
0
O.PQ5R.S

3T5%3UO?

! 

ln("E /#0) < lnN ! 3456RV$ !"#%

! 

lnW
N
(M) " N7WX

:Y=7LM9%3?!"#7ZB:!D#$[\B:]^9R.7C56 

      

! 

S = k
B
ln["(E)#E]

! 

= k
B
{ln[W

N
(M)]+ ln(

"E

#0
)} $ k

B
ln[W

N
(M)]    (43) 

 R%_`7?

! 

W (E,"E) =  #(E)"E.B:abcdef`.?ghiCH>I%

&EFG+

! 

"ES&'()*+S %j7-V56B=B?S 7$klmCnoe

/0pQC96! H>I%&EFG+

! 

"E%qrest?&EFG+uvSwx

B]yuv7C>C9R.?Cz7Z{|5}7? 

! ! ! ! !

! 

W
N
(M)"

! 

W (E,"E) =  #(E)"E ! ! ! ! ! ! ! ! ! ! ! ! (33)!

.~�B?abcd

! 

"(E)e��B�6RV$&'()*+%,-j7$noB

C96B=B?

! 

"(E)��$��%;<3$��7f�MV56�7?]`"8

�?������%��ab�N�\mab�OePQ_`6 
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6-3) !"#$%&'()  

! *+,-%./01234$567%89:!"#$%&'();<=>?

@%56AB C D%EF#$G'HI>/J>?KLB2MG'ANJ>OP

QARS0:T Schrödinger 4UVW;<=>?@XB26-2-1) %YZ[\Y][^_

`ab+A2!

! ! ! ! !
  

! 

["
!
2

2m
# + V (r)]$(r) = E$(r)! ! ! ! ! ! ! ! ! ! ! ! ! Y7[!

^I>?cd;efAJ>gA2KL2Mhi%jk L %lmn%7oAMD

%pqG'HSrJ>/012s%&'();<=>?!

! 

V = L
3%34$7^%

MD%pqG'%&'()2CD%pqG'%&'()2A-T1Bs%t^<

=>?!

!

6-3-1) Mhi%lmn% 1D%pqG'/s% Schrödinger4UV!

! ,hiAuv>pqG'%wxyz^I>{|2yz4}; x A~>/2(7)

%MG'ANJ>OPQARS0:T Schrödinger4UVWB2!

!!!!!!!!!!
  

! 

["
!
2

2m

d
2

dx
2

+ V (x)]#(x) = E#(x)                       (44) 

^I>?s%MD%G'BMhi%jk L %lmn%7o�v^wxyzJ>

/<=>%^2

! 

V (x)/01BO�kH���%���������W���\��

;<=>?!

! ! ! ! !! !

! 

V (x) = 0          (0 < x < L)

        = "         (x # 0,   x $ L)
                     (45)!

^I>{|2OPQARS0:T Schrödinger4UVWB!
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! ! ! ! !
  

! 

"
!

2

2m

d# 2

dx
2

= E#        (0 < x < L)                     !  (46-1) 

         
  

! 

"
!

2

2m

d# 2

dx
2

+ V
0
# = E#        (V

0
= $;  x % 0,   x & L)         (46-2)!

!"#$!

 

 

 

 

 

 

 

 

! %&'()*+,'-./0123,45678#9+:;<6:=#%>6

?@ABC"DEFGHIAJ1KLC"DE0MN/OPQ$ICI1R'

S/0GHTU"@'/1VW/01AX1BX1CX1DX!IARYZ'%>F

[\=#$]^'%>_`' A)/O#$ 

! ! AX:29+:;'*a'bc

! 

" *" = "
2

0d,efghFij=#< 

CZ$d,0kl

! 

0 < x < L6mnoLYAef=#$ICI1 

! 

x " 0,   x # L'k

l60efI"@$pCZ 

! ! ! ! ! ! ! ! !

! 

"(x) = 0      (x # 0,   x $ L)                      (47) !

/O#$qZ61 

! ! BXr23,45'9+:;0stuv/"8Yw"Z"@< 

x=0 x=L 

V(x) 

V=! V=! 

 

xyz{$|q_}~K'���������!!

! ! ! ! �'��6ef=#s�'d, 

V=0 
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!"#$%

! 

x = 0,  x = L"&'()*+,-./)0-1'(23#

! 

x = 0,  x = L!

45"6#789:6!

! ! ! ! ! ! ! ! !

! 

"(0) = 0,      "(L) = 0    ! ! ! ! ! ! ! ! ! ! ! ! (48)!

;<-1! (46!1)!=>?6#
  

! 

d
2"

dx
2

= #(
2mE

!
2

)"   ;<-@A#!

! ! ! ! ! ! ! ! !
  

! 

k
2
"
2mE

!
2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (49)!

;BC#!

! ! ! ! ! ! ! ! !

! 

d
2"(x)

dx
2

= #k 2"(x)                              (50) 

"0-1DE8!=>?"0-1'!FGH6#A; BIJK!L:;BC# 

! ! ! ! ! ! ! !

! 

"(x) = A # sin(kx) + B # cos(kx)! ! ! ! ! ! ! ! !  (51)!

"MNA(-1(48)! x=0OP,-QR@A#(51)6 

! ! ! ! ! ! ! !

! 

"(0) = A # sin(0) + B # cos(0) = B = 0!  

"03# 

! ! ! !    ! !

! 

"(x) = A # sin(kx)! ! ! ! ! ! ! ! ! ! !  ! ! ! ! (52) 

"0-1F=#(48)! x=LOP,-QR@A#!

! ! ! ! ! ! ! !

! 

"(L) = A # sin(kL) = 0                            (53)!

"<S(T<A<U1&B

! 

A = 0<A#

! 

0 < x < L"

! 

"(x) = 0;<-1 

! 

"
2

= 06#

VWXYZ[\]!^_O`a)bcB<U';IKd,-1'(6eK;f

g,-!"#

! 

A = 06hijk<U1

! 

A " 0"(53)Ilm,-!6#

! 

kL = n""# 

! 

n = 0, ± 1, ± 2, ± 3, . . . !no;<-1B@B# n=0 !no6

! 

"
2

= 0;<3#

! 

A = 0!no;pqrsO<-!"htjk<U1 

! 

n = ±1, ± 2, ± 3, . . .;<-1

B@B<)A#uavw"6# 
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! C!"#$%&'

! 

"()*+, !-./01$%&'

! 

" # ei$23456789: 

2;<9=>?@ 

! 

n = 1, 2, 3, . . .7AB9=2) 

! 

n = "1, " 2, " 3, . . .()(52)?

CD,EF>*+,G-./01$%&'7HI=@J>KL(3M>567

89J2NO=>?)PQ()

! 

n = 1, 2, 3, . . .! >R7AB90STU2O=@ 

! ! ! ! !

! 

k =
n"

L
 

! 

(n = 1, 2, 3, . . .)! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (54) 

?V=@WXY)(52)>$%&'() 

        

! 

"(x) = A # sin(
n$

L
x) ,    

! 

n = 1, 2, 3, . . . 

Z'[()\>]^_`>$%&',a19bcde) 

! D!"#$%&'(fghde)

! 

"(x)
2
dx = 1

#$

+$

% )7aijO.0SOkOU: 

lkmn=@J>fghde()oNpBj1#]^_`Nq.=$%&':

N&9=rs A)2t,XYU=@u^(vwlN(xy>-lkz2O=@  

      

! 

"(x)
2
dx = 1

#$

+$

% = A
2 & sin2(

n'

L
0

L

% x)dx =

! 

A
2

2
[1" cos(

2n#

L
x

0

L

$ )]dx =
A
2
L

2
@ 

?V{)

! 

A = 2 /L ! 2O=@ 

! #]^_`>$%&':N&9= A!)B!)C!)D!>rs2|>}~)#�

�]^h:>��()]^_`�]^h`>������)��)��:7���01

U@n1)�j�U��>����?(V=,)����!) E.���������

���!  ¡!��!)¢£��!?¤TU@E.�������>����(¥¦O

§¨P©>ª«,V=¬?­®U@ 

! WXY)$%&'()

! 

0 < x < L! >¯°?)!

! ! ! ! ! !

! 

"
n
(x) = 2

L
# sin(

n$

L
x))  

! 

n = 1, 2, 3, . . .! ! ! ! ! ! ! (55) 
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!"#$%&$'()*+,-(49).
  

! 

k
2
"
2mE

!
2
-(54).

! 

k =
n"

L
-

! 

(n = 1, 2, 3, . . .)

/0123.4567#$!

             
  

! 

E
n

=
("!)2

2mL
2
# n

2
,    

! 

n = 1, 2, 3, . . .!              !  (56) 

89:;<=>?9'()*+!"#$@ABC,-D; L.>3E.FGH.

I.>J.KL?9MNO'()*+PQRST<6UV#WXYZ/[V$ 

n=1 .\]M^_.'()*+!
  

! 

E
1

=
("!)2

2mL
2
! !"`-T<,abcd.'()

*+Sef<-ng1.\],hicd.'()*+!"#$ 

 

 

 

 

 

 

 

 

 

 

 

 

! jklm7noS.pq!,-rs/Pt;<=D; L .u.tvmwXM

xyz<#$rs!.{|M}!"#~-��7tvW,-�.WD���.

  

! 

E
3

=
(3"!)2

2mL
2

 

  

! 

E
2

=
(2"!)2

2mL
2

 

  

! 

E
1

=
("!)2

2mL
2

 

x=0 x=L 

! 

"
3  

! 

"
2  

! 

"
1 

@ABC$D; L.>3E.FGH.I.>J.KL?9MNO

'()*+PQRST<6UV#WXYZ$ 
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!"#$%&' L()*+,#-. 

! 

L = (" /2) # n  /01*2+3456789

! 

" = 2L /n:;342<#=(>?#@'AB62+3'@% k:;3CD9 

                

! 

k " 2# /$ =
2#

2L /n
=
n#

L
 

:;8956E(54)#-.(FGH35,'I34 

 

6-3-2) JK#LM L#NOP=#Q?#RSTU!

! LM V #NOP#=(Q?#RSTU'WXH3,*295#YZ:E[\

]^_` abc:;89defg,h#i:Ejklm#7nopM'q#rs

t[\]^_` abq,H34uv*9mwx:yz{|oDo+CD9!

!!!!!!!! ! ! ! ! !

! 

V = Vx + Vy + Vz  ! ! ! ! ! ! ! ! ! ! ! ! ! ! (57) 

,*9 

! ! ! ! !

! 

Vx = Vy = Vz = 0    

! 

    (0 < x < L,  0 < y < L,  0 < z < L)       (57-1) 

          

! 

Vx = Vy = Vz = "      (}#efg,h#iZ~! ! ! ! ! (57l2) 

,H34(7)#���(�W*o+ SchrödingerO���E9 

! ! ! ! ! ! ! !
  

! 

["
!
2

2m
# + V (r)]$(r) = E$(r)  

:;3CD9 

! ! ! ! !

  

! 

["
!

2

2m
(
# 2

#x 2
+
# 2

#y 2
+
# 2

#z2
) + V ]$(x,y,z) = E$(x,y,z)             (58) 

:;3456/���(�%"�t#�/��*29 

! ! ! ! !

! 

"(x,y,z) = X(x) #Y (y) # Z(z)! ! ! ! ! ! ! ! ! ! ! ! ! ! (59) 

,H3456/(58)(��*29 
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! 

"
!

2

2m
(YZ

# 2
X

#x 2
+ XZ

# 2
Y

#y 2
+ XY

# 2
Z

#z2
) + V $ XYZ = E $ XYZ        (60) 

!"#$%&'()
  

! 

"
!
2

2m
*+#!, 

       
  

! 

YZ
" 2
X

"x 2
+ XZ

" 2
Y

"y 2
+ XY

" 2
Z

"z2
# (

2m

!
2

) $V $ XYZ = #
2m

!
2
E $ XYZ  

*-#.,/0'()(59)&

! 

X(x) "Y (y) " Z(z)*+#!, 

! ! !

  

! 

1

X

" 2X

"x 2
+
1

Y

" 2Y

"y 2
+
1

Z

" 2Z

"z2
# (
2m

!
2
) $ (Vx + Vy + Vz) = #

2m

!
2
E  

123(57)&

! 

V = Vx + Vy + Vz)4565#$%%*,x,y! E078#9):(

;,z078#9)<(;0=>#$ 

! ! !

  

! 

1

X

" 2X

"x 2
+
1

Y

" 2Y

"y 2
+ (
2m

!
2
)[E # (Vx + V )y ] = #

1

Z

" 2Z

"z2
+ (
2m

!
2
)Vz
! ! ! ! (61) 

!"#$%&'(*?@ABx,yC!@A z .DEFG65#&*,:<?@

ABx,y,zC0H7I*-J,-#KA0L35$%&KA)
  

! 

(
2m

!
2
)E

z
!M56

N#!,(61)OPQ&RS&TUV.WPG#$ 

! ! ! !

  

! 

1

Z

" 2Z

"z2
+ (
2m

!
2
)(E

z
#V

z
) = 0                             (62-1) 

        
  

! 

1

X

" 2X

"x 2
+
1

Y

" 2Y

"y 2
+ (
2m

!
2
)[E # (Vx + Vy )] = (

2m

!
2
)Ez

            (62-2) 

(62-2)*,x,E,Ez078#9):(;0,y078#9)<(;0=>#!, 

! ! ! !

  

! 

1

X

" 2X

"x 2
+ (
2m

!
2
)[E # Ez #Vx ] = #

1

Y

" 2Y

"y 2
+ (
2m

!
2
)Vy
! ! ! ! ! ! (63) 

:(!<(*@A.DEFG65#OP,'X?-#YSKA0L3Z,%G

)
  

! 

(
2m

!
2
)Ey!MZ%!.*[#$\&]^,Q&RS&TUV.WPG#$ 

! ! ! !

  

! 

1

Y

" 2Y

"y 2
+ (
2m

!
2
)(Ey #Vy ) = 0                             (64-1) 
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! 

1

X

" 2X

"x 2
+ (
2m

!
2
)[E # Ey # Ez #Vx ] = 0                      (64-2) 

(64-2)!"#$% 

! ! ! !

! 

E = Ex + Ey + Ez%&'  

! 

Ex = E " Ey " Ez   ! ! ! ! ! ! ! (65)    

()*(%(64-2) +! (62-1)((64-1)!,-./01234*5 

! ! ! !
  

! 

1

X

" 2X

"x 2
+ (
2m

!
2
)[E

x
#V

x
] = 0                               (66) 

! ! ! !

  

! 

1

Y

" 2Y

"y 2
+ (
2m

!
2
)(Ey #Vy ) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (64-1) 

! ! ! !

  

! 

1

Z

" 2Z

"z2
+ (
2m

!
2
)(E

z
#V

z
) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (62-1) 

67/89:;<3+%
  

! 

d
2"

dx
2

= #(
2mE

!
2

)"   /=>?@AB%(57-1)((57-2)/CD

!E#FG.HIJKLM 

! ! ! !

! 

Vx = Vy = Vz = 0

! 

    (0 < x < L,  0 < y < L,  0 < z < L)  

! ! ! !

! 

Vx = Vy = Vz = "! NO/PQ(R/STU 

VW)*(%XY/Z[2+%89:;<(\$/!
  

! 

d
2"

dx
2

= #(
2mE

!
2

)"   %&' 

  

! 

1

"

d
2"

dx
2

+ (
2mE

!
2

) = 0   (]^,-34_%67/`a>R/bbc@de#f(B

g*5h@d%(66)!i\$+ 

! ! !

! 

0 < x < L         

! 

X
n
x

(x) =
2

L
" sin(

n
x
#

L
" x)  

      

! 

x " 0,   x # L       

! 

X
n
x

(x) = 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (67) 

! ! !!
  

! 

E
n
x

=
("!)2

2mL
2

(n
x
)

2
       (n

x
= 1, 2, 3, . . . . .)!

(64j1)%(62-1)!i\$k,l34*5 

! mn$%(59)3

! 

"(x,y,z) = X(x) #Y (y) # Z(z)(\Aopq!rs\t# Schrödinger



 133 

!"#$%&'( 

!

! 

(0 < x < L,  0 < y < L,  0 < z < L) %)%*+,'(  

  ! ! !

! 

"nx ,ny ,nz (x,y,z) =
8

L
3
# sin(

nx$

L
x) # sin(

ny$

L
y) # sin(

nz$

L
z)          (68) 

)%-./0%1+,'( 

! ! ! !

! 

"nx ,ny ,nz (x,y,z) = 0                                         (69) 

23456789'((65)%

! 

E = Ex + Ey + Ez:;( 

!!!!!!!!
  

! 

Enxny ,nz
=

("!)2

2mL
2
[(nx )

2
+ (ny )

2
+ (nz )

2
]                            (70) 

,<=>?!@%@A'(

! 

V = L
3,<=BC(

! 

L
2

= V
2 / 3

 ,<;(DEFGH/ 

! ! ! !
  

! 

Enxny ,nz
=

("!)2

2mV
2 / 3

[(nx )
2

+ (ny )
2

+ (nz )
2
] !!!!!!!!!!!!!!!!!!!!! (71) 

,<=>

! 

(nx,ny,nz )%IJ%KLM%NO(?!@*PQRS=TU%VW

XL%KLYZ[\]^YZ_F`aS=>

! 

(nx,ny,nz ) = (1, 1, 1)O(bc%

! 

(nx )
2

+ (ny )
2

+ (nz )
2

= 3 %9Fde=%,(DEOfg23456YZ,<=>

h%ijYZ'(

! 

(nx )
2

+ (ny )
2

+ (nz )
2

= 2
2

+ 1
2

+ 1
2

= 6FklS=mn,(  

! ! !

! 

(nx,ny,nz ) = (2, 1, 1) , !

! 

(nx,ny,nz ) = (1, 2, 1) , !

! 

(nx,ny,nz ) = (1, 1, 2)!

%IJmnO<=>DEC'IJ%op=KLYZFqrst;((68)%uvw

MxyzPop=>rBr((70)%23456'I{,|},<=>D%:HP(

op=KLYZO|~%23456789F�JmnF(�23456'��

��'��[degenerated_rs�=$/�H>~J%23456789P n

U%KLYZO��rs�=�(0%KLYZ' n�P��rs�=/��(n

'�����'���,<=>�%�'��P��rs�=mn,<=>op

=KLYZFMe=mn(D%���'��,<=> 
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6-3-3)!  !"#$%&'()*+,-./0,1023452367  

! !"#$%&'()*+,-./0,102389:;23<=>

! 

(nx,ny,nz ),

?@,104,ABCDEFG()HC,234E>IJ,C5KLMNO>

P,QR%4STUQVWEX%LSQRHYZ=[\5NO>!"#$%&

'()*+,-./0,102389:;23<%]()K,^_)C5%`

abDTVH 

! (71)^>

! 

n
2
" (nx )

2
+ (ny )

2
+ (nz )

2
 5N>E%cdT

! 

nx,ny,nzEef()5>  

! ! ! ! ! !
  

! 

E =
("!)2

2mV
2 / 3

# n
2 
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (72) 

5g)HIJ,hi=>

! 

n
2
" (nx )

2
+ (ny )

2
+ (nz )

25

! 

(nx,ny,nz )B*j*jk^=g

VC5Eal()B>C,hi=>X,QR%GmNTno,pq Rr  

! ! ! !

! 

n
2
" (nx )

2
+ (ny )

2
+ (nz )

2

  

! 

=
2mV

2 / 3
E

("!)2
= R

2
! ! ! ! ! ! ! (73) 

EsV)5tujv^w)H 

! 

(nx,ny,nz )Exy5()zX{|0ELS)5> 

 

 

 

 

 

 

 

 

 

R 

ny 

nx 0 1 2 3 4 5 6 
0 

1 

2 

3 

4 

5 

6 

7 

7 

}~��H

! 

(nx,ny,nz ),|0�E nz��,�X{��%��NT

��HT�N>nz��,�=>nx��>ny��,�5��%>

|0�^=gVC5%`aHR=(73)%jk() 
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!"#$%&

! 

(nx,ny,nz )#'()*+,-#.(/01213245&6789

&:! ; 6<5 +,

! 

(nx,ny,nz )#.(/= nz>?#@A0BCDEFG=HD"I

&: (67)0J&KL0!

! 

nx,ny,nz " 1 7#MN8J&OP,QROST#'(U

8?3J&/+VW5XY.(/3+%I670Z[: 

! (73)=\]5&̂ _#`a Rb=Vc&7,defghE8ij3J&

! 

(nx,ny,nz )

#'()*+,6#^_#`a Rb#_@A0J&.(/3J&:kl0+, 

                 

! 

R < (nx )
2

+ (ny )
2

+ (nz )
2

< R + "R  

=\]5&.(/3J&:R>>13+, 

! ! ! ! ! ! ! !

! 

R " (nx )
2

+ (ny )
2

+ (nz )
2  

7Vc"mI:EnD,.(/+!

! 

nx,ny,nz " 1! =\]5&/0oPR&#3,

Vc&XY+^`a R#_#

! 

(1/2)
3

= 1/8#pqbnr3J&:st", 

defgh8 EKuvwI!"#'()*#U=

! 

W (0,E)75&7,6R+,

^`a R_#1/8b0xyR&!.(/#U0zDI:; 6<5OP9&KL0,

x,y,z#{|+k}U3J&OP,.(#~����u01�#.(/824

5&:st",

! 

W (0,E)+6#_#���# 1/80zD�, 

! !        

! 

W (0,E) =
1

8
"
4#

3
R
3
 

3, (73)3# R7 V,! E#��,
  

! 

2mV
2 / 3
E

("!)2
= R

2
, =�L7, 

           

  

! 

W (0,E) =
1

8
"
4#

3
"
V

(#!)3
" (2mE)

3 / 2
                     (74-1) 

3J&:(74<1)#

! 

W (0,E)+,����0��5&1�#���(8�u�&�

��%'()*0TI",defgh8 E ��3J&!"#'()*����
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!"#$%&'() 

! (74*1)$+,&  

! 

("!)3 # (2"!)3 = 8("!)3-./0(-123$4%

! 

(1/8) = (1/2)
3

56789($&1 

           
  

! 

W (0,E) =
4"

3
#

V

(2"!)3
# (2mE)

3 / 2                        (74-2) 

-9():;81  

! 

2"! = 2" (h /2" ) = h  &'(<;1 

! ! ! ! !  

! 

W (0,E) =
4"

3
#
V

h
3
# (2mE)

3 / 2                           (74-3) 

&='() 

! >?$@AB!"CDE!"#FGHIJ81KL5 

! ! ! ! ! ! !

! 

W
N
(M)"

! 

W (E,"E) =  #(E)"E ! ! ! ! ! ! ! ! ! ! (35) 

-MN!"OP

! 

 "(E)FGHI)! (74*1)1(74*2)1(74*3)$

! 

W (0,E)-!"OP

! 

 "(E)-$Q45RS9($&'TS<U!

! 

W (0,E)51V 6*5 8WMIXYZ

R[$\/8]8^_`(2aEb$%8cMd1ef L$gh3i8jk0(\

l$mnoEpqrs(tuB9DE!"8vwN1xyz{|p

! 

0 ~ E$}

~i8�(2N$DE!"C@AB!"#$%&'()(35)&��MIOP!"

<;0(-1

! 

"(E)#E51xyz{|p E~(E+

! 

"E )$}~8�(DE!"%&'

(<;1

! 

0 ~ E$}~&!"%$��D&'(

! 

W (0,E)$��51

! 

W (0,E)F E&

@+MIDp�`8��0() 

! ! ! ! ! !

! 

"(E)#E $
dW (0,E)

dE
#E ! ! ! ! ! ! ! ! ! ! ! ! ! ! (75) 

c�&59dX�]-M$51(35)&5�l$��E�p��&'($8�M1

(74*1)1(74*2)1(74*3)$

! 

W (0,E)5\oE�p��89�Nw(<;&'()\

oE�$

! 

W (0,E)-��81Nl$mnoE�8�MN1xyz{|p 0 ~ E$
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!"#$%&'()*

! 

W
N
(0,E)+,-./0!  

! ! ! ! ! !

! 

"(E)#E =
dW

N
(0,E)

dE
#E                             (76) 

12%3451678 N 9':8

! 

W
N
(0,E)0

! 

"(E) = dW
N
(0,E) /dE+;<0

Boltzmann8=>?+@AB0CDEF#2% NG8HI9'8JKLMNO8

PQ?+R<%3 

 

6-3-4)! CDEF#2% NG8HI9'8&'()*SJKLMNO  

! TUV L 12%CDEW#XYZ% N G8HI9'8&'()+,-[\3

]^_#0NG8HI9'V`a1b%SZ%S0Gc89'#dABeG

8&'*+fg^0hE148eNG8&'* 

!          

! 

(n
1x,n1y,n1z),  (n2x,n2y,n2z ),  . . ,  (nNx,nNy,nNz)! ! ! ! ! ! ! (77) 

+fgZ./0NG8HI9'8&'()Vgi%3^j^0NG8HI9'

Vkl8mE9'0n-/ NG8 Aro'012%pq07.q NG89

'6rs#`atupA3vd8 Ar o'+,-wxy0Gc8 Ar o'#6

Gz6pA810{|+(77)1!

! 

n
1
" n

2
 S$.}-B]0$.}-%~S�a

6tupA37.q8()6kT8&'()S,-�/pqpA3(77)8Td8

&'*8�+,-wxy0 

! 

(n jx,n jy,n jz )�V

! 

 1" j " N8hB8 j1�p�BA%

pq0�� j+2q�%D�1$.}-wxy8*�N!���8()VTd8k

T8&'()12%3��B0�NG89'6rs#`atu%�S^BR<

w()*+

! 

W
N

*
(0,E)S^0�NG89'6rs#`atupA�S^BR<%

�b�u8()*+

! 

W
N
(0,E)SZ%S07.6 
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! 

W
N
(0,E) =

W
N

*
(0,E)

N!
! ! ! ! ! ! ! ! ! ! ! ! (78) 

!"#$%&%'

! 

(n jx,n jy,n jz )()*+,-./012!34!"#56780

9:;7<=<>$?@A'j=1, j=!0BC012+3D0

! 

(n jx,n jy,n jz )0(E

FG'HI0(N-2)J012!7KL

! 

(n jx,n jy,n jz )+M<NL>#OP#O'QR

S7 2(N-2)!O<I'(78)0QRS N!O7M<#$%&%'T120U2VW7

XY"#0!'JZ0U2VW0[\]^7_0`Y!'abcd>(!"#$ 

2J./012+3D0U2VW;"#]^7e;cd>(O<#$fNL'1

2gS+cd>567'8h=Eij%L'(78)!klP#$ 

 mI"@noNJ0127pq;rstu#vO%Lwx#VWY

! 

W
N

*
(0,E)E

yz;'N12{0|}~��E�@9:$K*!�0�NJ0U2Y 

!          

! 

(n
1x,n1y,n1z),  (n2x,n2y,n2z ),  . . ,  (nNx,nNy,nNz)! ! ! ! ! ! ! (77) 

E�CPhA'NJ0)�120U2VW+C�I'(70)0T12|}~��  

! ! ! ! ! ! ! !
  

! 

Enxny ,nz
=

("!)2

2mL
2

[(nx )
2

+ (ny )
2

+ (nz )
2
]      !!!!!!!!!!(70) 

E��P#O'80 N 12{0K|}~��E 7'(70)E N J012;->L

�%6����0!"#$ 

! !        

  

! 

E =
("!)2

2mL
2
[(n jx )

2
+ (n jy )

2
+ (n jz )

2
]  

j=1

N

# ! ! ! ! ! ! ! ! ! (79) 

T120567'j"1! 3��O<I'����0����2E�>LVWYE

Y@#8O+!��$N 12{056�'(79)!
  

! 

("!)2

2mL
2
7���2O%L�It

P8O+!�#0!' 

! ! ! ! ! !

  

! 

[(n jx )
2

+ (n jy )
2

+ (n jz )
2
]  

j=1

N

" =
2mL

2
E

(#!)2
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!"#$%& 

! ! ! ! ! !

  

! 

[(n jx )
2

+ (n jy )
2

+ (n jz )
2
]  

j=1

N

" #
2mL

2
E

($!)2
= R

2
! ! ! ! ! ! ! (80) 

'()*#+,-./'01234567$7&N8-9:; +<N=>,-/

?,-.'@1A3"%"56B?.;&CDEF?<=>,-!GHIJ"#6 

! j!1:K#CDEF?<=>,-?LM;, NOPQRST?UV; 

! ! ! ! ! ! !

! 

R = (nx )
2

+ (ny )
2

+ (nz )
2  

:&,-.'@1#?;&TWX?

! 

(1/2)
3

= 1/8:KYZ6j[N?LM&3N=>

?,-:?NOPQRST?UV R; 

               

  

! 

R =
2mL

2
E

("!)2
= [(n jx )

2
+ (n jy )

2
+ (n jz )

2
]  

j=1

N

# ! ! ! ! (81) 

!"\&,-.'@1#WX;&TWX?

! 

(1/2)
3N!"#6(81)?]^N_' 3N

`*#!& 

              

  

! 

R
3N

= [
2mL

2
E

("!)2
]
3N / 2

                              (82) 

:K#. aZ& 3N =>bc:;&UV R ?TWX

! 

V
3N
;

! 

R
3Ndef*#ghi

$%&

! 

C
3N
'efj0!7k& 

              
  

! 

V
3N

= C
3N
" R

3N
= C

3N
" [
2mL

2
E

(#!)2
]
3N / 2
! ! ! ! ! ! ! !  (83) 

:K#lmnop6

! 

C
3N
;mnodq*rid&stuv0!(x)'w5k& 

! ! ! ! ! ! !

! 

C
3N

=
" 3N / 2

#(3N /2 + 1)
                                (84) 

:K#6xYk&yNz?8-;{|d}~��#�!�j7k��#�-�

�?0

! 

W
N

*
(0,E);& 
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! 

W
N

*
(0,E) =

V
3N

(2)
3N

=
1

(2)
3N
" C

3N
" [
2mL

2
E

(#!)2
]
3N / 2
! ! ! !     (85) 

!"#$! %&'()N*+,-./0123456789:';<#=>?

5+@AB

! 

W
N
(0,E).((78)CD(

! 

W
N

*
(0,E)E N!!FGHI7CD!

             

  

! 

W
N
(0,E) =

V
3N

(2)
3N
" N!

=
1

(2)
3N
"
C
3N

N!
" [
2mL

2
E

(#!)2
]
3N / 2

         (86) 

96#$

! 

(L
2
)
3N / 2

= L
3N

= V
N

 ,   

! 

(2)
3N
("!)3N = h

3N
 , 

! 

C
3N

=
" 3N / 2

#(3N /2 + 1)
 EJK9( 

! !

! 

W
N
(0,E) =

C
3N

h
3N
N!
"V

N
" (2mE)

3N / 2
=

# 3N / 2

h
3N
$(3N /2 + 1)

"
(2mE)

3N / 2

N!
"V

N
 

                                

! 

=
(2"mE)3N / 2 #V N

h
3N
N!$(3N /2 + 1)

$            (87) 

96#$LM(NOPQB1RS#TUVWOX+YZ([\]),  

! ! ! ! ! ! !

! 

"(n + 1) = n!# 2$n % (n /e)n  

!(^G_G(n`N(n`(3N/2)! 9:'( 

! ! ! ! !

! 

N!" 2#N $ (N /e)
N(! ! !

! 

"(
3N

2
+ 1) # 3$N (

3N

2e
)
3N / 2(  

96#$(87)+ab1"#

! 

N!"(3N /2 + 1).( 

!

! 

N!"(
3N

2
+ 1) # 6$ 2

N
2
% (N /e)

N
(
3N

2e
)
3N / 2

! 

= 6" 2
N
2
# (
3

2
)
3N / 2

# N
5N / 2

# e
$5N / 2

 !  (88) 

!"#$cGE(87)1de:'( 

! ! ! ! !

! 

W
N
(0,E) "

1

6# 2
N
2
$ (
2

3
)
3N / 2 (2#mE)

3N / 2
$V

N

h
3N
N
5N / 2

$ e
5N / 2

 

                  

! 

=
1

6" 2
N
2
# (
2

3
)
3N / 2 (2"mE)

3N / 2
#V

N

(h
2
)
3N / 2

N
3N / 2

N
N
# e

5N / 2
 

                  

! 

=
1

6" 2
N
2
# [
4"m

3h
2
# (
E

N
) # (

V

N
)
2 / 3
# e

5 / 3
]
3N / 2

 .       (89) 

96#$!

! 

W
N
(0,E) . N,-fghijVk 0 ~ E+lm1"#n-@ABE
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!"#$%&"'(%)*+

! 

W
N
(0,E),-./012345) Boltzmann+67

8,9:;<)-=>?@1SABC;# SD&EFGE2H;A)(89)+'(

%)

! 

[(
E

N
) " (

V

N
)
2 / 3
]
3N / 2

= (
E

N
)
3N / 2

" (
V

N
)
N<5IJKLMNOP+Q,9:I!R5

IS:TUA)$%V;'(%WXAY:#(76)2Z[TFG\]<+67 

! ! ! !  

! 

"(E)#E =
dW

N
(0,E)

dE
#E  

,^_I)  

! !  

! 

",(E)#E =
3N

2
$

1

6% 2
N
2
$ [
4%m

3h
2
$ (
E

N
) $ (

V

N
)
2 / 3
$ e

5 / 3
]
3N / 2

$
#E

E
.! ! ! (90) 

2H;#N`+abLM+cXd+-=>?@1D)ef+gX<hi'(%) 

(40)+ Boltzmann+678) 

 ! ! ! ! ! ! !

! 

S = k
B
ln[W (E,"E)] = k

B
ln[#(E)"E)]! ! ! ! ! ! ! ! (40) 

jkBl;*<A2m;# 

! !     

! 

S = k
B
ln["(E)#E)]

! 

= k
B
N{
3

2
ln[
4"m

3h
2
# (
E

N
)]+ ln(

V

N
) +
5

2
}  

                         

! 

+  k
B
{ln(

3N

2
) " ln( 6#N) + ln(

$E

E
)} .        (91) 

N DLMN2H;jk)nopN2H;#qrs+tD kBN 2ukvI:;+

%w5)xrs+tD kB2ukvISP)NDp:#y_I)qrs+ kBN2

ukvTt%w5I)xrs+t,zI{|2m;# 

! ! ! !

! 

S(E) = k
B
ln["(E)#E)]

! 

= k
B
N{
3

2
ln[
4"m

3h
2
# (
E

N
)]+ ln(

V

N
) +
5

2
}#! ! (92) 

*vA)N`+abLM+cXd<5I}~T���d+-=>?@1S+��

82H;#!

! 

ln(E /N),  ln(V /N),��tzdA kBN2ukvI:;*<jk)-

=>?@1SA&EFGE2H;*<AV;# 
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! !"#(78)$

! 

W
N
(0,E) =

W
N

*
(0,E)

N!
%&'()#

! 

W
N
(0,E) =W

N

*
(0,E)! *"+",

-*#./#0N1$2345678)9:;<=>*?=*#@ABC$DE

FGHIS6JKLMK)6NONP@QR*N=S! TUV;6#45W% n

X?YZ#S6JKLMK;[=\O nX)NO]ZNOPS

! 

W
N
(0,E) =W

N

*
(0,E)!

*"+6NONPS

! 

W
N
(0,E) =W

N

*
(0,E)*?=*0Gibbs $^_`abc>*N

=d#

! 

W
N
(0,E) =W

N

*
(0,E) /N! *?=e*;#0Gibbs$^_`abc>fg6h

iNPSe$fg6j13!11;!kQ?=S 

! (92)$@ABC$ S$@QR6#lmnopbGqrsqtuvw\OxOY

yz{;[=S

! 

E = (3/2)Nk
B
T%|}"+#  

             

! 

S(E) = k
B
N{ln[(

2"mk
B
T

h
2

)
3 / 2
# (
V

N
)]+

5

2
}! ! ! ! ! ! ! ! ! (93)  

*N=SeY6 Sackur-Tetrodeo~abIt��FGI`u$R*�ZY=S!!!!!!

� 6-1 6 Ne, Ar, Kr $��c$�B�#��)��=DEFGHI$���*

Sackur-Tetrode$R$���%��yz{;[=S��6������?=S!

!

� 6-1S�B�#��;$DEFGHI$���*!

! ! ! ! Sackur-Tetrode$@QR)�=���$����u
!

! DEFGHIoJ/mol/Ku!

BC! T(b. p. ) K! ���! ���!

Ne! 27.2! 96.40! 96.45!

Ar! 87.29! 129.75! 129.24!

Kr! 119.93! 144.56! 145.06!

 

e$��6#(92)R$ S%��?= ¡;¢£*"y¤¥\$¦§¨2Cd©ª

;[=e*%«¬"+P=S 
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! !"#$% Ne, Ar, Kr%&'()*+,-.*/01234.*5(67#$

89:;<=%/>+?@ABCDEFE4&'(G+HIJ4K)*LMN

OABP;24.*5(678QRCSTUVWXYZ[A+I:\]+4^

%_%VWX1=`a>RCb@ZBCD^% STUVWXY89:;+c8

deCfg10hD 

! g6-2-4)A+4(ijk7l%mn4

! 

n >> 1GE;

! 

ln(n!) " n(lnn #1)1o:pZ4

^ ^ A + ! ' 7 q Q r 8 s R C ( i j k 7 l % m n G E ; 4

! 

"(n + 1) = n!# 2$n % (n /e)n! 1o:pD^t+4 

        

! 

ln(n!) " ln[ 2#n $ (n /e)n ] = n(lnn %1) + (1/2)ln(2#n)  

ABCFu4g6-2-3)A%

! 

ln(n!) " n(lnn #1)%mn84

! 

(1/2)ln(2"n)%vwx1y

zp2%ABCD

! 

"(n + 1) = n!# 2$n % (n /e)n%(ijk7l%mn+4{J|X

%}:mnABCDEFEIZu4^%vwx+, ~7��6jS %��(91)A

+4

! 

"k
B
ln( 6#N)GIJ4���8+��E;2�:x8IP;:CD 

 

6-3-5)! Sackur-Tetrode%�G��������  

! Sackur-Tetrode%�(93)+4

! 

T" 0GEp\]4S+�G+Iu��%�GICD

S+���q7%Q��g6-2-3)�(23) Fu2�C{�84S !!0%����AI

�t�IuI:D p4

! 

T" 0%¡4S¢[ABCe£GRC���¤¥¦§G

2¨©EI:D!Sackur-Tetrode%�+ª«A+w¬A+I:^GZ­®¯tCD!

!S !!0ABC°8+4sr%±r8QE;4!

! ! ! ! ! ! ! !

! 

(
2"mk

B
T

h
2

)
3 / 2
# (
V

N
) $ 1! !  
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!"#$%&'()*+,-./0 

! ! ! ! ! ! ! !

! 

(
N

V
) "
(2#mk

B
T)

3 / 2

h
3

                               (94) 

$%10(N/V)2342567809:;<=0(2>?:@A*BCDEF&

"#!%&'(2@A80(78)$GHDCIJKLMDEF&'(78)$80NO3

42P4QR8S5%&2$0TU2P4QR2VWXY8Z2[5$0\]

^_F`$%&' 2 Tab234!cd2P4QRK%&XY8eK^_F`

<:&'fgE03467!^_Fhi80()j*klDE (78)$IJm&n

<opC'(2qrsj0Vt803467K8eKuDF@A0 

! ! ! ! ! ! !   

! 

(
N

V
) <<

(2"mk
B
T)

3 / 2

h
3

! ! ! ! ! ! ! ! ! ! ! ! ! !   (95) 

!vwDEF&<opCx!yF'Sackur-Tetrode 2z(92)!WV{:|}*=

~280(95)2@A!B�_)EF&�$%&<op�/:j:F' 

! $80(95)2��KW)&������8�*|}m&2$%�?s�! (95)

2��* 1/3�m&<0 

! ! ! ! ! ! !   

! 

(
N

V
)
1/ 3

=
1

(V /N)
1/ 3

<<
(2"mk

B
T)

1/ 2

h
! ! ! ! ! ! ! ! !  (96)!  

<:&sj0���80N342����n2[5<opEyF'���80a

�$��&>?K0N�{����(de Broglié)��n2[5K��m& ¡PK

¢&'fgE0(96)2£¤z80N342����n$op&<0(2��8N�

{����(de Broglié)��nK��E¥sK\,F<2@A*|}DEF&'¦

§¨{:34©*op&ª«$yF<2@A$%&'¬­2@A$80®¯°

±*²;³´$8(96)!µ¶DEF&<opEyF' 

! a�$8N�{����(de Broglié)��nK~FE·¸D>?'����(de 
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Broglié)!"#$%&'()*+,-./01" Planck/23456789/:

;<=>?@AB/:;C<()DEFGHI!"J$/KL# p! PlanckM

N<OD?"@AB/BPQRSTUV" 

! ! ! ! ! ! !   

! 

p = h /"! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (97-1) 

W/:;CIX,F(97-1)/@AB/BPQ<YZ[\(de Broglié)BPW]^F

J$WD?/_`ab'"@A/BLcRde"fgMRh,i7<jkl,F 

J$/A#< m"mn< vWl,W 

! ! ! ! ! !

! 

" = (1/2)mv
2

= (1/2m)p
2                            (97-2) 

IX,FGHI" 

! ! ! ! ! !

! 

" = (1/2)mv
2

= (1/2m)p
2

= (1/2)kBT! ! ! ! ! ! ! ! ! ! (97-3) 

<opl,q23456<:;"H+Rrsl,KL# p<:;,W" 

! ! ! ! ! ! ! ! !

! 

p
2
/m = kBT ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (97-4) 

/tuWh,/I"G/dvhJ$/KL#! 

! ! ! ! ! !

! 

p = mkBT = h /"! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

Wh,FH+RrD"(97-1)/YZ[\(de Broglié)BP/:;<wxD?" 

           

! 

" =
h

mk
B
T
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  

W:;"H/BP<*yR

! 

(2" )1/ 2Iz{E|/!" 

! ! ! ! ! !

! 

"
T

=
h

2#mk
B
T
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (97-5) 

}q~YZ[\(de Broglié)BP�W��q~BP(thermal wavelength)�W]�+

,FH+<(96)/���Rx�,W"��'��R��Rh,HW'�,F 

! ! !    

! 

(2"mk
B
T)

1/ 2

h
= (2" )1/ 2 #

(mk
B
T)

1/ 2

h
= (2" )1/ 2 #

1

$
=
1

$
T
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!"#$(96)%$ 

! ! ! ! !

! 

(
N

V
)
1/ 3

=
1

(V /N)
1/ 3

<<
1

"
T

 

&'()*+,-./012345-6789&:;<=>&?@%$ABCD

EF(de Broglié)GH>&?@IJK"LMN5./012,-6<=&?@&

'(O%PQ$RS&<=&'(OTUV$789&:;<=>%7ABCDE

F(de Broglié)GH>WX4Y"LZ[5/&\]012,-6(96)%$^_9

`aLb34cdeBP89f0gU-!hOi5/&\]Oj-6 

!7ABCDEF(de Broglié)GH>&kl(97-5)"#,-/$mn T)o5pq$

rs m)Z[5pq$7ABCDEF(de Broglié)GH>%tQP-6uv4$^

_9`aLb,-(96)&\]%*+3w,QP-63"3$xmOrs)MN5

^_9`a$yUVz{|}&~�%$(96)&\]%*+)��LP-L�)5

P56�9%^_9`a/TUP5)$7�9&��>0gU-./%O[-6

rs)MN5/T�12O%$7�9&��>&7ABCDEF(de Broglié)GH>

%HQPJ$cdeBP89f!hO%PQ$G�Bfr���/P-6xm

L�h-��&���9&��5L%$.&I�P��)��345-6s9

���&�&0��L34�e��VP#P5��14 6 
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6-3-6) !"#$%&'()*+,-.,/01234!

! 56789(92):;<!"#$%&'()*+=

! 

E,  V ,  N%>?7@0ABC

DEFGHIJ0KA/CLM<

! 

S(E,V ,N)BNAOK 

! ! ! ! ! !

! 

S(E,V ,N) = k
B
N{
3

2
ln[
4"m

3h
2
# (
E

N
)]+ ln(

V

N
) +
5

2
}! ! ! ! ! (92) 

PQ<(4-19-1)%123>R:< 

            

! 

dU(S,V ,n
i
) = TdS " PdV + µ

i
dn

i

i

#                    (4-19-1) 

;<USE<TPUVWXBHI<

! 

dE = TdS " PdV + µdNBY0%7< 

! 

TdS = dE + PdV " µdN ! BZ[7\0KSC

! 

E,  V ,  N%>?B]YHI<  

! ! ! !      

! 

dS =
1

T
dE +

P

T
dV "

µ

T
dN    ! ! ! ! ! ! ! ! ! !  (4-19-1’) 

7@0K(4-19-1’)F^_<&'()*+%&`ab+cV;

! 

"S /"E = 1/T !7@_<!

! ! ! ! ! !

! 

"S(E,V ,N)

"E
=
3

2
k
B

N

E
=
1

T
!!!S!

! 

E =
3N

2
k
B
TK! ! ! ! (98)!

BY0Kde%fgh= 3N7@0 Nijk7<lij%lfghF

! 

(1/2)k
B
T%

&`ab+=mVno/IJ0p%q&`ab+7@0KA/;rFshtu

vI\IJ0K 

! &'()*+%$wcV;<(4-19-1’)^_< 

! ! ! ! ! ! !

! 

"S(E,V ,N)

"V
= k

B

N

V
=
P

T
! ! S!

! 

PV = k
B
NT ! ! ! ! ! (99)!

BY0KA/;!"#$%xyQz:7@0K(98)B(99)%{|;<s}tuv

I\9t%7@0=<(92)%

! 

S(E,V ,N)= Schrödinger Qz:F~��ABF��

�0B<�Joo,%��o�C��0AB=7\0K!

! (4-19-1’)^_<&'()*+%ij?F^0cV;<!!
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! ! !!!!!!!!

! 

"S(E,V ,N)

"N
=

! 

k
B
{
3

2
ln[
4"m

3h
2
# (
E

N
)]+ ln(

V

N
)} = $

µ

T
           

!"#$%&'()*+,-./µ01 

            

! 

µ = "k
B
T ln{[

4#m

3h
2
$ (
E

N
)]
3 / 2
$ (
V

N
)}              ! ! !  (100) 

23#4 

! 

(
E

N
)
3 / 2
" (
V

N
)5678&9:;<=>5?@.AB&9:;<=>5C

D5E!FGHIJKLMN#5!&'()*+,-./µ01:;I N8OP

Q3N4RLM&'()*+,-./µ01 P S T 2TU678FVHI!"

#W2JX#4(98)5

! 

E =
3N

2
k
B
T&(99)5

! 

PV = k
B
NTY&(100)5

! 

(
E

N
)
3 / 2
" (
V

N
)8Z

KQM& 

! ! ! ! ! !

! 

µ = "k
B
T ln{[

2#mk
B
T

h
2

]
3 / 2
$ (
k
B
T

P
)} .                       (101) 

!"#4'()*+,-./µ01&[\5]^ P5_`$%ab#FVHI!

"#4cdJe`!"fg&AY`I2QM& 

! ! ! ! !

! 

A = "k
B
T ln{[

2#mk
B
T

h
2

]
3 / 2
$ (k

B
T)}&! !

! 

µ = A + k
B
T lnP! ! ! (102) 

!">&[\5]^ P5hI8ijQM'()*+,-./µ0klmn#4o

pq81 P5_`$%'()*+,-./µ0Yar#W2J!s#4!

! W5678tuv/wxyz{|z.0}~86#���C5?+�y�BS

$%&(98)&(99)&(100)5�GJ�$f#4�8��351&'()*+,-.

/µ05�Cq��J�%f#W2!"#4�6-2-4 !1&tuv/wxyz{

|z.0}~$%��5?+�y�BS5��J�%f&��5�^(�G1W

5 S$%��#W2YFQ=4Wf%�6-2 2�6-3 !��Q=��j$%&t

uv/wxyz{|z.0}~5���1������=2�74��5� ¡
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!"#$%&'()*+,-./012345#678!"19:;<=>?@A

&BC*D)E)245#FGH"#$%I+,-JKL#MNOP&BC*Q

%;1234 5#FGH"19:;R=0S(TA&)*DUV0139:R=

WA;XT1Y@Z##2[\]^_`abcdbefgh;i@BCj12!

! klH"m8!"V# Schrödingerjno&p#q"rst!

! !!!!!!!!ukNH"m8!"V#q"rsvwx,-rsvyt!

!!!!!!!!!!!!!!!!!!ukBoltzmann#z{ow|}~�Myt!

! ! ! ! ! ! ! ! ! ! ! ! ukE��^*�)2����Ef#��V# St!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! uk���qt!

&��1��0Y@D[\]^_`abcdbefgh12����#��#

��&(��T@D�12��W1����;���(TD[\]^_`ab

cdbefgh� Z¡E;¢T£¤¥¦T3\]^bcdbe2canonicalf

ghA¥2�#[\]^_`abcdbefghE�§>0S@Dp)�2�

��q#����¨©13\]^bcdbe2canonicalfghA#BCjE�Z

�&ª«-;§¬�&¥0S@w­7, 8yD®�;2H"ghI¯ °±²;³´

(3µ\]^¶·¸¹bcdbe2grandºcanonicalfghAZ[\]^_`

abcdbefgh#BCjE�§¬�&¥0S@w­9yD3µ\]^¶·¸¹

bcdbefghA12»¼¸rsZR=½¾S¿"ÀÁ%H"&)�#�"

(Â#����IBC@²;��&(@^­14fDÃÄÅÆ01���;ÇT�

È¾@D!


