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"#) = (1/2)($ +
%

%$
)[($ &

%

%$
)#] = (1/2)($ +

%

%$
)[$# &

%#

%$
] 

             

! 

= (1/2)(" 2# + # + "
$#

$"
%"

$#

$"
%
$ 2#

$" 2
) = (1/2)(" 2 +1%

$ 2

$" 2
)#    (68) 

!"#$%&'()*+,-.&/012)3456 

            

! 

ˆ a ̂  a 
"

= (1/2)(# 2
+1$

% 2

%# 2
)                                (69) 

78#$ 

! 9):;)345)<=5

! 

[ ˆ a , ˆ a 
"
] = ˆ a ̂  a 

"
# ˆ a 

" ˆ a 6'(67)!(69)>?' 

              

! 

[ ˆ a , ˆ a 
"
] = ˆ a ̂  a 

"
# ˆ a 

" ˆ a = (1/2) # (#1/2) =1                   (70) 

!"#$:;)345)<=@A,BCD#$<=5EF78GH'I):;

)3456J=78K0E'

! 

ˆ a !

! 

ˆ a 
"6J=76"L$/>/'

! 

[ ˆ a , ˆ a ] = [ ˆ a 
"
, ˆ a 

"
] = 06

MN78#)7'OP345)<=@A,Q!R#!' 

         

! 

[ ˆ a , ˆ a 
"
] =1,   [ ˆ a , ˆ a ] = [ ˆ a 

"
, ˆ a 

"
] = 0                                (70’) 

!"#$ST':;)345

! 

ˆ A !

! 

ˆ B &UV

! 

[ ˆ A , ˆ B ]+ "
ˆ A ̂  B + ˆ B ̂  A !WXYG#345

6-<=5!ZHG#$[\)]^_)`&a!b/c'<=5!deD#$

9)12)-<=56

! 

[ ˆ a , ˆ a 
"
]+ = ˆ a ̂  a 

"
+ ˆ a 

" ˆ a !"#E'fgh&6' 

         

! 

[ ˆ a , ˆ a 
"
]+ = ˆ a ̂  a 

"
+ ˆ a 

" ˆ a = (# 2
$
% 2

%# 2
)                              (71) 

78#$(70),(71))ij6k&lmn)BC,o#p&qrD#$ 

 

(6-2) lm@s!lmn  

! tA476'uvwxyu)z{|,rLcY
l ,0
EBC7}#9!>?'9G&

OP345,~V�/�rY�c'm�F)Y
l ,m
,�R0$ 9G!��&'��

��)lm@s

! 

"
0
&�O345

! 

ˆ a 
",~V�/�rY�GH'��&�)lm@

s,�R#9!E��#.   

          

! 

 "
1

= ˆ a 
# $ "

0
,      

          

! 

"
2

=
1

2
ˆ a 
# $ "

1
=

1

2
( ˆ a 

#
)

2"
0
,    

          

! 

"
3

=
1

3
ˆ a 
#"

2
=

1

3 2
( ˆ a 

#
)

3"
0
,   

          , 
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! 

"
n

=
1

n

ˆ a 
# $ "

n%1
=

1

n!
( ˆ a 

#
)

n"
0
,                          (72) 

!"#$%&'()*+'%

! 

"0 = (# /$ )1/ 4 % exp(&#x 2 /2)!  (50-0) ,-./0% 

! ! ! !

! 

"0(#) = ($ /% )1/ 4 & exp('# 2 /2)                             (73) 

,-.1!"23456'789:;<=>?@AB%C2723456$D

EFGH/0%

! 

ˆ a "
0

= 0%IJ  

! 

(" +
#

#"
)$

0
= 0  %   

#$
0

#"
= &"$

0  2KL/0%!"

3456<MN.OPBQR.1O2S$

! 

"0 = A0 exp(#$
2
/2),-.1TUVWX

$!,$GY x2WXPFAZ+[\]-./0%^_(73)PG.1 

! `23456$% 

  !

! 

"1 = ˆ a 
#"0 =

1

2
($ %

&

&$
)"0 = (' /( )

1/ 4 )
1

2
) ($ %

&

&$
)exp(%$ 2

/2)
 

     

! 

= (" /# )1/ 4 $
1

2
$ e

(%& 2 / 2)
$ 2&

 

PG.1ab$cd'FAOe<fgh@i%3456]j0e.1 

! `$%34k<lN*+1Schrödingermnop6q$%
  

 

! ! ! !  
  

! 

"
!
2

2m

d
2#(x)

dx
2

+
1

2
m $% 2 $#(x) = E $#(x)

 

,-.2,% 

           

! 

["
!

2

2m

d
2

dx
2

+
1

2
m #$ 2

]%(x) = ˆ H %(x) = E #%(x)                (74)
 

,-.%rsA9:; Hamiltonian$%
  

! 

ˆ H = "
!

2

2m

d
2

dx
2

+
1

2
m #$ 2

# x
2
 ,-.1 

  

! 

" = # $ x = m% /! $ x  /0%Hamiltonian<!,tuP% 

! ! ! !

  

! 

d
2

dx
2

=
m"

!
#
d

2

d$ 2
   %  &

!
2

2m
 
d

2

dx
2

= &
1

2
!" #

d
2

d$ 2
              (75)!  

PG.1v)% 

! ! ! !
  

! 

1

2
m "# 2

" x
2

=
1

2
m "# 2

"
!

m#
"$ 2 =

1

2
!# "$ 2                   (76) 

,-.1rsA%!,twF)9:; Hamiltonian$% 

      
  

! 

ˆ H = "
!#

2
$

d
2

d% 2
+
!#

2
$ % 2

=
!#

2
$ (% 2

"
d

2

d% 2
)                      (77) 
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!"#$%&(77)'()(71)!(70)*+,#&-)  

! ! !
  

! 

ˆ H =
!"

2
# ( ˆ a ̂  a 

$
+ ˆ a 

$ ˆ a ) =
!"

2
# (2 ˆ a 

$ ˆ a +1) = !"( ˆ a 
$ ˆ a +1/2) = !"( ˆ N +1/2)

 

-.#$/0'12345678*9:;<)8=>?(@?8 n *A,#3

4) 

       
  

! 

ˆ H "
n

= !#( ˆ N +1/2)"
n

= !#(n +1/2)"
n

                                  = E
n
"

n                      (78) 

-.B)%&5678'CDE#FGHIJ56K( 

         
  

! 

E
n

= !"(n +1/2)  

!LM#$NO&PQ!RS-.#$ 

 

(6-3)TUV8WQ)PX-YZ[\]^_`a=>?  

 bc'V8*d'e[)(61)&]^_`a(fg_hi)=>?* x!!⁄!x-YZ

E#. 

         
  

! 

" = # $ x = m% /! $ x)   
  

! 

"

"#
=

1

m$ /!
%
"

"x  

 jB) 

          

! 

ˆ a =
1

2
(" +

#

#"
) =

m$

2!
(x +

!

m$
%
#

#x
),

                  (79-1) 

          

! 

ˆ a 
"

=
1

2
(# $

%

%#
) =

m&

2!
(x $

!

m&
'
%

%x
)

                  (79-2) 

kl@& xgm() 

         

! 

px = "i!
#

#x  

"&-)%;*no#!)pqrl?&]^_`aWfg_hiX=>?()  

          

! 

ˆ a =
m"

2!
(x +

i

m"
# px ),

     

! 

ˆ a 
"

=
m#

2!
(x $

i

m#
% px )        (80) 

-.#$ 

! st)u14-6-() 

        

! 

Q " mx,       P "
1

m
p                                  u14-6-(62) 

&TUV8v&Vw*xy\z)%;'jBpqrl?&{@ m *|E%!z
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!"#$%&'()*+,-./0123456 

          

! 

[Q,P] =QP " PQ = i!                                     (81) 

*78!9:;2$ 

! 

px = p<*!=)>?(80)/@8;2A= 

        

! 

ˆ a =
1

2!"
("Q + i # P),

       

! 

ˆ a 
"

=
1

2!#
(# $Q% i $ P)             (82) 

A<2$(78)?BCD;A=3456  

! 

[Q,P] =QP " PQ = i!  (81)/EFGH= 

    

! 

ˆ H = !"( ˆ a 
#
$ ˆ a +1/2) 

  

! 

= !" #{
1

2!"
("Q$ iP)("Q+ iP) +1/2}  

                  
  

! 

= !" #{
1

2!"
[" 2

Q
2

+ i"(QP $ PQ) + P
2
]+1/2}  

                  
  

! 

= !" #{
1

2!"
(" 2

Q
2

+ i"[Q,P]+ P 2
) +1/2}  

                  
  

! 

= !" #{
1

2!"
(" 2

Q
2
$ !" + P

2
) +1/2} =

1

2
(P

2
+" 2

Q
2
)   (83) 

A<2$ 

! I14-6!JKG#LMNOPQ!*RSTUVWXYZ[U A*

! 

(k,")\]*

+,-.A*^_?`abc2A= 

     

! 

Qk," (t) # (V$0)
1/ 2
[ak" (t) + a *k" (t)]                         §14-6-(56-1) 

     

! 

Pk," (t) # ˙ Q k," (t) = $i%k (V&
0
)
1/ 2

[ak"
(t) $ a *k"

(t)]              §14-6-(56-2) 

AGH=LMNOPQ* Hamiltonian(!

      

! 

H =
1

2
[P

2
k ," (t) + (#k )

2
Q
2
k," (t)]

k,"

$                          §14-6-(57) 

!def>#$ghH=RSTUVWXYZ[U A*\] ak!  i=Pk!=Qk!*%

&'?jkH=(81), (82),(83)/ghH=lmVnopq\Vrstuv&/w?

-e2.! I14-6-(56-1, -2)?=(80)/^_;2xy=  

    
  

! 

ˆ a k," =
1

2!#k

(#k $Qk ," + i $Pk," ),    ˆ a 
%
k ," =

1

2!#k

(#k $Qk," & i $Pk ," ) 
     (84)     

/@8;>z=lmVnopq\Vrstuv&ARSTUVWXYZ[U A

*\] ak!A*{|}56~�f>2�  

   
  

! 

 ˆ a 
k," = (V#

0
)

1/ 2
$

2%
k

!
$ a

k ," (t),          ˆ a 
&
k," = 2(V#

0
)

1/ 2
$

2%
k

!
$ a *

k," (t)       (85) 

A<2$%&'/�C��/=RSTUVWXYZ[U A *\] ak!  (lmV
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!"#$%&'()*+,-./012345-6789:;<=>?23 

!  

 (6-4) @ABC-D?2E$%*+,FGE'(*+,F  

! HIJK,LMNOPQRSTU9VWXYQRSTU(!!/2)/ZY-[8V

!!="h\6]^[V_,` nLQRSTU9 En=!! (n+1/2)<a2#b 15-1)3_

,` n LcdD`-ef*+,V!"*+,/ghij2GVk5l5_,`

(n±1)LcdD`mno523k[8pqrsQRSTUtuLv9 En±1# En = 

±!!=±h"<a234LQRSTU!!=h"LEwxF9@ABC(phonon, yz,)

G{|523h"L}_,/@A~C(photonV},)G{�4G-��?2E�,F

OP{�<a23�YQRSTU/�-[8V_,` n LQRSTU��9 n

�L@ABCLExF<a2G��[VEn @ABC��FG���?234

59@A~C-678���<VEn@A~C��FG7s3
 

! Eef”*+,9@ABC(phonon)/w�]�?L<V@ABC/E$%”?2

$%*+,(creation operator)VE!"F*+,9@ABC(phonon)/w��o?

L<V@ABC/E'(Fij2'(*+,(annihilation operator)G��?23 

! n=0L����/E

! 

0 FG������L��~<�j|V 

          

! 

ˆ a 
"

0 = 1 ,         ˆ a 
"

1 = 2 ,           # # #            ,  ˆ a 
"

n $1 >= n  

          

! 

ˆ a n = n "1 ,  ˆ a n "1 >= n " 2 ,  # # #    ,   .ˆ a 1 = 0  

          

! 

ˆ a 
"
ˆ a  n  =  n n  

GP23

! 

n 9_,` nLcdD`Vn@ABC��LcdD`/�?3 

! HIJK,L_,>9V@ABCL��/��8VHIJK,/E�,FO

P�LG��<�2��/gq ?3@A~C(photonV},)G@ABC(phonon, 

yz,)L¡1¢9V_,£¤m¥¦§i52¨©Lª«C¬®«CL¯°-

±m23 

 

(6-5) @A~CG@ABC  

! ²�C�(1900)9V³´(µ¶)·¸L#¹u¶º»¼qV¹uJK`»¼qL)

QRSTU½¾mV¿ÀÁ(})LJK`ÂGÃ�Ä¾ TLD`G[8V:¦<�

�<�24G/Å[¼3 ²�C�ÆÇ¦<a2#4LÈ 9ÉÊË <Ìs)3 

       

! 

u(",T) = (
8#" 2

c
3
)

h"

exp(h" /k
B
T) $1

                           (86) 

¼Í[Vc9}Î¾VkB 9ÏSÐÑC¥`Vh9²�C�¥`<a234LQR
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!"#$%&'()*+,%-.&/0+123(4)567&89:7;<=>

?@AB<C<+DEFG*+123(4)&HI!"#JKLMNOPQRST

PUVW+X&'()*>?@PUX;RYZ<TBX@L[\]&^_W0

`aTBb&c+d\LefghPijkGl!m:8fAno&p]Oqr

*s<Ujt#u0vw<TBxyFz{|yF&}4[\]~+�#x&}�

�d\jkGl!p]~+�#��y&}XijkGl!]~+u���y&}�

�36]~+�y�F�!�?&}����~+z{���F�#&}36��~

P�R�=+��E�G;��!�F(1927, 1930)&}��p]~m�a=}[

\��~;<=.)��@T ¡¢£¤+2010, [\]&¥w¦+§¨_�©ª

«¬B 

! .)�®&¯° ®±[\]¬0+xyFz{|yF(1905)*+4 ²12

3¬R h!R³´&µ¶·;fA¸¹lF(photon+4\);ºPfX;0+41»

¼R½¾fAX;m¿À<TBxyFz{|yF*+X&4[\]mÁÂ9Â+

1907Ãm*+ÄK&ÅÆL,%Ç/m;ÈPa=ÉÊ<+TËÌ0ÄKÅÆËÌ

;PAÍÎÏÍR+³ÐPÑÒ56\&[\]C?½¾fAX;mÈ¿ÀfAB

ÓÔÕ\ÖR×ØdÖ;<=Æ56fAd\RÑÒ56\;ºPfÙ³P�

�!0`AB¸¹ÚF(phonon+ÛÜ\)*+[\��@TÄK&56HI!"#

&µ-¶·RÝ\OmÞn<TÈ&0`ABß¨&ÄK&56HI!"#LÛ

3àám`AX;C?+}phonon+ÛÜ\~;&âãmPa=UAB4 ²12

3¬&HI!"#R¸¹lF(photon+4\);Ý\OmäåX;;æg0+ç@

ÈxyFz{|yF&èéOqrmêLAB 

! 4R}Ý\O~mëìAíÂ;fAxyFz{|yF&4[\½*+îFD

lF(A. H. Compton) m�AïðÓÔmñfAXiNòÍÎC?Èó¨ôS�@

AX;mPaTBîFDlF(1923)*+Nò X im*+õö X i;æ-3÷&

X i&øm+ùCm÷U3÷RÈú X iÈû_@=UAÏÍRºü<TBb<

=+ýþÿñ!]R"#õ@+õö X i*HI!"#E=h!=!", $6[

p=h/#=h!/c=!k&4\&%@;ëì+Xi4\;ïð&&J'1\;&(!)*

R+.<+bX0&HI!"#,-.;$6[,-.C?+3÷&ùCm÷U

Nò X i&Nò/;3÷&:0*½¾0ÂAX;Re<TB(Â12�@T1

\È340Â+HI!"#&-5*X&1\mÈ67�@AT8+Nò X im

*õö9�WÈ3÷LùC÷UÈ&Èû_@ABX&}îFDlFNò~C?+

:3÷&1230`A X i*+X i4\;<=&µÝ\·!R;ì=UAX;
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!"#$ 

! %&'()*+,-./012345/ A6789:;<=>?+@9A,-

./ k BCDEFG<H!I#JA6KLMNOPCDLQ6RSTBUVW

X#YB<Z[$\]?+^_.3(photon+KL)*+`Labc[OPCDL

<d?*e?fgchijYB!"#$[kl+OPCDL6mnopq/r

s!!/2=h"/2 *+^_.3(photon+KL)!*tul"j$vw3-xyz(81)

!{OPCDL6mnopq/rs!tuI#|*"j${l+KL}!!/2=h"/2

6mnopq/rs<~�BIch+JA6KL��"#'()6pq/rs

*�!��l?l����Wd#$̂ _.3(photon+KL)6��pq/rs*+

OPCDL6mnopq/rs!!/2=h"/2<�j?tub�#$ 

! ���'()6@OPCDLT*+�146*>eW��l[��!+ '�{

'�{"j%&�6'()(E, B)<fg[YB!tI#��Wd#$�YW*+

,-./012345/MAQ!tI#-sn3���

! 

divA = 0�+'�{'�

{JjYB (

! 

"
e

= 0,  i = 0�6����+Maxwell E�z*+  

! !

! 

" = 0,   divA = 0+

! 

B = rot A+

! 

E = "
#A

#t
+

! 

("
2
#$

0
µ
0

% 2

%t 2
)A(x,t) = 0   

B"#$'()(E, B)*,-./012345/MAQk�W��#$��� 

¡��6¢WYc<£¤I#V*+789Bl?6,-./012345/ A

<^s¥p:;l[{6B"][$@9A,-./ kBCDEFG<H!I#¦C

DL§TB*+,-./012345/ A6¨xWd#$'()<`LaI#©

6,-./012345/ A 6ªjE!�j?*+fg#«X¬|}�k]

?j#$�7®2W*+()}¯°I#)S64±²³´3µsE�z!�j?¶

·l}+�6©!,-./012345/ A }¸c#YB<¹«[$Y6º»

Wd#$¼½W*Y6º»!�j?fg#$ 

 


