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3.4.3 ···)))óóó&&&ååå···)))ÈÈÈ555
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x
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z
= 1; (3.101)

˘◆s˚(3.92)9ô:

[�x,�y] = 2i�z (3.102)

9n

�x(�x�y � �y�x) = 2i�x�z, (3.103)

�y � �x�y�x = 2i�x�z (3.104)

{<0

(�x�y � �y�x)�x = 2i�z�x, (3.105)

�x�y�x � �y = 2i�x�z (3.106)

@Â

�x�z + �z�x = 0 (3.107)

Ÿ:c˘◆{�x,�z} = 0. �⌃{�x,�y} = {�y,�z} = 0.

ç⇤Q[�z,�x] = 2i�y,  

�z�x = i�y (3.108)

 vnls˚. Eq.(3.101)ååå(3.108)///œœœÍÍÍÀÀÀóóó&&&'''(((ÑÑÑ���ÕÕÕÅÅÅÑÑÑ$$$***lll✏✏✏.

Í6, �zÑÈ5b✏:

�z =
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0, �1

!
. (3.109)

ÔÂGæ
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a, x

x
⇤
, b

!
. (3.110)

v-⇤QÜÑ∆'�a, b/ûp. )(Eq.(3.107), π◆¡�a = b = 0.

9n�
2
x
= 1,  

|x|2, 0

0, |x|2

!
= 1, (3.111)

1h:UMÈ5. xÔÂ/˚✏!:1Ñ�p,  ·)ÑπH, ÷x = 1. é/

�x =

 
0, 1

1, 0

!
. (3.112)

çeBSy = ~
2�yÑÈ5:

�y = i�x�z =

 
0, �i

i, 0

!
. (3.113)

Ÿ7ö˙Ñ�x,�y,�zÈ51/W�Ñ···)))ÈÈÈ555.
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3.5 ������<<<ååå,,,ÅÅÅπππ↵↵↵ÑÑÑÈÈÈ555bbb✏✏✏

⌘ÏÚœÂS˚✏ó&Q̂˝ÔÂô⇣–ha(Â–õfœAÑ,Å‚{|ii}:˙, Aha)↵ÑÈ5. vC

 Qi,j = hi|Q̂|ji. õfœó&(Ñ∆Ñ)ÑÈ5/Ñ∆È5Qi,j = (Qj,i)⇤.

3.5.1 ������<<<

⇤QõfœQ(∂�|↵iÑ��<.  œPõfKœü⌃�⌘Ï—∞��<:ÖÔ⇢

hQi = h↵|Q|↵i, (3.114)

Ÿ/‡:

h↵|Q|↵i =
X

i,j

h↵|qiihqi|Q|qjihqj |↵i =
X

i

qi|ci|2. (3.115)

ŸÃ|qii /QÑ,Å��,Å<:qi.

Q|qii = qi|qii; i = 1, · · · , N. (3.116)

hqi|↵i = ci/Kœ<:qiÑ‡áE. ⌦✏)(ÜQ,Å‚Ñå⌥'Â c§R�'hqi|qji = �ij .

(�*nöha↵�‘ÇŸÃÑAha↵�Ÿ*��<ÔÂŸ7ó˙⇢

h↵|Q|↵i =
X

i,j

h↵|iihi|Q|jihj|↵i =
X

i,j

c
⇤
i
Qi,jcj . (3.117)

v-|ii, |ji/AÑ,Å‚, _1/˙‚. ⌦✏c/h↵|˘îÑL‚�QÑÈ5, |↵iÑ⌫‚ÑÈ5X.

3.5.2 ÈÈÈ555hhh:::↵↵↵ÑÑÑ,,,ÅÅÅπππ↵↵↵

 Dirac∞˜, ó&QÑ,Åπ↵h::

Q|qi = q|qi. (3.118)

(Aha↵, X

i,j

|iihi|Q|jihj|qi =
X

i

q|iihi|qi. (3.119)

‘É$π��*˙‚|iiÑ˚p X

j

Qi,jcj = qci. (3.120)

v-cj = hj|qi, /|qiÑh:. Ÿc/È5Ñ,Åπ↵.

↵bÂÍÀÓò:ãeÙ�⇥

 Szha�˙‚:|+i, |�i. SxÑ,Åπ↵:

Sx|ai = a|ai. (3.121)

)(SxÑÈ5hæ✏�3.98)(�·)È5�3.112), �:È5π↵.
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(3.122)

ÔÂ�:P!π↵  
��, 1

1, ��

! 
c1

c2

!
= 0 (3.123)

v-� = a/(~/2).



3.5. ��<å,Åπ↵ÑÈ5b✏ 55

π↵ ^s∏„Ñaˆ:˚pL⌫✏Iéˆ, sE�π↵. „:� = ±1,˘î,Å<a $*⇢~/2,�~/2;
⌃�&fiπ↵�v⇤Q0R��ÅB|c1|2 + |c2|2 = 1, ⌘Ï—∞˘î,Å�⌃+:
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1
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,

1p
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!
. (3.124)

�ŸÃvû_«÷Ü�*‘ƒ⇤’⇢c1, c2÷Üûp„). ÔÂ∞\

|Sx,+i = 1p
2
(|+i+ |�i) (3.125)

å

|Sx,�i = 1p
2
(|+i � |�i). (3.126)

M⇧1/3.69.

Mb–0ÑGÛûå: �*ÍÀ�⌦(zπ⌘)ÑíP⇢«øxπ⌘ænÑStern-Galach≈n. ⌘Ï⇢—∞ 

�J:⇢Kó~/2, �J:⇢�~/2, 1/‡:

|+i = 1p
2
(|Sx,+i+ |Sx,�i) (3.127)

ŸÙ�: �˝äHilbertzÙÃ‚œI�é∞ûzÙÃÑ‚œ.

˘é⌅é|+i�ÑÍÀ�KœSxÑ��<:
~
2
1
2 + �~

2
1
2 = 0. _ÔÂÙ•)(È5°ó

hSxi = h+|Sx|+i = (1, 0)
~
2

 
0 1

1 0
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1

0

!
= 0. (3.128)

\:√`�ÔÂ’BSyÑ,Å‚�,Å<.
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3.6 Schrödingerπππ↵↵↵   vvvÈÈÈ555bbb✏✏✏

œPõf§:�˚flÑ∂�ÑˆÙ�·≥Schrödinger π↵, v��,Ñb✏Ç↵⇢

i~ @

@t
|↵i = Ĥ|↵i. (3.129)

Ĥ/»∆�œó&⇥'∂ÔÂ˘‘,�‡f`«Ñõöπ↵, ÔÂ↵0Ÿ¯Séä‚˝ptSS\�*�

‚œ. ˘‚˝pÑÕ\b⇣Ü˘�‚œÑÕ\.

π↵ÑÊπÔÂ↵⇣/(|↵(t+�t)i � |↵(t)i)/�tXÂi~. @ÂÕ Ñ/�‚œ⇢�7Àl. �⇧Ùv‘Àl

�¶’1H˘SˆÑ∂�Ñ’Õ\’≥ö⇥

(Aha↵ÉÔÂô⇣È5b✏,

i~ @

@t
hi|↵i = hi|Ĥ|↵i =

X

j

hi|Ĥ|jihj|↵i. (3.130)

s

i~ċi =
X

j

Hijcj . (3.131)


