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Figure 6.5: 1:ZeemanHî.

6.4 ÖÖÖæææ∆∆∆”””ÑÑÑ, ÍÍÍÀÀÀUUU������   ÕÕÕ���

⌘Ïe⇤Q"üP�v5På(P˝/ÍÀ 1
2íP. (PÑ¡È

~µp =
gpe

2mpc

~Sp

v-gp = 5.59�'é5PÑg = 2.

(P�5PdÜì—¯í\(��ÿ c‘é ~Sp · ~Se Ñ¡¯í\(, :ÍÀ-ÍÀ&�.

⌘Ï∞(⇤QÍÀ-ÍÀ&�˘"üP˝ßÑÓc. >6;“®œÑsπåvz⌃œîÂ/àRÑ}õf

œ.

⌘ÏäÓò®�0˚✏$*ÍÀ1/2íP. ñHöIv;“®œåÉÑ *⌃œ

~S ⌘ ~S1 + ~S2, (6.74)

Sz = S
(1)
z

+ S
(2)
z

, Sx = S
(1)
x

+ S
(2)
x

, Sy = S
(1)
y

+ S
(2)
y

. (6.75)

◆¡

[Sx, Sy] = i~Sz, [S↵, S
2] = 0. ↵ = x, y, z (6.76)

Ÿ7

~S1 · ~S2 =
S
2 � S

2
1 � S

2
2

2
=

S
2

2
� 3

4
~2

sS
2
, Sz˝�~S1 · ~S2˘◆.

Åœ"üPÃb5På(PÑÍÀ∂�, ÄU0↵ €ÕÔ˝"e"p, "e#p, #e"p, #e#p�Â ÉÏÑ⌅Õ
‡†�. Ë✏ŸÃ⌘Ïñ!b4$*íPÑœP�ÑÓò�⌅⌃weàÄU�1/⌅Íœ�çv(�w.

_ÔÂô:|+ie|+ip, |+ie|�ip, |�ie|+ip, |�ie|�ip.
ŸÕπ✏vû1/«(˙‚�ms

(1)�m0
s
(2), ms = ±1/2,m0

s
= ±1/2, ÉÏ/S

2(1), Sz(1), S2(2), Sz(2)Ñq

�,Å�. _ÔÂô⇣

↵(1)↵(2), ↵(1)�(2), �(1)↵(2), �(1)�(2)

↵(1) = � 1
2
(1), �(2) = �� 1

2
(2); �⇧

|+i1|+i2, |+i1|�i2, |�i1|+i2, |�i1|�i2.

(ÉÏ\˙1œ˚flÑÍÀ∂�:^&�ha.
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⌘Ï↵0ÉÏ_/SzÑ,Å˝p⇢

Sz�ms
(1)�m0

s
(2) = (Sz(1) + Sz(2))�ms

(1)�m0
s
(2)

= ms~�ms
(1)�m0

s
(2) +m

0
s
~�ms

(1)�m0
s
(2)

= (ms +m
0
s
)~�ms

(1)�m0
s
(2)

ŸÃË✏⇢$*ó&⌅Í\(0ÍÒzÙÑ�. ⌘Ïó0SzÑ,Å< ~, 0,�~  ÕÔ˝.

⌘ÏÛÂSS
2
, SzÑq�,Å��,Å<. ÉÏ/⇢

↵1↵2,�1�2,
1p
2
(↵1�2 + �1↵2),

1p
2
(↵1�2 � �1↵2)

¡�⇢

Sz↵1↵2 = ~↵1↵2, (6.77)

Sz�1�2 = �~�1�2. (6.78)

Sz

1p
2
(↵1�2 + �1↵2) =

1p
2
(
~
2
↵1�2 �

~
2
�1↵2) +

1p
2
(�~

2
↵1�2 +

~
2
�1↵2) = 0 (6.79)

Sz

1p
2
(↵1�2 � �1↵2) = 0 (6.80)

ç↵

S
2
↵1↵2 = (

3~2
2

+ 2~S1 · ~S2)↵1↵2

= [
3~2
2

+
2~2
4

(�(1)
x
�
(2)
x

+ �
(1)
y
�
(2)
y

+ �
(1)
z
�
(2)
z

)]↵1↵2

=
3~2
2
↵1↵2 +

~2
2
[�1�2 � �1�2 + ↵1↵2] = 2~2↵1↵2

ŸÃ(0�x↵ = �,�y↵ = i�. ↵bÿÅ(0�x� = ↵, �y� = �i↵.

�⌃

S
2
�1�2 = 2~2�1�2

ç↵, *�

S
2 1p

2
(↵1�2 + �1↵2)

=
3~2
2

1p
2
(↵1�2 + �1↵2) +

~2
2

1p
2
[(�1↵2 + ↵1�2)⇥ 2 + (�↵1�2 � �1↵2)]

= 2~2 1p
2
(↵1�2 + �1↵2)

å,€*�

S
2 1p

2
(↵1�2 � �1↵2)

=
3~2
2

1p
2
(↵1�2 � �1↵2) +

~2
2

1p
2
[(�1↵2 � ↵1�2) + (�1↵2 � ↵1�2) + (�↵1�2 + �1↵2)]

= 0
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⌘Ï�e∞˜�SMS
, v-S = 0, �⇧1,:;ÍÀœPp�MS 2S + 1Ô˝, :;ÍÀz⌃œœPp. SS = 1,

�SMS
=

8
>>><

>>>:

↵1↵2 = �11, S = 1,MS = 1

�1�2 = �1�1, S = 1,MS = �1

1p
2
(↵1�2 + �1↵2) = �10, S = 1,MS = 0

(6.81)

:ÍÀ Õ�(triplet). SS = 0ˆ�

�00 =
1p
2
(↵1�2 � �1↵2) (6.82)

�⇧ô: 1p
2
(|+�i � |�+i), :ÍÀU�(singlet). ^8ÕÅ�

fi«4e↵"üPÑ˝ßÓc. S5P�(Pb⇣ Õ�ˆ˝œ⌦G��b⇣U�ˆ˝œ↵M.  ⇣'

¶5.88⇥ 10�6
eVÑ˝ßà¬, Ÿ:Öæ∆”Ñ.

6.4.1 œœœPPPKKKœœœÑÑÑBell˙̇̇

Ê��Õ˙‚ È/⇢

1p
2
(↵1�2 + �1↵2) !  

+
,
1p
2
(↵1�2 � �1↵2) !  

�

1p
2
(↵1↵2 + �1�2) ! �

+
,
1p
2
(↵1↵2 � �1�2) ! �

�

Â⌦4*˙1Ñ⇣Bell˙�÷Ï˝/“† �”(entangled), ÉÏ/Sz(1)Sz(2)�Sx(1)Sx(2)Ñq�,Å�.

† ��˝ô⇣$*ÍÀ�Ñ“Ù•XÔ”. ↵bŸ*�/Ù•XÔ�⇢

(c1↵(1) + c2�(1))(c
0
1↵(2) + c

0
2�(2))

= c1c
0
1↵(1)↵(2) + c2c

0
1�(1)↵(2) + c1c

0
2↵(1)�(2) + c2c

0
2�(1)�(2)

�∫�H Èc1, c2, c
0
1, c

0
2˝�˝h: 

+
, 

�
,�

+
,�

�Ÿ7Ñ�.

SchrödingerÑ“+”⇢

| i = 1p
2
(|+ie|;icat � |�ie|{icat), (6.83)

æÛ⌘Ï¬K5PÑÍÀ. Kœ�‚˝pL)05PÍÀÑ,Å�|+ie|;icat �⇧|�ie|{icat, ⌘Ï↵0⇢+
Ñ{;÷≥é˘5PÍÀÑ“¬fl”�“Kœ”, 1/xãÑ† �. ÙGôÑ/ŸÕ“sT”<N/‘^öfl’Ñ.

⌘Ï(�bBohmÑ⌃ÛûåË⌃çÊ∆®∫Ÿ�π.



6.5. ˚✏$*“®œÑ&��C-G˚p 129

6.5 ˚̊̊✏✏✏$$$***“““®®®œœœÑÑÑ&&&������C-G˚̊̊ppp

KM⌘ÏvÜhS“®œ�ÍÀ“®œÑ&��$*ÍÀ“®œÑ&��⌘ÏÔÂÓ˚✏$*“®

œJ1,J2Ñ&�ƒã/�7Ñ�

æJ1 + J2 = J:;“®œ. π◆¡�

[Jx, Jy] = i~Jz (6.84)

s;“®œ·≥“®œ˘◆s˚.

^&�ha˙‚:|j1m1i|j2m2i. æj1, j2:$*“®œÑœPp�⇡HilbertzÙÑÙ¶:(2j1 + 1)(2j2 +

1).

&�haÑ˙‚îÂ/J
2
1 , J

2
2 , J

2
, Jz Ñq�,Å��∞:|j1j2jmji. ·≥

J
2
1 |j1j2jmji = j1(j1 + 1)~2|j1j2jmji (6.85)

J
2
2 |j1j2jmji = j2(j2 + 1)~2|j1j2jmji (6.86)

J
2|j1j2jmji = j(j + 1)~2|j1j2jmji (6.87)

Jz|j1j2jmji = mj~|j1j2jmji (6.88)

∞(ÑÓòˆ⌃$*haÑ˙‚Ñs˚~0. ⌘ÏGæ

|j1j2jmji =
X

m1,m2

C
j,mj

m1,m2
|j1m1i|j2m2i (6.89)

1éJz = Jz(1) + Jz(2),

Jz|j1j2jmji =
X

m1,m2

(m1 +m2)~Cj,mj

m1,m2
|j1m1i|j2m2i (6.90)

ÇúBåÍ⇧+m1 +m2 = mjÑy:

|j1j2jmji =
X

m1+m2=mj

C
j,mj

m1,m2
|j1m1i|j2m2i (6.91)

1ÔÂ·≥mj = m1 +m2, v/JzÑ,Å�.

d�Ÿöj1, j2ÔÂó0Ñjv�/�. ‘ÇhSåÍÀ“®œ&�ˆj = l + 1/2�_ÔÂ/j = l � 1/2.

1ém1�⇢:j1, m2�⇢:j2, @Âmj�⇢ÔÂ/j1 + j2, ŸÙ�j�⇢:

j1 + j2 = jmax. (6.92)

⌘ÏÔÂ⇢«‘É&�ha�^&�haÑHilbertzÙÙ¶e~0jÑ�✏÷<.

jmaxX

j=jmin

(2j + 1) = (2j1 + 1)(2j2 + 1) (6.93)

v-
jmaxX

j=jmin

(2j + 1) = (jmax + jmin + 1)(jmax � jmin + 1). (6.94)

⌘Ïó0

j
2
min

= (j1 � j2)
2 (6.95)

@Âjmin = |j1 � j2|. Ÿ_ÔÂ( “b πs˚ba0h:.

(|j1 � j2|  j  j1 + j2ŸöÑ≈µ↵�mjÔÂ÷�j,�j + 1, . . . , j. Ÿöj,mj , C
j,mj

m1,m2/nöÑ�

:C-G˚p. ÔÂ⌃„:$*ha˙‚ÑÖÔ

C
j,mj

m1,m2
= hj2,m2|hj1,m1|j1j2jmji (6.96)

h6.1,6.2Ÿ˙Ü$Õ≈µ.
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Table 6.1: ã1: ÍÀåhS“®œ&�. j1 = l, j2 = 1/2;mj = m1 +m2.

m2 = 1/2 m2 = �1/2

j = j1 + 1/2,mj

q
j1+mj+1/2

2j1+1

q
j1�mj+1/2

2j1+1

j = j1 � 1/2,mj �
q

j1�mj+1/2
2j1+1

q
j1+mj+1/2

2j1+1

Table 6.2: ã2: “®œ&�:j2 = 1.m2 = 1, 0,�1. m1 = mj �m2

m2 = 1 m2 = 0 m2 = �1

j = j1 + 1,mj

q
(j1+mj)(j1+mj+1)

(2j1+1)(2j1+2)

q
(j1�mj+1)(j1+mj+1)

(j1+1)(2j1+1)

q
(j1�mj)(j1�mj+1)

(2j1+1)(2j1+2)

j = j1,mj -
q

(j1+mj)(j1�mj+1)
2j1(j1+1)

mjp
j1(j1+1)

q
(j1�mj)(j1+mj+1)

2j1(j1+1)

j = j1 � 1,mj

q
(j1�mj)(j1�mj+1)

2j1(2j1+1) �
q

(j1�mj)(j1+mj)
j1(2j1+1)

q
(j1+mj+1)(j1+mj)

2j1(2j1+1)

6.6 EPRooo,,,���Bell���III✏✏✏

ÜÚ⌦EinsteinI∫–˙ÜW�ÑEPRo,�(e(ëœPõfÑ⌃∫˙@. Bohm9n÷ÏÑ⌃∫–˙Ü

Â↵⌃Ûûå.

⇤Q�*-'⇡0ÀPÑpÿ

⇡
0 ! e

� + e
+
. (6.97)

1éÀPÍÀ:ˆ�@Â5Påc5Pb⇣U��fi⌘$π�Gæ5Pfi⌘Êπ, ∞:íP1; c5P⌘Û,

∞:íP2 :
1p
2
(|+i1|�i2 � |�i1|+i2). (6.98)

⌘Ï)($*SG≈nKœ$*5PÑÍÀz⌃œ.

UÏ↵$πÑKœ”ú

hSz(1)i =
1

2

~
2
+

1

2
(�~

2
) = 0 (6.99)

hSz(2)i =
1

2

~
2
+

1

2
(�~

2
) = 0 (6.100)

ÙÙ•0⇤Q⇢|+i1|�i2/Sz(1)Ñ,Å��,Å<:~/2; |�i1|+i2_/Sz(1)Ñ,Å��,Å</�~/2; ‡
á⌅:1/2. @ÂsGÕ:0.

F/Çúä$πÑ”úXwe�1/Ù˚÷Sz(1)Sz(2), v°óvfl°sG�_1/œPõf��<

hSz(1)Sz(2)i =
1p
2
(2h�|1h+|�2 h+|1h�|)Sz(1)Sz(2)

1p
2
(|+i1|�i2 � |�i1|+i2) = �~2

4
(6.101)

ÙÙ•0⇤Q⇢|+i1|�i2/Sz(1)Sz(2)Ñ,Å��,Å<:�~2/4; |�i1|+i2_/Sz(1)Sz(2)Ñ,Å��,Å

<ÿ/�~2/4; ‡á⌅:1/2. @ÂsGÕ:�~2/4.
}6Sz(1), Sz(2)÷±~

2Ñ‡á˝/
1
2 , F/Sz(1)÷

~
2�Sz(2)�ö÷�~

2�ÕK¶Õ.

$*5PKÙ sT�Ÿ:œœœPPPsssTTT���

9nœPõf�π◆¡�

h(~�1 · ~n1)(~�2 · ~n2)i = �~n1 · ~n2 (6.102)

∞:P (~n1,~n2), v-~n1�~n2:$SG1, SG2ÑKœKœπ⌘.
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€�e�©⌘ÏæÛ⇢(Êπå⇣Ü˘5PÑSzKœ�:⌘⌦�£HdK�˘Ûπc5PKœSz”ú1

8‹:⌘↵. Ÿ/1é‚˝pîÂL)Sz(1)Ñ,Å<:~/2Ñ,Å�; 1é$*íP⌅é(6.98), @ÂûEL

)0

|+i1|�i2. (6.103)

⌘ÏÔÂænSG1, SG2(^8‹Ñ0π�›¡Kœ—�(�ˆ�ÔÓ�t · c < �s, c:I���s:›ª).  

¯˘∫Ì��$π/“{z”Ñ�îÂ° ‡ús˚�Ô/‚˝pÑL)9ÿÜ{z›ªK�ÑíPÑ∂�.

‡d�<N�¯˘∫€˛. Ÿ1/Einstein, Podolsky, Rosen–˙ÑEPRo,, ˙À(˚UqÕÑ ≠�¶�

˝'éI�Ñ˙@⌦. ÷Ï€�§:œœœPPPõõõfff///‘���ååå⌥⌥⌥’ÑÑÑ. ‚˝pv�/@ �:::ÜÜÜåååhhhœœœ˚̊̊flflflÑÑÑ∂∂∂

���������ÅÅÅ–––***ùùù���ÑÑÑ¬¬¬œœœ�, :::êêêÿÿÿœœœ.

êÿœ⌃∫/&cn�Ù°’å¡. Ù01964t�J. Bell¡�Üêÿœ⌃∫ÅBKœ”ú≈{uŒBell�

I✏��œPõf⌃∫° Ÿ*ÅB. Ÿ:’åå¡–õÜ˙@.

Bell˙ÆKœP (~n1,~n2), s$*ÍÀXÔÑsG<. êÿœ⌃∫ÅB”ú≈{·≥

|P (~n1,~n2)� P (~n1,~n3)|  1 + P (~n2,~n3), (6.104)

Ÿ1/WWW���ÑÑÑBell���III✏✏✏.

œP⌃∫�>�·≥Ÿ��I✏: ÷~n1,~n2,~n3(�*sbÖ, ~n1,~n2⇣⇡/2, ~n3�ÉÏ⇣⇡/4. é/9nœP

õf”ú(6.102)

P (~n1,~n2) = 0, (6.105)

P (~n1,~n3) = � 1p
2
= P (~n2,~n3) (6.106)

Bell�I✏:
p
2
2  1�

p
2
2 , �⇣À�

6.6.1 Bell���III✏✏✏ÑÑÑ¡¡¡���

êÿœ⌃∫§:‚˝p° åhœ˚fl�:Üåhœ˚flÑ∂���Å–*ù�Ñ¬œ�.

Gæåh(complete)Ñ�1�Ÿ˙, �(œ*⇡ÀPpÿˆ˝��7�⌘Ï‚�⌃„_°’ß6É. b�

K�$*íPÑ��/nöÑ(6.98).

€�e�⌘ÏGæ(Kœ�~nˆ�Êπ5PÑKœ�Ûπc5PÑ“¶~n0åh‡s. �ÔÂ(⇢ÅKœ5

PKM�1c5P�Ôûå⇧æn~n0, �ó° ·oÔÂ æ05P�Ô .

ûå”ú�öÔÂô⇣–Õ˝p

A(~n,�) = ±1, (6.107)

�⌃�˘éÛπÑ’å”ú��öÔÂô⇣Ê�*˝p

B(~n0
,�) = ±1 (6.108)

Ë✏�/œt*∂�Ñ. ⌘Ï�ˆÂSûå”úÅB⇢˘¯�π⌘~n1, Kœ”úA,BÕsL�‡d˘@ 

Ñ�, ·≥

A(~n1,�) = �B(~n1,�) (6.109)

FÅπ/: ŸŸŸ���///⇢⇢⇢«««‚‚‚˝̋̋pppLLL)))eee›››¡¡¡ÑÑÑ������///111KKKMMM⇡ÀÀÀPPPpppÿÿÿˆ̂̂ÑÑÑÿÿÿœœœ�›››¡¡¡ÑÑÑ.

⌘Ïe9nêÿœ⌃∫°óKœÑsG<

P (~n1,~n2) =

Z
⇢(�)A(~n1,�)B(~n2,�)d�, (6.110)

v-⇢(�) /œœœxxx‡‡‡ááá∆∆∆¶¶¶: ·≥R���^�'.
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9nEq. (6.109),

P (~n1,~n2) = �
Z
⇢(�)A(~n1,�)A(~n2,�)d� (6.111)

Ë✏Çú~n1 = ~n2, £H⌦✏:-1, /⌘Ï’˛)(Ñûåãû.

∞(⌘Ï⇤Q, *π⌘~n3, É/˚✏Ñ

P (~n1,~n2)� P (~n1,~n3) = �
Z
⇢(�)[A(~n1,�)A(~n2,�)�A(~n1,�)A(~n3,�)]d� (6.112)

1é(A(~n,�))2 = 1.�‡:Kœ<:±1 

P (~n1,~n2)� P (~n1,~n3) = �
Z
⇢(�)[1�A(~n2,�)A(~n3,�)]A(~n1,�)A(~n2,�)d�

1é(6.107),

�1  A(~n1,�)A(~n2,�)  1, (6.113)

⇢(�)[1�A(~n2,�)A(~n3,�)] � 0 (6.114)

›˘<✏é

|P (~n1,~n2)� P (~n1,~n3)| 
Z
⇢(�)[1�A(~n2,�)A(~n3,�)]d�

= 1�
Z
⇢(�)A(~n2,�)(�B(~n3,�))d�

= 1 + P (~n2,~n3)

Ÿ1/Bell�I✏Ü.

⌘ÏÑ˙—π/(6.110),s$*π⌘ÑsT/⇢«ãHX(Ñêÿœ≥öÑ���/‚˝pÑL).

ÓM�Ú 'œûåD�œPõfÑ��›ÃBell�I✏�‚˝pÑ¨ÙL)/„ ûå@≈�Ñ.

F/‚˝pÑL)⇢�⇢&e‡ú'Ñ~æ�ûE⌦�*Õ\Êπ5PKœÑ∫�ÔÂ9nÍÒÑûå

∞UÂSÛπc5PÑûå∞U�F/t° ˚Uπ’ÔÂ)(÷ÑKœ˘Ûπc5PKœÑ∫—˙�*

˝�ß��úÑ·˜, ‡dv�›Ã¯˘∫. �˜'∂¬⇤Gri�thsf12.2Ç.  


