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‚ ¸É ÉÓ¥ μ¶¨¸Ò¢ ÕÉ¸Ö ²μ·¥´Í¥¢Ò 2-¸¶¨´μ·Ò ¨ ¶·¥¤² £ ¥É¸Ö ¶·¨³¥´ÖÉÓ ¨Ì ¢ ¢ÒÎ¨¸²¥´¨ÖÌ,
¨¸¶μ²Ó§ÊÕÐ¨Ì ¤¨· ±μ¢¸±¨¥ 4-¸¶¨´μ·Ò.

This paper describes the Lorentz 2-spinors and proposes to use them instead of Dirac 4-spinors and
quaternions.
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‚‚…„…�ˆ…

‚ Ë¨§¨±¥ ¤μ¸É ÉμÎ´μ ¨´É¥´¸¨¢´μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¸¶¨´μ·Ò [1]. ‚ μ¸´μ¢´μ³ ¶·¨³¥´Ö-
ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¸¶¨´μ·Ò:

• ¤¨· ±μ¢¸±¨¥ 4-¸¶¨´μ·Ò;
• ¶ Ê²¥¢¸±¨¥ 3-¸¶¨´μ·Ò;
• ±¢ É¥·´¨μ´Ò.
�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢ μ¸´μ¢´ÊÕ É·Ê¤´μ¸ÉÓ ¢Ò§Ò¢ ÕÉ γ-³ É·¨-

ÍÒ. �μ ¸¢μ¥° ¸ÊÉ¨ ÔÉμ μ¡Ñ¥±ÉÒ, ¸²Ê¦ Ð¨¥ ¤²Ö ¸¢Ö§¨ ¸¶¨´μ·´μ£μ ¨ É¥´§μ·´μ£μ ¶·μ-
¸É· ´¸É¢ ¨ ´¥¸ÊÐ¨¥, ¸μμÉ¢¥É¸É¢¥´´μ, ¤¢  É¨¶  ¨´¤¥±¸μ¢: ¸¶¨´μ·´Ò¥ ¨ É¥´§μ·´Ò¥. ‹μ£¨Î´μ
¡Ò²μ ¡Ò ¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö ²¨ÏÓ ¢ μ¤´μ³ ¨§ ÔÉ¨Ì ¶·μ¸É· ´¸É¢.

�·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ¶μ²Ê¸¶¨´μ·Ò ¤¨· ±μ¢¸±¨Ì ¸¶¨´μ·μ¢ Å ²μ·¥´Í¥¢Ò 2-¸¶¨-
´μ·Ò [2] Å ± ± ¡μ²¥¥ ¶·μ¸ÉÒ¥ μ¡Ñ¥±ÉÒ.

1. ��™…… ���Ÿ’ˆ… ‘�ˆ����

�¶·¥¤¥²¨³ ¸¶¨´μ· ¶μ¸·¥¤¸É¢μ³ Ê· ¢´¥´¨Ö Š²¨ËËμ·¤ Ä„¨· ± :

γ(aγb) = −gabI (1)
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¨²¨, μ¶Ê¸± Ö ¸¶¨´μ·´Ò¥ ¨´¤¥±¸Ò,

γσ
aργ

τ
bσ + γσ

bργ
τ
aσ = −2gabδ

τ
ρ . (2)

� §³¥·´μ¸ÉÓ ¸¶¨´μ·´μ£μ ¶·μ¸É· ´¸É¢  ¸²¥¤ÊÕÐ Ö:

{
N = 2n/2 ¶·¨ Î¥É´μ³ n;
N = 2n/2−1/2 ¶·¨ ´¥Î¥É´μ³ n.

(3)

2. ‘‚Ÿ‡œ 2-‘�ˆ����‚ ‘ Š‚�’…��ˆ���Œˆ

�μ²μ¦¨³

I =
(

1 0
0 1

)
, i =

(
0 i
i 0

)
, j =

(
0 −1
1 0

)
, k =

(
i 0
0 −i

)
. (4)

�¡Ð¨° ±¢ É¥·´¨μ´ ¡Ê¤¥É ¶·¥¤¸É ¢²¥´ ³ É·¨Í¥°

A = Ia + ib + jc + jd =
(

a + id −c + ib
c + ib a − id

)
, (5)

£¤¥ a, b, c, d ∈ R. ‘Ê³³  ¨ ¶·μ¨§¢¥¤¥´¨¥ ¤¢ÊÌ ±¢ É¥·´¨μ´μ¢ ¶μ²ÊÎ ÕÉ¸Ö ¶·μ¸Éμ ± ±
³ É·¨Î´ Ö ¸Ê³³  ¨ ³ É·¨Î´μ¥ ¶·μ¨§¢¥¤¥´¨¥. ‘μ¶·Ö¦¥´´Ò° ±¢ É¥·´¨μ´ A∗ μ¶·¥¤¥²Ö¥É¸Ö
¸μμÉ¢¥É¸É¢ÊÕÐ¥° ³ É·¨Î´μ° μ¶¥· Í¨¥°:

A∗ = Ia − (ib + jc + kd). (6)

…¸²¨ ³ É·¨Í  A (5) Ê´¨³μ¤Ê²Ö·´  ¨ Ê´¨É ·´ , Éμ μ´  ¡Ê¤¥É ¶·¥¤¸É ¢²ÖÉÓ ¸μ¡μ° Ê´¨-
É ·´ÊÕ ¸¶¨´-³ É·¨ÍÊ. Œμ¦´μ § ¶¨¸ ÉÓ ¸μμÉ´μÏ¥´¨Ö

detA = a2 + b2 + c2 + d2 = 1, (7)

AA∗ = I(a2 + b2 + c2 + d2) = I. (8)

’ ±¨³ μ¡· §μ³, ±¢ É¥·´¨μ´ ¤μ²¦¥´ ¨³¥ÉÓ ¥¤¨´¨Î´ÊÕ ´μ·³Ê:

‖A‖ := a2 + b2 + c2 + d2 = 1. (9)

‘²¥¤μ¢ É¥²Ó´μ, ¥¤¨´¨Î´Ò° ±¢ É¥·´¨μ´ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ Ê´¨É ·´μ° ¸¶¨´-³ É·¨-
Í¥°.

	¥¸³μÉ·Ö ´  Éμ, ÎÉμ Ê´¨É ·´Ò¥ ¸¶¨´-³ É·¨ÍÒ ¨ ¥¤¨´¨Î´Ò¥ ±¢ É¥·´¨μ´Ò ¶·¥¤¸É -
¢²ÖÕÉ ¸μ¡μ° ¶μ ¸ÊÐ¥¸É¢Ê μ¤´μ ¨ Éμ ¦¥, ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ³¥¦¤Ê ±¢ É¥·´¨μ´ ³¨ ¨ ¸¶¨´-
³ É·¨Í ³¨ ´¥ ¸ÊÐ¥¸É¢Ê¥É É ±μ° É¥¸´μ° ¢§ ¨³μ¸¢Ö§¨. „¥²μ ¢ Éμ³, ÎÉμ ±¢ É¥·´¨μ´Ò ¸¢Ö-
§ ´Ò ¸ ¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´Ò³¨ ±¢ ¤· É¨Î´Ò³¨ Ëμ·³ ³¨, Éμ£¤  ± ± ¸¶¨´-³ É·¨ÍÒ
¨ ¶·¥μ¡· §μ¢ ´¨Ö ‹μ·¥´Í  Ì · ±É¥·¨§ÊÕÉ¸Ö ²μ·¥´Í¥¢μ° ¸¨£´ ÉÊ·μ° (+,−,−,−).
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3. ‘‚Ÿ‡œ 2-‘�ˆ����‚ ˆ ‚…Š’���‚

�·¨ μ±μ´Î É¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨ÖÌ ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¶¥·¥¢μ¤   ¡¸É· ±É´ÒÌ ¨´-
¤¥±¸μ¢ ¢ ±μ³¶μ´¥´É´ÊÕ § ¶¨¸Ó. Š·μ³¥ Éμ£μ, § Î ¸ÉÊÕ ·¥§Ê²ÓÉ É Ê¤μ¡´¥¥ Ëμ·³Ê²¨·μ¢ ÉÓ
¢ ¢¥±Éμ·´μ° Ëμ·³¥. „²Ö Ê¸É ´μ¢²¥´¨Ö ¢§ ¨³μ¸¢Ö§¨ ³¥¦¤Ê ¸¶¨´μ·´Ò³ ¨ ¢¥±Éμ·´Ò³ ¡ §¨-
¸ ³¨ ¸²Ê¦ É ¸¨³¢μ²Ò ˆ´Ë¥²Ó¤ Ä¢ ´ ¤¥· ‚¥·¤¥´ :

ga
AA′

: = ga
aεA

AεA′
A′

,

ga
AA′ : = ga

aεA
AεA′

A′
,

(10)

£¤¥ ¸¢¥·É±  ¶·μ¨§¢μ¤¨É¸Ö Éμ²Ó±μ ¶μ  ¡¸É· ±É´Ò³ ¨´¤¥±¸ ³.
„²Ö ¸É ´¤ ·É´μ° É¥É· ¤Ò Œ¨´±μ¢¸±μ£μ ¨ ¸¶¨´μ¢μ° ¸¨¸É¥³Ò μÉ¸Î¥É  ¶μ²ÊÎ¨³

g0
AB′

=
1√
2

(
1 0
0 1

)
= g0

AB′ , g1
AB′

=
1√
2

(
0 1
1 0

)
= g1

AB′ ,

(11)

g2
AB′

=
1√
2

(
0 i
−i 0

)
= −g2

AB′ , g3
AB′

=
1√
2

(
1 0
0 −1

)
= g3

AB′ .

4. „ˆ��Š�‚‘Šˆ… 4-‘�ˆ���› ˆ ‹��…�–…‚› 2-‘�ˆ���›

‚ Ë¨§¨Î¥¸±¨Ì · ¸Î¥É Ì Î ¸Éμ ¶μ²Ó§ÊÕÉ¸Ö ¤¨· ±μ¢¸±¨³¨ 4-¸¶¨´μ· ³¨1. �¤´ ±μ μ¶¥-
· Í¨¨ ¸ ¤ ´´Ò³¨ μ¡Ñ¥±É ³¨ ±· °´¥ £·μ³μ§¤±¨. �¤´¨³ ¨§ £² ¢´ÒÌ ´¥¤μ¸É É±μ¢ ÔÉμ£μ
Ëμ·³ ²¨§³  Ö¢²Ö¥É¸Ö Ö¢´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥ γ-³ É·¨Í, ±μÉμ·Ò¥ ¶μ ¸ÊÉ¨ ¸¢μ¥° Ö¢²ÖÕÉ¸Ö
μ¡Ñ¥±É ³¨, ¸²Ê¦ Ð¨³¨ ¤²Ö ¸¢Ö§¨ ¢¥±Éμ·´μ£μ ¨ ¸¶¨´μ·´μ£μ ¶·μ¸É· ´¸É¢. 	 Ï¨ ¸¶¨´μ·´Ò¥
μ¡Ñ¥±ÉÒ ®¦¨¢ÊÉ¯ ± ± ¡Ò ¢ ¤¢ÊÌ ¶·μ¸É· ´¸É¢ Ì: ¢¥±Éμ·´μ³ ¨ ¸¶¨´μ·´μ³. ‘μμÉ¢¥É¸É¢¥´´μ
´ ¡²Õ¤ ¥É¸Ö ¸É·¥³²¥´¨¥ ¶¥·¥°É¨ ± ¡μ²¥¥ ¥¤¨´μμ¡· §´μ³Ê Ëμ·³ ²¨§³Ê ¶μ¸·¥¤¸É¢μ³ μÉ-
± §  ²¨¡μ μÉ ¸¶¨´μ·´ÒÌ, ²¨¡μ μÉ É¥´§μ·´ÒÌ ¨´¤¥±¸μ¢.

� ¸¸³μÉ·¨³ ¶¥·¥Ìμ¤ ± Î¨¸Éμ ¸¶¨´μ·´μ³Ê Ëμ·³ ²¨§³Ê ´  μ¸´μ¢¥ ²μ·¥´Í¥¢ÒÌ 2-¸¶¨´μ-
·μ¢. ‚´ Î ²¥ ¸±μ´¸É·Ê¨·Ê¥³ 4-¸¶¨´μ·´Ò° μ¡Ñ¥±É ´  μ¸´μ¢¥ 2-¸¶¨´μ·μ¢. „ ²¥¥ ¶·μ¤¥³μ´-
¸É·¨·Ê¥³ ¢μ§³μ¦´μ¸É¨ ¤ ´´μ£μ Ëμ·³ ²¨§³ . � ¸¸³μÉ·¨³ ¤¢  ¶·¨³¥· : ¢Ò¢μ¤ ¨´¢ ·¨ ´É-
´ÒÌ ¸¶¨´μ·´ÒÌ ¸μμÉ´μÏ¥´¨° ¨ ¢ÒÎ¨¸²¥´¨¥ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢.

4.1. �μ¸É·μ¥´¨¥ 4-¸¶¨´μ·´μ£μ Ëμ·³ ²¨§³ . �μ¸É·μ¨³ ·¥ ²¨§ Í¨Õ 4-¸¶¨´μ·´μ£μ
Ëμ·³ ²¨§³  ´  μ¸´μ¢¥ ²μ·¥´Í¥¢ÒÌ 2-¸¶¨´μ·μ¢2.


Ê¤¥³ μ¡μ§´ Î ÉÓ ¸É·μÎ´Ò³¨ £·¥Î¥¸±¨³¨ ¡Ê±¢ ³¨ 4-¸¶¨´μ·´Ò¥ ¨´¤¥±¸Ò. ’ ± ¦¥, ± ±
¢¸¥£¤ , ¶·μ¶¨¸´Ò³¨ ² É¨´¸±¨³¨ ¡Ê±¢ ³¨ μ¡μ§´ Î¨³ 2-¸¶¨´μ·´Ò¥ ¨´¤¥±¸Ò,   ¸É·μÎ´Ò³¨
² É¨´¸±¨³¨ Å É¥´§μ·´Ò¥.

1‚¢¥¤¥´¨¥ 4-¸¶¨´μ·μ¢ ³μ¦´μ, ´ ¢¥·´μ¥, ³μÉ¨¢¨·μ¢ ÉÓ ¦¥² ´¨¥³ ¸±μ´¸É·Ê¨·μ¢ ÉÓ μ¡Ñ¥±É, ¸ ¶μ³μÐÓÕ ±μÉμ-
·μ£μ ³μ¦´μ ¡Ò²μ ¡Ò Ê¤μ¡´μ ·¥ ²¨§μ¢ ÉÓ μ¶¥· Í¨Õ ¶·μ¸É· ´¸É¢¥´´μ£μ μÉ· ¦¥´¨Ö.

2‡ Î ¸ÉÊÕ ¤¨· ±μ¢¸±¨° 4-¸¶¨´μ· ·¥ ²¨§ÊÕÉ ¸ ¶μ³μÐÓÕ ¤¢ÊÌ É·¥Ì³¥·´ÒÌ ¸¶¨´μ·μ¢ (3-¸¶¨´μ·μ¢ � Ê²¨).
”μ·³ ²Ó´μ ÔÉμ ¢¶μ²´¥ ¢μ§³μ¦´μ, ¶μ¸±μ²Ó±Ê ¸É·Ê±ÉÊ·  ¶·μ¸É· ´¸É¢ SR ¨ SR′ ¶μ²Ê¸¶¨´μ·μ¢ ¸¶¨´μ·  · §³¥·-
´μ¸É¨ n + 1 ¸μ¢¶ ¤ ¥É ¸μ ¸É·Ê±ÉÊ·μ° ¶·μ¸É· ´¸É¢  Sρ ¸¶¨´μ·μ¢ · §³¥·´μ¸É¨ n (n Å ´¥Î¥É´μ¥).
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‡ ¶¨Ï¥³ ¤¨· ±μ¢¸±¨° 4-¸¶¨´μ· ± ±

ψα =
(

ϕA

πA′

)
, (12)

£¤¥ ϕA ¨ πA′
Å ²μ·¥´Í¥¢Ò 2-¸¶¨´μ·Ò.

‘μ¶·Ö¦¥´´Ò° ¸¶¨´μ· ¡Ê¤¥É ¨³¥ÉÓ ¢¨¤

ψα = ψ̄α =
(
π̄A, ϕ̄A′

)
. (13)

�¶·¥¤¥²¨³ μ¶¥· Éμ· μÉ· ¦¥´¨Ö:

P̂ =
(

ϕA

πA′

)
�→

(
πA′

ϕA

)
. (14)


Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ γ-³ É·¨ÍÒ ¢ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨. ’μ£¤  § ¶¨Ï¥³ Ö¢´Ò° ¢¨¤
γ-³ É·¨Í:

γaρ
σ =

√
2
(

0 εA′R′εA
S

εARεA′S
′

0

)
, ηρ

σ =
(
−iεR

S 0
0 iεR′S

′

)
, (15)

±·μ³¥ Éμ£μ,

γabρ
σ =

(
εA′B′εR(AεB)

S 0
0 εABεR′(A′εB′)

S′

)
. (16)

‚¢¥¤¥³ É ±¦¥ μ¡μ§´ Î¥´¨¥ γ5 := iη.
‘ ¶μ³μÐÓÕ μ¶·¥¤¥²¥´´μ° ´ ³¨ ¸É·Ê±ÉÊ·Ò ¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢ ³μ¦´μ ¶μ¸É·μ¨ÉÓ

¨´¢ ·¨ ´É´Ò¥ ¸μμÉ´μÏ¥´¨Ö. ŒÒ ¡Ê¤¥³ μ¶¥·¨·μ¢ ÉÓ ¶ ·μ° ¸¶¨´μ· Å ¸μ¶·Ö¦¥´´Ò° 4-
¸¶¨´μ· (ψ ¨ ψ̄) ¨, ¸μμÉ¢¥É¸É¢¥´´μ, Î¥ÉÒ·Ó³Ö 2-¸¶¨´μ· ³¨ (ϕA, ϕ̄A′ , πA′

¨ π̄A).
4.2. ‘± ²Ö·Ò. ‘¢¥·É±¨ π̄AϕA ¨ ϕ̄A′πA′ ¨³¥ÕÉ ¸³Ò¸² ¸± ²Ö·μ¢. ˆÌ ¸Ê³³  ¡Ê¤¥É ¢¥¸É¨

¸¥¡Ö ± ± ¸± ²Ö·,   · §´μ¸ÉÓ ± ± ¶¸¥¢¤μ¸± ²Ö·:

s = π̄AϕA + ϕ̄A′πA′
= ψ̄αψα, (17)

p = i(π̄AϕA − ϕ̄A′πA′
) = iψ̄αγ5β

αψβ . (18)

4.3. ‚¥±Éμ·Ò. Šμ³¡¨´ Í¨¨ π̄AπA′
¨ ϕAϕ̄A′

¨³¥ÕÉ ¸³Ò¸² ¢¥±Éμ· . ˆÌ ¸Ê³³  ¢¥¤¥É
¸¥¡Ö ± ± ¢¥±Éμ·, · §´μ¸ÉÓ Å ± ± ¶¸¥¢¤μ¢¥±Éμ·:

ja =
√

2(π̄AπA′
+ ϕAϕ̄A′

) = ψ̄αγa
β

αψβ , (19)

j̃a =
√

2(π̄AπA′ − ϕAϕ̄A′
) = ψ̄αγa

β
αγ5δ

βψδ. (20)

4.4. ’¥´§μ·Ò. „¥°¸É¢¨É¥²Ó´Ò° ±μ¸μ¸¨³³¥É·¨Î´Ò° É¥´§μ· ³μ¦´μ ¶μ¸É·μ¨ÉÓ ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³:

aab = i(ϕ(Aπ̄B)εA′B′ − ϕ̄(A′
πB′)εAB) = ψ̄ασab

β
αψβ . (21)

�É¨ ¸μμÉ´μÏ¥´¨Ö ´ ³ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¡μ²¥¥ ¶·μ¸ÉÒ³¨, ´¥¦¥²¨ ¨¸Ìμ¤´Ò¥.
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5. ‚›—ˆ‘‹…�ˆ… Œ�’�ˆ—�›• 	‹…Œ…�’�‚

„²Ö · ¸Î¥É  ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ μ¡ÒÎ´μ ¶·¨³¥´ÖÕÉ ®Ë¥°´³ -
´μ¢¸±¨° É·Õ±¯, § ±²ÕÎ ÕÐ¨°¸Ö ¢ ¶·¥μ¡· §μ¢ ´¨¨ ¶·μ¨§¢¥¤¥´¨Ö ¸¶¨´μ·μ¢ ¢ ¸²¥¤; ¢ ·¥-
§Ê²ÓÉ É¥ ¶μ²ÊÎ ÕÉ ±¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É . ‘μμÉ¢¥É¸É¢¥´´μ ¢μ§· ¸É ¥É ¸²μ¦´μ¸ÉÓ
¢ÒÎ¨¸²¥´¨° Å ±μ²¨Î¥¸É¢μ ¢ÒÎ¨¸²Ö¥³ÒÌ Î²¥´μ¢ ¶·μ¶μ·Í¨μ´ ²Ó´μ n2. Š·μ³¥ Éμ£μ, ¥¸²¨
¶μ²´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É ¢ÒÎ¨¸²Ö¥É¸Ö ± ± ¸Ê³³  ³´μ£¨Ì ¤¨ £· ³³ ¨²¨ ¢ ¦´  ¨´Ëμ·-
³ Í¨Ö μ Ë §¥, ¤ ´´Ò° ³¥Éμ¤ ´¥¶·¨³¥´¨³.

Š ±  ²ÓÉ¥·´ É¨¢  ¶·¥¤² £ ¥É¸Ö ¢ÒÎ¨¸²ÖÉÓ ¸ ³ ³ É·¨Î´Ò° Ô²¥³¥´É. � ¸¸³μÉ·¨³ ¤¢ 
¶ÊÉ¨: ¶·¨³¥´¥´¨¥ 2-¸¶¨´μ·μ¢ (μÉ± § μÉ É¥´§μ·´ÒÌ ¨´¤¥±¸μ¢) ¨ ¶·¨³¥´¥´¨¥ ¢¥±Éμ·´μ£μ
Ëμ·³ ²¨§³  (μÉ± § μÉ ¸¶¨´μ·´ÒÌ ¨´¤¥±¸μ¢).

„²Ö ²¨±¢¨¤ Í¨¨ μ¸´μ¢´μ£μ ¶·¥¶ÖÉ¸É¢¨Ö Å ¸²μ¦´ÒÌ ¸μμÉ´μÏ¥´¨° ¤²Ö γ-³ É·¨Í Å
¶·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ 2-¸¶¨´μ·´Ò° Ëμ·³ ²¨§³.

‚¢¥¤¥³ ¢¸¶μ³μ£ É¥²Ó´ÊÕ ´μÉ Í¨Õ, ¡ §¨·ÊÕÐÊÕ¸Ö ´  §´ ±¥ ¢ ¶·μ¥±Éμ·¥ 1 ± γ5 [3]:

ψ =
(

ψ+

ψ−

)
. (22)

‘μμÉ¢¥É¸É¢¥´´μ γ-³ É·¨ÍÒ § ¶¨ÏÊÉ¸Ö ¢ ¢¨¤¥ (¸³. (15)):

γa =
(

0 γa +

γa− 0

)
, p̂ =

(
0 p̂+

p̂− 0

)
, (23)

£¤¥ p̂ := paγa.
�·¨³¥´¥´¨¥ 2-¸¶¨´μ·μ¢ μ¸μ¡¥´´μ μ¶· ¢¤ ´´μ ¢ ¸²ÊÎ ¥ ´ ²¨Î¨Ö ¶·μ¥±Éμ·μ¢ (1 ± γ5).

�μÔÉμ³Ê · ¸¸³μÉ·¨³ Ê¶·μÐ¥´¨¥ ¢ÒÎ¨¸²¥´¨° ¢ ¸²ÊÎ ¥ Î²¥´μ¢ ¢¨¤ 

ψ̄fγa1 p̂(a)γ
a2 p̂(b) · · · γan

[
1
2
(1 ± γ5)

]
ψi. (24)

Œμ¦´μ ¢Ò¤¥²¨ÉÓ ¤¢  ¸²ÊÎ Ö Å Î¥É´μ¥ ¨ ´¥Î¥É´μ¥ ±μ²¨Î¥¸É¢μ γ-³ É·¨Í:{
ψ̄f±γa1

∓ p̂(a)±γa2
∓ p̂(b)± · · ·γan

± ψi± (´¥Î¥É´μ¥),

ψ̄f∓γa1
± p̂(a)∓γa2

± p̂(b)∓ · · ·γan
∓ ψi± (Î¥É´μ¥).

(25)

ˆ¸¶μ²Ó§ÊÖ 2-¸¶¨´μ·´μ¥ ¶·¥¤¸É ¢²¥´¨¥ γ-³ É·¨Í, ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö:

γaα
β
+γa

γ
δ
− = 2δα

δδγ
β , (26 )

γaα
β
±γa

γ
δ
± = 2

(
δα

βδγ
δ − δα

δδγ
β
)
. (26¡)

„²Ö ¶·¨³¥·  ¤μ± ¦¥³ (26 ):

εC′A′εC
BεC

GεC′D′
= 2εA′

D′
εG

B . (27)

“Î¨ÉÒ¢ Ö ¸μμÉ¢¥É¸É¢¨Ö

α ↔ A′, β ↔ B, γ ↔ G, δ ↔ D′,

¶μ²ÊÎ ¥³ ¨¸Ìμ¤´μ¥ ¢Ò· ¦¥´¨¥.
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’ ±¨³ μ¡· §μ³, ¶·¨³¥´ÖÖ ¶μ¸²¥¤μ¢ É¥²Ó´μ (25) ¨ (26), ³Ò μ¸¢μ¡μ¦¤ ¥³¸Ö μÉ γ-³ É·¨Í
¨ ¶·μ¨§¢μ¤¨³ ¢ÒÎ¨¸²¥´¨Ö ¸ 2-¸¶¨´μ· ³¨.

�μ¸²¥ ¢ÒÎ¨¸²¥´¨° ¶μ²ÊÎ ÕÉ¸Ö Î²¥´Ò É¨¶ 

u†
f±p̂(a)∓p̂(b)± . . . ê+ or − . . . ui±, (28)

£¤¥ e Å ¶μ²Ö·¨§ Í¨Ö.
„²Ö ¶μ²ÊÎ¥´¨Ö ±μ´±·¥É´μ£μ ·¥§Ê²ÓÉ É  ´¥μ¡Ìμ¤¨³μ ¢Ò¡· ÉÓ ¶·¥¤¸É ¢²¥´¨¥ ¸¶¨´μ· .

	 ¶·¨³¥·, ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¸É ´¤ ·É´μ¥ ·¥Ï¥´¨¥, ¶μ²ÊÎ¥´´μ¥ · §²μ¦¥´¨¥³ ¶μ ¶²μ¸-
±¨³ ¢μ²´ ³. ’μ£¤  ¢ ¸²ÊÎ ¥ ¶·μ¤μ²Ó´μ° ¶μ²Ö·¨§ Í¨¨ ¶μ²ÊÎ¨³

u± =
(√

E + εm ± εs
√

E − εm
) (

e−iϕ/2
√

1 + s cos θ

eiϕ/2
√

1 − s cos θ

)
, (29)

£¤¥ s Å ¸¶¨· ²Ó´μ¸ÉÓ; ε Å §´ ± Ô´¥·£¨¨.

5.1. �·¨³¥· ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î´μ£μ Ô²¥³¥´É . ‚ÒÎ¨¸²¨³ ¸¥Î¥´¨¥ ·¥ ±Í¨¨

ν + n → p + e−, (30)

³ É·¨Î´Ò° Ô²¥³¥´É ±μÉμ·μ° ¢ ¸É ´¤ ·É´μ° (V ÄA)-É¥μ·¨¨ ¨³¥¥É ¢¨¤

M =
GF√

2

(
ψ̄eγa(1 + γ5)ψν

) (
ψ̄pγ

a(gV + gAγ5)ψn

)
. (31)

ˆ¸¶μ²Ó§ÊÖ (25) ¨ (26), ¶·¨¢¥¤¥³ (31) ± ¢¨¤Ê:

M =
2GF√

2

(
u†

eα+γaβ−
αuβ

ν+

)[
(gA − gV )

(
u†

pγ+γa
δ−

γuδ
n+ + u†

pγ−γa
δ+

γuδ
n−

)
+

+ 2gAu†
pγ+γa

δ−
γuδ

n+

]
=

2GF√
2

[
(gV − gA)u†

eα+γaβ−
αuβ

ν+u†
pγ−γa

δ+
γuδ

n−+

+ (gV + gA)u†
eα+γaβ−

αuβ
ν+u†

pγ+γa
δ−

γuδ
n+

]
=

=
4GF√

2

[
(gV − gA)u†

eα +uα
n−u†

pβ −uβ
ν ++

+ (gV + gA)
(
u†

eα+uα
ν+u†

pβ+uβ
n+ − u†

eα+uα
n+u†

pβ+uβ
ν+

)]
. (32)

‚Ò¡¥·¥³ ´ ¶· ¢²ÖÕÐ¨¥ Ê£²Ò ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: ϕν = ϕn = ϕp = ϕe = 0, θν =
θn = π/2, θe ¨ θp Å ¶·μ¨§¢μ²Ó´Ò¥.

‚¢¥¤¥³ ¸¶¨´μ·Ò:

|s0〉 =
(

1
0

)
, |s1〉 =

(
0
1

)
,

|s2〉 =
(

cos θp/2
sin θp/2

)
, |s3〉 =

(
− sin θe/2
cos θe/2

)
.

(33)
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’μ£¤  ³μ¦´μ § ¶¨¸ ÉÓ [¸³. (29)]:

uν± =
1√
2

(√
Eν + mν ± sν

√
Eν − mν

)
|s0〉, (34)

un± =
1√
2

(√
En + mn ± sn

√
En − mn

)
|s1〉, (35)

up± =
1√
2

(√
Ep + mp ± sp

√
Ep − mp

)
|s2〉, (36)

ue± =
1√
2

(√
Ee + me ± se

√
Ee − me

)
|s3〉. (37)

ˆ§ (32) ¶μ²ÊÎ ¥³

M =
GF√

2

(√
Ee + me + se

√
Ee − me

)(√
Eν + mν + sν

√
Eν − mν

)
×

×
[
(gV − gA)

(√
En + mn − sn

√
En − mn

)(√
Ep + mp − sp

√
Ep − mp

)
×

× 〈s3|s1〉〈s2|s0〉 + (gV + gA)
(√

En + mn + sn

√
En − mn

)
×

×
(√

Ep + mp + sp

√
Ep − mp

) (
〈s3|s0〉〈s2|s1〉 − 〈s3|s1〉〈s2|s0〉

)]
=

=
GF√

2

(√
Ee + me + se

√
Ee − me

) (√
Eν + mν + sν

√
Eν − mν

)
×

×
[
(gV − gA)

(√
En + mn − sn

√
En − mn

)(√
Ep + mp − sp

√
Ep − mp

)
×

× c cos θe/2 cos θp/2 − (gV + gA)
(√

En + mn + sn

√
En − mn

)
×

×
(√

Ep + mp + sp

√
Ep − mp

) (
sin θe/2 cos θp/2 + cos θe/2 cos θp/2

)]
. (38)

’ ±¨³ μ¡· §μ³, ³Ò ¶μ²ÊÎ¨²¨ ¸ÊÐ¥¸É¢¥´´μ¥ (¶μ·Ö¤μ±: n ¢³¥¸Éμ n2) ¸μ±· Ð¥´¨¥ ±μ-
²¨Î¥¸É¢  ¢ÒÎ¨¸²Ö¥³ÒÌ Î²¥´μ¢, ±·μ³¥ Éμ£μ, ¢¸¥ μ´¨ ¨³¥ÕÉ ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ° ¢¨¤.

‡�Š‹
—…�ˆ…

1. �μ²Ê¸¶¨´μ·Ò ¡μ²¥¥ ¶·μ¸ÉÒ¥ μ¡Ñ¥±ÉÒ, Î¥³ ¸¶¨´μ·Ò.

2. �·¥¤² £ ¥É¸Ö ¨¸¶μ²Ó§μ¢ ÉÓ ²μ·¥´Í¥¢Ò 2-¸¶¨´μ·Ò ¢³¥¸Éμ ¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢.
3. �·¨ ·¥²ÖÉ¨¢¨¸É¸±¨Ì · ¸Î¥É Ì  ¶¶ · É 2-¸¶¨´μ·μ¢ ¶·¥¤¸É ¢²Ö¥É¸Ö ¡μ²¥¥  ¤¥±¢ É-

´Ò³, Î¥³  ¶¶ · É ±¢ É¥·´¨μ´μ¢.
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