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‘ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤  ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´μ£μ ÔËË¥±É¨¢´μ£μ É¥´§μ·´μ£μ ¶·¥¤¸É ¢²¥-
´¨Ö ² £· ´¦¨ ´μ¢ ¤¢ÊÌËμÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸  ¤·μ´ ³¨ ¢ · ³± Ì Ëμ·³ ²¨§³  „ ËË¨´ Ä
Š¥³³¥· Ä�¥ÉÓÕ Ê¸É ´μ¢²¥´Ò ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ Î ¸É¨Í ¸¶¨´  1, ±μÉμ·Ò¥ Ì · ±É¥·´Ò ¤²Ö
 ¤·μ´μ¢ ¸¶¨´  1/2. � ·Ö¤Ê ¸ ÔÉ¨³ μ¶·¥¤¥²¥´Ò ´μ¢Ò¥ ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ Î ¸É¨Í ¸¶¨´  1,
¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ É¥´§μ·´ÒÌ ¶μ²Ö·¨§Ê¥³μ¸É¥°.

Using the relativistic-invariant effective tensor representation of the Lagrangians of the two-photon
interaction with hadrons within the DufˇnÄKemmerÄPetiau formalism, the spin polarizabilities of the
spin 1 particles that are characteristic of spin 1/2 hadrons have been determined. Along with this, new
spin polarizabilities of spin 1 particles have been determined, that are related to the presence of the
tensor polarizabilities.

PACS: 11.10.Ef
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�  μ¸´μ¢¥ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì É¥μ·¥³ [1, 2] ¡Ò²¨ Ê¸É ´μ¢²¥´Ò Ô²¥±É·μ³ £´¨É´Ò¥
Ì · ±É¥·¨¸É¨±¨ ´Ê±²μ´μ¢ Å ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨, ±μÉμ·Ò¥ μÉ· ¦ ÕÉ ¸É·Ê±ÉÊ·´Ò¥
¸¢μ°¸É¢  ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¸  ¤·μ´ ³¨ ¢ μ¡² ¸É¨ ´¨§±¨Ì Ô´¥·£¨°.
�μ²Ö·¨§Ê¥³μ¸ÉÖ³  ¤·μ´μ¢ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö Ê¤¥²Ö¥É¸Ö ¡μ²ÓÏμ¥ ¢´¨³ ´¨¥ [1Ä10]. ‘ Í¥-
²ÓÕ ¨Ì Ô±¸¶¥·¨³¥´É ²Ó´μ£μ ¨ É¥μ·¥É¨Î¥¸±μ£μ ¨§ÊÎ¥´¨Ö ¨¸¶μ²Ó§Ê¥É¸Ö ¤μ¸É ÉμÎ´μ Ï¨·μ±¨°
±² ¸¸ Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨Ì ¤¢ÊÌËμÉμ´´ÒÌ ¶·μÍ¥¸¸μ¢.

	Ò²μ Ê¸É ´μ¢²¥´μ, ÎÉμ ´ ·Ö¤Ê ¸ ¤¨¶μ²Ó´Ò³¨ ¶μ²Ö·¨§Ê¥³μ¸ÉÖ³¨ ³μ¦´μ μ¶·¥¤¥²ÖÉÓ
¢§ ¨³μ¤¥°¸É¢¨¥ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¸  ¤·μ´ ³¨ ¸ ¶μ³μÐÓÕ ¸¶¨´μ¢ÒÌ ¶μ²Ö·¨§Ê¥-
³μ¸É¥°.

‘ · §¢¨É¨¥³ ¸É ´¤ ·É´μ° ³μ¤¥²¨ Ô²¥±É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö
¢¢¥¤¥´Ò ´μ¢Ò¥ Ô²¥±É·μ³ £´¨É´Ò¥ Ì · ±É¥·¨¸É¨±¨, ¸¢Ö§ ´´Ò¥ ¸ ´¥¸μÌ· ´¥´¨¥³ Î¥É´μ¸-
É¨ [11, 12], ¶μ¤μ¡´Ò¥ £¨· Í¨Ö³ [13].

1E-mail: elvakulina@yandex.ru
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„²Ö ¸μ¢¥·Ï¥´¸É¢μ¢ ´¨Ö ³¥Éμ¤μ¢ ¶μ¢ÒÏ¥´¨Ö ÉμÎ´μ¸É¨ ¨§³¥·¥´¨Ö ¶μ²Ö·¨§Ê¥³μ¸É¥°,
£¨· Í¨° ¨ Ë¨É¨·μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ±μ³¶Éμ´μ¢¸±μ³Ê · ¸¸¥Ö´¨Õ ´ 
 ¤·μ´ Ì ¢ μ¡² ¸É¨ ´¨§±¨Ì ¨ ¸·¥¤´¨Ì Ô´¥·£¨° ¢μ§´¨± ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ ·¥²ÖÉ¨¢¨¸É¸±μ£μ
É¥μ·¥É¨±μ-¶μ²¥¢μ£μ μ¶·¥¤¥²¥´¨Ö ¢±² ¤μ¢ ÔÉ¨Ì Ì · ±É¥·¨¸É¨± ¢  ³¶²¨ÉÊ¤Ò ¨ ¸¥Î¥´¨Ö
Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ [14Ä16].

�¡ÒÎ´μ ¶·¨ · ¸Î¥É Ì ¸¥Î¥´¨° ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î ¸É¨Í¥ ¸¶¨´  1 ¨¸¶μ²Ó-
§Ê¥É¸Ö μ¡Ð¥¥ · §²μ¦¥´¨¥  ³¶²¨ÉÊ¤Ò ÔÉμ£μ ¶·μÍ¥¸¸  ¶μ ¨´¢ ·¨ ´É´Ò³ ¸¶¨´μ¢Ò³ ¸É·Ê±ÉÊ-
· ³, ¸± ²Ö·´Ò¥ ËÊ´±Í¨¨ ±μÉμ·ÒÌ § É¥³ μ¶·¥¤¥²ÖÕÉ¸Ö ´  μ¸´μ¢¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ²¥¢ÒÌ
³μ¤¥²¥°, ¨ Ê¸É ´ ¢²¨¢ ¥É¸Ö ¨Ì § ¢¨¸¨³μ¸ÉÓ μÉ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥·¥³¥´´ÒÌ ËμÉμ´μ¢ ¨
Î ¸É¨Í, ´ ¶·¨³¥·, ¢ Ëμ·³ ²¨§³¥ „ ËË¨´ ÄŠ¥³³¥· Ä�¥ÉÓÕ („Š�) [17].

� ·Ö¤Ê ¸ ÔÉ¨³ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¤²Ö μ¶¨¸ ´¨Ö ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¸  ¤·μ´ ³¨ Ï¨·μ±μ ¨¸¶μ²Ó§ÊÕÉ¸Ö ³¥Éμ¤Ò ÔËË¥±É¨¢´μ° ¶μ²¥¢μ°
É¥μ·¨¨ [3, 5, 10, 16]. ‚ É ±μ³ ¶μ¤Ìμ¤¥ ² £· ´¦¨ ´Ò ¨  ³¶²¨ÉÊ¤Ò ´¨§±μÔ´¥·£¥É¨Î¥¸±μ£μ
±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¶·¥¤¸É ¢²ÖÕÉ¸Ö Î¥·¥§ ¸¶¨´μ¢Ò¥ ¸É·Ê±ÉÊ·Ò ¨ ÔËË¥±É¨¢´Ò¥
±μ´¸É ´ÉÒ, ±μÉμ·Ò³ ¶·¥¤ ¥É¸Ö Ë¨§¨Î¥¸± Ö ¨´É¥·¶·¥É Í¨Ö ´  μ¸´μ¢¥ μ¡Ð¨Ì É·¥¡μ¢ ´¨°
±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. …¸²¨ ¢ ± Î¥¸É¢¥ É ±¨Ì ±μ´¸É ´É ¡· ÉÓ ¶μ²Ö·¨§Ê¥³μ¸É¨, Éμ ÔÉμ
¶μ§¢μ²Ö¥É ¡μ²¥¥ ¤μ¸Éμ¢¥·´μ ¨¸¶μ²Ó§μ¢ ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ³μ¤¥²¨ ¤²Ö ¨Ì · ¸Î¥É . 	μ²¥¥
Éμ£μ, É ±¨¥ ÔËË¥±É¨¢´Ò¥ ² £· ´¦¨ ´Ò ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò, ´ ¶·¨³¥·, ¤²Ö Ë¨-
É¨·μ¢ ´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ ¶μ ±μ³¶Éμ´μ¢¸±μ³Ê · ¸¸¥Ö´¨Õ ¢ Ô´¥·£¥É¨Î¥¸±μ°
μ¡² ¸É¨ ·μ¦¤¥´¨Ö ·¥§μ´ ´¸μ¢ [14, 15].

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤μ¸Éμ¢¥·´μ μ¶·¥¤¥²¥´Ò É¥μ·¥É¨Î¥¸±¨ ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ ¸¶¨-
´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ ´Ê±²μ´μ¢ [6], ¢ Éμ ¦¥ ¢·¥³Ö  ´ ²μ£¨Î´Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ Î ¸É¨Í
¸¶¨´  1 ¤μ¸Éμ¢¥·´μ ´¥ μ¶·¥¤¥²¥´Ò. „²Ö ·¥Ï¥´¨Ö ¤ ´´μ° ¶·μ¡²¥³Ò ¢ ¸É ÉÓ¥ ¨¸¶μ²Ó§Ê¥É¸Ö
Ëμ·³ ²¨§³ „Š�, É ± ± ± ¢ · ³± Ì ÔÉμ£μ Ëμ·³ ²¨§³  ³μ¦´μ ¨´É¥·¶·¥É¨·μ¢ ÉÓ ±μ´¸É ´ÉÒ
² £· ´¦¨ ´μ¢ ¤¢ÊÌËμÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Î ¸É¨Í ³¨ ¸¶¨´  1 ¶μ  ´ ²μ£¨¨ ¸ μ¶·¥-
¤¥²¥´¨¥³ ¶μ²Ö·¨§Ê¥³μ¸É¥° ´Ê±²μ´μ¢.

–¥²Ó ¤ ´´μ° · ¡μÉÒ Å ¶μ²ÊÎ¨ÉÓ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò¥ ÔËË¥±É¨¢´Ò¥ ² £· ´-
¦¨ ´Ò ¤¢ÊÌËμÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Î ¸É¨Í ³¨ ¸¶¨´  1 ¢ ±μ´É ±É´μ³ ¶·¥¤¸É ¢²¥´¨¨
¨ ¤ ÉÓ Ë¨§¨Î¥¸±ÊÕ ¨´É¥·¶·¥É Í¨Õ ±μ´¸É ´É ³ ÔÉ¨Ì ² £· ´¦¨ ´μ¢ ´  μ¸´μ¢¥ μ¶·¥¤¥²¥´¨Ö
 ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö.

‚ · ¡μÉ¥ ¢ · ³± Ì ³¥Éμ¤  ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´μ£μ ÔËË¥±É¨¢´μ£μ É¥´§μ·´μ£μ
¶·¥¤¸É ¢²¥´¨Ö Ê¸É ´μ¢²¥´Ò ´μ¢Ò¥ ¸¶¨´μ¢Ò¥ ¨ É¥´§μ·´μ-¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ ¨ Ì -
· ±É¥·¨¸É¨±¨ Î ¸É¨Í ¸¶¨´  1, ¸¢Ö§ ´´Ò¥ ¸ ´¥¸μÌ· ´¥´¨¥³ Î¥É´μ¸É¨ [18Ä22]. ‚ Ëμ·³ -
²¨§³¥ „Š� μ¶·¥¤¥²¥´Ò ÔËË¥±É¨¢´Ò¥ ² £· ´¦¨ ´Ò ¨  ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸-
¸¥Ö´¨Ö ´  Î ¸É¨Í Ì ¸¶¨´  1 ¸ ÊÎ¥Éμ³ ¢±² ¤μ¢ ÔÉ¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ Ì · ±É¥·¨¸É¨±.

�””…Š’ˆ‚�›‰ ‹�ƒ���†ˆ�� ˆ �Œ�‹ˆ’“„�
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�¶·¥¤¥²¨³ ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò¥ ¸¶¨´μ¢Ò¥ ¸É·Ê±ÉÊ·Ò ÔËË¥±É¨¢´μ£μ ² £· ´-
¦¨ ´  ¨  ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î ¸É¨Í¥ ¸¶¨´  1 ¢ Ëμ·³ ²¨§³¥ „Š�,
¸²¥¤ÊÖ · ¡μÉ ³ [21, 22].
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“· ¢´¥´¨Ö „Š� ¤²Ö ¸¢μ¡μ¤´μ° Î ¸É¨ÍÒ ¸¶¨´  1 ¨³¥ÕÉ ¢¨¤ [23]

(
βμ

�∂μ + m
)

ψ (x) = 0, (1)

ψ̄ (x)
(
βμ

←
∂μ − m

)
= 0, (2)

£¤¥ ψ (x) ¨ ψ̄ (x) = ψ+ (x) η Å ¤¥¸ÖÉ¨³¥·´Ò¥ ËÊ´±Í¨¨ Î ¸É¨Í, η = 2
(
β

(10)
4

)2

−I , ¸É·¥²±¨

´ ¤ ¶·μ¨§¢μ¤´Ò³¨ ∂μ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¨Ì ¤¥°¸É¢¨Ö,   Î¥ÉÒ·¥Ì³¥·´Ò° ¢¥±Éμ·
μ¶·¥¤¥²Ö¥É¸Ö ±μ³¶μ´¥´É ³¨ aμ {�a, ia0}. ‚ Ê· ¢´¥´¨ÖÌ (1) ¨ (2) βμ Å ¤¥¸ÖÉ¨³¥·´Ò¥
³ É·¨ÍÒ „Š�, ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ¶¥·¥¸É ´μ¢μÎ´Ò³ ¸μμÉ´μÏ¥´¨Ö³

βμβνβρ + βρβνβμ = δμνβρ + δρνβμ.

�ËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¸ Î ¸É¨Í¥° ¸¶¨-
´  1 ¸ ÊÎ¥Éμ³ ¶μ²Ö·¨§Ê¥³μ¸É¥° ¢ · ³± Ì É¥μ·¥É¨±μ-¶μ²¥¢μ£μ ±μ¢ ·¨ ´É´μ£μ ¶μ¤Ìμ¤ 
¨³¥¥É ¢¨¤ [18, 21]

L = − π

2m
ψ̄

[
βνL̂νσ

↔
∂σ + L̂νσβν

↔
∂σ

]
ψ, (3)

£¤¥
↔
∂σ = �∂σ −

←
∂σ .

‚ μ¶·¥¤¥²¥´¨¨ ² £· ´¦¨ ´  (3) É¥´§μ· L̂νσ ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ¶μ²Ö·¨§Ê¥³μ¸É¨ ¨ £¨-
· Í¨¨ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

L̂νσ (α, χE , γE) = L̂νσ (α) + L̂νσ

(
α
)

+ L̂νσ (γE1) + L̂νσ (χE) + L̂νσ (γE2) , (4)

L̂νσ (β, χM , γM ) = L̂νσ (β) + L̂νσ

(
β
)

+ L̂νσ (γM1) + L̂νσ (χM ) + L̂νσ (γM2) . (5)

‚ μ¶·¥¤¥²¥´¨ÖÌ (4) ¨ (5) α ¨ β Å ¸± ²Ö·´Ò¥ ¤¨¶μ²Ó´Ò¥ Ô²¥±É·¨Î¥¸±¨¥ ¨ ³ £´¨É´Ò¥

¶μ²Ö·¨§Ê¥³μ¸É¨; α ¨ β Å É¥´§μ·´Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨; γE1 , γE2 ¨ γM1 , γM2 Å ¸¶¨´μ¢Ò¥
¶μ²Ö·¨§Ê¥³μ¸É¨,   χE ¨ χM Å Ô²¥±É·¨Î¥¸±¨¥ ¨ ³ £´¨É´Ò¥ £¨· Í¨¨.

‘ Í¥²ÓÕ Ê¸É ´μ¢²¥´¨Ö ¢²¨Ö´¨Ö ¶¥·¥±·¥¸É´μ° ¸¨³³¥É·¨¨ ´  ¢±² ¤Ò ¸¶¨´μ¢ÒÌ ¶μ²Ö·¨-
§Ê¥³μ¸É¥° ¨ £¨· Í¨° ¢  ³¶²¨ÉÊ¤Ê ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¢ ¤¨¶μ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨
μ¶·¥¤¥²¨³ ¢ (4) É¥´§μ·Ò, ¸²¥¤ÊÖ · ¡μÉ¥ [21]:

L̂νσ (α) + L̂νσ

(
α
)

= Fνμα̂μρ (α) Fρσ + Fνμα̂μρ

(
α
)
F

ρσ
, (6)

L̂νσ (γE1) + L̂νσ (χE) = Fνμ

↔
∂λF ρσ k̂μρλ (γE1) + Fνμ

↔
∂λF ρσ k̂μρλ (χE) , (7)

L̂νσ (γE2) =
(
Fνρ

←
∂kF̃σρ + F̃νρ

�∂ρFσk

)
k̂μρλ (γE2) . (8)

�·μ¨§¢μ¤´Ò¥ ¢ (7), (8) ¤¥°¸É¢ÊÕÉ Éμ²Ó±μ ´  É¥´§μ·Ò Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö

Fμν = ∂μAν − ∂νAμ.
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’¥´§μ·Ò α̂μρ (α) ¨ α̂μρ

(
α
)
,   É ±¦¥ k̂μρλ (γE1) , k̂μρλ (γE2) ¨ k̂μρλ (χE) ¶·¥¤¸É ¢²ÖÕÉ¸Ö

¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

α̂μρ (α) = αδμρ,

α̂μρ(α) = α
(
ŴμŴρ + ŴρŴμ

)
,

k̂μρλ (γE1) = iγE1δμρκλŴκ,

k̂μρλ (χE) =
iχE

2m
δμρκλ

↔
∂κ,

k̂μρλ (γE2) = −γE2Ŵκ.

‚ ÔÉ¨Ì Ê· ¢´¥´¨ÖÌ ¨¸¶μ²Ó§μ¢ ´μ μ¶·¥¤¥²¥´¨¥ ±μ¢ ·¨ ´É´μ£μ ¸¶¨´μ¢μ£μ ¢¥±Éμ· , ±μ-
Éμ·Ò° ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ³ É·¨ÍÒ βν ¸μ£² ¸´μ [23]:

Ŵμ = − i

4m
δμκδη Ĵ [δη]

↔
∂κ,

£¤¥ Ĵ [δη] = βδβη − βηβδ. ‚¸¥ ¶·μ¨§¢μ¤´Ò¥ ¨ μ¶¥· Éμ·Ò, ¸μ¤¥·¦ Ð¨¥¸Ö ¢ Ê· ¢´¥´¨ÖÌ,
¤¥°¸É¢ÊÕÉ ´  ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ψ ¨ ψ̄.

�´ ²μ£¨Î´Ò³ μ¡· §μ³ μ¶·¥¤¥²Ö¥É¸Ö É¥´§μ· (5), ¥¸²¨ ¢ (6), (7) ¢¢¥¸É¨ ±μ´¸É ´ÉÒ

β, β, γM1 ¨ χM , ¸¤¥² ÉÓ § ³¥´Ê
Fνμ → F̃νμ,

£¤¥

F̃μν =
i

2
δμνρσFρσ ,

¨ ¢³¥¸Éμ É¥´§μ·  k̂μρλ (γE2) ¢¢¥¸É¨

k̂μρλ (γM2) = γM2Ŵκ.

�¶·¥¤¥²¨³ É¥¶¥·Ó ¸¶¨´μ¢Ò¥ ¸É·Ê±ÉÊ·Ò  ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î -
¸É¨Í¥ ¸¶¨´  1 ¸ ÊÎ¥Éμ³ ¢±² ¤μ¢ ¶μ²Ö·¨§Ê¥³μ¸É¥° ¨ £¨· Í¨° ´  μ¸´μ¢¥ ² £· ´¦¨ ´  (3),
¸²¥¤ÊÖ · ¡μÉ¥ [22]:

〈
k2, p2 | Ŝ | k1, p1

〉
=

imδ (k1 + p1 − k2 − p2)
(2π)2

√
4ω1ω2E1E2

M, (9)

£¤¥ M Å  ³¶²¨ÉÊ¤  ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ±μÉμ· Ö Ö¢²Ö¥É¸Ö ¸Ê³³μ° ¢±² ¤μ¢ ¶μ²Ö-
·¨§Ê¥³μ¸É¥° ¨ £¨· Í¨° ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (4) ¨ (5).

‚ · ¡μÉ¥ [21] μ¶·¥¤¥²¥´ ¢±² ¤ ¸± ²Ö·´ÒÌ ¤¨¶μ²Ó´ÒÌ ¨ É¥´§μ·´ÒÌ Ô²¥±É·¨Î¥¸±¨Ì ¨
³ £´¨É´ÒÌ ¶μ²Ö·¨§Ê¥³μ¸É¥° ¢  ³¶²¨ÉÊ¤Ê ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î ¸É¨Í¥ ¸¶¨´  1.
ˆ¸¶μ²Ó§ÊÖ ³¥Éμ¤ ¶μ¸É·μ¥´¨Ö ² £· ´¦¨ ´μ¢ ¨ μ¶·¥¤¥²¥´¨Ö ¢±² ¤μ¢ ¢  ³¶²¨ÉÊ¤Ê ±μ³¶-
Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î ¸É¨Í¥ ¸¶¨´  1 ¸± ²Ö·´ÒÌ ¤¨¶μ²Ó´ÒÌ ¨ É¥´§μ·´ÒÌ ¶μ²Ö·¨-

§Ê¥³μ¸É¥° α, β ¨ α, β [21], ¶·¥¤¸É ¢¨³ ² £· ´¦¨ ´Ò, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢±² ¤Ò ¸¶¨´μ¢ÒÌ
¶μ²Ö·¨§Ê¥³μ¸É¥° L (γE1) ¨ L (γM1) ¢ Ëμ·³ ²¨§³¥ „Š�, ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

L (γE1) = −i
π

2m
γE1δμρκλF νμ

↔
∂λF ρσψ̄

(
βνŴk+Ŵkβν

) ↔
∂σψ, (10)

L (γM1) = −i
π

2m
γM1δμρκλF̃ νμ

↔
∂λF̃ ρσψ̄

(
βνŴk+Ŵkβν

) ↔
∂σψ. (11)
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‚ ¢Ò· ¦¥´¨ÖÌ (10), (11) ¤¥¸ÖÉ¨³¥·´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ¢ Ëμ·³ ²¨§³¥ „Š� ¶·¥¤-
¸É ¢²¥´Ò ¸ ¶μ³μÐÓÕ Ô²¥³¥´Éμ¢ ¶μ²´μ° ³ É·¨Î´μ°  ²£¥¡·Ò εAB [23]:

ψ(r) (p) = ψ(r)
μ (p) εμ1 +

1
2
ψ

(r)
[μν] (p) ε[μν]1.

‚ ÔÉμ³ ¸μμÉ´μÏ¥´¨¨

ψ(r)
μ (p) =

i√
2
λ(r)

μ ,

ψ
(r)
[μν] (p) = − 1√

2m

(
pμλ(r)

ν − λ(r)
μ pν

)
,

λ
(r)
μ Å ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·μ¢ ¶μ²Ö·¨§ Í¨¨ Î ¸É¨ÍÒ ¸¶¨´  1,   εAB Å Ô²¥³¥´ÉÒ ¶μ²´μ°

³ É·¨Î´μ°  ²£¥¡·Ò [23]:

(
εAB

)
CD

= δACδBD, εABεCD = δBCεAD,

¤²Ö Î ¸É¨ÍÒ ¸¶¨´  1 ¨´¤¥±¸Ò A, B, C, D = μ, [ρσ], ±¢ ¤· É´Ò¥ ¸±μ¡±¨ μ¡μ§´ Î ÕÉ
 ´É¨¸¨³³¥É·¨Õ ¶μ ¨´¤¥±¸ ³ ρ ¨ σ.

‚μ²´μ¢Ò¥ ËÊ´±Í¨¨ ψ̄(r) (p), ¸μ¶·Ö¦¥´´Ò¥ ¸ ψ(r) (p) ¸ ÊÎ¥Éμ³ ³ É·¨ÍÒ η, ¨³¥ÕÉ ¢¨¤

ψ̄(r) (p) = ψ+ (p) η =
(
− i√

2

) [
λ̇(r)

μ ε1μ +
i

2m
ε1[μν]

(
pμλ̇(r)

ν − pν λ̇(r)
μ

)]
,

£¤¥ λ̇
(r)
μ

{
λ

(r)∗

i , λ
(r)
4

}
.

‚ ¸¨¸É¥³¥ ¶μ±μÖ ³¨Ï¥´¨ ¢ ¶·¨¡²¨¦¥´¨¨, ±μ£¤  ¨³¶Ê²Ó¸ μÉ¤ Î¨ Î ¸É¨ÍÒ · ¢¥´ ´Ê²Õ,
² £· ´¦¨ ´Ò (10), (11) μ¶·¥¤¥²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

L (γE1) = 4πγE1

(
�S

[
�E �̇E

])
, (12)

L (γM1) = 4πγM1

(
�S

[
�H �̇H

])
. (13)

�¶·¥¤¥²¨³ É¥¶¥·Ó ¸¶¨´μ¢Ò¥ ¸É·Ê±ÉÊ·Ò  ³¶²¨ÉÊ¤ ¸ ÊÎ¥Éμ³ ¢±² ¤μ¢ ¸¶¨´μ¢ÒÌ ¶μ²Ö-
·¨§Ê¥³μ¸É¥° γE1 , γM1 , γE2 , γM2 , ±μÉμ·Ò¥ ¸μ£² ¸´μ · ¡μÉ¥ [6] ¸¢Ö§ ´Ò ¸ ¤¨¶μ²Ó´Ò³ ¨
±¢ ¤·Ê¶μ²Ó´Ò³ ³μ³¥´É ³¨  ¤·μ´μ¢ ¸μμÉ¢¥É¸É¢¥´´μ. � É ±¦¥ ÊÎÉ¥³ £¨· Í¨¨ χE , χM :

M = M (γE1 , γM1) + M (χE , χM ) + M (γE2 , γM2) .

ˆ¸¶μ²Ó§ÊÖ ¸² £ ¥³Ò¥ ² £· ´¦¨ ´  (4) ¨ (5) L̂νσ (γE1), L̂νσ (γE2), L̂νσ (χE), L̂νσ (γM1),
L̂νσ (γM2) ¨ L̂νσ (χM ),   É ±¦¥ ¶·¥¤Ò¤ÊÐÊÕ ³¥Éμ¤¨±Ê μ¶·¥¤¥²¥´¨Ö ¢±² ¤μ¢ ¢  ³¶²¨ÉÊ¤Ê
±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¶μ²Ö·¨§Ê¥³μ¸É¥°, ¶μ²ÊÎ ¥³

M (γE1 , γM1) = i
π

m
(k1 + k2)λ δμρλκ

{
γE1

[
F (2)

νμ F (1)
ρσ − F (1)

νμ F (2)
ρσ

]
+

+ γM1

[
F̃ (2)

νμ F̃ (1)
ρσ − F̃ (1)

νμ F̃ (2)
ρσ

]}
ψ̄(r2) (p2) [βνŴk+Ŵkβν ]Pσψ(r1) (p1) . (14)
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‚ Ê· ¢´¥´¨¨ (14) ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö:

F (2)
νμ = k2νe(λ2)

∗

μ − k2μe(λ2)∗

ν ,

F (1)
μσ = k1μe(λ1)

σ − k1σe(λ1)
μ ,

¢ ¸¢μÕ μÎ¥·¥¤Ó, F̃
(2)
νμ =

i

2
δνμκδF

(2)
κδ , Pσ =

1
2

(p1 + p2)σ , p1 ¨ p2 Å ¨³¶Ê²Ó¸Ò ´ Î ²Ó´μ°

¨ ±μ´¥Î´μ° Î ¸É¨Í ¸¶¨´  1.
‚ ¸¨¸É¥³¥ ¶μ±μÖ ³¨Ï¥´¨ ¨ ¢ ¶·¥´¥¡·¥¦¥´¨¨ μÉ¤ Î¥° Î ¸É¨ÍÒ ³¨Ï¥´¨  ³¶²¨ÉÊ¤  (14)

¶·¨´¨³ ¥É ¢¨¤

M (γE1 , γM1) = −4iπ (ω1 + ω2)ω1ω2
�λ(r2)

∗×

×
{

γE1

(
�S

[
�e (λ2)∗�e (λ1)

])
+ γM1

(
�S

[[
�n2�e

(λ2)∗
] [

�n1�e
(λ1)

]])}
�λ(r1). (15)

ˆ§ (14) ¨ (15) ¸²¥¤Ê¥É, ÎÉμ ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ γE1 ¨ γM1 ¢´μ¸ÖÉ ¢±² ¤ ¢
 ³¶²¨ÉÊ¤Ê ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´  Î ¸É¨Í¥ ¸¶¨´  1 ¢ É·¥ÉÓ¥³ ¶μ·Ö¤±¥ ¶μ Ô´¥·£¨¨
ËμÉμ´μ¢, ¶·¨ ÔÉμ³ ¢Ò¶μ²´ÖÕÉ¸Ö Ê¸²μ¢¨Ö ¶¥·¥±·¥¸É´μ° ¸¨³³¥É·¨¨ ¨ ¸μÌ· ´¥´¨Ö Î¥É´μ¸É¨
μÉ´μ¸¨É¥²Ó´μ ¨´¢¥·¸¨¨ ¶·μ¸É· ´¸É¢ .

‚ · ³± Ì ¢ÒÏ¥¶·¨¢¥¤¥´´μ£μ ¶μ¤Ìμ¤  μ¶·¥¤¥²¨³ É¥¶¥·Ó ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò°
² £· ´¦¨ ´ ¨  ³¶²¨ÉÊ¤Ê, ¢ ±μÉμ·ÒÌ, ± ± ¡Ò²μ ¶μ± § ´μ ¢ · ¡μÉ¥ [6], ÊÎ¨ÉÒ¢ ÕÉ¸Ö ¢±² ¤Ò
¸¶¨´μ¢ÒÌ ¶μ²Ö·¨§Ê¥³μ¸É¥°, ¸¢Ö§ ´´ÒÌ ¸ Ô²¥±É·¨Î¥¸±¨³ ±¢ ¤·Ê¶μ²Ó´Ò³ ³μ³¥´Éμ³  ¤·μ-
´μ¢:

L (γE2) =
πγE2

2m

[(
Fνρ

←
∂kF̃σρ + F̃νρ

�∂ρFσk

)]
ψ̄[βνŴk+Ŵkβν ]

↔
∂σψ. (16)

ˆ¸¶μ²Ó§ÊÖ ² £· ´¦¨ ´ (16), ³ É·¨Î´Ò° Ô²¥³¥´É S ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

Sfi =
iδ (k1 + p1 − k2 − p2)
(2π)2

√
4ω1ω2E1E2

M.

‚ ÔÉμ³ ¸μμÉ´μÏ¥´¨¨  ³¶²¨ÉÊ¤  ¨³¥¥É ¢¨¤

M (γE2) =
πγE2

2m
Pσψ̄(r2) (p2) [βνŴk+Ŵkβν ]ψ(r1) (p1)×

×
[
δσραβ

(
k2kF (2)

νρ F
(1)
αβ − k1kF (1)

νρ F
(2)
αβ

)
+ δνραβ

(
k2ρF

(2)
σk F

(1)
αβ − k1ρF

(1)
σk F

(2)
αβ

)]
. (17)

‚ ¸¨¸É¥³¥ ¶μ±μÖ ³¨Ï¥´¨ ¨ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¨³¶Ê²Ó¸μ³ μÉ¤ Î¨ Î ¸É¨ÍÒ ² £· ´-
¦¨ ´ (16) ¶·¨´¨³ ¥É ¢¨¤

L (γE2) = −4πγE2EikHiŜk, (18)

   ³¶²¨ÉÊ¤  (17) ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

M (γE2) = −4πγE2
�λ(r2)

∗
[
ω1

(
�̂S�e (λ1)

) (
�e (λ2)∗

[
�k2

�k1

])
+ ω2

(
�̂S�e (λ2)∗

)(
�e (λ1)

[
�k2

�k1

])
−

−ω1

(
�̂S�k1

)(
�k2

[
�e (λ2)∗�e (λ1)

])
−ω2

(
�̂S�k2

)(
�k1

[
�e (λ2)∗�e (λ1)

])]
�λ(r1). (19)

‚ Ê· ¢´¥´¨ÖÌ (18) ¨ (19) �λ(r2)
∗

¨ �λ(r1) Å ¢¥±Éμ·Ò ¶μ²Ö·¨§ Í¨¨ ±μ´¥Î´μ° ¨ ´ Î ²Ó´μ°
Î ¸É¨Í,   �e (λ2)∗ ¨ �e (λ1) Å  ´ ²μ£¨Î´Ò¥ ¢¥±Éμ·Ò ¶μ²Ö·¨§ Í¨¨ ËμÉμ´μ¢, É¥´§μ· Eik =
(1/2) (∂iEk + ∂kEi) .
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�ËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¤¢ÊÌËμÉμ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Î ¸É¨Í¥° ¸¶¨´  1 ¸ ÊÎ¥-
Éμ³ ¢±² ¤  ¸¶¨´μ¢μ° ¶μ²Ö·¨§Ê¥³μ¸É¨, ¸¢Ö§ ´´μ° ¸ ³ £´¨É´Ò³ ±¢ ¤·Ê¶μ²Ó´Ò³ ³μ³¥´Éμ³
 ¤·μ´μ¢ [6], ¢ ¤ ´´μ³ ¶μ¤Ìμ¤¥ μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

L (γM2) = −i
πγM2

2m

[(
F̃νρ

←
∂kFσρ + Fνρ

�∂ρF̃σρ

)]
ψ̄[βνŴk+Ŵkβν ]

↔
∂σψ. (20)

ˆ¸¶μ²Ó§ÊÖ ² £· ´¦¨ ´ (20), ¶μ²ÊÎ ¥³  ³¶²¨ÉÊ¤Ê ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö

M (γM2) = −πγM2

m
Pσψ̄(r2) (p2) [βνŴk+Ŵkβν ]ψ(r1) (p1)×

×
[
δνραβ

(
k2kF

(2)
αβ F

(1)

σρ
− k1kF (2)

σρ F
(1)
αβ

)
+ δσkαβ

(
k2ρF

(2)
αβ F (1)

νρ − k1ρF
(2)
νρ F

(1)
αβ

)]
. (21)

�¡Ð¨° ¢¨¤  ³¶²¨ÉÊ¤Ò ¸ ±μ´É ±É´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´ 
Î ¸É¨Í¥ ¸¶¨´  1 ³μ¦´μ § ¶¨¸ ÉÓ ´  μ¸´μ¢ ´¨¨ ¸Ê³³¨·μ¢ ´¨Ö  ³¶²¨ÉÊ¤, ¢ ±μÉμ·ÒÌ ÊÎ¨-
ÉÒ¢ ÕÉ¸Ö ¢±² ¤Ò ¸¶¨´μ¢ÒÌ ¶μ²Ö·¨§Ê¥³μ¸É¥° (14), (17) ¨ (21).

Š ± ¸²¥¤Ê¥É ¨§ (20) ¨ (21), ¢ ¸¨¸É¥³¥ ¶μ±μÖ ³¨Ï¥´¨ ¨ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¨³¶Ê²Ó¸μ³
μÉ¤ Î¨ ³¨Ï¥´¨ ÔËË¥±É¨¢´Ò° ² £· ´¦¨ ´ ¶·¨´¨³ ¥É ¢¨¤

L (γM2) = 4πγM2HkiŜkEi, (22)

   ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö μ¶·¥¤¥²Ö¥É¸Ö É ±:

M (γM2) = −4πγM2
�λ(r2)

∗
[
ω1

(
�̂S�k2

)(
�k2

[
�e (λ2)∗�e (λ1)

])
+ ω2

(
�̂S�k1

) (
�k1

[
�e (λ2)

∗
�e (λ1)

])
+

+ω1

(
�k2�e

(λ1)
)(

�̂S
[
�k2�e

(λ2)∗
])

−ω2

(
�k1�e

(λ2)∗
)(

�̂S
[
�k1�e

(λ1)
])]

�λ(r1).

’¥´§μ· Hki ¢ (22) ´ Ìμ¤¨É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Hki =
1
2

(∂kHi + ∂iHk) .

‹ £· ´¦¨ ´Ò ¨  ³¶²¨ÉÊ¤Ò, ¸¢Ö§ ´´Ò¥ ¸ ´¥¸μÌ· ´¥´¨¥³ Î¥É´μ¸É¨, ±μÉμ·Ò¥ μ¶·¥¤¥-
²ÖÕÉ¸Ö É¥´§μ· ³¨, ¶¸¥¢¤μÉ¥´§μ· ³¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¨ ¸¢Ö§ ´Ò ¸μ ¸¶¨´μ¢Ò³¨
¶μ²Ö·¨§Ê¥³μ¸ÉÖ³¨ ¨ £¨· Í¨Ö³¨, ¶μ²ÊÎ¥´Ò ¢ · ¡μÉ¥ [22].

’…�‡���›… ‘�ˆ��‚›… ��‹Ÿ�ˆ‡“…Œ�‘’ˆ —�‘’ˆ– ‘�ˆ�� 1

�¶·¥¤¥²¨³ É¥¶¥·Ó ·¥²ÖÉ¨¢¨¸É¸±¨-¨´¢ ·¨ ´É´Ò¥ ¡²μ±¨ ² £· ´¦¨ ´ , ¸¢Ö§ ´´Ò¥ ¸ É¥´-
§μ·´Ò³¨ ¸¶¨´μ¢Ò³¨ ¶μ²Ö·¨§Ê¥³μ¸ÉÖ³¨ Î ¸É¨ÍÒ ¸¶¨´  1.

�μ¸É·μ¨³ ¢´ Î ²¥ Î ¸ÉÓ ² £· ´¦¨ ´ , ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ É¥´§μ·  Ô²¥±-
É·μ³ £´¨É´μ£μ ¶μ²Ö Fνμ ¨ ±μ¢ ·¨ ´É´μ£μ ¸¶¨´μ¢μ£μ ¢¥±Éμ·  Ŵμ:

L̂
(
αE

)
= παE(F νρ

←
∂λFλσ + Fνλ

�∂λF ρσ)ψ̄
[
βν

{
Ŵρ, Ŵσ

}
+

{
Ŵρ, Ŵσ

}
βν

]
ψ. (23)
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‚ ¸¨¸É¥³¥ ¶μ±μÖ Î ¸É¨ÍÒ ¨ ¢ ¶·¥´¥¡·¥¦¥´¨¨ ¨³¶Ê²Ó¸μ³ μÉ¤ Î¨ ³μ¦´μ ¢μ¸¶μ²Ó§μ-
¢ ÉÓ¸Ö ¶¥·¥Ìμ¤μ³

ψ̄
[
βν

{
Ŵμ, Ŵρ

}
+

{
Ŵμ, Ŵρ

}
βν

]
ψ →

→ (−2)
[(

�λ(r)∗

a
�λr

d + �λ
(r)∗

d
�λr

a

)
− 2δad

(
�λ(r)∗�λ(r)

)]
= (−2)

[
2δad −

{
Ŝa, Ŝd

}]
, (24)

£¤¥ ¨´¤¥±¸Ò a, d ¶·μ¡¥£ ÕÉ §´ Î¥´¨Ö 1, 2, 3.
ˆ¸¶μ²Ó§ÊÖ ¢Ò· ¦¥´¨¥ (24) ¨ ±μ³¶μ´¥´ÉÒ É¥´§μ·  Fνμ, ¶μ²ÊÎ ¥³

L(αE) = −2iπαE

[
−

{
�̇E �̂S, �E �̂S

}
+ δikl(∂iEj)Hl

{
Ŝj , Ŝk

}]
. (25)

‚ ¸¢μÕ μÎ¥·¥¤Ó, Î ¸ÉÓ ² £· ´¦¨ ´ , ±μÉμ· Ö μ¶·¥¤¥²Ö¥É¸Ö ¤Ê ²Ó´Ò³¨ Ô²¥±É·μ³ £´¨É-
´Ò³¨ É¥´§μ· ³¨, ¨³¥¥É ¢¨¤

L̂
(
αM

)
= παM (F̃ νρ

←
∂λF̃λσ + F̃νλ

�∂λF̃ ρσ)ψ̄
[
βν

{
Ŵρ, Ŵσ

}
+

{
Ŵρ, Ŵσ

}
βν

]
ψ. (26)

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ ¨§ ¢Ò· ¦¥´¨Ö (26) ¸²¥¤Ê¥É

L(αM ) = −2iπαM

[
−

{
�̇H �̂S, �H �̂S

}
+ δikl(∂iHj)El

{
Ŝj , Ŝk

}]
. (27)

�³¶²¨ÉÊ¤  ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ±μÉμ· Ö ¶μ²ÊÎ¥´  ´  μ¸´μ¢¥ ² £· ´¦¨ ´  (23),
μ¶·¥¤¥²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

M
(
αE

)
= iπαEψ̄(r2) (p2)

[
βν

{
Ŵρ, Ŵσ

}
+

{
Ŵρ, Ŵσ

}
βν

]
ψ(r1) (p1)×

×
[(

−k2λF (2)
νρ F

(1)
λσ + k1λF (1)

νρ F
(2)
λσ

)
+

(
−k2λF

(1)
νλ F (2)

ρσ + k1λF
(2)
νλ F (1)

ρσ

)]
. (28)

—Éμ¡Ò ¶μ²ÊÎ¨ÉÓ Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ±μÉμ· Ö ¸²¥¤Ê¥É ¨§ ² £· ´-

¦¨ ´  (26), ¤μ¸É ÉμÎ´μ ¢ (28) ¸¤¥² ÉÓ § ³¥´Ê F
(2)
νμ ´  F̃

(2)
νμ ,   F

(1)
μν § ³¥´¨ÉÓ ´  F̃

(1)
μν .

’ ±¨³ μ¡· §μ³,  ³¶²¨ÉÊ¤  ¸ ±μ´É ±É´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö
´  Î ¸É¨Í¥ ¸¶¨´  1 ¸ ÊÎ¥Éμ³ É¥´§μ·´ÒÌ ¸¶¨´μ¢ÒÌ ¶μ²Ö·¨§Ê¥³μ¸É¥° ¶·¨ ¸μÌ· ´¥´¨¨

Î¥É´μ¸É¨ · ¢´  ¸Ê³³¥  ³¶²¨ÉÊ¤Ò (28) ¸ ÔÉμ° ¦¥  ³¶²¨ÉÊ¤μ°, ´μ ¢ ±μÉμ·μ° F
(2)
νμ § ³¥´¥´ 

´  F̃
(2)
νμ ,   F

(1)
μν Å ´  F̃

(1)
μν .

…¸²¨ μ£· ´¨Î¨ÉÓ¸Ö ¢ (28) É·¥ÉÓ¨³ ¶μ·Ö¤±μ³ ¶μ Ô´¥·£¨¨ ËμÉμ´μ¢, Éμ  ³¶²¨ÉÊ¤  (28)
¶·¨³¥É ¢¨¤

M
(
αE

)
= 2παEω3

[
(k̂2�e

(λ1))
(

�̂S�e (λ2)
∗ · �̂Sk̂1 + �̂Sk̂1 · �̂S�e (λ2)∗

)
−

−
(
k̂1�e

(λ2)
∗
) (

�̂S�e (λ1) · �̂Sk̂2 + �̂Sk̂2 · �̂S�e (λ1)
)]

,

£¤¥ k̂1 = �k1/|�k1|, k̂2 = �k2/|�k2|.
‹ £· ´¦¨ ´Ò, ¸¢Ö§ ´´Ò¥ ¸ ´¥¸μÌ· ´¥´¨¥³ Î¥É´μ¸É¨, ³μ¦´μ μ¶·¥¤¥²¨ÉÓ, ¨¸¶μ²Ó§ÊÖ

¢Ò· ¦¥´¨Ö (23) ¨ (26). ’ ±, ² £· ´¦¨ ´, ¸¢Ö§ ´´Ò° ¸ ¶¸¥¢¤μ¢¥±Éμ·´μ¸ÉÓÕ Ŵμ, ¨³¥¥É
¢¨¤

L
(
χE

)
=

πχE

2m

[(
Fνρ

←
∂λFλσ + Fνλ

�∂λFρσ

)]
ψ̄[βνŴρ+Ŵρβν ]

↔
∂σψ, (29)

£¤¥ χE Å ¸¶¨´μ¢ Ö É¥´§μ·´ Ö Ô²¥±É·¨Î¥¸± Ö £¨· Í¨Ö.
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‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ (29) ¸¢μ¤¨É¸Ö ± ¢Ò· ¦¥´¨Õ

L
(
χE

)
= 4πχE( �E�∂)( �E �̂S).

�´ ²μ£¨Î´Ò³ μ¡· §μ³ μ¶·¥¤¥²Ö¥É¸Ö ¨ ² £· ´¦¨ ´ ´  μ¸´μ¢ ´¨¨ (26):

L
(
χM

)
=

πχM

2m

[(
F̃νρ

←
∂λF̃λσ + F̃νλ

�∂λF̃ρσ

)]
ψ̄

[
βνŴρ + Ŵρβν

] ↔
∂σψ, (30)

£¤¥ χM Å ¸¶¨´μ¢ Ö É¥´§μ·´ Ö ³ £´¨É´ Ö £¨· Í¨Ö. ‹ £· ´¦¨ ´ (30) ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³
¶·¥¤¥²¥ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

L
(
χM

)
= 4πχM ( �H�∂)( �H �̂S).

‚ ¸¢μÕ μÎ¥·¥¤Ó,  ³¶²¨ÉÊ¤  ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ¸ ´¥¸μÌ· ´¥´¨¥³ Î¥É´μ¸É¨,
±μÉμ· Ö μ¡Ê¸²μ¢²¥´  ¸¶¨´μ¢Ò³¨ É¥´§μ·´Ò³¨ £¨· Í¨Ö³¨, ¨³¥¥É ¢¨¤

M
(
χE , χM

)
= − π

m
ψ̄(r2) (p2) [βνŴρ+Ŵρβν ]ψ(r1) (p1)Pσ×

×
{
χE

[(
k1λF (1)

νρ F
(2)
λσ − k2λF (2)

νρ F
(1)
λσ

)
+ (k1λF

(2)
νλ F (1)

ρσ − k2λF
(1)
νλ F (2)

ρσ ) +

+ χM

[(
k1λF̃

(1)

νρ F̃
(2)
λσ − k2λF̃

(2)

νρ F̃
(1)
λσ

)
+

(
k1λF̃

(2)

νλ F̃ (1)
ρσ − k2λF̃

(1)

νλ F̃ (2)
ρσ

)]
.

‡�Š‹�—…�ˆ…

‚ · ³± Ì Ëμ·³ ²¨§³  „ ËË¨´ ÄŠ¥³³¥· Ä�¥ÉÓÕ Ê¸É ´μ¢²¥´Ò ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥-
³μ¸É¨ Î ¸É¨Í ¸¶¨´  1, ±μÉμ·Ò¥ Ì · ±É¥·´Ò ¤²Ö  ¤·μ´μ¢ ¸¶¨´  1/2,   É ±¦¥ ¶μ²ÊÎ¥´Ò
´μ¢Ò¥ ¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ ¤²Ö Î ¸É¨Í ¸¶¨´  1, ¸¢Ö§ ´´Ò¥ ¸ ´ ²¨Î¨¥³ É¥´§μ·´ÒÌ
¶μ²Ö·¨§Ê¥³μ¸É¥° Ê ÔÉ¨Ì Î ¸É¨Í.

�μ± § ´μ, ÎÉμ ¢ ¶·¥¤²μ¦¥´´μ³ ±μ¢ ·¨ ´É´μ³ ¶μ¤Ìμ¤¥ ¸ ÊÎ¥Éμ³ ¶¥·¥±·¥¸É´μ° ¸¨³-
³¥É·¨¨, § ±μ´μ¢ ¸μÌ· ´¥´¨Ö Î¥É´μ¸É¨ ¨ ± ²¨¡·μ¢μÎ´μ° ¨´¢ ·¨ ´É´μ¸É¨ μ¶·¥¤¥²¥´´Ò¥
¸¶¨´μ¢Ò¥ ¶μ²Ö·¨§Ê¥³μ¸É¨ ¨ £¨· Í¨¨ Î ¸É¨ÍÒ ¸¶¨´  1 ¢´μ¸ÖÉ ¢±² ¤ ¢ · §²μ¦¥´¨¥  ³-
¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ´ Î¨´ Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶μ·Ö¤±μ¢ ¶μ Ô´¥·£¨¨
ËμÉμ´μ¢ ¢ ¸μ£² ¸¨¨ ¸ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³¨ É¥μ·¥³ ³¨ ¤²Ö ÔÉμ£μ ¶·μÍ¥¸¸ .

�¶·¥¤¥²¥´Ò ÔËË¥±É¨¢´Ò¥ ² £· ´¦¨ ´Ò ¨  ³¶²¨ÉÊ¤Ò ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö ´ 
Î ¸É¨Í Ì ¸¶¨´  1 ¸ ÊÎ¥Éμ³ ¢±² ¤μ¢ ÔÉ¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ Ì · ±É¥·¨¸É¨±.
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