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�¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

�·¥¤¸É ¢²¥´ ¶μ²´Ò° ´ ¡μ· ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¤²Ö ¢¥±Éμ·´ÒÌ,  ±¸¨ ²Ó´μ-
¢¥±Éμ·´ÒÌ, ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ Éμ±μ¢ ¤¢ÊÌ ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ (²¥¶Éμ´ 
¨ ´Ê±²μ´ ). ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶μ²ÊÎ¥´Ò ¤²Ö É·¥Ì Ë¨§¨Î¥¸±¨ · §²¨Î´ÒÌ ¸²ÊÎ ¥¢
μ·¨¥´É Í¨¨ ¸¶¨´  ²¥¶Éμ´  ¨ ¸¶¨´  ´Ê±²μ´ . �É¨ ¢Ò· ¦¥´¨Ö ± ± ³¨´¨³Ê³ ´¥μ¡Ìμ¤¨³Ò
¤²Ö ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨° ±μ£¥·¥´É´μ£μ (Ê¶·Ê£μ£μ) ¨ ´¥±μ£¥·¥´É-
´μ£μ (´¥Ê¶·Ê£μ£μ) ¢§ ¨³μ¤¥°¸É¢¨Ö ³ ¸¸¨¢´ÒÌ ´¥°É· ²Ó´ÒÌ ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì
Î ¸É¨Í ¸ Ö¤¥·´Ò³¨ ³¨Ï¥´Ö³¨ ¤¥É¥±Éμ·μ¢, ´ Í¥²¥´´ÒÌ ´  ¶·Ö³μ¥ ¤¥É¥±É¨·μ¢ ´¨¥ £ -
² ±É¨Î¥¸±¨Ì Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ´  ‡¥³²¥.

This review contains a complete set of scalar products for vector, axial-vector, scalar
and pseudoscalar currents of two massive fermions (lepton and nucleon). The scalar prod-
ucts are obtained for three physically various cases of orientation of the lepton spin and
nucleon spin. These expressions are, at least, necessary for the self-consistent calculation
of the cross sections of coherent (elastic) and incoherent (inelastic) interactions of mas-
sive neutral weakly interacting particles with nuclear targets of detectors aimed at direct
detection of galactic dark matter particles on Earth.

PACS: 13.15.+g; 14.60.St; 12.15.-y
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‚ · ¡μÉ Ì [1Ä3] ¸Ëμ·³Ê²¨·μ¢ ´ ¨ ¶μ¤·μ¡´μ ¨§²μ¦¥´ ´μ¢Ò° É¥μ·¥É¨Î¥-
¸±¨° ¶μ¤Ìμ¤ ¤²Ö μ¶¨¸ ´¨Ö ´¥°É·¨´μ-Ö¤¥·´μ£μ νA → νA(∗) ¨  ´É¨´¥°É·¨´μ-
Ö¤¥·´μ£μ ν̄A → ν̄A(∗) ¢§ ¨³μ¤¥°¸É¢¨°, ±μ£¤  Ö¤·μ-³¨Ï¥´Ó A ³μ¦¥É μ¸É -
¢ ÉÓ¸Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ ¨²¨ ¶¥·¥Ìμ¤¨ÉÓ ¢ ¢μ§¡Ê¦¤¥´´μ¥
¸μ¸ÉμÖ´¨¥ A(∗) ¸ ¸μÌ· ´¥´¨¥³ ¸¢μ¥° Í¥²μ¸É´μ¸É¨. ‚ Î ¸É´μ¸É¨, ¶μ± § ´μ, ÎÉμ
Ê¶·Ê£μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ¸μÌ· ´ÖÕÐ¥¥ ¨§´ Î ²Ó´μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤· ,
¶·¨¢μ¤¨É ± ±¢ ¤· É¨Î´μ³Ê Ê¸¨²¥´¨Õ ´ ¡²Õ¤ ¥³μ£μ ¸¥Î¥´¨Ö ¢ É¥·³¨´ Ì Î¨¸² 

∗E-mail: bedny@jinr.ru
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´Ê±²μ´μ¢. ‚ Éμ ¦¥ ¢·¥³Ö ´ ¡²Õ¤ ¥³μ¥ ¸¥Î¥´¨¥ (¢¸¥Ì ¢μ§³μ¦´ÒÌ) ´¥Ê¶·Ê£¨Ì
¶·μÍ¥¸¸μ¢, ±μ£¤  ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Ö¤·  ¨§³¥´Ö¥É¸Ö, μ¡² ¤ ¥É ²¨´¥°´μ°
§ ¢¨¸¨³μ¸ÉÓÕ μÉ Î¨¸²  ´Ê±²μ´μ¢.

�μ³¨³μ ÔÉμ£μ ¢¶¥·¢Ò¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¶μ¢¥¤¥´¨¥ Ê¶·Ê£μ£μ (±μ£¥·¥´É-
´μ£μ) ¨ ´¥Ê¶·Ê£μ£μ (´¥±μ£¥·¥´É´μ£μ) ¸¥Î¥´¨°, ¸μμÉ¢¥É¸É¢¥´´μ, μ¶·¥¤¥²Ö¥É¸Ö
³´μ¦¨É¥²Ö³¨ |Fp/n(q)|2 ¨ (1 − |Fp/n(q)|2), £¤¥ Fp/n(q) Å ´μ·³¨·μ¢ ´´Ò°
´  ¥¤¨´¨ÍÊ ¨ Ê¸·¥¤´¥´´Ò° ¶μ ´ Î ²Ó´μ³Ê ¸μ¸ÉμÖ´¨Õ Ö¤·  Ëμ·³Ë ±Éμ· ¶·μ-
Éμ´ /´¥°É·μ´ . �É¨ Ëμ·³Ë ±Éμ·Ò ·¥£Ê²¨·ÊÕÉ ¶² ¢´Ò° ¶¥·¥Ìμ¤ μÉ ·¥¦¨³ 
Ê¶·Ê£μ£μ (±μ£¥·¥´É´μ£μ) · ¸¸¥Ö´¨Ö ± ·¥¦¨³Ê ´¥Ê¶·Ê£μ£μ (´¥±μ£¥·¥´É´μ£μ)
( ´É¨)´¥°É·¨´μ-Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö. ‚ μ¡Ð¥³ ¸²ÊÎ ¥ μ¡  ·¥¦¨³  ¤ ÕÉ ¢±² ¤
¢ ´ ¡²Õ¤ ¥³Ò¥ ¢¥²¨Î¨´Ò. �Î¥¢¨¤´μ, ÎÉμ ¢ ¶·μ³¥¦ÊÉμÎ´μ° μ¡² ¸É¨ §´ Î¥-
´¨° ¶¥·¥¤ ´´μ£μ Ö¤·Ê 3-¨³¶Ê²Ó¸  q ±μ£¥·¥´É´Ò° ¨ ´¥±μ£¥·¥´É´Ò° ¢±² ¤Ò ¢
¶μ²´μ¥ ¸¥Î¥´¨¥ ¤μ²¦´Ò · ¸¸³ É·¨¢ ÉÓ¸Ö μ¤´μ¢·¥³¥´´μ.

‚ ¦´ Ö ·μ²Ó ¢ ÔÉμ³ ¶μ¤Ìμ¤¥ ¶·¨´ ¤²¥¦ ²   ³¶²¨ÉÊ¤¥ ¶·μÍ¥¸¸  χA →
χA(∗), ±μÉμ· Ö ¶·¨¢¥¤¥´  ¤²Ö ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¸Ì¥³ É¨Î¥¸±¨ ¢ ¢¨¤¥

iMmn(χA → χA(∗)) ∝ i
GF√

2

A∑
k=1

∑
r′r

fk
mn λmn(r′, r)(l∓∓ hk

r′r). (1.1)

�μ¸±μ²Ó±Ê ´¥μ¡Ìμ¤¨³Ò³ Ê¸²μ¢¨¥³ ±μ£¥·¥´É´μ¸É¨ (¸³., ´ ¶·¨³¥·, [4Ä10])
¢ ¤ ´´μ³ ¸²ÊÎ ¥ Ö¢²Ö¥É¸Ö ´¥¨§³¥´´μ¸ÉÓ ¢´ÊÉ·¥´´¥£μ ¸μ¸ÉμÖ´¨Ö Ö¤·  ¶μ¸²¥
¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´ ²¥É ÕÐ¨³ ²¥¶Éμ´μ³, Éμ ´Ê¦´μ ¨³¥ÉÓ ¢μ§³μ¦´μ¸ÉÓ ±μ´-
É·μ²¨·μ¢ ÉÓ ¨ ´¥¨§³¥´´μ¸ÉÓ ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö  ±É¨¢´μ£μ ´Ê±²μ´  (¨, ¸²¥-
¤μ¢ É¥²Ó´μ, ¢¸¥£μ Ö¤· ) ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. �μÔÉμ³Ê ¢Ìμ¤ÖÐ¨¥ ¢  ³¶²¨-
ÉÊ¤Ê (1.1) ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ£μ ¨ (k-£μ) ´Ê±²μ´´μ£μ ´¥°É· ²Ó-
´ÒÌ Éμ±μ¢

(l∓∓ hk
r′r) = u(k′,∓)O′

μ u(k,∓) u(p′, r′)Oμ u(p, r)

¤μ²¦´Ò ¢ÒÎ¨¸²ÖÉÓ¸Ö ¶·¨ Ê¸²μ¢¨¨, ÎÉμ Ë¨±¸¨·μ¢ ´Ò ¶·μ¥±Í¨¨ ¸¶¨´  ±μ´¥Î-
´μ£μ r′ ¨ ´ Î ²Ó´μ£μ r ´Ê±²μ´  ´  ´¥±μÉμ·μ¥ § · ´¥¥ ¢Ò¡· ´´μ¥ ´ ¶· ¢²¥´¨¥
(±¢ ´Éμ¢ ´¨Ö). �·¨ ±μ£¥·¥´É´μ³ · ¸¸¥Ö´¨¨ ÔÉ¨ ¶·μ¥±Í¨¨ ¤μ²¦´Ò ¸μ¢¶ ¤ ÉÓ.
�μÔÉμ³Ê ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ÒÎ¨¸²Ö²¨¸Ó ®´ ¶·Ö³ÊÕ¯, ¶ÊÉ¥³ ¶¥·¥-
³´μ¦¥´¨Ö ¤¢ÊÌ 4-¢¥±Éμ·μ¢ ¸² ¡ÒÌ Éμ±μ¢ ´¥°É·¨´μ ¨ ´Ê±²μ´  ¸ ÊÎ¥Éμ³ ±μ´-
±·¥É´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´  ´Ê±²μ´ . ‚ Ëμ·³Ê²¥ (1.1) ¨´¤¥±¸Ò ∓ μÉ-
¢¥Î ÕÉ ¸¶¨· ²Ó´μ¸ÉÖ³ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ, Oμ ¨ O′

μ Å ±μ³¡¨´ Í¨¨
³ É·¨Í „¨· ± , A Å Î¨¸²μ ´Ê±²μ´μ¢ ¢ Ö¤·¥ ³¨Ï¥´¨, ¨´¤¥±¸ ³¨ m ¨ n μ¡μ-
§´ Î¥´Ò ´ Î ²Ó´o¥ ¨ ±μ´¥Î´o¥ ¸μ¸ÉμÖ´¨Ö (¢μ§¡Ê¦¤¥´¨Ö) Ö¤· , k Å ´μ³¥·  ±-
É¨¢´μ£μ ´Ê±²μ´  ¨ fk

mn λmn(r′, r) Å ³´μ¦¨É¥²¨ Ëμ·³Ë ±Éμ·´μ£μ É¨¶ , μ¶·¥-
¤¥²ÖÕÐ¨¥ ¶·μ¸É· ´¸É¢¥´´ÊÕ ¨ ¸¶¨´μ¢ÊÕ ¸É·Ê±ÉÊ·Ò Ö¤¥·´ÒÌ ¸μ¸ÉμÖ´¨° [1,2].

�·¨³¥´¥´´Ò° ¢ · ¡μÉ Ì [1Ä3] ¶μ¤Ìμ¤ ± · ¸¸¥Ö´¨Õ ´¥°É·¨´μ ¨  ´É¨´¥°-
É·¨´μ ´  Ö¤· Ì ³μ¦¥É ¡ÒÉÓ μ¡μ¡Ð¥´ ´  ¸²ÊÎ °, ±μ£¤  ¢³¥¸Éμ ¡¥§³ ¸¸μ¢μ£μ
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( ´É¨)´¥°É·¨´μ · ¸¸³ É·¨¢ ¥É¸Ö ³ ¸¸¨¢´ Ö ´¥°É· ²Ó´ Ö Î ¸É¨Í  ¨ ±μ£¤  ¤μ-
¸É ÉμÎ´μ ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ÔÉμ° Î ¸É¨ÍÒ ¸ ´Ê±²μ´ ³¨ Ö¤·  μ¶¨¸Ò¢ -
¥É¸Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ² £· ´¦¨ ´μ³, ÊÎ¨ÉÒ¢ ÕÐ¨³ ¢μ§³μ¦´Ò¥ ²μ·¥´Í-
¸É·Ê±ÉÊ·Ò (¸± ²Ö·, ¶¸¥¢¤μ¸± ²Ö·, ¢¥±Éμ· ¨  ±¸¨ ²Ó´Ò° ¢¥±Éμ·). Ÿ·±¨° ¶·¨-
³¥· É ±μ£μ ¸²ÊÎ Ö Å ÔÉμ ¢Ò· ¦¥´¨Ö ¤²Ö ¸¥Î¥´¨° ¶·μÍ¥¸¸  ¶·Ö³μ£μ ¤¥É¥±-
É¨·μ¢ ´¨Ö ³ ¸¸¨¢´ÒÌ ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ´¥°É· ²Ó´ÒÌ Î ¸É¨Í É¥³´μ°
³ É¥·¨¨ §  ¸Î¥É ¨Ì · ¸¸¥Ö´¨Ö ´  Ö¤· Ì, · ¸¶μ²μ¦¥´´μ° £²Ê¡μ±μ ¶μ¤ §¥³²¥°
³¨Ï¥´¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¤¥É¥±Éμ· . ˆ¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö  ´ ²¨§  ¤ ´´ÒÌ ÔÉ¨Ì
Ô±¸¶¥·¨³¥´Éμ¢ Ëμ·³Ê²Ò (¸³., ´ ¶·¨³¥·, [11Ä13]), ± ± ¶· ¢¨²μ, ´¥ ÊÎ¨ÉÒ¢ ÕÉ
¢μ§³μ¦´μ¸ÉÓ ´¥±μ£¥·¥´É´μ£μ (´¥Ê¶·Ê£μ£μ) ¢§ ¨³μ¤¥°¸É¢¨Ö. „ ²¥¥, ¢ ¸²ÊÎ ¥
¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ¢¨¤  ³¶²¨ÉÊ¤Ò (1.1) Ê¸²μ¦-
´Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê Î ¸É¨Í  É¥³´μ° ³ É¥·¨¨ μ¡² ¤ ¥É § ³¥É´μ° ³ ¸¸μ° ¨ ¸¶¨-
· ²Ó´μ¸ÉÓ ¥¥, ¢ μÉ²¨Î¨¥ μÉ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ, ³μ¦¥É ²¥£±μ ³¥´ÖÉÓ¸Ö ¢
¶·μÍ¥¸¸¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´Ê±²μ´ ³¨ (Ö¤·μ³). �μÔÉμ³Ê Î¨¸²μ ´¥μ¡Ìμ¤¨³ÒÌ
¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¤²Ö ± ¦¤μ° ¨§ ¢μ§³μ¦´ÒÌ ²μ·¥´Í-¸É·Ê±ÉÊ· ¢μ§· -
¸É ¥É ¢ 4 · § .

’ ±,  ³¶²¨ÉÊ¤  · ¸¸¥Ö´¨Ö ³ ¸¸¨¢´μ£μ (¡¥¸¸É·Ê±ÉÊ·´μ£μ) ²¥¶Éμ´  ´  ³¨-
Ï¥´¨ (É ±¦¥ ´¥ μ¡² ¤ ÕÐ¥° ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·μ°), ¸± ¦¥³ Ô²¥±É·μ´¥ ¨²¨
¶·μÉμ´¥ (¢ 4-Ë¥·³¨μ´´μ³ ¶·¨¡²¨¦¥´¨¨), ¸ ÊÎ¥Éμ³ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ´ ¶· ¢-
²¥´¨° ¸¶¨´  ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ë¥·³¨μ´μ¢ ¶·μ¶μ·Í¨μ´ ²Ó´  ¸± ²Ö·´μ³Ê
¶·μ¨§¢¥¤¥´¨Õ, § ¢¨¸ÖÐ¥³Ê μÉ 4-¸¶¨´μ¢ÒÌ ¨´¤¥±¸μ¢:

iMs′sr′r ∝ i
GF√

2
(ls′s hr′r).

Š¢ ¤· É ÔÉμ°  ³¶²¨ÉÊ¤Ò (¨²¨ ÔÉμ£μ ³ É·¨Î´μ£μ Ô²¥³¥´É ) μ¶·¥¤¥²Ö¥É ¢¥·μ-
ÖÉ´μ¸ÉÓ ¶¥·¥Ìμ¤  ¨§ ±μ´±·¥É´μ£μ ´ Î ²Ó´μ£μ ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ´¨Ö Î ¸É¨Í,
É. ¥. ±μ£¤  (¨§ ± ±¨Ì-Éμ Ë¨§¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨° § · ´¥¥) Ë¨±¸¨·μ¢ ´Ò ´ -
¶· ¢²¥´¨Ö ¸¶¨´  μ¡¥¨Ì Î ¸É¨Í, ¢ ´¥±μÉμ·μ¥ ±μ´¥Î´μ¥ ¸μ¸ÉμÖ´¨¥ ¸ ¢¶μ²´¥
μ¶·¥¤¥²¥´´Ò³¨ (¨²¨ μ¦¨¤ ¥³Ò³¨) §´ Î¥´¨Ö³¨ ¶·μ¥±Í¨° ¸¶¨´  ÔÉ¨Ì Î ¸É¨Í
¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.

� ¶·¨³¥·, ³ É·¨Î´Ò° Ô²¥³¥´É iM−+++, ¨²¨ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥
(l−+h++), μ¶¨¸Ò¢ ¥É ¶·μÍ¥¸¸, ±μ£¤  ²¥¶Éμ´ ®¢Ìμ¤¨É¯ ¢μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¸
¶·μ¥±Í¨¥° ¸¶¨´  s = +1/2,   ®¢ÒÌμ¤¨É¯ ¨§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶·μ¥±Í¨¥°
¸¶¨´  s′ = −1/2, ¶·¨ ÔÉμ³ Î ¸É¨Í -³¨Ï¥´Ó (Ô²¥±É·μ´/¶·μÉμ´) ®¢¸É·¥Î ¥É¯
²¥¶Éμ´ ¸ ¶·μ¥±Í¨¥° ¸¢μ¥£μ ¸¶¨´  r = +1/2 ¨ ®μÉ¶· ¢²Ö¥É ¤ ²ÓÏ¥¯ ¸ Éμ° ¦¥
¶·μ¥±Í¨¥° ¸¢μ¥£μ ¸¶¨´  r′ = +1/2. Š¢ ¤· É ³ É·¨Î´μ£μ Ô²¥³¥´É  |M−+++|2
¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ Ê£²μ¢ÊÕ ¨ Ô´¥·£¥É¨Î¥¸±ÊÕ § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ É -
±μ£μ ¨¸Ìμ¤  ¢§ ¨³μ¤¥°¸É¢¨Ö. …¸²¨ ¸Î¨É ÉÓ, ÎÉμ ¸¶¨´ Î ¸É¨ÍÒ-³¨Ï¥´¨ ±¢ ´-
Éμ¢ ´ ¢¤μ²Ó ´¥±μÉμ·μ£μ ´ ¶· ¢²¥´¨Ö, ¸± ¦¥³ ¶μ ´ ¶· ¢²¥´¨Õ ¨³¶Ê²Ó¸  ´ -
²¥É ÕÐ¥£μ ²¥¶Éμ´ , Éμ |M−+++|2 ¤ ¸É ¢¥·μÖÉ´μ¸ÉÓ ¨¸Ìμ¤  ¢§ ¨³μ¤¥°¸É¢¨Ö,
±μ£¤  ¸¶¨´ ³¨Ï¥´¨ ¸μÌ· ´Ö¥É ¸¢μ¥ ¨¸Ìμ¤´μ¥ ´ ¶· ¢²¥´¨¥,   ¸¶¨· ²Ó´μ¸ÉÓ
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²¥¶Éμ´  ³¥´Ö¥É¸Ö ´  ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ, ¥¸²¨ ¨´¤¥±¸Ò s′, s μ¶·¥¤¥²¥´Ò ± ±
¶·μ¥±Í¨¨ ¸¶¨´  ²¥¶Éμ´  ´  ¥£μ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö.

�± §Ò¢ ¥É¸Ö, Ê¤μ¡´μ ¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢
· §²¨Î´ÒÌ ¡ §¨¸ Ì ¤¢ÊÌ±μ³¶μ´¥´É´ÒÌ ¸¶¨´μ·μ¢ χr. � ¶·¨³¥·, ¸Ê³³¨·μ¢ -
´¨¥ ¶μ ¸¶¨´μ¢Ò³ ¨´¤¥±¸ ³ r, r′ ¢ ´¥±μ£¥·¥´É´μ³ ¸² £ ¥³μ³ ¤¨ËË¥·¥´Í¨-
 ²Ó´μ£μ ¸¥Î¥´¨Ö ²¥£Î¥ ¶·μ¢μ¤¨ÉÓ ´  μ¸´μ¢¥ ¸¶¨· ²Ó´μ£μ ¡ §¨¸ , £¤¥ r, r′ Å
¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨. Šμ£¥·¥´É´μ¥ ¸² £ ¥³μ¥ ¸¥Î¥-
´¨Ö É·¥¡Ê¥É · ¸¸³μÉ·¥´¨Ö ´Ê±²μ´´μ£μ Éμ± , ¸μÌ· ´ÖÕÐ¥£μ ¶·μ¥±Í¨Õ ¸¶¨´ 
´Ê±²μ´  ´  § ¤ ´´μ¥ ´ ¶· ¢²¥´¨¥. „²Ö ·¥Ï¥´¨Ö ÔÉμ° § ¤ Î¨ ´ ¨¡μ²¥¥ Ê¤μ-
¡¥´ ¡ §¨¸ ¡¨¸¶¨´μ·μ¢ χr, ±μÉμ·Ò¥ ¸ÊÉÓ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ· 
σ3 = (nk · σ). ‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ (¢ ¸¨²Ê ¶·¨´ ¤²¥¦´μ¸É¨ ´Ê±²μ´  Ö¤·Ê)
´¥¢μ§³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡Ð¥¶·¨´ÖÉÊÕ É¥Ì´¨±Ê ¢§ÖÉ¨Ö Ï¶Ê·μ¢ μÉ £ ³³ -
³ É·¨Í ¸ ÊÎ¥Éμ³ ¶·μ¥±Í¨μ´´ÒÌ μ¶¥· Éμ·μ¢. ‚Ò¡μ· ¡ §¨¸  ¤²Ö ¢ÒÎ¨¸²¥´¨Ö
¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° μ¡Ê¸²μ¢²¥´ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²μ³ ¸¶¨´μ¢ÒÌ ¨´¤¥±-
¸μ¢ (s′, s; r′, r), ÊÎ ¸É¢ÊÕÐ¨Ì ¢ · ¸¸¥Ö´¨¨ Ë¥·³¨μ´μ¢.

‚ ÔÉμ° · ¡μÉ¥ ¸μ¤¥·¦ É¸Ö ´ ¡μ·Ò ¢¸¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¤²Ö ³ ¸-
¸¨¢´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ ¸± ²Ö·´ÒÌ, ¶¸¥¢¤μ¸± ²Ö·´ÒÌ, ¢¥±Éμ·´ÒÌ ¨
 ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ Éμ±μ¢, ±μÉμ·Ò¥ ¶μ²ÊÎ¥´Ò ¤²Ö É·¥Ì · §²¨Î´ÒÌ ¸μÎ¥É -
´¨° ¡ §¨¸´ÒÌ ¡¨¸¶¨´μ·μ¢, ÎÉμ μÉ¢¥Î ¥É É·¥³ Ë¨§¨Î¥¸±¨ · §²¨Î´Ò³ ¸²ÊÎ Ö³
μ·¨¥´É Í¨¨ ¸¶¨´μ¢ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¤·Ê£ ¸ ¤·Ê£μ³ ²¥¶Éμ´  ¨ ´Ê±²μ´ . �É¨
¢Ò· ¦¥´¨Ö ¢μ¸É·¥¡μ¢ ´Ò ¶·¨ · ¸Î¥É¥ ±μ£¥·¥´É´ÒÌ ¸¥Î¥´¨° ¢§ ¨³μ¤¥°¸É¢¨Ö
³ ¸¸¨¢´ÒÌ ´¥°É· ²Ó´ÒÌ ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ ¸
Ö¤¥·´Ò³¨ ³¨Ï¥´Ö³¨. �¥Ï¥´¨¥ ÔÉμ° § ¤ Î¨ ¤ ´μ ¢ · ¡μÉ¥ [14], ¤²Ö ±μÉμ·μ°
¤ ´´Ò° μ¡§μ· ¨³¥¥É ¸É ÉÊ¸ ¢¸¶μ³μ£ É¥²Ó´μ£μ.

2. ’�Šˆ Œ�‘‘ˆ‚�›• ”…�Œˆ���‚

2.1. Œ É·¨ÍÒ Éμ±μ¢ ¤¢ÊÌ Ë¥·³¨μ´μ¢ ¢ ¨Ì ¸¨¸É¥³¥ Í¥´É·  ³ ¸¸. ˆÉ ±,
§ ¤ Î  ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ¡Ò ¢ÒÎ¨¸²¨ÉÓ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö, μÉ¢¥Î ÕÐ¨¥
¢§ ¨³μ¤¥°¸É¢¨Õ ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢

(lis′s hk
r′r) ≡

4∑
μ,ν

J i,μ
s′s (k′, k) gμν Jk,ν

r′r (p′, p), (2.1)

¶·¨ ²Õ¡ÒÌ § · ´¥¥ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ ¨´¤¥±¸μ¢ s, r (s′, r′), μ¡μ§´ -
Î ÕÐ¨Ì ´ Î ²Ó´μ¥ (±μ´¥Î´μ¥) ¸¶¨´μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö ²¥¶Éμ´  ¨ ´Ê±²μ´  ¸μμÉ-
¢¥É¸É¢¥´´μ. ‚ Ëμ·³Ê²¥ (2.1) 3-¨³¶Ê²Ó¸Ò k ¨ k′ (p ¨ p′) μÉ´μ¸ÖÉ¸Ö ± ´ Î ²Ó-
´μ³Ê ¨ ±μ´¥Î´μ³Ê ¸μ¸ÉμÖ´¨Õ ²¥¶Éμ´  (´Ê±²μ´ ) ¨ Ë ±É¨Î¥¸±¨ ³ ·±¨·ÊÕÉ
¸μ¡μ° ²¥¶Éμ´´Ò¥ ¨ ´Ê±²μ´´Ò¥ Éμ±¨. ˆ´¤¥±¸ ³¨ i ¨ k μ¡μ§´ Î¥´Ò ¢¥±Éμ·-
´Ò¥ (Jv,μ ≡ V μ),  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ (Ja,μ ≡ Aμ), ¸± ²Ö·´Ò¥ (Js ≡ S) ¨
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¶¸¥¢¤μ¸± ²Ö·´Ò¥ (Jp ≡ P ) ²μ·¥´Í-¸É·Ê±ÉÊ·Ò ²¥¶Éμ´´μ£μ ¨  ¤·μ´´μ£μ Éμ±μ¢,
¨³¥ÕÐ¨¥ ¸²¥¤ÊÕÐ¨° ¢¨¤∗:

V μ
s′s(k

′, k) ≡ u(k′, s′)γμu(k, s), V μ
r′r(p

′, p) ≡ u(p′, r′)γμu(p, r),

Aμ
s′s(k

′, k) ≡ u(k′, s′)γμγ5u(k, s), Aμ
r′r(p

′, p) ≡ u(p′, r′)γμγ5u(p, r),
(2.2)

Ss′s(k′, k) ≡ u(k′, s′)u(k, s), Sr′r(p′, p) ≡ u(p′, r′)u(p, r),

Ps′s(k′, k) ≡ u(k′, s′)γ5u(k, s), Pr′r(p′, p) ≡ u(p′, r′)γ5u(p, r).

� ¶·¨³¥·, ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ § ¤ ¥É¸Ö Ëμ·³Ê²μ°

(las′s ha
r′r) =

∑
μ,ν

Aμ
s′s(k

′) gμν Aν
r′r(p

′).

’ ±¨³ μ¡· §μ³, ´¥μ¡Ìμ¤¨³μ ´ °É¨ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ¸É·Ê±ÉÊ· ¨§ (2.2) ¶·¨
¢¸¥Ì ²μ·¥´Í-¨´¤¥±¸ Ì μ = 0, 1, 2, 3 ¨ ¢¸¥Ì ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨ÖÌ ¸¶¨´μ¢ÒÌ
¨´¤¥±¸μ¢ s′, s = ±1 ¨ r′, r = ±1. ‡ É¥³ ¸μ£² ¸´μ ±μ´±·¥É´μ³Ê Ì · ±É¥·Ê
· ¸¸³ É·¨¢ ¥³μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ²¥¶Éμ´  ¨ ´Ê±²μ´  ¸ ¨Ì ¶μ³μÐÓÕ ¸²¥¤Ê¥É
¢ÒÎ¨¸²¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° ´ ¡μ· ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Éμ±μ¢ ¶μ Ëμ·-
³Ê²¥ (2.1). �·¨ ÔÉμ³  ¤·μ´´Ò° ¨ ²¥¶Éμ´´Ò° Éμ±¨, ¶·μ¨§¢¥¤¥´¨¥ ±μÉμ·ÒÌ
¢Ìμ¤¨É ¢ ² £· ´¦¨ ´ 4-Ë¥·³¨μ´´μ£μ (¨²¨ Éμ±×Éμ±) ¢§ ¨³μ¤¥°¸É¢¨Ö,

hμ(p′, p, r′, r) = u(p′, r′)Oμ
hu(p, r) ¨ lμ(k′, k, s′, s) = uχ(k′, s′)Oμ

χuχ(k, s)

§ ¤ ÕÉ¸Ö μ¶¥· Éμ· ³¨ Oμ
h ¨ Oμ

χ. �μ¸²¥¤´¨¥ ¤²Ö ¸²ÊÎ ¥¢ (2.2) ®¶·μ¡¥£ ÕÉ¯
§´ Î¥´¨Ö

hV γμ, hAγμγ5, hP γ5, hS ¨ χV γμ, χAγμγ5, χP γ5, χS .

� ¶·¨³¥·, ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢, μÉ-
¢¥Î ÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨Õ ³ ¸¸¨¢´μ£μ ´¥°É· ²Ó´μ£μ ²¥¶Éμ´  ¸ ´Ê±²μ´μ³ ¶μ
± ´ ²Ê ¸² ¡μ£μ Éμ± , ¢±²ÕÎ ÕÐ¥£μ ¢ ¸¥¡Ö ¢¥±Éμ·´ÊÕ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÊÕ
±μ³¶μ´¥´ÉÒ, ³μ£ÊÉ ¡ÒÉÓ § ¤ ´Ò Ëμ·³Ê²μ°

(lws′s hw,f
r′r ) = α(lvs′s hv

r′r) + β(lvs′s ha
r′r) + γ(las′s hv

r′r) + δ(las′s ha
r′r),

(2.3)
£¤¥ α = χV hf

V , β = χV hf
A, γ = χAhf

V , δ = χAhf
A.

ˆ´¤¥±¸ f μ¡μ§´ Î ¥É ´¥°É·μ´ ¨²¨ ¶·μÉμ´. „ ²¥¥ Ê¤μ¡´μ ¨¸¶μ²Ó§μ¢ ÉÓ μ¡μ-
§´ Î¥´¨¥ χ-Î ¸É¨ÍÒ ¤²Ö ³ ¸¸¨¢´μ£μ ´¥°É· ²Ó´μ£μ ²¥¶Éμ´  (¸¶¨´ 1/2).

∗„²Ö ¶·μ¸ÉμÉÒ ¨§²μ¦¥´¨Ö Éμ± ³¨ ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¢¸¥ ¢Ò· ¦¥´¨Ö ¢ (2.2).
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2.1.1. ‘¨¸É¥³  Í¥´É·  ³ ¸¸ ¤¢ÊÌ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í. ‘± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¢ÒÎ¨¸²ÖÕÉ¸Ö ´¨¦¥ ¢ ¸¨¸É¥³¥
Í¥´É·  ³ ¸¸ (¸. Í. ³.) ²¥¶Éμ´  ¨ ´Ê±²μ´ , £¤¥

k + p = k′ + p′ = 0 (2.4)

¨ Ô´¥·£¨¨ ¢Ìμ¤ÖÐ¨Ì ¨ ¢ÒÌμ¤ÖÐ¨Ì ¨§ ¶·μÍ¥¸¸  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö χ(k) +
f(p) → χ(k′) + f(p′) Ë¥·³¨μ´μ¢ · ¢´Ò. „²Ö χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  (¶·μÉμ´ )
ÔÉ¨ Ô´¥·£¨¨ ¸μμÉ¢¥É¸É¢¥´´μ · ¢´Ò

Eχ =
√
|k|2 + m2

χ =
s + m2

χ − m2

2
√

s
, Ep =

√
|p|2 + m2 =

s + m2 − m2
χ

2
√

s
,

(2.5)
£¤¥ s = (p + k)2, p ¨ m Å 4-¨³¶Ê²Ó¸ ¨ ³ ¸¸  ´Ê±²μ´ , k ¨ mχ Å 4-¨³¶Ê²Ó¸
¨ ³ ¸¸  χ-Î ¸É¨ÍÒ.

‚ ¤ ²Ó´¥°Ï¥³ ¢¸¥ ¢¥²¨Î¨´Ò ¢ ¶. 2.1, § ¢¨¸ÖÐ¨¥ μÉ ±¨´¥³ É¨Î¥¸±¨Ì ¶¥-
·¥³¥´´ÒÌ, ¢§ÖÉÒ ¢ ¸. Í. ³. Š¨´¥³ É¨±  Ê¶·Ê£μ£μ · ¸¸¥Ö´¨Ö χ-Î ¸É¨ÍÒ ´  ´Ê-
±²μ´¥ ¢ ¨Ì ¸. Í. ³. ³μ¦¥É ¡ÒÉÓ ¶μ¸É·μ¥´  ´  ¡ §¥ ¥¤¨´¨Î´μ£μ 3-¢¥±Éμ· , ´ -
¶· ¢²¥´´μ£μ ¶μ μ¸¨ ¸É ²±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, ±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ (¡¥§ ¶μÉ¥·¨
μ¡Ð´μ¸É¨) ¢Ò¡· ´  ¢¤μ²Ó ±μμ·¤¨´ É´μ° z-μ¸¨ (·¨¸Ê´μ±). ’μ£¤  ´ ¶· ¢²¥´¨Ö
¤¢¨¦¥´¨Ö ¢¸¥Ì ÊÎ ¸É¢ÊÕÐ¨Ì ¢ · ¸¸¥Ö´¨¨ Î ¸É¨Í ¡Ê¤ÊÉ § ¤ ´Ò ¥¤¨´¨Î´Ò³¨
¢¥±Éμ· ³¨:

nk = (0, 0, 1), np = −nk,

nk′ = (cosϕ sin θ, sin ϕ sin θ, cos θ), np′ = −nk′ .
(2.6)

‡¤¥¸Ó nk ¨ nk′ ¸μμÉ¢¥É¸É¢ÊÕÉ ´ Î ²Ó´μ° ¨ ±μ´¥Î´μ° χ-Î ¸É¨Í¥,   np ¨ np′ Å
´ Î ²Ó´μ³Ê ¨ ±μ´¥Î´μ³Ê ´Ê±²μ´Ê. ‚ Ö¢´μ³ ¢¨¤¥ μ´¨ É ±μ¢Ò:

np = (0, 0,−1), np′ = (− cosφ sin θ,− sinφ sin θ,− cos θ).

ˆÉ ±, ¢ ¸. Í. ³. Ê¶·Ê£μ¸É ²±¨¢ ÕÐ¨Ì¸Ö χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  ¶·¨ Ë¨±¸¨·μ-
¢ ´´μ³ §´ Î¥´¨¨ ¨Ì ¶μ²´μ° Ô´¥·£¨¨ s ¥¤¨´¸É¢¥´´μ° ¸¢μ¡μ¤´μ° ¶¥·¥³¥´´μ°

…¤¨´¨Î´Ò¥ ¢¥±Éμ·Ò ¢ ¸. Í. ³. χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  (a). „²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ (¡)
´ Î ²Ó´Ò¥ ¨ ±μ´¥Î´Ò¥ ¶·μ¥±Í¨¨ ¸¶¨´μ¢ (s ¨ s′) ¢¸¥£¤   ´É¨¶ · ²²¥²Ó´Ò ¨³¶Ê²Ó¸ ³
(k ¨ k′). „²Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ (¢) 3-¢¥±Éμ·Ò ¸¶¨´μ¢ (s ¨ s′, r ¨ r′) ³μ£ÊÉ ¡ÒÉÓ
¶·μ¨§¢μ²Ó´μ ´ ¶· ¢²¥´Ò ¶μ μÉ´μÏ¥´¨Õ ± ¨Ì 3-¨³¶Ê²Ó¸ ³ (k ¨ k′, p ¨ p′), ´ ¶·¨³¥·,
¶·μÉ¨¢ z-μ¸¨



‘Š�‹Ÿ��›… ���ˆ‡‚…„…�ˆŸ ”…�Œˆ���›• ’�Š�‚ 1027

Ö¢²Ö¥É¸Ö Ê£μ² · ¸¸¥Ö´¨Ö θ. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ê£²  φ, ± ± ¡Ê¤¥É ¢¨¤´μ ¤ ²¥¥,
μ± §Ò¢ ¥É¸Ö ®Î¨¸Éμ ¸¨³¢μ²¨Î¥¸±μ°¯ ¢ ¸¨²Ê ¸¨³³¥É·¨¨ § ¤ Î¨ · ¸¸¥Ö´¨Ö.

2.1.2. „¨· ±μ¢¸±¨¥ 4-¸¶¨´μ·Ò ¨ ³ É·¨ÍÒ Éμ±μ¢. 	Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¡ -
§¨¸ γ-³ É·¨Í „¨· ±  γμ = (γ0, γ), γμ = (γ0,−γ) = gμνγν , £¤¥

γ0 = γ0 =
(

1 0
0 −1

)
, γ5 = γ5 =

(
0 1
1 0

)
, γ =

(
0 σ
−σ 0

)
,

¨ ¸É ´¤ ·É´Ò¥ ³ É·¨ÍÒ � Ê²¨:

σ = (σ1, σ2, σ3), σ1 = σ1 =
(

0 1
1 0

)
,

(2.7)

σ2 = σ2 =
(

0 −i
i 0

)
, σ3 = σ3 =

(
1 0
0 −1

)
.

’μ£¤  4-¸¶¨´μ· ¸ 3-¨³¶Ê²Ó¸μ³ p, Ô´¥·£¨¥° Ep =
√

p2 + m2 ¨ ¸¶¨´μ¢Ò³
¨´¤¥±¸μ³ r = ±1, Ö¢²ÖÕÐ¨°¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö „¨· ±  ¤²Ö ´Ê±²μ´ 
(Ë¥·³¨μ´ ) ¸ ³ ¸¸μ° m, ¨³¥¥É ¢¨¤

u(p, r) =
(

λ+

λ−αp

)
χr(p), u†(p′, r′) = χ†

r′(p′)(λ+, λ−α†
p′),

(2.8)
£¤¥ λ± =

√
Ep ± m.

„²Ö ³ ¸¸¨¢´μ£μ  ´É¨Ë¥·³¨μ´  4-¸¶¨´μ· ¸ 3-¨³¶Ê²Ó¸μ³ p ¨ ¸¶¨´μ¢Ò³ ¨´¤¥±-
¸μ³ r = ±1 ¨³¥¥É ¢¨¤

v(p, r) =
(

λ−αp

λ+

)
χr(p), v†(k′, s′) = χ†

s′(k′)(λ−α†
k′ , λ+).

„²Ö χ-Î ¸É¨ÍÒ ¸ ³ ¸¸μ° mχ, 3-¨³¶Ê²Ó¸μ³ k, Ô´¥·£¨¥° Eχ ¨ ¸¶¨´μ¢Ò³ ¨´-
¤¥±¸μ³ s = ±1

u(k, s) =
(

ξ+

ξ−αk

)
χs(k), u†(k′, s′) = χ†

s′(k′)(ξ+, ξ−α†
k′),

(2.9)
£¤¥ ξ± =

√
Eχ ± mχ.

‘μ£² ¸´μ ¢Ò¡μ·Ê ¥¤¨´¨Î´ÒÌ ¢¥±Éμ·μ¢ (2.6) μ¶¥· Éμ·Ò ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó-
´ÒÌ ¨ ±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢ (χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´ ), ¢Ìμ¤ÖÐ¨¥ ¢ μ¶·¥¤¥²¥´¨Ö
¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢ u(k, s) ¨ u(p, r), ¢Ò£²Ö¤ÖÉ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

αk ≡ nk · σ = σ3 =
(

1 0
0 −1

)
,

αk′ ≡ nk′ · σ =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
,
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αp ≡ np · σ = −σ3 =
(
−1 0
0 1

)
= −αk,

(2.10)

αp′ ≡ np′ · σ = −αk′ =
(

− cos θ −e−iφ sin θ
−eiφ sin θ cos θ

)
.

�μ¸±μ²Ó±Ê ³ É·¨ÍÒ � Ê²¨ (2.7) Ô·³¨Éμ¢Ò σ† = σ, Éμ α†
k′ = αk′ ¨ α†

p′ = αp′ .

ˆ§ Ëμ·³Ê² (2.2) ¨ ¢Ò· ¦¥´¨° ¤²Ö 4-¸¶¨´μ·μ¢ (2.8) ¨ (2.9) ¸²¥¤Ê¥É, ÎÉμ
´¥μ¡Ìμ¤¨³Ò¥ ±μ³¡¨´ Í¨¨ ¡¨¸¶¨´μ·μ¢ ¨ ³ É·¨Í � Ê²¨ É ±μ¢Ò:

ū(p′, r′) = u†(p′, r′)γ0 = χ†
r′(p′)(λ+, λ−α†

p′)
(

1 0
0 −1

)
=

= χ†
r′(p′)(λ+,−λ−α†

p′),

ū(p′, r′)γ0 = u†(p′, r′)γ2
0 = χ†

r′(p′)(λ+, λ−α†
p′) ≡ u†(p′, r′),

ū(p′, r′)γ = χ†
r′(p′)(λ+,−λ−α†

p′)
(

0 σ
−σ 0

)
= χ†

r′(p′)(λ−α†
p′σ, λ+σ),

(2.11)

ū(p′, r′)γ5 = χ†
r′(p′)(λ+,−λ−α†

p′)
(

0 1
1 0

)
= χ†

r′(p′)(−λ−α†
p′ , λ+),

ū(p′, r′)γ0γ5 = χ†
r′(p′)(λ+, λ−α†

p′)
(

0 1
1 0

)
= χ†

r′(p′)(λ−α†
p′ , λ+),

ū(p′, r′)γγ5 = χ†
r′(p′)(λ−α†

p′σ, λ+σ)
(

0 1
1 0

)
= χ†

r′(p′)(λ+σ, λ−α†
p′σ).

�ÊÉ¥³ (Ëμ·³ ²Ó´μ°) § ³¥´Ò p′, r′ ´  k′, s′ ¨ λ± ´  ξ± ¤²Ö χ-²¥¶Éμ´   ´ ²μ-
£¨Î´μ ¶μ²ÊÎ ¥³

ū(k′, s′) = χ†
s′(k′)(ξ+,−ξ−α†

k′ ), ū(k′, s′)γ0 = χ†
s′(k′)(ξ+, ξ−α†

k′ ),

ū(k′, s′)γ = χ†
s′(k′)(ξ−α†

k′σ, ξ+σ), ū(k′, s′)γ5 = χ†
s′(k′)(−ξ−α†

k′ , ξ+),
(2.12)

ū(k′, s′)γ0γ5 = χ†
s′(k′)(ξ−α†

k′ , ξ+), ū(k′, s′)γγ5 = χ†
s′(k′)(ξ+σ, ξ−α†

k′σ).

‘ ¶μ³μÐÓÕ Ëμ·³Ê² (2.11) ±μ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¨§ (2.2) ¶·¥μ¡· §Ê-
ÕÉ¸Ö ± ¢¨¤Ê

V 0
r′r(p

′, p) = χ†
r′(p′)

[
λ2

+ + λ2
−αp′αp

]
χr(p) = χ†

r′(p′)V̂ 0(p′, p)χr(p),

Vr′r(p′, p) = χ†
r′(p′)λ+λ− [σαp + αp′σ] χr(p) = χ†

r′(p′)V̂ (p′, p)χr(p),

A0
r′r(p

′, p) = χ†
r′(p′)λ+λ− [αp′ + αp] χr(p) = χ†

r′(p′)Â0(p′, p)χr(p),
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Ar′r(p′, p) = χ†
r′(p′)

[
λ2

+σ + λ2
−αp′σαp

]
χr(p) = χ†

r′(p′)Â(p′, p)χr(p),

Sr′r(p′, p) = χ†
r′(p′)[λ2

+ − λ2
−α†

p′αp]χr(p) = χ†
r′(p′)Ŝ(p′, p)χr(p), (2.13)

Pr′r(p′, p) = χ†
r′(p′)λ+λ−[−α†

p′ + αp]χr(p) = χ†
r′(p′)P̂ (p′, p)χr(p).

‡¤¥¸Ó ¢¢¥¤¥´Ò ´Ê±²μ´´Ò¥ ®Éμ±μ¢Ò¥¯ ³ É·¨ÍÒ

V̂ 0(p′, p) ≡ λ2
+ + λ2

−α†
p′αp, V̂ (p′, p) ≡ λ−λ+[α†

p′σ + σαp],

Â(p′, p) ≡ λ2
+σ + λ2

−α†
p′σαp, Â0(p′, p) ≡ λ+λ−[α†

p′ + αp], (2.14)

Ŝ(p′, p) ≡ λ2
+ − λ2

−α†
p′αp, P̂ (p′, p) ≡ λ+λ−[−α†

p′ + αp],

±μÉμ·Ò¥ ¶μ²ÊÎ¥´Ò ¶·Ö³μ° ¶μ¤¸É ´μ¢±μ°∗ ¢Ò· ¦¥´¨° (2.11) ¢ ´Ê±²μ´´Ò¥
Éμ±¨ (2.2).

�´ ²μ£¨Î´μ ¤²Ö χ-²¥¶Éμ´  ´  ¡ §¥ (2.12) ¨³¥¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

V 0
s′s(k

′, k) = ū(k′, s′)γ0u(k, s) = χ†
s′(k′)V̂ 0(k′, k)χs(k),

Vs′s(k′, k) = ū(k′, s′)γu(k, s) = χ†
s′(k′)V̂ (k′, k)χs(k),

A0
s′s(k

′, k) = ū(k′, s′)γ0γ5u(k, s) = χ†
s′(k′)Â0(k′, k)χs(k),

(2.15)
As′s(k′, k) = ū(k′, s′)γγ5u(k, s) = χ†

s′(k′)Â(k′, k)χs(k),

Ss′s(k′, k) = u(k′, s′)u(k, s) = χ†
s′(k′)Ŝ(k′, k)χs(k),

Ps′s(k′, k) = u(k′, s′)γ5u(k, s) = χ†
s′(k′)P̂ (k′, k)χs(k).

�´¨ ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ´ ¶·Ö³ÊÕ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê² (2.9), (2.12),
(2.2) ¨²¨ ¶ÊÉ¥³ § ³¥´Ò [p′, r′] → [k′, s′], λ± → ξ±,   É ±¦¥ αp,p′ → αk,k′ ¢
¸μμÉ´μÏ¥´¨ÖÌ (2.13). ‚ ·¥§Ê²ÓÉ É¥ ²¥¶Éμ´´Ò¥ ®Éμ±μ¢Ò¥¯ ³ É·¨ÍÒ ¨³¥ÕÉ ¢¨¤

V̂ 0(k′, k) ≡ ξ2
+ + ξ2

−α†
k′αk, V̂ (k′, k) ≡ ξ−ξ+[α†

k′σ + σαk],

Â(k′, k) ≡ ξ2
+σ + ξ2

−α†
k′σαk, Â0(k′, k) ≡ ξ+ξ−[α†

k′ + αk], (2.16)

Ŝ(k′, k) ≡ [ξ2
+ − ξ2

−α†
k′αk], P̂ (k′, k) ≡ ξ+ξ−[−α†

k′ + αk].

2.1.3. Ÿ¢´Ò° ¢¨¤ ¤¥¸ÖÉ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í. �·Ö³ Ö ¶μ¤¸É ´μ¢± 
¢ Ëμ·³Ê²Ò (2.14) ³ É·¨Í αp ¨ αp′ ¨§ Ëμ·³Ê² (2.10), ±μÉμ·Ò¥ Ë ±É¨Î¥¸±¨
§ ¢¨¸ÖÉ Éμ²Ó±μ μÉ Ê£²  θ, μ¶·¥¤¥²ÖÕÐ¥£μ ´ ¶· ¢²¥´¨¥ ±μ´¥Î´μ£μ ¨³¶Ê²Ó¸  k′,
¶μ§¢μ²Ö¥É ´ °É¨ Ö¢´Ò° ¢¨¤ ¢¸¥Ì 10 Éμ±μ¢ÒÌ ³ É·¨Í ¤²Ö ´Ê±²μ´ ∗∗ ¢ É¥·³¨´ Ì

∗� ¶·¨³¥·, Vr′r(p′,p) = χ†
r′(p

′)(λ−α†
p′σ, λ+σ)

(
λ+

λ−αp

)
χr(p) = λ−λ+χ†

r′(p
′)×

(α†
p′σ + σαp)χr(p).

∗∗�μ¤·μ¡´¥¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 5.
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4-¸¶¨´μ·´ÒÌ ¶ · ³¥É·μ¢ λ±:

V̂ 0(p′) =
(

λ2
+ + λ2

− cos θ −λ2
−e−iφ sin θ

λ2
−eiφ sin θ λ2

+ + λ2
− cos θ

)
,

V̂ 1(p′) = λ+λ−

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)
,

(2.17)

V̂ 2(p′) = iλ+λ−

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)
,

V̂ 3(p′) = λ+λ−

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)
,

Â0(p′) = λ+λ−

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)
,

Â1(p′) =
(

λ2
−e−iφ sin θ λ2

+ − λ2
− cos θ

λ2
+ − λ2

− cos θ −λ2
−eiφ sin θ

)
,

(2.18)

Â2(p′)= i

(
λ2
−e−iφ sin θ −λ2

+ + λ2
− cos θ

λ2
+ − λ2

− cos θ λ2
−eiφ sin θ

)
,

Â3(p′) =
(

λ2
+ + λ2

− cos θ λ2
−e−iφ sin θ

λ2
−eiφ sin θ −λ2

+ − λ2
− cos θ

)
,

Ŝ(p′) =
(

λ2
+ − λ2

− cos θ +λ2
−e−iφ sin θ

−λ2
−eiφ sin θ λ2

+ − λ2
− cos θ

)
,

(2.19)

P̂ (p′) = λ+λ−

(
−1 + cos θ e−iφ sin θ
eiφ sin θ 1 − cos θ

)
.

2.1.4. Ÿ¢´Ò° ¢¨¤ ¤¥¸ÖÉ¨ Éμ±μ¢ÒÌ ³ É·¨Í ¤²Ö ³ ¸¸¨¢´μ£μ ´¥°É· ²Ó´μ£μ
²¥¶Éμ´ . �μ¸±μ²Ó±Ê ¢ ¸. Í. ³. ¤¢ÊÌ Î ¸É¨Í (¸³. ·¨¸Ê´μ±) ´ ¶· ¢²¥´¨Ö ¶·¨-
²¥É  (¢Ò²¥É ) ´ Î ²Ó´μ£μ (±μ´¥Î´μ£μ) ²¥¶Éμ´  ¨ ´Ê±²μ´  ¸É·μ£μ ¶·μÉ¨¢μ¶μ-
²μ¦´Ò, Éμ ¨§ Ê¸²μ¢¨Ö (2.6) ¢¨¤´μ, ÎÉμ nk = −np, nk′ = −np′ . �É¸Õ¤ 
¢ÒÉ¥± ¥É (2.10), É. ¥. αk = −αp ¨ αk′ = −αp′ . �μÔÉμ³Ê ¢ Ëμ·³Ê² Ì (2.16)
³μ¦´μ § ³¥´¨ÉÓ αk → −αp, αk′ → −αp′ ¨ § ¶¨¸ ÉÓ ¨Ì ¢ ¢¨¤¥

V̂ 0(k′, k) = ξ2
+ + ξ2

−α†
p′αp, V̂ (k′, k) = −ξ−ξ+[α†

p′σ + σαp],

Â(k′, k) = ξ2
+σ + ξ2

−α†
p′σαp, Â0(k′, k) = −ξ+ξ−[α†

p′ + αp], (2.20)

Ŝ(k′, k) = ξ2
+ − ξ2

−α†
p′αp, P̂ (k′, k) = −ξ+ξ−[−α†

p′ + αp].

’μ£¤  ¨§ ®´Ê±²μ´´ÒÌ¯ ¢Ò· ¦¥´¨° (2.17)Ä(2.19) ¸ ÊÎ¥Éμ³ ¨§³¥´¥´¨Ö §´ ±μ¢
¶μ (2.20) ¶ÊÉ¥³ § ³¥´Ò

λ2
± → ξ2

± ¨ λ+λ− → ξ+ξ−
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³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ²¥¶Éμ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥:

V̂ 0(k′) =
(

ξ2
+ + ξ2

− cos θ −ξ2
− e−iφ sin θ

ξ2
− eiφ sin θ ξ2

+ + ξ2
− cos θ

)
,

V̂ 1(k′) = −ξ−ξ+

(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)
,

(2.21)

V̂ 2(k′) = −iξ−ξ+

(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)
,

V̂ 3(k′) = −ξ−ξ+

(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)
,

Â0(k′) = −ξ−ξ+

(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)
,

Â1(k′) =
(

ξ2
−e−iφ sin θ ξ2

+ − ξ2
− cos θ

ξ2
+ − ξ2

− cos θ −ξ2
− eiφ sin θ

)
,

(2.22)

Â2(k′) = i

(
ξ2
− e−iφ sin θ −ξ2

+ + ξ2
− cos θ

ξ2
+ − ξ2

− cos θ ξ2
− eiφ sin θ

)
,

Â3(k′) =
(

ξ2
+ + ξ2

− cos θ ξ2
− e−iφ sin θ

ξ2
− eiφ sin θ −ξ2

+ − ξ2
− cos θ

)
,

Ŝ(k′) =
(

ξ2
+ − ξ2

− cos θ +ξ2
−e−iφ sin θ

−ξ2
−eiφ sin θ ξ2

+ − ξ2
− cos θ

)
,

(2.23)

P̂ (k′) = −ξ−ξ+

(
−1 + cos θ e−iφ sin θ
eiφ sin θ 1 − cos θ

)
.

Šμ´±·¥É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¸μ£² ¸´μ Ëμ·-
³Ê² ³ (2.13) ¨ (2.15) ¶μ²ÊÎ ÕÉ¸Ö ¨§ ÔÉμ° ³ É·¨ÍÒ ¶ÊÉ¥³ ®μ¡±² ¤±¨¯ ¨Ì
¡¨¸¶¨´μ· ³¨ Å ¸μ¡¸É¢¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ (¨²¨
σ3-μ¶¥· Éμ· ) ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ²¥¶Éμ´  ¨ ´Ê±²μ´ .

2.2. „¢  ¡ §¨¸  ¡¨¸¶¨´μ·μ¢. ‚¨¤ ¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢ u(p, r) ¨ u(k, s)
μ¶·¥¤¥²Ö¥É¸Ö, ¸μμÉ¢¥É¸É¢¥´´μ, Ëμ·³Ê² ³¨ (2.8) ¨ (2.9). ‚ ÔÉ¨Ì Ëμ·³Ê² Ì,
¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸μ¡μ° ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ± , ±μÉμ·μ¥ Ë ±É¨Î¥¸±¨ Ö¢²Ö-
¥É¸Ö Ê¸²μ¢¨¥³ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¨ μ¶·¥¤¥²Ö¥É Ô´¥·£¨¨ Ë¥·³¨μ´μ¢

Ep =
√

p2 + m2 ¨ Eχ =
√

k2 + m2
χ, μ¸É ²¸Ö ¶·μ¨§¢μ² ¢ ¢Ò¡μ·¥ Ö¢´μ£μ ¢¨¤ 

¡¨¸¶¨´μ·μ¢ χr(p) ¨ χs(k). �μ¸²¥¤´¨° ´¥ ´Ê¦¥´ ¤²Ö Ê¤μ¢²¥É¢μ·¥´¨Ö ¸μ¡-
¸É¢¥´´μ Ê· ¢´¥´¨Õ „¨· ± . �¤´ ±μ Ö¢´Ò° ¢¨¤ ÔÉ¨Ì ¡¨¸¶¨´μ·μ¢ ´Ê¦¥´ ¤²Ö
¶μ²´μ£μ μ¶·¥¤¥²¥´¨Ö ¸μ¸ÉμÖ´¨° Ë¥·³¨μ´μ¢, ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¶·μÍ¥¸¸¥ · ¸¸¥Ö-
´¨Ö. �´ ´¥μ¡Ìμ¤¨³ ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ´Ê±²μ´´μ£μ ¨ ²¥¶Éμ´´μ£μ Éμ±μ¢ ¸μ£² ¸´μ
¢Ò· ¦¥´¨Ö³ (2.13) ¨ (2.15).
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�μ¸±μ²Ó±Ê ¸¶¨´ Ë¥·³¨μ´  · ¢¥´ s = 1/2, Éμ ¨³¥¥É¸Ö ¢¸¥£μ ¤¢  · §²¨Î´ÒÌ
(±¢ ´Éμ¢ÒÌ) ¸μ¸ÉμÖ´¨Ö (2s + 1) ¤²Ö Ë¥·³¨μ´ . ” ±É¨Î¥¸±¨ ÔÉμ μ§´ Î ¥É, ÎÉμ
Ê Ë¥·³¨μ´  ¥¸ÉÓ Éμ²Ó±μ ¤¢¥ ¢μ§³μ¦´μ¸É¨: ²¨¡μ ¥£μ ¸¶¨´ ¸μ¢¶ ¤ ¥É ¶μ ´ -
¶· ¢²¥´¨Õ ¸ ´¥±μÉμ·Ò³, ¢μμ¡Ð¥ £μ¢μ·Ö, ¶·μ¨§¢μ²Ó´μ ¢Ò¡· ´´Ò³ ¢¥±Éμ·μ³
r (¶ · ²²¥²¥´ ¥³Ê), ²¨¡μ ¥£μ ¸¶¨´ ´ ¶· ¢²¥´ ¶·μÉ¨¢μ¶μ²μ¦´μ ÔÉμ³Ê ¢¥±Éμ·Ê
( ´É¨¶ · ²²¥²¥´ ¥³Ê). �¥·¢Ò° ¸²ÊÎ ° ³ ·±¨·Ê¥É¸Ö ¨´¤¥±¸μ³ +1 (¶·μ¥±Í¨Ö
¸¶¨´  Ë¥·³¨μ´  ´  ¢¥±Éμ· r · ¢´  +1/2), ¢Éμ·μ° Å ¨´¤¥±¸μ³ −1 (¶·μ¥±-
Í¨Ö ¸¶¨´  Ë¥·³¨μ´  ´  ¢¥±Éμ· r · ¢´  −1/2). �·μ¨§¢μ² ¢ ¢Ò¡μ·¥ ¢¥±Éμ· 
r ¸´¨³ ¥É¸Ö, ± ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó ¢μ ¢¢¥¤¥´¨¨, É¥³¨ Ê¸²μ¢¨Ö³¨, ±μÉμ·Ò¥
§ ¤ ÕÉ¸Ö ¨ ±μ´É·μ²¨·ÊÕÉ¸Ö ¢ ±μ´±·¥É´μ³ Ô±¸¶¥·¨³¥´É¥ ¶μ · ¸¸¥Ö´¨Õ Ë¥·-
³¨μ´μ¢.

� ¶·¨³¥·, ¶·¨ · ¸¸¥Ö´¨¨ ´¥°É·¨´μ (¡¥§³ ¸¸μ¢μ£μ Ë¥·³¨μ´ ) ¥£μ ¸¶¨-
· ²Ó´μ¸ÉÓ Å ¶·μ¥±Í¨Ö ¸¶¨´  ´¥°É·¨´μ ´  ´ ¶· ¢²¥´¨¥ ¥£μ ¨³¶Ê²Ó¸  Å
¸É·μ£μ ¸μÌ· ´Ö¥É¸Ö. �μ ÔÉμ° ¶·¨Î¨´¥ ¢¥±Éμ· r, μÉ´μ¸¨É¥²Ó´μ ±μÉμ·μ£μ ¨§-
³¥·Ö¥É¸Ö ¶·μ¥±Í¨Ö ¸¶¨´  ´¥°É·¨´μ, ¢¸¥£¤  ¸μ¢¶ ¤ ¥É (ÉμÎ´¥¥,  ´É¨¸μ¢¶ ¤ ¥É)
¶μ ´ ¶· ¢²¥´¨Õ ¸ 3-¢¥±Éμ·μ³ ¨³¶Ê²Ó¸  ¸ ³μ£μ ´¥°É·¨´μ k. �Éμ μ§´ Î ¥É,
ÎÉμ ¤²Ö ´¥°É·¨´μ ¡¨¸¶¨´μ·Ò χs(k) ¨ χs′(k′) Å ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö
μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ αk = nk · σ ¨ αk′ = nk′ · σ ¨ ±μ-
´¥Î´μ£μ ¸μ¸ÉμÖ´¨° ´¥°É·¨´μ. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ ³μ¦´μ £μ¢μ·¨ÉÓ μ Éμ³, ÎÉμ
¤²Ö ´¥°É·¨´μ ¡¨¸¶¨´μ·Ò χs(k) ¨ χs′(k′) Ëμ·³¨·ÊÕÉ ¤¢  (¤²Ö ´ Î ²Ó´μ£μ
¨ ±μ´¥Î´μ£μ ¸μ¸ÉμÖ´¨°) ¶μ²´ÒÌ ¡ §¨¸  (¸¶¨· ²Ó´μ¸É¨) ¢μ²´μ¢ÒÌ ËÊ´±Í¨°.
�μ ÔÉ¨³ ¡ §¨¸ ³, ¢ ¶·¨´Í¨¶¥, ³μ¦´μ · §²μ¦¨ÉÓ ²Õ¡ÊÕ ¢μ²´μ¢ÊÕ ËÊ´±Í¨Õ
´¥°É·¨´μ.

�É³¥É¨³, ÎÉμ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨, § ¤ ´´Ò¥ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (¸μ¡-
¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö ÔÉμ£μ ¡ §¨¸ ), ´¥ ¶μ§¢μ²ÖÕÉ ±μ´É·μ²¨·μ¢ ÉÓ ¶·μ¥±Í¨Õ
¸¶¨´  ³ ¸¸¨¢´μ£μ Ë¥·³¨μ´  ´  ¢Ò¤¥²¥´´μ¥ (´¥ ¸μ¢¶ ¤ ÕÐ¥¥ ¸ ¨³¶Ê²Ó¸μ³
¸ ³μ£μ Ë¥·³¨μ´ ) ´ ¶· ¢²¥´¨¥. �·μ¥±Í¨Ö ¸¶¨´  É ±μ£μ Ë¥·³¨μ´ , § ¤ ´´ Ö
¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨, ³¥´Ö¥É¸Ö ¢³¥¸É¥ ¸ ¨§³¥´¥´¨¥³ ¥£μ ¨³¶Ê²Ó¸ , ±μÉμ·Ò°
¢μ¢¸¥ ´¥ μ¡Ö§ ´ Ê¤¥·¦¨¢ ÉÓ § · ´¥¥ ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, Ê¸²μ¢¨¥ ±μ£¥·¥´É´μ¸É¨ É·¥¡Ê¥É, ÎÉμ¡Ò ¸μ¸ÉμÖ´¨¥ Ö¤· 
´¥ ³¥´Ö²μ¸Ó ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. �·¨ ÔÉμ³  ±É ±μ£¥·¥´É´μ£μ ¢§ ¨³μ¤¥°-
¸É¢¨Ö · ¸¸³ É·¨¢ ¥É¸Ö ¢ É ±μ³ ¶·¨¡²¨¦¥´¨¨, ±μ£¤   ±É¨¢´Ò° ´Ê±²μ´ ¶μ-
¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥ ³¥´Ö¥É ¶·μ¥±Í¨¨ ¸¢μ¥£μ ¸¶¨´  ´  ´¥±μÉμ·μ¥ § · -
´¥¥ ¢Ò¡· ´´μ¥ ´ Î ²Ó´μ¥ ´ ¶· ¢²¥´¨¥ (´ ¶·¨³¥·, ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥£μ ´ 
Ö¤·μ ´¥°É·¨´μ), ¶·¨ ÔÉμ³ ¢¸¥ μ¸É ²Ó´Ò¥ ´Ê±²μ´Ò-¸¶¥±É Éμ·Ò É ±¦¥ ¸μÌ· -
´ÖÕÉ ¨³¥¢Ï¨¥¸Ö Ê ´¨Ì ¤μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μ¥±Í¨¨ ¸¶¨´  (¸± ¦¥³, É ±¦¥
´  ¢Ò¡· ´´μ¥ ´ ¶· ¢²¥´¨¥). ˆ´Ò³¨ ¸²μ¢ ³¨, ¡¨¸¶¨´μ·Ò χr(p) ¨ χr′(p′),
μ¶¨¸Ò¢ ÕÐ¨¥  ±É¨¢´Ò° ´Ê±²μ´, ¤μ²¦´Ò ¡ÒÉÓ ¸μ¡¸É¢¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨
μ¶¥· Éμ·  ¨³¶Ê²Ó¸  ´ ²¥É ÕÐ¥° Î ¸É¨ÍÒ, É. ¥. μ¶¨¸Ò¢ ÉÓ ¸μ¸ÉμÖ´¨Ö ¸ ¶·μ-
¥±Í¨¥° ¸¶¨´  ´Ê±²μ´  ¶μ ´ ¶· ¢²¥´¨Õ ÔÉμ£μ k-¨³¶Ê²Ó¸  ¨ ¶·μÉ¨¢ ´¥£μ.
’μ£¤  Ê¸²μ¢¨¥ ´¥¨§³¥´´μ¸É¨ ¶·μ¥±Í¨¨ ¸¶¨´   ±É¨¢´μ£μ ´Ê±²μ´  ¢Ò¶μ²´Ö-
¥É¸Ö ¶ÊÉ¥³ ¢Ò¡μ·  ¶ ·Ò ¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ ®μ¶¥· Éμ·  ´ ¶· ¢²¥´¨Ö ¶μ
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k-¨³¶Ê²Ó¸Ê¯, ¨³¥ÕÐ¨Ì μ¤´μ ¨ Éμ ¦¥ ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ ¤μ ¨ ¶μ¸²¥ ¢§ ¨-
³μ¤¥°¸É¢¨Ö.

‡ ±²ÕÎ Ö ÔÉÊ ¢¢μ¤´ÊÕ Î ¸ÉÓ, μÉ³¥É¨³, ÎÉμ Ë ±É¨Î¥¸±¨ ¤²Ö ·¥Ï¥´¨Ö ¨´É¥-
·¥¸ÊÕÐ¨Ì ´ ¸ § ¤ Î ¤μ¸É ÉμÎ´μ · ¸¸³μÉ·¥ÉÓ ²¨ÏÓ ¤¢  ¢ ·¨ ´É  ±¢ ´Éμ¢ ´¨Ö
¡¨¸¶¨´μ·μ¢ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ´Ê±²μ´  (χr(p) ¨ χr′(p′)) ¨ ²¥¶Éμ´  (χs(k)
¨ χs′(k′)). � §μ¢¥³ ¶¥·¢Ò° ¢ ·¨ ´É ¡ §¨¸μ³ ¸¶¨· ²Ó´μ¸É¨ (¨ μ¡μ§´ Î¨³
¥£μ ¨´¤¥±¸μ³ χ),   ¢Éμ·μ° Å ¡ §¨¸μ³ σ3-³ É·¨ÍÒ (μ¡μ§´ Î¨³ ¨´¤¥±¸μ³ η),
±μÉμ· Ö μÉ¢¥Î ¥É ´ ¶· ¢²¥´¨Õ ¶·¨²¥É  ´ Î ²Ó´μ£μ ²¥¶Éμ´  ¶μ z-μ¸¨. �É-
³¥É¨³ É ±¦¥, ÎÉμ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ¸É ¢²¥´´μ° § ¤ Î¨ (± ±μ¢ Ë¨§¨Î¥¸±¨°
¸³Ò¸² ¨´¤¥±¸μ¢ s′, s, r′, r) ¢μ§³μ¦´Ò ®¶¥·¥¸¥Î¥´¨Ö¯ ¡ §¨¸μ¢, ´ ¶·¨³¥·, ¢ ¸³¥-
Ï ´´μ³ χη-¡ §¨¸¥ ´Ê±²μ´´Ò¥ ¡¨¸¶¨´μ·Ò χr(p) ¨ χr′(p′) Å ÔÉμ η-¡ §¨¸ (¨
±¢ ´Éμ¢ ´¨¥ ¸¶¨´  ´Ê±²μ´  ¨¤¥É ¶μ μ¸¨ ´ Î ²Ó´μ£μ ¨³¶Ê²Ó¸ ),   ²¥¶Éμ´´Ò¥
¡¨¸¶¨´μ·Ò χs(k) ¨ χs′(k′) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° χ-¡ §¨¸ (¸¶¨· ²Ó´μ¸É¨), ±μ£¤ 
¸¶¨´ ²¥¶Éμ´  ´ ¶· ¢²¥´ ¢¤μ²Ó (¶·μÉ¨¢) ¥£μ ¨³¶Ê²Ó¸ .

2.2.1. � §¨¸ ¸¶¨· ²Ó´μ¸É¨. ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò. �μ μ¶·¥¤¥²¥´¨Õ ¡ §¨¸
¸¶¨· ²Ó´μ¸É¨ (¨²¨ χ-¡ §¨¸) ¸μ¸É ¢²ÖÕÉ ¡¨¸¶¨´μ·Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸μ¡¸É¢¥´-
´Ò³¨ ¢¥±Éμ· ³¨ (¸μ¸ÉμÖ´¨Ö³¨) μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´ÒÌ ¨ ±μ-
´¥Î´ÒÌ Ë¥·³¨μ´μ¢ (χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´ ).

� ¶μ³´¨³, ÎÉμ μ¶¥· Éμ·Ò ¸¶¨· ²Ó´μ¸É¨ Î ¸É¨Í ¸ ¨³¶Ê²Ó¸ ³¨ k/k′ ¨
p/p′, ¨²¨ ¥¤¨´¨Î´Ò³¨ ¢¥±Éμ· ³¨ nk/k′ ¨ np/p′ , ´ ¶· ¢²¥´´Ò³¨ ¢¤μ²Ó ÔÉ¨Ì
¨³¶Ê²Ó¸μ¢, μ¶·¥¤¥²ÖÕÉ¸Ö ¢Ò· ¦¥´¨Ö³¨

Ĥp/p′ ≡ np/p′ · σ ¨ Ĥk/k′ ≡ nk/k′ · σ. (2.24)

‘μ¡¸É¢¥´´Ò¥ (¡ §¨¸´Ò¥) ¢¥±Éμ·Ò μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ χ-Î ¸É¨ÍÒ ¨ ´Ê±-
²μ´  ´ Ìμ¤ÖÉ¸Ö ¶ÊÉ¥³ ·¥Ï¥´¨Ö § ¤ Î¨ ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ÔÉ¨Ì μ¶¥· -
Éμ·μ¢:

Ĥpχr(np) = rχr(np), Ĥp′χr′(np′) = r′χr′(np′ ),
(2.25)

Ĥkχs(nk) = sχs(nk), Ĥk′χs′(nk′ ) = s′χs′(nk′ ).

Š ± ¨§¢¥¸É´μ, ¤¢ÊÌ±μ³¶μ´¥´É´Ò° ¡¨¸¶¨´μ· χr(n) Ö¢²Ö¥É¸Ö ¸μ¡¸É¢¥´´Ò³ ¢¥±-
Éμ·μ³ μ¶¥· Éμ·  É ±μ£μ É¨¶  ¸ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨¥³ r = ±1, ¨§¢¥¸É´Ò³
± ± ¸¶¨· ²Ó´μ¸ÉÓ ¨²¨ Ê¤¢μ¥´´ Ö ¶·μ¥±Í¨Ö ¸¶¨´  Ë¥·³¨μ´  ´  ¥£μ 3-¨³¶Ê²Ó¸.

‘μ£² ¸´μ ¢Ò¡μ·Ê (2.6) ¥¤¨´¨Î´ÒÌ ¢¥±Éμ·μ¢ ¢ ¸. Í. ³. ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö
¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ χ-²¥¶Éμ´ , É. ¥. ¢¤μ²Ó z-μ¸¨, μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ´ -
Î ²Ó´μ° χ-Î ¸É¨ÍÒ ¨³¥¥É ¶·μ¸Éμ° ¢¨¤:

Ĥk = nk · σ = σ3 =
(

1 0
0 −1

)
.

�μÔÉμ³Ê § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ
χ-²¥¶Éμ´ 

Ĥkχ∓(nk) ≡ σ3χ∓(nk) =
(

1 0
0 −1

)
χ∓(nk) = ∓χ∓(nk)
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¨³¥¥É ·¥Ï¥´¨¥ ¢ ¢¨¤¥

χ−(k) ≡ χ−(nk) = χ−1(nk) =
(

0
1

)
,

(2.26)

χ+(k) ≡ χ+(nk) = χ+1(nk) =
(

1
0

)
.

‡¤¥¸Ó ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö s = −1 ¨ +1 ¸μμÉ¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ, ±μ£¤  ¸¶¨´
 ´É¨¶ · ²²¥²¥´ (s ↓↑ k) ¨ ¶ · ²²¥²¥´ (s ↑↑ k) ´ Î ²Ó´μ³Ê ¨³¶Ê²Ó¸Ê k.

„ ²¥¥, ¶μ¸±μ²Ó±Ê ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ´Ê±²μ´  ¢ ¸. Í. ³.
¸É·μ£μ ¶·μÉ¨¢μ¶μ²μ¦´μ ´ ¶· ¢²¥´¨Õ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´ , É. ¥. ¨³-
¶Ê²Ó¸ ´ Î ²Ó´μ£μ ´Ê±²μ´  ´ ¶· ¢²¥´ ¢¤μ²Ó −z-μ¸¨, Éμ μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨
´ Î ²Ó´μ£μ ´Ê±²μ´  ¨³¥¥É ¢¨¤

Ĥp = np · σ = −nk · σ = −σ3 = −Ĥk.

‚ ·¥§Ê²ÓÉ É¥ § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó-
´μ£μ ´Ê±²μ´ 

Ĥpχ∓(np) ≡ [−σ3]χ∓(np) =
(
−1 0
0 1

)
χ∓(np) = ∓χ∓(np) (2.27)

¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r = −1 ¨ +1, μÉ¢¥Î ÕÐ¨Ì ¸²ÊÎ Õ, ±μ£¤  ¸¶¨´
´Ê±²μ´   ´É¨¶ · ²²¥²¥´ (r ↓↑ p) ¨ ¶a· ²²¥²¥´ (r ↑↑ p) ¥£μ ¨³¶Ê²Ó¸Ê, ¨³¥¥É
·¥Ï¥´¨¥ ¢ ¢¨¤¥

χ−(p) ≡ χ−(np) =
(

1
0

)
,

(2.28)

χ+(p) ≡ χ+(np) =
(

0
1

)
¨²¨ χ+(np) =

(
0
−1

)
.

‚ ¶μ¸²¥¤´¥³ ¸²ÊÎ ¥ ³μ¦´μ ¢Ò¡· ÉÓ ²Õ¡μ° ¨§ Ô±¢¨¢ ²¥´É´ÒÌ ¢ ·¨ ´Éμ¢, É. ¥.
¸μ §´ ±μ³ +1 ¨²¨ −1.

‘μ£² ¸´μ ¢Ò¡μ·Ê ¥¤¨´¨Î´ÒÌ ¢¥±Éμ·μ¢ (2.6) μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ±μ-
´¥Î´μ£μ χ-²¥¶Éμ´ , Ê²¥É ÕÐ¥£μ ¢ ´ ¶· ¢²¥´¨¨ nk′ , ¨³¥¥É ¢¨¤

Ĥk′ = nk′ · σ =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
.

’μ£¤  § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ
χ-²¥¶Éμ´ 

Ĥk′χ∓(nk′ ) =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
χ∓(nk′ ) = ∓χ∓(nk′ )
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¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° s′ = −1 ¨ +1, ±μ£¤  ¸¶¨´  ´É¨¶ · ²²¥²¥´
(s′ ↓↑ k′) ¨ ¶ · ²²¥²¥´ (s′ ↑↑ k′) ¨³¶Ê²Ó¸Ê ²¥¶Éμ´ , ¨³¥¥É ·¥Ï¥´¨Ö ¢ ¢¨¤¥∗

χ−(k′) ≡ χ−(nk′ ) =

(
−e−iφ tan

θ

2
1

)
, χ+(k′) ≡ χ+(nk′) =

(
e−iφ cot

θ

2
1

)
.

(2.29)
�μ¸±μ²Ó±Ê ´ ¶· ¢²¥´¨¥ ¢Ò²¥É  ±μ´¥Î´μ£μ ´Ê±²μ´  ¸É·μ£μ ¶·μÉ¨¢μ¶μ²μ¦´μ
´ ¶· ¢²¥´¨Õ ¢Ò²¥É  ±μ´¥Î´μ£μ ²¥¶Éμ´ , Éμ ³ É·¨Í  μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨
±μ´¥Î´μ£μ ´Ê±²μ´  ¨³¥¥É ¶·μÉ¨¢μ¶μ²μ¦´Ò° μ¡Ð¨° §´ ±:

Hp′ = −Hk′ .

�¥Ï¥´¨¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° § ¤ Î¨ ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¤²Ö ±μ´¥Î´μ£μ
´Ê±²μ´ 

Ĥp′χ∓(np′) ≡
(

− cos θ −e−iφ sin θ
−eiφ sin θ cos θ

)
χ∓(np′) = ∓χ∓(np′) (2.30)

¶·¨ r′ = −1 (±μ£¤  (r′ ↓↑ p′)) ¨ +1 (±μ£¤  (r′ ↑↑ p′)) ¨³¥¥É ¢¨¤

χ−(p′) ≡ χ−(np′ ) =

(
e−iφ cot

θ

2
1

)
, χ+(p′) ≡ χ+(np′) =

(
−e−iφ tan

θ

2
1

)
.

(2.31)
‚Ò· ¦¥´¨Ö (2.26), (2.28), (2.29), (2.31) ¸μ¤¥·¦ É ¶μ²´Ò° ´ ¡μ· ¸μ¡¸É¢¥´-

´ÒÌ ¸μ¸ÉμÖ´¨° μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨. �·¨ ÔÉμ³ μÎ¥¢¨¤´μ, ÎÉμ ¸μ¡¸É¢¥´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´ÒÌ Ë¥·³¨μ´μ¢ (2.26) ¨ (2.28)
Ê¦¥ ´μ·³¨·μ¢ ´Ò ´  ¥¤¨´¨ÍÊ, |χ±(p/k)|2 = 1, ¢ Éμ ¢·¥³Ö ± ± ¸μ¡¸É¢¥´-
´Ò¥ ¸μ¸ÉμÖ´¨Ö μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢ ¢ ¢¨¤¥ (2.29)
¨ (2.31) É ±¨³ ¸¢μ°¸É¢μ³ ´¥ μ¡² ¤ ÕÉ, É. ¥. |χ±(p′/k′)|2 	= 1. „¥°¸É¢¨É¥²Ó´μ,

χ†
−(k′)χ−(k′) =

(
−e−iφ tan

θ

2
1

)†(
−e−iφ tan

θ

2
1

)
=

=
(

−e+iφ tan
θ

2
1
)(

−e−iφ tan
θ

2
1

)
= cos−2 θ

2
;

χ†
+(k′)χ+(k′) =

(
e−iφ cot

θ

2
1

)†(
e−iφ cot

θ

2
1

)
= cot2

θ

2
+ 1 = sin−2 θ

2
.

∗�Éμ ¶·μ¢¥·Ö¥É¸Ö ¶·Ö³μ° ¶μ¤¸É ´μ¢±μ°, ¢Ò¶μ²´¥´´μ° ¢ ¶·¨². 5.
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ˆ§ ¶μ¸É ´μ¢±¨ § ¤ Î¨ ´  ¸μ¡¸É¢¥´´μ¥ §´ Î¥´¨¥ ¢¨¤´μ, ÎÉμ ¥¸²¨ χ+(p′) Å
¸μ¡¸É¢¥´´Ò° ¢¥±Éμ· μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ¤²Ö ¸μ¡¸É¢¥´´μ£μ §´ Î¥´¨Ö +1,
Éμ χ̃+(p′) = aχ+(p′) É ±¦¥ ¸μ¡¸É¢¥´´Ò° ¢¥±Éμ· ¤²Ö ¸μ¡¸É¢¥´´μ£μ §´ Î¥-
´¨Ö +1, £¤¥ a Å ¶·μ¨§¢μ²Ó´Ò° ³´μ¦¨É¥²Ó. �μÔÉμ³Ê, ÊÎ¨ÉÒ¢ Ö, ÎÉμ ¸μ-
£² ¸´μ (2.29) ¨ (2.31) ¸¶· ¢¥¤²¨¢Ò ¢Ò· ¦¥´¨Ö χ†

−(k′)χ−(k′) = χ†
+(p′)χ+(p′)

¨ χ†
+(k′)χ+(k′) = χ†

−(p′)χ−(p′),   É ±¦¥ ¶¥·¥μ¶·¥¤¥²ÖÖ ¡¨¸¶¨´μ·Ò, ´ ¶·¨-
³¥·, ¢ ¢¨¤¥

χ̃−(k′) = cos
θ

2
χ−(k′), χ̃+(k′) = eiφ sin

θ

2
χ+(k′),

χ̃−(p′) = sin
θ

2
χ−(p′), χ̃+(p′) = −eiφ cos

θ

2
χ+(p′)

¨ μ¶Ê¸± Ö §´ ± É¨²Ó¤Ò, ¶μ²ÊÎ ¥³ ¨Ì Ê¤μ¢²¥É¢μ·ÖÕÐ¨³¨ Ê¸²μ¢¨Õ
|χ±(p′/k′)|2 = 1.

ˆÉ ±, ´μ·³¨·μ¢ ´´Ò¥ ´  ¥¤¨´¨ÍÊ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò (2-±μ³¶μ´¥´É´Ò¥
¡¨¸¶¨´μ·Ò) μ¶¥· Éμ·μ¢ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ Î ¸É¨Í ¢ ¨Ì
¸. Í. ³. ¨³¥ÕÉ ¢¨¤

χ−(k) =
(

0
1

)
, χ−(k′) = cos

θ

2

⎛
⎝−e−iφ tan

θ

2
1

⎞
⎠ =

⎛
⎜⎝−e−iφ sin

θ

2

cos
θ

2

⎞
⎟⎠ ,

χ+(k) =
(

1
0

)
, χ+(k′) = eiφ sin

θ

2

⎛
⎝e−iφ cot

θ

2
1

⎞
⎠ =

⎛
⎜⎝ cos

θ

2

eiφ sin
θ

2

⎞
⎟⎠ ,

(2.32)

χ−(p) =
(

1
0

)
, χ−(p′) = sin

θ

2

⎛
⎝e−iφ cot

θ

2
1

⎞
⎠ =

⎛
⎜⎝e−iφ cos

θ

2

sin
θ

2

⎞
⎟⎠ ,

χ+(p) =
(

0
1

)
, χ+(p′) = −eiφ cos

θ

2

⎛
⎝−e−iφ tan

θ

2
1

⎞
⎠ =

⎛
⎜⎝ sin

θ

2

−eiφ cos
θ

2

⎞
⎟⎠ .

2.2.2. � §¨¸ σ3. ‘μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò. �μ μ¶·¥¤¥²¥´¨Õ σ3-¡ §¨¸ (¨²¨
η-¡ §¨¸) ¸μ¸É ¢²ÖÕÉ ¡¨¸¶¨´μ·Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ (¸μ-
¸ÉμÖ´¨Ö³¨) σ3-μ¶¥· Éμ· . �μ¸±μ²Ó±Ê ¡¥§ ¶μÉ¥·¨ μ¡Ð´μ¸É¨ ¸Î¨É ¥É¸Ö, ÎÉμ
(¢ ¸. Í. ³., ¸³. ·¨¸Ê´μ±) ´Ê±²μ´ ¨ χ-²¥¶Éμ´ ¸É ²±¨¢ ÕÉ¸Ö ¢¤μ²Ó z-μ¸¨, § ¤ ´-
´μ° ¥¤¨´¨Î´Ò³ ¢¥±Éμ·μ³ nk = (0, 0, 1), Éμ σ3-μ¶¥· Éμ· Ë ±É¨Î¥¸±¨ μ¶·¥¤¥-
²Ö¥É (¶μ²μ¦¨É¥²Ó´μ¥) ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  χ-²¥¶Éμ´ , ¶ ¤ ÕÐ¥£μ ´  ´Ê±-
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²μ´. �·¨ ÔÉμ³, ± ± ¨ · ´¥¥, ¢ ¸. Í. ³. ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ±μ´¥Î´μ° χ-Î -
¸É¨ÍÒ (¶·μÉ¨¢μ¶μ²μ¦´μ¥ ¤¢¨¦¥´¨Õ ±μ´¥Î´μ£μ ´Ê±²μ´ ) § ¤ ¥É¸Ö ¢¥±Éμ·μ³
nk′ ¨§ (2.6).

�μ¸±μ²Ó±Ê ³ É·¨Î´Ò° ¢¨¤ σ3-μ¶¥· Éμ·  ¸μ¢¶ ¤ ¥É ¸ Ö¢´Ò³ ¢¨¤μ³ μ¶¥· -

Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ° χ-Î ¸É¨ÍÒ αk = nk · σ = σ3 =
(

1 0
0 −1

)
, Éμ

¸μ£² ¸´μ (2.26) ´μ·³¨·μ¢ ´´Ò¥ ´  ¥¤¨´¨ÍÊ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò σ3-μ¶¥· Éμ-
· , μÉ¢¥Î ÕÐ¨¥ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ −1 ¨ +1, ¨³¥ÕÉ ¢¨¤

η−(k) =
(

0
1

)
¨ η+(k) =

(
1
0

)
. (2.33)

ˆ´¤¥±¸ +(−) μ§´ Î ¥É, ÎÉμ ¸¶¨´ ´ Î ²Ó´μ° χ-Î ¸É¨ÍÒ ´ ¶· ¢²¥´ ¢¤μ²Ó (¶·μ-
É¨¢) z-μ¸¨ ¨²¨, ¨´Ò³¨ ¸²μ¢ ³¨, ¶·μÉ¨¢ (¢¤μ²Ó) ¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ ´Ê±²μ´ 
(¢ ¸. Í. ³.).

“ ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ Å ´Ê±²μ´  ¨ χ-²¥¶Éμ´  Å ¸¶¨· ²Ó´μ¸ÉÓ ´¥
¸μÌ· ´Ö¥É¸Ö∗. �μÔÉμ³Ê ¢μ§³μ¦´μ ®±¢ ´Éμ¢ ÉÓ¯ ¸¶¨´Ò ´Ê±²μ´  ¨ χ-²¥¶Éμ´ 
´¥ ¶μ ´ ¶· ¢²¥´¨Õ ¨Ì ¸μ¡¸É¢¥´´μ£μ ¤¢¨¦¥´¨Ö (¡ §¨¸ ¸¶¨· ²Ó´μ¸É¨), ± ± ÔÉμ
¡Ò²μ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ ¢ · ¡μÉ¥ [1],   ¢¤μ²Ó ¨Ì μ¡Ð¥° μ¸¨ ¸Éμ²±´μ-
¢¥´¨Ö nk ¨²¨ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´ ²¥É ÕÐ¥° χ-Î ¸É¨ÍÒ ¢ ¸. Í. ³.

�Éμ μ§´ Î ¥É, ÎÉμ ¢¸¥ ¡¨¸¶¨´μ·Ò Å ´ Î ²Ó´μ£μ ηr(p) ¨ ±μ´¥Î´μ£μ ηr′(p′)
´Ê±²μ´ , ´ Î ²Ó´μ£μ ηs(k) ¨ ±μ´¥Î´μ£μ ηs′(k) χ-²¥¶Éμ´  Å Ö¢²ÖÕÉ¸Ö ¸μ¡-
¸É¢¥´´Ò³¨ ¢¥±Éμ· ³¨ μ¶¥· Éμ·  ®´ ¶· ¢²¥´¨Ö ¶μ z-μ¸¨¯, É. ¥. nk · σ = σ3

(μÉ¸Õ¤  σ3-¡ §¨¸):

σ3ηs(k) ≡
(

1 0
0 −1

)
ηs(k) = sηs(k),

σ3ηs′(k′) ≡
(

1 0
0 −1

)
ηs′(k′) = s′ηs′(k′),

(2.34)

σ3ηr(p) ≡
(

1 0
0 −1

)
ηr(p) = rηr(p),

σ3ηr′(p′) ≡
(

1 0
0 −1

)
ηr′(p′) = r′ηr′(p′).

‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ´ Î ²Ó´μ£μ ´Ê±²μ´  ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò η∓(p) μÉ¢¥Î ÕÉ
¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ r = ∓1. �μ¸±μ²Ó±Ê ¸¶¨´ ± ± ´ Î ²Ó´μ£μ, É ± ¨ ±μ-
´¥Î´μ£μ ´Ê±²μ´  ®±¢ ´ÉÊ¥É¸Ö¯ ¶μ μ¤´μ° ¨ Éμ° ¦¥ μ¸¨ (§ ¤ ´´μ° ´ ¶· ¢²¥´¨¥³
¶ ¤ ÕÐ¥£μ ²¥¶Éμ´  nk), É. ¥. ¨³¥¥É ¢¸¥£μ ¤¢¥ ¢μ§³μ¦´μ¸É¨ (²¨¡μ ¸μÌ· ´Ö¥É

∗‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ ¸μÌ· ´Ö¥É¸Ö ¶μ²´Ò° ¸¶¨´ ¸¨¸É¥³Ò ¤μ ¨ ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.
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§´ Î¥´¨¥ ¸¢μ¥° ¶·μ¥±Í¨¨ ´  ÔÉÊ μ¸Ó, ²¨¡μ ³¥´Ö¥É ¥¥ ¸É·μ£μ ´  ¶·μÉ¨¢μ¶μ-
²μ¦´ÊÕ), Éμ ¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨¨ ¸¶¨´  ±μ´¥Î´μ£μ ´Ê±²μ´ 
r′ = ∓1 (´  ÔÉÊ ¦¥ μ¸Ó) ¨³¥ÕÉ¸Ö ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò η∓(p′), ¸μ¢¶ ¤ ÕÐ¨¥
¸ η∓(p):

η+(p) = η+(p′) =
(

1
0

)
, η−(p) = η−(p′) =

(
0
1

)
. (2.35)

�μ¸±μ²Ó±Ê ¸¶¨´ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ χ-²¥¶Éμ´  ®¢¥¤¥É ¸¥¡Ö¯ ¸É·μ£μ É ±
¦¥, ± ± ¨ ¸¶¨´ ´Ê±²μ´ , É. ¥. ´ ¶· ¢²¥´ ²¨¡μ ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö nki , ²¨¡μ
¶·μÉ¨¢ ´¥£μ, Éμ  ´ ²μ£¨Î´μ ¨³¥¥³

η+(k) = η+(k′) =
(

1
0

)
, η−(k) = η−(k′) =

(
0
1

)
. (2.36)

ˆÉ ±, ´μ·³¨·μ¢ ´´Ò¥ ´  ¥¤¨´¨ÍÊ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò (2-±μ³¶μ´¥´É-
´Ò¥ ¡¨¸¶¨´μ·Ò) ®μ¶¥· Éμ·  ´ ¶· ¢²¥´¨Ö ¶μ z-μ¸¨¯ (É. ¥. nk · σ = σ3) ¤²Ö
´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ Î ¸É¨Í ¢ ¨Ì ¸. Í. ³. ¨³¥ÕÉ (μ¤¨´ ±μ¢μ ¶·μ¸Éμ°) ¢¨¤:

η+ ≡ η+(k) = η+(k′) =
(

1
0

)
= η+(p) = η+(p′) =

(
1
0

)
,

(2.37)

η− ≡ η−(p) = η−(p′) =
(

0
1

)
= η−(k) = η−(k′) =

(
0
1

)
.

�μ²ÊÎ¥´´Ò¥ ¢ÒÏ¥ ¡¨¸¶¨´μ·Ò ´¥μ¡Ìμ¤¨³Ò ¤²Ö ´ Ìμ¦¤¥´¨Ö Ö¢´ÒÌ ¢Ò· ¦¥-
´¨° ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ (¢ · §²¨Î´ÒÌ ¸μÎ¥É ´¨ÖÌ ¡¨¸¶¨´μ·´ÒÌ
¡ §¨¸μ¢) ´  ¡ §¥ Éμ±μ¢ÒÌ ³ É·¨Í.

2.3. ’μ±¨ ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ ¢ · §´ÒÌ ¡ §¨¸ Ì. „²Ö ´ Ìμ¦¤¥´¨Ö
Ö¢´μ£μ ¢¨¤  ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¸μ£² ¸´μ Ëμ·³Ê² ³ (2.13) ¨ (2.15)
´¥μ¡Ìμ¤¨³Ò ¡¨¸¶¨´μ·Ò ¢ ¢¨¤¥ Ëμ·³Ê² (2.32) ¨ (2.37) ¨ Éμ±μ¢Ò¥ ³ É·¨ÍÒ ´Ê-
±²μ´  ¨ ²¥¶Éμ´ , § ¤ ´´Ò¥ ¢Ò· ¦¥´¨Ö³¨ (2.17)Ä(2.19) ¨ (2.21)Ä(2.23). ‘ ¶μ-
³μÐÓÕ ¸μμÉ´μÏ¥´¨°∗

λ2
± = Ep ± m, ξ2

± = Eχ ± mχ,
(2.38)

λ+λ− = |p| = ξ+ξ− = |k| =
λ(s, m2, m2

χ)
2
√

s

∗�μ¤·μ¡´¥¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 5.
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¢ ¨´¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ m, mχ, |k| ¨ Eχ, Ep ¨§ (2.5) ÔÉ¨ ³ É·¨ÍÒ ¶·¨-
μ¡·¥É ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

V̂ 0(p′) =
(

Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ
eiφ(Ep − m) sin θ Ep + m + (Ep − m) cos θ

)
,

V̂ 1(p′) = |k|
(
−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)
,

V̂ 2(p′) = i|k|
(
−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)
,

V̂ 3(p′) = |k|
(
−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)
,

P̂ (p′) = |k|
(
−1 + cos θ e−iφ sin θ
eiφ sin θ 1 − cos θ

)
,

(2.39)

Â0(p′) = |k|
(
−(1 + cos θ) −e−iφ sin θ
−eiφ sin θ (1 + cos θ)

)
,

Â1(p′) =
(

(Ep − m) e−iφ sin θ (Ep + m) − (Ep − m) cos θ
(Ep + m) − (Ep − m) cos θ −(Ep − m) eiφ sin θ

)
,

Â2(p′) = i

(
(Ep − m) e−iφ sin θ −(Ep + m) + (Ep − m) cos θ

(Ep + m) − (Ep − m) cos θ (Ep − m) eiφ sin θ

)
,

Â3(p′) =
(

(Ep + m) + (Ep − m) cos θ (Ep − m) e−iφ sin θ
(Ep − m) eiφ sin θ −(Ep + m) − (Ep − m) cos θ

)
,

Ŝ(p′) =
(

Ep + m − (Ep − m) cos θ e−iφ(Ep − m) sin θ
−eiφ(Ep − m) sin θ Ep + m − (Ep − m) cos θ

)
;

V̂ 0(k′) =
(

Eχ + mχ + (Eχ − mχ) cos θ −e−iφ(Eχ − mχ) sin θ
eiφ(Eχ − mχ) sin θ Eχ + mχ + (Eχ − mχ) cos θ

)
,

V̂ 1(k′) = |k|
(

e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)
,

V̂ 2(k′) = i|k|
(

e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)
, (2.40)

V̂ 3(k′) = |k|
(

1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)
,

P̂ (k′) = −|k|
(
−1 + cos θ e−iφ sin θ
eiφ sin θ 1 − cos θ

)
,
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Â0(k′) = |k|
(

1 + cos θ e−iφ sin θ

eiφ sin θ −(1 + cos θ)

)
,

Â1(k′) =

(
(Eχ − mχ) e−iφ sin θ (Eχ + mχ) − (Eχ − mχ) cos θ

(Eχ + mχ) − (Eχ − mχ) cos θ −(Eχ − mχ) eiφ sin θ

)
,

Â2(k′) = i

(
(Eχ − mχ) e−iφ sin θ −(Eχ + mχ) + (Eχ − mχ) cos θ

(Eχ + mχ) − (Eχ − mχ) cos θ (Eχ − mχ) eiφ sin θ

)
,

Â3(k′) =

(
(Eχ + mχ) + (Eχ − mχ) cos θ (Eχ − mχ) e−iφ sin θ

(Eχ − mχ) eiφ sin θ −(Eχ + mχ) − (Eχ − mχ) cos θ

)
,

Ŝ(k′) =

(
Eχ + mχ − (Eχ − mχ) cos θ e−iφ(Eχ − mχ) sin θ

−eiφ(Eχ − mχ) sin θ Eχ + mχ − (Eχ − mχ) cos θ

)
.

ˆ§ Ëμ·³Ê² (2.39) ¨ (2.40) ¢¨¤´μ, ÎÉμ

V̂ 1(k′) = −V̂ 1(p′), V̂ 2(k′) = −V̂ 2(p′),

V̂ 3(k′) = −V̂ 3(p′), P̂ (k′) = −P̂ (p′).

�¸É ²Ó´Ò¥ ²¥¶Éμ´´Ò¥ Éμ±μ¢Ò¥ ³ É·¨ÍÒ V̂ 0(k′), Â1,2,3(k′), Ŝ(k′) ¸μ¢¶ ¤ ÕÉ

¶μ Ëμ·³¥ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¨³ ´Ê±²μ´´Ò³¨ ³ É·¨Í ³¨ V̂ 0(p′), Â1,2,3(p′),
Ŝ(p′) ¶μ¸²¥ § ³¥´Ò λ2

± = Ep±m ´  ξ2
± = Eχ±mχ. �μ¸±μ²Ó±Ê λ+λ− = |p| =

ξ+ξ− = |k|, Éμ ¢ Ëμ·³Ê² Ì (2.39) ¨ (2.40) μ¸É ¢²¥´  Éμ²Ó±μ § ¢¨¸¨³μ¸ÉÓ μÉ ³μ-
¤Ê²Ö ´ Î ²Ó´μ£μ ¨³¶Ê²Ó¸  ²¥¶Éμ´  |k|, ±μÉμ·Ò° Ë¨±¸¨·μ¢ ´ ¸μ£² ¸´μ (2.38).
ˆ´Ò³¨ ¸²μ¢ ³¨, ± ± ÔÉμ Ö¢´μ ¢¨¤´μ ¨§ ¸ ³¨Ì ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ Ëμ·³Ê²,
¸¢μ¡μ¤´Ò³¨ ¶ · ³¥É· ³¨ ¢¸¥Ì Éμ±μ¢ÒÌ ³ É·¨Í Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ Ê£²Ò θ ¨ φ.
�·£Ê³¥´ÉÒ ¦¥ ³ É·¨Í k′ ¨ p′ § ¢¨¸ÖÉ Éμ²Ó±μ μÉ ÔÉ¨Ì Ê£²μ¢ÒÌ ¶¥·¥³¥´´ÒÌ ¨
¢ Ëμ·³Ê² Ì (2.39) ¨ (2.40) ¸²Ê¦ É ¤²Ö · §²¨Î¨Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í
μÉ ²¥¶Éμ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í.

ˆÉ ±, ¢¸¥ ±μ³¶μ´¥´ÉÒ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, μ¶·¥¤¥²¥´´Ò¥
¢ (2.13) ¨ (2.15), ¸²¥¤Ê¥É ¢ÒÎ¨¸²ÖÉÓ ¶μ Ëμ·³Ê² ³

V 0
s′s(k

′, k) = ū(k′, s′) γ0u(k, s) = χ†
s′(k′)V̂ 0(k′)χs(k),

V 0
r′r(p

′, p) = χ†
r′(p′)V̂ 0(p′)χr(p),

Vs′s(k′, k) = ū(k′, s′)γ u(k, s) = χ†
s′(k′)V̂ (k′)χs(k),

Vr′r(p′, p) = χ†
r′(p′)V̂ (p′)χr(p),

A0
s′s(k

′, k) = ū(k′, s′) γ0γ5u(k, s) = χ†
s′(k′)Â0(k′)χs(k),

A0
r′r(p

′, p) = χ†
r′(p′)Â0(p′)χr(p),
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As′s(k′, k) = ū(k′, s′)γγ5u(k, s) = χ†
s′(k′)Â(k′)χs(k),

Ar′r(p′, p) = χ†
r′(p′)Â(p′)χr(p),

Ss′s(k′, k) = u(k′, s′)u(k, s) = χ†
s′(k′)Ŝ(k′)χs(k),

(2.41)
Sr′r(p′, p) = χ†

r′(p′)Ŝ(p′)χr(p),

Ps′s(k′, k) = u(k′, s′) γ5u(k, s) = χ†
s′(k′)P̂ (k′)χs(k),

Pr′r(p′, p) = χ†
r′(p′)P̂ (p′)χr(p).

2.3.1. � §¨¸ σ3. Šμ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢ η-¡ §¨¸¥.
„²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ö¢-
´Ò¥ ¢Ò· ¦¥´¨Ö Éμ±μ¢ÒÌ ´Ê±²μ´´ÒÌ (2.39) ¨ ²¥¶Éμ´´ÒÌ (2.40) ³ É·¨Í,   É ±¦¥
Ö¢´Ò° ¢¨¤ ¡¨¸¶¨´μ·μ¢ (2.37), μ¤¨´ ±μ¢Ò° ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´ . �·Ö³ Ö ¨Ì
¶μ¤¸É ´μ¢±  ¢ (2.13) ¨ (2.15) ¤ ¥É∗ ¢Ò· ¦¥´¨Ö ¤²Ö ±μ³¶μ´¥´É ´Ê±²μ´´μ£μ ¨
²¥¶Éμ´´μ£μ Éμ±μ¢ ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¡¨´ Í¨ÖÌ ¶·μ¥±Í¨° ¸¶¨´  ´ Î ²Ó-
´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê±²μ´  ¨ ²¥¶Éμ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ
²¥¶Éμ´ . ‚¸¥ ±μ³¶μ´¥´ÉÒ ´Ê±²μ´´μ£μ ¨ ²¥¶Éμ´´μ£μ Éμ±μ¢ ³μ¦´μ ¸μ¡· ÉÓ ¢
±μ³¶ ±É´Ò¥ ¢Ò· ¦¥´¨Ö ®4-¢¥±Éμ·´μ£μ É¨¶ ¯, ´ ¶·¨³¥·, ¤²Ö ¢¥±Éμ·´μ£μ Éμ± 
´Ê±²μ´  ¢ ¢¨¤¥

V η
r′r(p

′) ≡ V η; μ=0,1,2,3
r′r (p′) ≡

{
V η,0

r′r (p′), V η,1
r′r (p′), V η,2

r′r (p′), V η,3
r′r (p′)

}
.

’μ£¤  Î¥ÉÒ·Ò¥ ¢¥±Éμ·´ÒÌ Éμ±  ´Ê±²μ´  ¢ η-¡ §¨¸¥ É ±μ¢Ò:

V η
++(p′) =

{
Ep + m + cos θ(Ep − m),−|k| sin θ e−iφ,

− i|k| sin θ e−iφ,−|k|(1 + cos θ)
}
,

V η
−−(p′) =

{
Ep + m + cos θ(Ep − m),−|k| sin θ e+iφ,

+ i|k| sin θ e+iφ,−|k|(1 + cos θ)
}
,

(2.42)
V η

+−(p′) =
{
− (Ep − m) sin θ e−iφ, +|k|(1 − cos θ),

− i|k|(1 − cos θ), +|k| sin θ e−iφ
}
,

V η
−+(p′) =

{
+ (Ep − m) sin θ e+iφ,−|k|(1 − cos θ),

− i|k|(1 − cos θ),−|k| sin θ e+iφ
}
.

∗�·μ¨²²Õ¸É·¨·μ¢ ´  ¢ ¶·¨². 1.
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�´ ²μ£¨Î´μ Î¥ÉÒ·¥ ¢¥±Éμ·´ÒÌ Éμ±  ²¥¶Éμ´  ¢ η-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

V η
++(k′) =

{
Eχ + mχ + (Eχ − mχ) cos θ, |k| sin θ e−iφ,

+ i|k| sin θ e−iφ, |k|(1 + cos θ)
}
,

V η
−−(k′) =

{
Eχ + mχ + (Eχ − mχ) cos θ, |k| sin θ e+iφ,

− i|k| sin θ e+iφ, |k|(1 + cos θ)
}
,

(2.43)
V η

+−(k′) =
{
− (Eχ − mχ) sin θ e−iφ,−|k|(1 − cos θ),

i|k|(1 − cos θ),−|k| sin θ e−iφ
}
,

V η
−+(k′) =

{
+ (Eχ − mχ) sin θ e+iφ, +|k|(1 − cos θ),

i|k|(1 − cos θ), +|k| sin θ e+iφ
}
.

�±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ ´Ê±²μ´´Ò¥ Éμ±¨ ¢ η-¡ §¨¸¥ É ±μ¢Ò (¢·¥³¥´´μ Aη
r′r ≡

Aη
r′r(p

′)):

Aη
++ =

{
− |k|(1 + cos θ), +(Ep − m) sin θ e−iφ,

i(Ep − m) sin θ e−iφ, +(Ep + m + cos θ(Ep − m))
}
,

Aη
−− =

{
+ |k|(1 + cos θ),−(Ep − m) sin θ e+iφ,

i(Ep − m) sin θ e+iφ,−(Ep + m + cos θ(Ep − m))
}
,

(2.44)
Aη

+− =
{
− |k| sin θ e−iφ, Ep + m − cos θ(Ep − m),

− i(Ep + m − cos θ(Ep − m)), (Ep − m) sin θ e−iφ
}
,

Aη
−+ =

{
− |k| sin θ e+iφ, Ep + m − cos θ(Ep − m),

+ i(Ep + m − cos θ(Ep − m)), (Ep − m) sin θ e+iφ
}
.

„²Ö  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢ η-¡ §¨¸¥ ¨³¥¥É¸Ö (¢·¥³¥´´μ
Aη

s′s ≡ Aη
s′s(k

′)):

Aη
++ =

{
+ |k|(1 + cos θ), +(Eχ − mχ) sin θ e−iφ,

i(Eχ − mχ) sin θ e−iφ, +(Eχ + mχ) + (Eχ − mχ) cos θ
}
,

Aη
−− =

{
− |k|(1 + cos θ),−(Eχ − mχ) sin θ e+iφ,

i(Eχ − mχ) sin θ e+iφ,−(Eχ + mχ) − (Eχ − mχ) cos θ
}
,

(2.45)
Aη

+− =
{
|k| sin θ e−iφ, (Eχ+mχ)−(Eχ−mχ) cos θ,

− i(Eχ + mχ) + i(Eχ − mχ) cos θ, (Eχ − mχ) sin θ e−iφ
}
,

Aη
−+ =

{
|k| sin θ e+iφ, (Eχ+mχ)−(Eχ−mχ) cos θ,

+ i(Eχ + mχ) − i(Eχ − mχ) cos θ, (Eχ − mχ) sin θ e+iφ
}
.
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� ±μ´¥Í, ´Ê±²μ´´Ò¥ ¨ ²¥¶Éμ´´Ò¥ ¸± ²Ö·´Ò° ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò° Éμ±¨
¢ η-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

Sη
−−(p′) = Ep + m − (Ep − m) cos θ, Sη

−+(p′) = −(Ep − m) sin θ e+iφ,

Sη
++(p′) = Ep + m − (Ep − m) cos θ, Sη

+−(p′) = +(Ep − m) sin θ e−iφ,
(2.46)

P η
−−(p′) = +|k|(1 − cos θ), P η

−+(p′) = |k| sin θ e+iφ,

P η
++(p′) = −|k|(1 − cos θ), P η

+−(p′) = |k| sin θ e−iφ;

Sη
−−(k′) = Eχ + mχ − (Eχ − mχ) cos θ, Sη

−+(k′) = −(Eχ − mχ) sin θ e+iφ,

Sη
++(k′) = Eχ + mχ − (Eχ − mχ) cos θ, Sη

+−(k′) = +(Eχ − mχ) sin θ e−iφ,
(2.47)

P η
−−(k′) = −|k|(1 − cos θ), P η

−+(k′) = −|k| sin θ e+iφ,

P η
++(k′) = +|k|(1 − cos θ), P η

+−(k′) = −|k| sin θ e−iφ.

‡¤¥¸Ó ¶¥·¢Ò° ¨´¤¥±¸ s′(r′) = ∓1 μÉ¢¥Î ¥É §´ Î¥´¨Õ ¶·μ¥±Í¨¨ (Ê¤¢μ¥´´μ£μ)
¸¶¨´  ±μ´¥Î´μ£μ ²¥¶Éμ´  (´Ê±²μ´ ) ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶-
Éμ´ , ¢Éμ·μ° ¨´¤¥±¸ s(r) = ∓1 μÉ¢¥Î ¥É §´ Î¥´¨Õ ¶·μ¥±Í¨¨ (Ê¤¢μ¥´´μ£μ)
¸¶¨´  ´ Î ²Ó´μ£μ ²¥¶Éμ´  (´Ê±²μ´ ) ´  Éμ ¦¥ ¸ ³μ¥ ´ ¶· ¢²¥´¨¥.

‚Ò· ¦¥´¨Ö (2.42), (2.44), (2.46) ¨ (2.43), (2.45), (2.47) ¤ ÕÉ ¢¨¤ ´Ê±²μ´-
´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¤²Ö ¢¸¥Ì ¤μ¶Ê¸É¨³ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´  ´ -
Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê±²μ´  ¨ ²¥¶Éμ´  ´  ´ ¶· ¢²¥´¨¥ ¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ
²¥¶Éμ´ .

‚¸¥ ±μ³¶μ´¥´ÉÒ Éμ±μ¢ ¢ ¤·Ê£μ³ ¢¨¤¥. �·¨¢¥¤¥³ É ±¦¥ ¢¨¤ ¢¸¥Ì ±μ³¶μ-
´¥´É Éμ±μ¢ ¢ ¶¥·¥³¥´´ÒÌ λ± ¨ ξ±. „²Ö ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ
Éμ±μ¢ ¶μ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ¥¥:

V η
±±(k′) =

=
{
ξ2
+ + ξ2

− cos θ, ξ+ξ− sin θ e∓iφ,±iξ+ξ− sin θ e∓iφ, ξ+ξ−(1 + cos θ)
}

,

V η
±∓(k′) =

=
{
∓ ξ2

− sin θ e∓iφ,∓ξ+ξ−(1 − cos θ), iξ+ξ−(1 − cos θ),∓ξ+ξ− sin θ e∓iφ
}
,

(2.48)
V η
±±(p′) =

=
{
λ2

+ + λ2
− cos θ,−λ+λ− sin θ e∓iφ,∓iλ+λ− sin θ e∓iφ,−λ+λ−(1 + cos θ)

}
,

V η
±∓(p′) =

{
∓ λ2

− sin θ e∓iφ,±λ+λ−(1 − cos θ),

− iλ+λ−(1 − cos θ),±λ+λ− sin θ e∓iφ
}
.
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„²Ö  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´´μ£μ ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¶μ²ÊÎ ¥³

Aη
±±(k′) =

=
{
± ξ+ξ−(1 + cos θ),±ξ2

− sin θ e∓iφ, iξ2
− sin θ e∓iφ,±(ξ2

+ + ξ2
− cos θ)

}
,

Aη
±∓(k′) =

=
{

+ ξ+ξ− e∓iφ sin θ, ξ2
+ − ξ2

− cos θ,∓i(ξ2
+ − ξ2

− cos θ), ξ2
− sin θ e∓iφ

}
,

(2.49)
Aη

±±(p′) =

=
{
∓ λ+λ−(1 + cos θ),±λ2

− sin θ e∓iφ, iλ2
− sin θ e∓iφ,±(λ2

+ + λ2
− cos θ)

}
,

Aη
±∓(p′) =

=
{
− λ+λ− sin θ e∓iφ, λ2

+ − λ2
− cos θ,∓i(λ2

+ − λ2
− cos θ), λ2

− sin θ e∓iφ
}
.

�Ê±²μ´´Ò¥ (2.46) ¨ ²¥¶Éμ´´Ò¥ (2.47) ¸± ²Ö·´Ò¥ ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ Éμ±¨ ¢
η-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

Sη
∓∓(p′) = λ2

+ − λ2
− cos θ, Sη

∓∓(k′) = ξ2
+ − ξ2

− cos θ,

Sη
∓±(p′) = ∓λ2

− sin θ e±iφ, Sη
∓±(k′) = ∓ξ2

− sin θ e±iφ,
(2.50)

P η
∓∓(p′) = ±λ+λ−(1 − cos θ), P η

∓±(p′) = +λ+λ− sin θ e±iφ,

P η
∓∓(k′) = ∓ξ+ξ−(1 − cos θ), P η

∓±(k′) = −ξ+ξ− sin θ e±iφ.

2.3.2. � §¨¸ ¸¶¨· ²Ó´μ¸É¨. Šμ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢
χ-¡ §¨¸¥. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢ χ-¡ -
§¨¸¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö Éμ±μ¢ÒÌ ´Ê±²μ´´ÒÌ ³ É·¨Í (2.39)
¨ (2.40) ¨ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ χ-¸¶¨´μ·μ¢ (2.32).
�μ¤¸É ¢²ÖÖ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢ Ëμ·³Ê²Ò ¤²Ö ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ (2.41) Éμ-
±μ¢ ¨ ÊÎ¨ÉÒ¢ Ö Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ (2.39) ¨ ²¥¶Éμ´´ÒÌ (2.40) Éμ±μ¢ÒÌ ³ -
É·¨Í, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ (¢ ¸. Í. ³. ²¥¶Éμ´Ä´Ê±²μ´) ¢Ò· ¦¥´¨Ö ¤²Ö 4-¢¥±Éμ·´ÒÌ,
4- ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ, 1-¸± ²Ö·´ÒÌ ¨ 1-¶¸¥¢¤μ¸± ²Ö·´ÒÌ ´Ê±²μ´´ÒÌ ¨ ²¥¶-
Éμ´´ÒÌ Éμ±μ¢∗. �´¨ ¤ ´Ò ´¨¦¥ ¢ ¢¨¤¥ Ë ±É¨Î¥¸±μ° § ¢¨¸¨³μ¸É¨ μÉ ¨³¶Ê²Ó¸μ¢
±μ´¥Î´ÒÌ Ë¥·³¨μ´μ¢.

‚¥±Éμ·´Ò¥ Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

V χ,μ=0,1,2,3
−− (p′) =

= 2

{
+ Ep cos

θ

2
e+iφ, −|k| sin θ

2
, −i|k| sin θ

2
, −|k| cos

θ

2
e+iφ

}
,

∗�μ¤·μ¡´¥¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 1.
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V χ,μ=0,1,2,3
−+ (p′) = 2m

{
sin

θ

2
, 0, 0, 0

}
,

V χ,μ=0,1,2,3
+− (p′) = 2m

{
sin

θ

2
, 0, 0, 0

}
,

V χ,μ=0,1,2,3
++ (p′) =

= 2

{
− Ep cos

θ

2
e−iφ, +|k| sin θ

2
, −i|k| sin θ

2
, +|k| cos

θ

2
e−iφ

}
,

(2.51)
V χ,μ=0,1,2,3
−− (k′) =

= 2

{
+ Eχ cos

θ

2
, +|k| sin θ

2
e+iφ, −i|k| sin θ

2
e+iφ, +|k| cos

θ

2

}
,

V χ,μ=0,1,2,3
−+ (k′) = −2mχ e+iφ

{
sin

θ

2
, 0, 0, 0

}
,

V χ,μ=0,1,2,3
+− (k′) = +2mχ e−iφ

{
sin

θ

2
, 0, 0, 0

}
,

V χ,μ=0,1,2,3
++ (k′) =

= 2

{
+ Eχ cos

θ

2
, +|k| sin θ

2
e−iφ, +i|k| sin θ

2
e−iφ, +|k| cos

θ

2

}
.

�±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

Aχ,μ=0,1,2,3
−− (p′) =

= 2

{
− |k| cos

θ

2
eiφ, +Ep sin

θ

2
, +iEp sin

θ

2
, +Ep cos

θ

2
eiφ

}
,

Aχ,μ=0,1,2,3
−+ (p′) = 2m

{
0, + cos

θ

2
e+iφ,−i cos

θ

2
e+iφ,− sin

θ

2

}
,

(2.52)

Aχ,μ=0,1,2,3
+− (p′) = 2m

{
0,− cos

θ

2
e−iφ,−i cos

θ

2
e−iφ, + sin

θ

2

}
,

Aχ,μ=0,1,2,3
++ (p′) =

= 2

{
− |k| cos

θ

2
e−iφ, +Ep sin

θ

2
,−iEp sin

θ

2
, +Ep cos

θ

2
e−iφ

}
,
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Aχ,μ=0,1,2,3
−− (k′) =

= 2

{
− |k| cos

θ

2
,−Eχ sin

θ

2
e+iφ, +iEχ sin

θ

2
e+iφ,−Eχ cos

θ

2

}
,

Aχ,μ=0,1,2,3
−+ (k′) = 2mχ

{
0, + cos

θ

2
, +i cos

θ

2
,− sin

θ

2
e+iφ

}
,

Aχ,μ=0,1,2,3
+− (k′) = 2mχ

{
0, + cos

θ

2
,−i cos

θ

2
,− sin

θ

2
e−iφ

}
,

Aχ,μ=0,1,2,3
++ (k′) =

= 2

{
+ |k| cos

θ

2
, +Eχ sin

θ

2
e−iφ, +iEχ sin

θ

2
e−iφ, +Eχ cos

θ

2

}
.

‘± ²Ö·´Ò¥ ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ ¨³¥-
ÕÉ ¢¨¤

Sχ
−−(p′) = +2m cos

θ

2
e+iφ, Sχ

−−(k′) = +2mχ cos
θ

2
,

Sχ
−+(p′) = +2Ep sin

θ

2
, Sχ

−+(k′) = −2Eχ sin
θ

2
e+iφ,

Sχ
+−(p′) = +2Ep sin

θ

2
, Sχ

+−(k′) = +2Eχ sin
θ

2
e−iφ,

Sχ
++(p′) = −2m cos

θ

2
e−iφ, Sχ

++(k′) = +2mχ cos
θ

2
, (2.53)

Pχ
−−(p′) = Pχ

++(p′) = 0, Pχ
−−(k′) = Pχ

++(k′) = 0,

Pχ
−+(p′) = +2|k| sin θ

2
, Pχ

−+(k′) = −2|k| sin θ

2
e+iφ,

Pχ
+−(p′) = −2|k| sin θ

2
, Pχ

+−(k′) = −2|k| sin θ

2
e−iφ.

�É³¥É¨³, ÎÉμ ¶μ²ÊÎ¥´´ Ö ® ¸¨³³¥É·¨Ö §´ ±μ¢¯ ³¥¦¤Ê ¶·¨¢¥¤¥´´Ò³¨ ¢ÒÏ¥
¶¸¥¢¤μ¸± ²Ö·´Ò³¨ ²¥¶Éμ´´Ò³¨ Éμ± ³¨ Pχ

−+(k′) ¨ Pχ
+−(k′) ¨ ¸μμÉ¢¥É¸É¢¥´´μ

´Ê±²μ´´Ò³¨ Éμ± ³¨

Pχ
+−(p′) = −2|k| sin θ

2
, Pχ

−+(p′) = +2|k| sin θ

2

μ¡ÑÖ¸´Ö¥É¸Ö ¶¥·¢μ´ Î ²Ó´Ò³ μ¶·¥¤¥²¥´¨¥³ ¡¨¸¶¨´μ·μ¢ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ-
¸É¨, £¤¥ ¢¢¥¤¥´ ®¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó¯ −eiφ Ê χ+(p′).

‚¸¥ ±μ³¶μ´¥´ÉÒ Éμ±μ¢ ¢ ¤·Ê£μ³ ¢¨¤¥. ‚¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ Éμ±¨ ¸μ-
£² ¸´μ (2.38) ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¶¥·¥³¥´´Ò¥ λ± ¨ ξ±. ’μ£¤  ¢¥±Éμ·´Ò¥
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Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ É ±μ¢Ò:

V χ,μ=0,1,2,3
∓∓ (p′) =

=2

{
± (λ2

− + m) cos
θ

2
e±iφ,∓λ+λ− sin

θ

2
,−iλ+λ− sin

θ

2
,∓λ+λ− cos

θ

2
e±iφ

}
,

V χ,μ=0,1,2,3
∓± (p′) = 2m

{
sin

θ

2
, 0, 0, 0

}
,

(2.54)
V χ,μ=0,1,2,3
∓∓ (k′) =

=2

{
+ (ξ2

− + mχ) cos
θ

2
, +ξ+ξ− sin

θ

2
e±iφ,∓iξ+ξ− sin

θ

2
e±iφ, +ξ+ξ− cos

θ

2

}
,

V χ,μ=0,1,2,3
∓± (k′) = ∓2mχ e±iφ

{
sin

θ

2
, 0, 0, 0

}
.

�±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ ¨³¥ÕÉ ¢¨¤

Aχ,μ=0,1,2,3
∓∓ (p′) = 2

{
− λ+λ− cos

θ

2
e±iφ, (λ2

− + m) sin
θ

2
,

± i(λ2
− + m) sin

θ

2
, (λ2

− + m) cos
θ

2
e±iφ

}
,

Aχ,μ=0,1,2,3
∓± (p′) = 2m

{
0,± cos

θ

2
e±iφ,−i cos

θ

2
e±iφ,∓ sin

θ

2

}
,

(2.55)

Aχ,μ=0,1,2,3
∓∓ (k′) = 2

{
∓ ξ+ξ− cos

θ

2
,∓(ξ2

− + mχ) sin
θ

2
e±iφ,

i(ξ2
− + mχ) sin

θ

2
e±iφ,∓(ξ2

− + mχ) cos
θ

2

}
,

Aχ,μ=0,1,2,3
∓± (k′) = 2mχ

{
0, + cos

θ

2
,± i cos

θ

2
,− sin

θ

2
e±iφ

}
.

‘± ²Ö·´Ò¥ ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ Éμ±¨ ¤²Ö ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ χ-¡ §¨¸¥ ¨³¥ÕÉ
¢¨¤

Sχ
∓∓(p′) = ±2m cos

θ

2
e±iφ, Sχ

∓∓(k′) = +2mχ cos
θ

2
,

Sχ
∓±(p′) = +2(λ2

− + m) sin
θ

2
, Sχ

∓±(k′) = ∓2(ξ2
− + mχ) sin

θ

2
e±iφ,
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Pχ
−−(p′) = Pχ

++(p′) = 0, Pχ
−−(k′) = Pχ

++(k′) = 0,
(2.56)

Pχ
∓±(p′) = ±2λ+λ− sin

θ

2
, Pχ

∓±(k′) = −2ξ+ξ− sin
θ

2
e±iφ.

‚¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ±μ³¶μ´¥´ÉÒ Ë¥·³¨μ´´ÒÌ Éμ±μ¢ (¢ ¸. Í. ³.) ´¥
§ ¢¨¸ÖÉ μÉ ¨³¶Ê²Ó¸  k,   § ¢¨¸ÖÉ Éμ²Ó±μ μÉ ´ ¶· ¢²¥´¨Ö ¨³¶Ê²Ó¸  k′ · ¸¸¥Ö´-
´μ£μ ²¥¶Éμ´ , É. ¥. μÉ ¶¥·¥³¥´´ÒÌ θ ¨ φ. Š·μ³¥ Éμ£μ, ¸·¥¤¨ Î¥ÉÒ·¥Ì ²μ·¥´Í-
±μ³¶μ´¥´É ²Õ¡ÒÌ Éμ±μ¢ ´¨±μ£¤  ´¥ ¢¸É·¥Î ÕÉ¸Ö μ¤´μ¢·¥³¥´´μ ±μ³¶μ´¥´ÉÒ
¸ Ë §μ¢Ò³¨ Ë ±Éμ· ³¨ e−iφ ¨ e+iφ. …¸²¨ ´¨ μ¤¨´ ¨§ Î¥ÉÒ·¥Ì Ô²¥³¥´Éμ¢ Éμ± 
´¥ · ¢¥´ ´Ê²Õ, Éμ ¨³¥¥É¸Ö  ²ÓÉ¥·´ É¨¢ : ²¨¡μ ¤¢  Ô²¥³¥´É  ¸ Ë ±Éμ·μ³ e−iφ

¨ ¤¢  ¢μμ¡Ð¥ ¡¥§ É ±μ£μ Ë §μ¢μ£μ Ë ±Éμ· , ²¨¡μ ¤¢  Ô²¥³¥´É  ¸ Ë ±Éμ·μ³
e+iφ ¨ μ¶ÖÉÓ ¤¢  ¡¥§ Ë §μ¢μ£μ Ë ±Éμ· .

2.3.3. ‘¢μ°¸É¢  Éμ±μ¢ ¢ · §´ÒÌ ¡ §¨¸ Ì. �É³¥É¨³, ÎÉμ ¢Ò· ¦¥´¨Ö ¤²Ö
(´Ê±²μ´´ÒÌ ¸² ¡ÒÌ) Éμ±μ¢, ¶μ²ÊÎ¥´´Ò¥ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¨ ¨³¥ÕÐ¨¥
¢¨¤ (2.51)Ä(2.53), ¸ÊÐ¥¸É¢¥´´Ò³ μ¡· §μ³ μÉ²¨Î ÕÉ¸Ö μÉ  ´ ²μ£¨Î´ÒÌ ¢Ò· -
¦¥´¨° ¢ σ3-¡ §¨¸¥, § ¤ ´´ÒÌ Ëμ·³Ê² ³¨ (2.42)Ä(2.47). �Éμ μ¡Ê¸²μ¢²¥´μ · §-
´¨Í¥° ¢ Ë¨§¨Î¥¸±μ³ ¨ ³ É¥³ É¨Î¥¸±μ³ ¸³Ò¸²¥ ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° r, r′ (¨
s′, s) ¢ · §´ÒÌ ¡ §¨¸ Ì.

’ ±, ¢ ¢Ò· ¦¥´¨ÖÌ (2.51)Ä(2.53) ¢¥²¨Î¨´Ò r, r′ (s′, s) Å ÔÉμ (Ê¤¢μ¥´´Ò¥)
¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  (²¥¶Éμ´ ) ´  ´ Î ²Ó´μ¥ ¨ ±μ´¥Î´μ¥ ´ ¶· ¢²¥´¨¥
¨³¶Ê²Ó¸  ¸ ³μ£μ ´Ê±²μ´  (²¥¶Éμ´ ), ¢ Éμ ¢·¥³Ö ± ± ¢ ¢Ò· ¦¥´¨ÖÌ (2.42)Ä
(2.47) ¢¥²¨Î¨´Ò r, r′ (s′, s) Å (Ê¤¢μ¥´´Ò¥) ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  (²¥¶-
Éμ´ ) ´  ´¥±μÉμ·ÊÕ § · ´¥¥ Ë¨±¸¨·μ¢ ´´ÊÕ μ¸Ó, ±μÉμ· Ö ¢ ¤ ´´μ³ ¸²Ê-
Î ¥ ¢Ò¡· ´  ¢¤μ²Ó ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö (3-¨³¶Ê²Ó¸  k) ´ Î ²Ó´μ£μ ²¥¶-
Éμ´ .

„¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¸± -
¦¥³, ´Ê±²μ´ · ¸¸¥¨¢ ¥É¸Ö ´ § ¤ (cos θ = −1), Éμ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ μ¡μ-
§´ Î¥´¨¥ ¢ ¢¨¤¥ ¨´¤¥±¸μ¢ (++) ¨³¥¥É É ±μ° ¸³Ò¸², ÎÉμ ´ ¶· ¢²¥´¨¥ ¸¶¨´ 
´Ê±²μ´  ³¥´Ö¥É¸Ö ¸É·μ£μ ´  ¶·μÉ¨¢μ¶μ²μ¦´μ¥ (¢³¥¸É¥ ¸ ´ ¶· ¢²¥´¨¥³ ¥£μ
¨³¶Ê²Ó¸ ). �´ ²μ£¨Î´μ¥ ¸¢μ°¸É¢μ ¸¶· ¢¥¤²¨¢μ ¨ ¤²Ö ²¥¶Éμ´ .

‚ ¡ §¨¸¥, £¤¥ ¸¶¨´ ´Ê±²μ´  ±¢ ´ÉÊ¥É¸Ö (®´ ¸¨²Ó´μ Ê¤¥·¦¨¢ ¥É¸Ö¯) ¢¤μ²Ó
Ë¨±¸¨·μ¢ ´´μ° μ¸¨ (σ3-¡ §¨¸), ¨´¤¥±¸Ò (++) ¢ Éμ° ¦¥ ¸¨ÉÊ Í¨¨, ±μ£¤  ´Ê-
±²μ´ · ¸¸¥¨¢ ¥É¸Ö ´ § ¤, μ§´ Î ¥É, ÎÉμ ¸¶¨´ ´Ê±²μ´  ¢μμ¡Ð¥ ´¥ ³¥´Ö¥É ¸¢μ¥°
μ·¨¥´É Í¨¨ μÉ´μ¸¨É¥²Ó´μ ÔÉμ° ¢Ò¡· ´´μ° μ¸¨, ÌμÉÖ ´Ê±²μ´ ®²¥É¨É¯ ¢ μ¡· É-
´ÊÕ ¸Éμ·μ´Ê. ’ ± Ö ¢μ§³μ¦´μ¸ÉÓ ´¥μ¡Ìμ¤¨³  ¤²Ö ¶· ¢¨²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö
¶μ´ÖÉ¨Ö ±μ£¥·¥´É´μ¸É¨ ¶·¨ · ¸¸¥Ö´¨¨ Î ¸É¨Í ´  ¸¢Ö§ ´´μ° ¸¨¸É¥³¥ ³´μ£¨Ì
Î ¸É¨Í-· ¸¸¥¨¢ É¥²¥°, ±μÉμ·μ° Ö¢²Ö¥É¸Ö  Éμ³´μ¥ Ö¤·μ.

�¡¸Ê¤¨³ ´¥¸±μ²Ó±μ ¶μ¤·μ¡´¥¥ ·¥§Ê²ÓÉ ÉÒ, ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ¢Ò· ¦¥-
´¨ÖÌ (2.42) ¨ (2.44). „²Ö ÔÉμ° Í¥²¨ μ¡· É¨³¸Ö ± ´ ¨¡μ²¥¥ ¨´É¥·¥¸´Ò³
¸²ÊÎ Ö³: a) ±μ£¤  ´Ê±²μ´ · ¸¸¥¨¢ ¥É¸Ö ¢¶¥·¥¤ (cos θ = 1); ¡) ±μ£¤  ´Ê-
±²μ´ · ¸¸¥¨¢ ¥É¸Ö ´ § ¤ (cos θ = −1); ¢) ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ·¥¦¨³, ±μ£¤ √

s → m + mχ.
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a) �·¨ cos θ = 1 (¨ sin θ = 0) ¸μ£² ¸´μ (2.42) ´Ê±²μ´´Ò° ¢¥±Éμ·´Ò° Éμ±
¶·¨´¨³ ¥É ¢¨¤

lim
cos θ→1

V η
++(p′) = lim

cos θ→1
V η
−−(p′) = 2

{
Ep, 0, 0,−|p|

}
,

¶μ¸±μ²Ó±Ê |p| = |k|, ¨ ¸¢μ¤¨É¸Ö ± 4-¨³¶Ê²Ó¸Ê ´Ê±²μ´ , ¤¢¨¦ÊÐ¥³Ê¸Ö ¢¤μ²Ó
(ÉμÎ´¥¥, ¶·μÉ¨¢) ´ ¶· ¢²¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´ . �¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´ 
§  ¸Î¥É É ±μ£μ Éμ±  ´¥¢μ§³μ¦¥´, ¶μ¸±μ²Ó±Ê μ¸É ²Ó´Ò¥ ¤¢¥ ±μ³¶μ´¥´ÉÒ ¢¥±-
Éμ·´μ£μ Éμ±  μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó:

lim
cos θ→1

V η
+−(p′) = lim

cos θ→1
V η
−+(p′) = 0.

�μ¢´μ Éμ ¦¥ ¸ ³μ¥ ¶·¨ cos θ = 1 ¶·μ¨¸Ìμ¤¨É ¨ ¢ ¸²ÊÎ ¥ ²¥¶Éμ´´μ£μ (2.43)
³ ¸¸¨¢´μ£μ Éμ± :

V η
++(k′) = V η

−−(k′) = 2
{
Eχ, 0, 0,−|k|

}
¨ V η

+−(k′) = V η
−+(k′) = 0.

� μ¡μ·μÉ, (¶μ²´Ò°) ¶¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  ¸É ´μ¢¨É¸Ö ¢μ§³μ¦´Ò³ ¢
¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ¢¶¥·¥¤ ¡² £μ¤ ·Ö  ±¸¨ ²Ó´μ³Ê Éμ±Ê, ¶μ¸±μ²Ó±Ê ¢μ§´¨± ÕÉ
´¥´Ê²¥¢Ò¥ ±μ³¶μ´¥´ÉÒ  ±¸¨ ²Ó´μ£μ Éμ±  ¢ ¶¥·¶¥´¤¨±Ê²Ö·´μ° (¤¢¨¦¥´¨Õ ²¥¶-
Éμ´ ) ¶²μ¸±μ¸É¨:

lim
cos θ→1

Aη
+−(p′) = 2m(0, 1,−i, 0), lim

cos θ→1
Aη

−+(p′) = 2m(0, 1, i, 0).

ˆ´É¥·¥¸´μ, ÎÉμ ¢ μÉ²¨Î¨¥ μÉ ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ ¨  ´É¨´¥°É·¨´μ ¤²Ö ³ ¸-
¸¨¢´μ£μ ²¥¶Éμ´  É ±¦¥ ¢μ§³μ¦¥´ ¶μ²´Ò° ¶¥·¥¢μ·μÉ ¸¶¨´  ¶·¨ cos θ = 1:

lim
cos θ→1

Aη
+−(k′) = 2mχ(0, 1,−i, 0), lim

cos θ→1
Aη

−+(k′) = 2mχ(0, 1, i, 0).

�Éμ ¶μ¤É¢¥·¦¤ ¥É μ¡Ð¥¥ ¶· ¢¨²μ, ¸μ£² ¸´μ ±μÉμ·μ³Ê ¶¥·¥¢μ·μÉ ¸¶¨´  ®μ¡Ö-
§ ´¯ ¨¸±²ÕÎ¨É¥²Ó´μ ´¥´Ê²¥¢Ò³ §´ Î¥´¨Ö³ ³ ¸¸ Î ¸É¨Í.

Šμ£¤  cos θ = 1 ± ± ¤²Ö ´Ê±²μ´  (2.44), É ± ¨ ¤²Ö ²¥¶Éμ´  (2.45), ¶·μ¨¸Ìμ-
¤¨É ¶μ²´ Ö ±μ³¶¥´¸ Í¨Ö  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³¨ ¶·μ¥±Í¨Ö³¨
¸¶¨´ :

lim
cos θ→1

(
Aη

++(p′) + Aη
−−(p′)

)
= lim

cos θ→1

(
Aη

++(k′) + Aη
−−(k′)

)
= 0. (2.57)

�Éμ ¸μ±· Ð¥´¨¥ ³μ¦´μ ¶μ´ÖÉÓ c ÊÎ¥Éμ³ Éμ£μ, ÎÉμ  ±¸¨ ²Ó´Ò° Éμ± Ë¥·³¨-
μ´ , μ¡² ¤ ÕÐ¥£μ μ¤´¨³ ¨ É¥³ ¦¥ ´ Î ²Ó´Ò³ ¨ ±μ´¥Î´Ò³ ¨³¶Ê²Ó¸μ³ p ¨
μ¤´μ° ¨ Éμ° ¦¥ ¶·μ¥±Í¨¥° ¸¶¨´  r, ¶·μ¶μ·Í¨μ´ ²¥´ ¢¥±Éμ·Ê 4-¸¶¨´  sμ, É. ¥.
u(p, r)γμγ5u(p, r) = 2mrsμ. �μÔÉμ³Ê

u(p, +1)γμγ5u(p, +1) + u(p,−1)γμγ5u(p,−1) = 2m(+1)sμ + 2m(−1)sμ = 0,

ÎÉμ ¢ ÉμÎ´μ¸É¨ ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò· ¦¥´¨Õ (2.57) ¢ ¸²ÊÎ ¥ · ¸¸¥Ö´¨Ö ´Ê±²μ´ 
¢¶¥·¥¤.
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¡) �·¨ · ¸¸¥Ö´¨¨ ´Ê±²μ´  ´ § ¤, É. ¥. ±μ£¤  cos θ = −1 (¨ sin θ = 0),
¸μÌ· ´ÖÕÐ¨¥ ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢¥±Éμ·´Ò¥ ¨  ±¸¨ ²Ó´Ò¥
Éμ±¨ (2.44) ¨ (2.45) ¸¢μ¤ÖÉ¸Ö ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

lim
cos θ→−1

V η
++(p′) = lim

cos θ→−1
V η
−−(p′) = 2m(1, 0, 0, 0),

lim
cos θ→−1

V η
++(k′) = lim

cos θ→−1
V η
−−(k′) = 2mχ(1, 0, 0, 0),

lim
cos θ→−1

Aη
++(p′) = 2m(0, 0, 0, 1), lim

cos θ→−1
Aη

−−(p′) = 2m(0, 0, 0,−1),

lim
cos θ→−1

Aη
++(k′) = 2mχ(0, 0, 0, 1), lim

cos θ→−1
Aη

−−(p′) = 2mχ(0, 0, 0,−1).

�¥·¥¢μ·μÉ ¸¶¨´  ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢μ§³μ¦¥´ §  ¸Î¥É ¸²¥¤ÊÕÐ¨Ì ´¥´Ê²¥¢ÒÌ
±μ³¶μ´¥´É:

lim
cos θ→−1

V η
+−(p′) = 2|p|(0, +1,−i, 0), lim

cos θ→−1
V η
−+(p′) = 2|p|(0,−1,−i, 0),

lim
cos θ→−1

V η
+−(k′) = 2|k|(0,−1, +i, 0), lim

cos θ→−1
V η
−+(k′) = 2|k|(0, +1, +i, 0),

lim
cos θ→−1

Aη
+−(p′) = 2Ep(0, +1,−i, 0), lim

cos θ→−1
Aη

−+(p′) = 2Ep(0, +1, +i, 0),

lim
cos θ→−1

Aη
+−(k′) = 2Eχ(0, +1,−i, 0), lim

cos θ→−1
Aη

−+(k′) = 2Eχ(0, +1, +i, 0).

¢) ‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ (É. ¥. ±μ£¤  |k| 
 Ep − m 
 Eχ − mχ 
 0)
¢¥±Éμ·´Ò¥ Éμ±¨ ¸μÌ· ´ÖÕÉ ´ ¶· ¢²¥´¨¥ ¸¶¨´  ´Ê±²μ´  ¨ ²¥¶Éμ´ , ¶μ¸±μ²Ó±Ê

lim√
s→{m}

V η
++(p′) = lim√

s→{m}
V η
−−(p′) = 2m

{
1, 0, 0, 0

}
,

lim√
s→{m}

V η
+−(p′) = V η

−+(p′) =
{
0, 0, 0, 0

}
,

lim√
s→{m}

V η
++(k′) = lim√

s→{m}
V η
−−(k′) = 2mχ

{
1, 0, 0, 0

}
,

lim√
s→{m}

V η
+−(k′) = V η

−+(k′) =
{
0, 0, 0, 0

}
.

�±¸¨ ²Ó´Ò¥ Éμ±¨ ³μ£ÊÉ ± ± ¸μÌ· ´ÖÉÓ ¶·μ¥±Í¨Õ ¸¶¨´  ´Ê±²μ´  ¨ ²¥¶Éμ´  § 
¸Î¥É Î²¥´μ¢

lim√
s→{m}

Aη
++(p′) = +2m

{
0, 0, 0, 1

}
, lim√

s→{m}
Aη

−−(p′) = −2m
{
0, 0, 0, 1

}
,

lim√
s→{m}

Aη
++(k′) = +2mχ

{
0, 0, 0, 1

}
, lim√

s→{m}
Aη

−−(k′) = −2mχ

{
0, 0, 0, 1

}
,

É ± ¨ ³¥´ÖÉÓ ¨Ì ¶·μ¥±Í¨¨ ¸¶¨´  ´  ¶·μÉ¨¢μ¶μ²μ¦´Ò¥:

lim√
s→{m}

Aη
+−(p′) = 2m

{
0, 1,−i, 0

}
, lim√

s→{m}
Aη

−+(p′) = 2m
{
0, 1, i, 0

}
,

lim√
s→{m}

Aη
+−(k′) = 2mχ

{
0, 1,−i, 0

}
, lim√

s→{m}
Aη

−+(k′) = 2mχ

{
0, 1, i, 0

}
.
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Œμ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¢ ÔÉμ³ ¶·¥¤¥²¥  ´ ²μ£¨Î´μ (2.57) ¨³¥¥É¸Ö ¸μ±· Ð¥´¨¥:

lim√
s→{m}

(
Aη

++(p′) + Aη
−−(p′)

)
= lim√

s→{m}

(
Aη

++(k′) + Aη
−−(k′)

)
= 0. (2.58)

3. ‘Š�‹Ÿ��›… ���ˆ‡‚…„…�ˆŸ

”μ·³ ²Ó´μ (¤²Ö ¨²²Õ¸É· Í¨¨) ´Ê±²μ´´Ò° Éμ± ¶·¨ ¢¸¥Ì §´ Î¥´¨ÖÌ ¶·μ-
¥±Í¨¨ ¸¶¨´  ´ Î ²Ó´μ£μ (¢Éμ·μ° ¨´¤¥±¸ r = ±1) ¨ ±μ´¥Î´μ£μ (¶¥·¢Ò° ¨´¤¥±¸
r′ = ±1) ´Ê±²μ´  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ± · §²μ¦¥´¨¥ ¶μ ®¡ §¨¸´Ò³¯ Éμ± ³
(¸ μ£μ¢μ·± ³¨ ¨§ ¶. 2.1):

hμ
r′,r(p

′, p) ≡ u(p′, r′) Oμ
f u(p, r) =

= u(p′, r′)
{
hf

V γμ + hf
Aγμγ5 + hf

P γ5 + hf
S

}
u(p, r) =

= hf
V V μ

r′r(p
′, p) + hf

AAμ
r′r(p

′, p) + hf
SSr′r(p′, p) + hf

P Pr′r(p′, p). (3.1)

ˆ´¤¥±¸ ´Ê±²μ´  f , · ¢´Ò° n ¨²¨ p, ¢·¥³¥´´μ μ¸É ¢²¥´ Éμ²Ó±μ Ê ±μ´¸É ´É
¸¢Ö§¨. �´ ²μ£¨Î´μ ²¥¶Éμ´´Ò° Éμ± ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨ÖÌ ¸¶¨· ²Ó-
´μ¸É¨ (¶·μ¥±Í¨¨ ¸¶¨´ ) ´ Î ²Ó´μ° (¨´¤¥±¸ s = ±1) ¨ ±μ´¥Î´μ° (¨´¤¥±¸
s′ = ±1) χ-Î ¸É¨ÍÒ ³μ¦´μ § ¶¨¸ ÉÓ Ëμ·³ ²Ó´μ ¢ ¢¨¤¥

lμs′,s(k
′, k) ≡ u(k′, s′) Oμ

χ u(k, s) =

= u(k′, s′)
{
χV γμ + χAγμγ5 + χP γ5 + χS

}
u(k, s) =

= χV V μ
s′s(k

′, k) + χAAμ
s′s(k

′, k) + χSSs′s(k′, k) + χP Ps′s(k′, k). (3.2)

‚¥±Éμ·´Ò¥,  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥, ¸± ²Ö·´Ò¥ ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ ´Ê±²μ´´Ò¥
¨ ²¥¶Éμ´´Ò¥ Éμ±¨ μ¶·¥¤¥²¥´Ò Ëμ·³Ê² ³¨ (2.2). ‚ ·¥§Ê²ÓÉ É¥ ¢¨¤´μ, ÎÉμ ¸± -
²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´μ£μ (3.2) ¨ ´Ê±²μ´´μ£μ (3.1) Éμ±μ¢, Ëμ·³ ²Ó´μ
(¤²Ö ¨²²Õ¸É· Í¨¨) § ¶¨¸ ´´Ò¥ ¢ ¢¨¤¥∗

(ls′s hf
r′r) = u(k′, s′) Oμ

χ u(k, s) gμν u(p′, r′) Oν
f u(p, r) =

=
{
χV V μ

s′s(k
′, k) + χAAμ

s′s(k
′, k) + χSSs′s(k′, k) + χP Ps′s(k′, k)

}
gμν×

×
{

hf
V V ν

r′r(p
′, p) + hf

AAν
r′r(p

′, p) + hf
SSr′r(p′, p) + hf

P Pr′r(p′, p)
}

, (3.3)

∗‚μ§´¨± ÕÐ¨¥ ¢ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¢ (3.3) ´¥Ë¨§¨Î¥¸±¨¥ ¶·μ¨§¢¥¤¥´¨Ö É¨¶ 
V μ

s′s(k
′)gμνSr′r(p′) μ¶ÊÐ¥´Ò.
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¡Ê¤ÊÉ ¢Ò£²Ö¤¥ÉÓ ± ± · §²μ¦¥´¨¥ ¶μ ¢μ¸Ó³¨ ®¡ §¨¸´Ò³¯ ¸± ²Ö·´Ò³ ¶·μ¨§¢¥-
¤¥´¨Ö³∗

(lvs′s hv
r′r) ≡ V μ

s′s(k
′, k) gμν V ν

r′r(p
′, p),

(las′s ha
r′r) ≡ Aμ

s′s(k
′, k) gμν Aν

r′r(p
′, p),

(lvs′s ha
r′r) ≡ V μ

s′s(k
′, k) gμν Aν

r′r(p
′, p),

(las′s hv
r′r) ≡ Aμ

s′s(k
′, k) gμν V ν

r′r(p
′, p),

(3.4)
(lss′s hp

r′r) ≡ Ss′s(k′, k)Pr′r(p′, p),
(lps′s hs

r′r) ≡ Ps′s(k′, k)Sr′r(p′, p),
(lss′s hs

r′r) ≡ Ss′s(k′, k)Sr′r(p′, p),
(lps′s hp

r′r) ≡ Ps′s(k′, k)Pr′r(p′, p)

¸ ±μÔËË¨Í¨¥´É ³¨ cij = χih
f
j , ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ ÔË-

Ë¥±É¨¢´Ò³ ±μ´¸É ´É ³ ¢§ ¨³μ¤¥°¸É¢¨Ö.
‡¤¥¸Ó ¢¸¥ ®¡ §¨¸´Ò¥¯ c± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ (3.4) ¢ÒÎ¨¸²¥´Ò ¢

É·¥Ì · §²¨Î´ÒÌ ¢ ·¨ ´É Ì ¡¨¸¶¨´μ·´ÒÌ ¡ §¨¸μ¢ (¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨, σ3- ¨
¸³¥Ï ´´μ³ ¡ §¨¸¥) ¤²Ö ¢¸¥Ì ±μ³¡¨´ Í¨° ¶·μ¥±Í¨° ¸¶¨´  ´ Î ²Ó´ÒÌ ¨ ±μ-
´¥Î´ÒÌ ²¥¶Éμ´  ¨ ´Ê±²μ´ . �μ³¨³μ ¸μ¡¸É¢¥´´μ£μ ¨´É¥·¥¸  μ´¨ μ± §Ò¢ ÕÉ¸Ö
´¥μ¡Ìμ¤¨³Ò³¨ ¤²Ö ¢ÒÎ¨¸²¥´¨° ±μ£¥·¥´É´ÒÌ (Ê¶·Ê£¨Ì) ¢±² ¤μ¢ ¢ ¸¥Î¥´¨Ö · ¸-
¸¥Ö´¨Ö ³ ¸¸¨¢´μ£μ ´¥°É· ²Ó´μ£μ ²¥¶Éμ´  ´  Ö¤· Ì χA → χA.

‚¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ ¤¢ÊÌ μ¸´μ¢´ÒÌ ¶ -
· ³¥É·¨§ Í¨°. �´¨ ¢Ò· ¦¥´Ò ²¨¡μ Î¥·¥§ ³ ¸¸Ò ´Ê±²μ´  ¨ χ-Î ¸É¨ÍÒ (¸μ-
£² ¸´μ (2.38))

m, mχ ¨ ¶ · ³¥É·Ò λ± =
√

Ep ± m, ξ± =
√

Eχ ± mχ, (3.5)

²¨¡μ Î¥·¥§ Ô´¥·£¥É¨Î¥¸±¨¥ ¶¥·¥³¥´´Ò¥ Eχ ¨ Ep ¨§ (2.5), § ¤ ´´Ò¥
¢ ¸. Í. ³. (2.4),   É ±¦¥ Î¥·¥§ ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥ ¶ · ³¥É·Ò:

|k| =
√

E2
χ − m2

χ = ξ+ξ− = |p| =
√

E2
p − m2 = λ+λ− =

λ(s, m2, m2
χ)

2
√

s
,

|k|2 ≡ ξ2
−ξ2

+ = ξ2
−(ξ2

− + 2mχ) = λ2
−λ2

+ = λ2
−(λ2

− + 2m) = λ+λ−ξ+ξ−,
(3.6)

Ep = λ2
− + m, Eχ = ξ2

− + mχ, λ2
− + ξ2

− =
√

s − m − mχ,

Ω2 ≡ ξ2
−λ2

−, |k|2 + Ω2 = ξ2
−(λ2

− + ξ2
+) = ξ2

−(
√

s − m + mχ).

Šμ£¤  ´Ê±²μ´ ¶μ±μ¨É¸Ö, É. ¥. pl = (m, pl = 0),   ±¨´¥É¨Î¥¸± Ö Ô´¥·£¨Ö ´ -
²¥É ÕÐ¥£μ ²¥¶Éμ´  · ¢´  T0 = |kl

χ|2/(2mχ), ¨´¢ ·¨ ´É´Ò° ±¢ ¤· É ¶μ²´μ°

∗„²Ö ¶·μ¸ÉμÉÒ ¨§²μ¦¥´¨Ö ¸± ²Ö·´Ò³¨ ¶·μ¨§¢¥¤¥´¨Ö³¨ ¡Ê¤¥³ ´ §Ò¢ ÉÓ ¢¸¥ ¢Ò· ¦¥´¨Ö
¢ (3.4).
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Ô´¥·£¨¨ ´Ê±²μ´  ¨ χ-Î ¸É¨ÍÒ ¨³¥¥É ¢¨¤

s = (kl+pl)2 = m2
χ+m2+2m

√
m2

χ + [kl
χ]2 = m2

χ+m2+2mmχ

(
1+

2T0

mχ

)1/2

.

�μ¸±μ²Ó±Ê Ê¶·Ê£μ¥ · ¸¸¥Ö´¨¥ χ + p → χ + p · ¸¸³ É·¨¢ ¥É¸Ö ¢ ¸. Í. ³. ¸É ²-
±¨¢ ÕÐ¨Ì¸Ö Î ¸É¨Í, Éμ ¶·¨ Ë¨±¸¨·μ¢ ´´μ³ §´ Î¥´¨¨ ¶μ²´μ° Ô´¥·£¨¨ s ¸¢μ-
¡μ¤´Ò³¨ ¶ · ³¥É· ³¨ Ö¢²ÖÕÉ¸Ö Éμ²Ó±μ Ê£²Ò · ¸¸¥Ö´¨Ö θ ¨ φ. ‚ ·Ö¤¥ ¸²ÊÎ ¥¢
¶ÊÉ¥³ ¸É ´¤ ·É´μ° É·¨£μ´μ³¥É·¨¨∗ Ê¤μ¡´μ ¶¥·¥°É¨ ¢μ ¢¸¥Ì ¢Ò· ¦¥´¨ÖÌ μÉ
Ê£²  θ ± Ê£²Ê θ/2.

�μ³¨³μ Ëμ·³Ê² (3.6) ¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¶μ²¥§´Ò¥ ¸μμÉ´μÏ¥´¨Ö:

λ2
+ = Ep + m =

(
√

s + m)2 − m2
χ

2
√

s
,

λ2
− = Ep − m =

(
√

s − m)2 − m2
χ

2
√

s
,

(3.7)

ξ2
+ = Eχ + mχ =

(
√

s + mχ)2 − m2

2
√

s
,

ξ2
− = Eχ − mχ =

(
√

s − mχ)2 − m2

2
√

s
;

ξ2
+ − ξ2

− cos θ = 2mχ + ξ2
−(1 − cos θ) = 2

(
m + ξ2

− sin2 θ

2

)
,

ξ2
+ + ξ2

− cos θ = 2mχ + ξ2
−(1 + cos θ) = 2

(
m + ξ2

− cos2
θ

2

)
, (3.8)

λ2
+ − λ2

− cos θ = 2

(
m + λ2

− sin2 θ

2

)
, λ2

+ + λ2
− cos θ = 2

(
m + λ2

− cos2
θ

2

)
.

�¥·¥³¥´´Ò¥ ¡¥§ ξ2
+ ¨ λ2

+ Ê¤μ¡´Ò ¶·¨ ¶¥·¥Ìμ¤¥ ± ´¥·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¨-
¡²¨¦¥´¨Õ, ±μ£¤  ±¨´¥É¨Î¥¸±¨¥ Ô´¥·£¨¨ Î ¸É¨Í ´ ³´μ£μ ³¥´ÓÏ¥ ¨Ì ³ ¸¸, É. ¥.
±μ£¤  ξ2

− = Eχ −mχ 
 |k|2/(2mχ) � mχ ¨ λ2
− = Ep −m 
 |k|2/(2m) � m,

ÎÉμ Ë ±É¨Î¥¸±¨ μ§´ Î ¥É, ÎÉμ ξ2
− 
 0 ¨ λ2

− 
 0. �¸É ²Ó´Ò¥ ¶μ¤·μ¡´μ¸É¨
¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 5.

∗ 1 − cos θ = 2 sin2(θ/2), sin θ = 2 sin (θ/2) cos (θ/2), 1 + cos θ = 2 cos2(θ/2).
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3.1. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ ¢ χχ-¡ §¨¸¥. ‡¤¥¸Ó ¶·¨¢¥¤¥´Ò ¸± -
²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ±μ³¡¨´ Í¨° ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, μÉ¢¥-
Î ÕÐ¨¥ ¢¸¥³ ¢μ§³μ¦´Ò³ §´ Î¥´¨Ö³ ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ (¢Éμ·μ°, ¨²¨
s′-, r′-¨´¤¥±¸) ¨ ±μ´¥Î´μ£μ (¶¥·¢Ò°, ¨²¨ s-, r-¨´¤¥±¸) ²¥¶Éμ´  ¨ ´Ê±²μ´ .
�´¨ ¢ÒÎ¨¸²¥´Ò ¢ ¸. Í. ³., ±μ£¤  Éμ±¨ ¤²Ö χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  ¢§ÖÉÒ ¢ ¡ -
§¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (¶. 2.3), É. ¥. ±μ£¤  (¶μ  ´ ²μ£¨¨ ¸ ´¥°É·¨´μ) ¸¶¨´Ò ¢¸¥Ì
Î ¸É¨Í ´ ¶· ¢²¥´Ò ¢¤μ²Ó (+1) ¨²¨ ¶·μÉ¨¢ (−1) ¨Ì ¨³¶Ê²Ó¸μ¢. ‘± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö μÉ³¥Î¥´Ò μ¤´¨³ ¢¥·Ì´¨³ ¨´¤¥±¸μ³ χ, ±μÉμ·Ò° £μ¢μ·¨É μ ¡ -
§¨¸¥ ¸¶¨· ²Ó´μ¸É¨. „²Ö Ê¤μ¡¸É¢  ¢μ ¢¸¥Ì ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ É Ì Ê¤¥·¦ ´Ò
μ¶·¥¤¥²¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°∗.

ˆÉ ±, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ
Éμ±μ¢, (lvs′s hv

r′r)
χ, ¶μ²ÊÎ¥´Ò ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ ¶·¨¢¥¤¥´Ò ´¨¦¥. Šμ£¤  ´Ê-

±²μ´ ¸μÌ· ´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, μ´¨ É ±μ¢Ò:

(lv∓∓ hv
∓∓)χ ≡ V μ

∓∓(k′) gμν V ν
∓∓(p′) =

= ±4

[
EχEp cos2

θ

2
+ |k|2

(
1 + sin2 θ

2

)]
e±iφ,

(lv±± hv
∓∓)χ ≡ V μ

±±(k′) gμν V ν
∓∓(p′) = ±4

[
EχEp + |k|2

]
cos2

θ

2
e±iφ,

(lv±∓ hv
∓∓)χ ≡ V μ

±∓(k′) gμν V ν
∓∓(p′) = +4mχEp sin

θ

2
cos

θ

2
,

(lv∓± hv
∓∓)χ ≡ V μ

∓±(k′) gμν V ν
∓∓(p′) = −4mχEp sin

θ

2
cos

θ

2
e±2iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, μ´¨ ¶·¨´¨³ ÕÉ ¢¨¤

(lv∓∓ hv
∓±)χ ≡ V μ

∓∓(k′) gμν V ν
∓±(p′) = +4Eχm sin

θ

2
cos

θ

2
,

(lv±± hv
∓±)χ ≡ V μ

±±(k′) gμν V ν
∓±(p′) = +4Eχm sin

θ

2
cos

θ

2
,

(lv∓± hv
∓±)χ ≡ V μ

∓±(k′) gμν V ν
∓±(p′) = ∓4mχm sin2 θ

2
e±iφ,

(lv∓± hv
±∓)χ ≡ V μ

∓±(k′) gμν V ν
±∓(p′) = ∓4mχm sin2 θ

2
e±iφ.

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ
Éμ±μ¢, (las′s ha

r′r)
χ, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¢μ¥° ¸¶¨· ²Ó´μ¸É¨, ·¥§Ê²ÓÉ ÉÒ

∗�μ¤·μ¡´μ¸É¨ ¢ÒÎ¨¸²¥´¨° ³μ¦´μ ´ °É¨ ¢ ¶·¨². 2.
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¢ÒÎ¨¸²¥´¨° É ±μ¢Ò:

(la∓∓ ha
∓∓)χ ≡ Aμ

∓∓(k′) gμν Aν
∓∓(p′) =

= ±4

[
|k|2 cos2

θ

2
+ EχEp

(
1 + sin2 θ

2

)]
e±iφ,

(la±± ha
∓∓)χ ≡ Aμ

±±(k′) gμν Aν
∓∓(p′) = ∓4

[
|k|2 + EχEp

]
cos2

θ

2
e±iφ,

(la±∓ ha
∓∓)χ ≡ Aμ

±∓(k′) gμν Aν
∓∓(p′) = −4mχEp sin

θ

2
cos

θ

2
,

(la∓± ha
∓∓)χ ≡ Aμ

∓±(k′) gμν Aν
∓∓(p′) = +4mχEp sin

θ

2
cos

θ

2
e±2iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, ¤²Ö  ±¸¨ ²Ó´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢Ò-
Î¨¸²¥´¨Ö ¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

(la∓∓ ha
∓±)χ ≡ Aμ

∓∓(k′) gμν Aν
∓±(p′) = −4Eχm sin

θ

2
cos

θ

2
,

(la±± ha
∓±)χ ≡ Aμ

±±(k′) gμν Aν
∓±(p′) = −4Eχm sin

θ

2
cos

θ

2
,

(la±∓ ha
∓±)χ ≡ Aμ

±∓(k′) gμν Aν
∓±(p′) = ∓4mχm sin2 θ

2
e∓iφ,

(la∓± ha
∓±)χ ≡ Aμ

∓±(k′) gμν Aν
∓±(p′) = ∓4mχm

(
1 + cos2

θ

2

)
e±iφ.

„ ²¥¥, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨  ±¸¨ ²Ó´μ-
¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢, (lvs′s ha

r′r)
χ, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¢μ¥° ¸¶¨-

· ²Ó´μ¸É¨, ¶μ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

(lv∓∓ ha
∓∓)χ ≡ V μ

∓∓(k′) gμν Aν
∓∓(p′) =

= −4|k|
[
Eχ cos2

θ

2
+ Ep

(
1 + sin2 θ

2

)]
e±iφ,

(lv±± ha
∓∓)χ ≡ V μ

±±(k′) gμν Aν
∓∓(p′) = −4|k|

[
Eχ + Ep

]
cos2

θ

2
e±iφ,

(lv±∓ ha
∓∓)χ ≡ V μ

±∓(k′) gμν Aν
∓∓(p′) = ∓4mχ|k| sin

θ

2
cos

θ

2
,

(lv∓± ha
∓∓)χ ≡ V μ

∓±(k′) gμν Aν
∓∓(p′) = ±4mχ|k| sin

θ

2
cos

θ

2
e±2iφ.
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…¸²¨ ´Ê±²μ´ ³¥´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, Éμ ¢Ò· ¦¥´¨Ö ¶·¨´¨³ ÕÉ ¸²¥¤Ê-
ÕÐ¨° ¢¨¤:

(lv−− ha
∓±)χ ≡ V μ

−−(k′) gμν Aν
∓±(p′) = +4m|k| sin θ

2
cos

θ

2
,

(lv++ ha
∓±)χ ≡ V μ

++(k′) gμν Aν
∓±(p′) = −4m|k| sin θ

2
cos

θ

2
,

(lv−+ ha
±∓)χ ≡ V μ

−+(k′) gμν Aν
±∓(p′) = (lv+− ha

±∓)χ ≡
≡ V μ

+−(k′) gμν Aν
±∓(p′) = 0.

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨ ¢¥±Éμ·´μ£μ
´Ê±²μ´´μ£μ Éμ±μ¢, (las′s hv

r′r)
χ, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¢μ¥° ¸¶¨· ²Ó´μ¸É¨,

¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ëμ·³Ê²Ò:

(la∓∓ hv
∓∓)χ ≡ Aμ

∓∓(k′) gμν V ν
∓∓(p′) =

= −4|k|
[
Ep cos2

θ

2
+ Eχ

(
1 + sin2 θ

2

)]
e±iφ,

(la±± hv
∓∓)χ ≡ Aμ

±±(k′) gμν V ν
∓∓(p′) = +4|k|

[
Ep + Eχ

]
cos2

θ

2
e±iφ,

(la±∓ hv
∓∓)χ ≡ Aμ

±∓(k′) gμν V ν
∓∓(p′) = ±4mχ|k| sin

θ

2
cos

θ

2
,

(la∓± hv
∓∓)χ ≡ Aμ

∓±(k′) gμν V ν
∓∓(p′) = ∓4mχ|k| sin

θ

2
cos

θ

2
e±2iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, Éμ Ëμ·³Ê²Ò ¶·¨μ¡·¥É ÕÉ É ±μ° ¢¨¤:

(la−− hv
∓±)χ ≡ Aμ

−−(k′) gμν V ν
∓±(p′) = −4m|k| sin θ

2
cos

θ

2
,

(la++ hv
∓±)χ ≡ Aμ

++(k′) gμν V ν
∓±(p′) = +4m|k| sin θ

2
cos

θ

2
,

(la−+ hv
±∓)χ ≡ Aμ

−+(k′) gμν V ν
±∓(p′) = (la+− hv

±∓)χ ≡
≡ Aμ

+−(k′) gμν V ν
±∓(p′) = 0.

‘μμÉ¢¥É¸É¢¥´´μ, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¸± ²Ö·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê-
±²μ´´ÒÌ Éμ±μ¢ (lss′s hs

r′r)
χ, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¢μ¥° ¸¶¨· ²Ó´μ¸É¨, ¢Ò-

Î¨¸²¥´¨Ö ¤ ÕÉ ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²ÓÉ ÉÒ:

(ls∓∓ hs
∓∓)χ ≡ S∓∓(k′)S∓∓(p′) = (ls±± hs

∓∓)χ ≡

≡ S±±(k′)S∓∓(p′) = ±4mχm cos2
θ

2
e±iφ,

(ls∓± hs
±±)χ ≡ S∓±(k′)S±±(p′) = +4Eχm sin

θ

2
cos

θ

2
,

(ls∓± hs
∓∓)χ ≡ S∓±(k′)S∓∓(p′) = −4Eχm sin

θ

2
cos

θ

2
e±2iφ.
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Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¸¢μÕ ¸¶¨· ²Ó´μ¸ÉÓ, ®¸± ²Ö·´Ò¥ ¸± ²Ö·Ò¯ É ±μ¢Ò:

(ls∓∓ hs
−+)χ ≡ S∓∓(k′)S−+(p′) = (ls±± hs

+−)χ ≡

≡ S±±(k′)S+−(p′) = +4mχEp sin
θ

2
cos

θ

2
,

(ls∓± hs
∓±)χ ≡ S∓±(k′)S∓±(p′) = (ls∓± hs

±∓)χ ≡

≡ S∓±(k′)S±∓(p′) = ∓4EχEp sin2 θ

2
e±iφ.

‘²¥¤ÊÕÐ¨¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (¶¸¥¢¤μ)¸± ²Ö·´μ£μ ²¥¶Éμ´´μ£μ ¨
(¶¸¥¢¤μ)¸± ²Ö·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢, ±μ£¤  ÌμÉÖ ¡Ò μ¤´  ¨§ Î ¸É¨Í ¸μÌ· ´Ö¥É
¸¶¨· ²Ó´μ¸ÉÓ, · ¢´Ò ´Ê²Õ:

(lsr′r hp
∓∓) ≡ Sr′r(k′)P∓∓(p′) = (ls−− hp

∓∓) =
= (ls−+ hp

∓∓) = (ls+− hp
∓∓) = (ls++ hp

∓∓) = 0,

(lp∓∓ hs
r′r) ≡ P∓∓(k′)Sr′r(p′) = (lp∓∓ hs

++) =
= (lp∓∓ hs

−+) = (lp∓∓ hs
+−) = (lp∓∓ hs

−−) = 0.

„²Ö μ¸É ²Ó´ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (¶¸¥¢¤μ)¸± ²Ö·´μ£μ ²¥¶Éμ´´μ£μ ¨
(¶¸¥¢¤μ)¸± ²Ö·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ ¨³¥ÕÉ¸Ö ¢Ò· ¦¥´¨Ö

(lp∓± hs
−+) ≡ P∓±(k′)S−+(p′) = (lp∓± hs

+−) ≡

≡ P∓±(k′)S+−(p′) = −4|k|Ep sin2 θ

2
e±iφ,

(lp∓± hs
±±) ≡ P∓±(k′)S±±(p′) = ±4|k|m sin

θ

2
cos

θ

2
,

(lp±∓ hs
±±) ≡ P±∓(k′)S±±(p′) = ±4|k|m sin

θ

2
cos

θ

2
e∓2iφ,

(ls−− hp
∓±) ≡ S−−(k′)P∓±(p′) = (ls++ hp

∓±) ≡

≡ S++(k′)P∓±(p′) = ±4mχ|k| cos
θ

2
sin

θ

2
,

(ls∓± hp
∓±) ≡ S∓±(k′)P∓±(p′) = −4Eχ|k| sin2 θ

2
e±iφ,

(ls±∓ hp
∓±) ≡ S±∓(k′)P∓±(p′) = +4Eχ|k| sin2 θ

2
e∓iφ.

� ±μ´¥Í, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Î¨¸Éμ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ Éμ±μ¢,
(lps′s hp

r′r)
χ, ±μ£¤  ´Ê±²μ´ ¨ ²¥¶Éμ´ ³¥´ÖÕÉ ¸¢μ¨ ¸¶¨· ²Ó´μ¸É¨, ¶μ²ÊÎ ÕÉ¸Ö

´¥´Ê²¥¢Ò¥ ·¥§Ê²ÓÉ ÉÒ:

(lp∓± hp
−+)χ ≡ P∓±(k′)P−+(p′) = −4|k|2 sin2 θ

2
e±iφ,

(lp∓± hp
+−)χ ≡ P∓±(k′)P+−(p′) = +4|k|2 sin2 θ

2
e±iφ.
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‚μ ¢¸¥Ì μ¸É ²Ó´ÒÌ ¸²ÊÎ ÖÌ Î¨¸Éμ ¶¸¥¢¤μ¸± ²Ö·´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö
§ ´Ê²ÖÕÉ¸Ö:

(lpr′r hp
∓∓)χ ≡ Pr′r(k′)P∓∓(p′) = (lp−− hp

∓∓)χ =
= (lp−+ hp

∓∓)χ = (lp+− hp
∓∓)χ = (lp++ hp

∓∓)χ = 0,

(lp∓∓ hp
−+)χ ≡ P∓∓(k′)P−+(p′) = (lp±± hp

+−)χ ≡ P±±(k′)P+−(p′) = 0.

ˆ¸¶μ²Ó§μ¢ ´´μ¥ ¢ÒÏ¥ ¶·¥¤¸É ¢²¥´¨¥ ¢¸¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ ¶¥·¥-
³¥´´ÒÌ |k|, Eχ ¨ Ep ¢Ò£²Ö¤¨É ±μ³¶ ±É´μ ¨ ´ £²Ö¤´μ, μ¤´ ±μ, ´ ¶·¨³¥·, ¤²Ö
¶¥·¥Ìμ¤  ± ´¥·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ ¡μ²¥¥ Ê¤μ¡´  § ¶¨¸Ó ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨° ¢ ¶¥·¥³¥´´ÒÌ λ−, ξ−.

‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ χχ-¡ §¨¸¥ ¢ ¶¥·¥³¥´´ÒÌ λ− ¨ ξ−. ‘ ÊÎ¥Éμ³ ¢Ò-
· ¦¥´¨° (3.6) ¢¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ (¢ χχ-¡ §¨¸¥) ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö
³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¶¥·¥³¥´´ÒÌ λ− ¨ ξ−.

…¸²¨ ´Ê±²μ´ ¨ χ-Î ¸É¨Í  ´¥ ³¥´ÖÕÉ ¸¶¨· ²Ó´μ¸ÉÓ ¢ ·¥§Ê²ÓÉ É¥ ¢§ ¨³μ-
¤¥°¸É¢¨Ö, Éμ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢
χχ-¡ §¨¸¥ ¶·¨´¨³ ÕÉ ¢¨¤

(lv∓∓ hv
∓∓)χ =

= ±4

[
(λ2

− + m)(ξ2
− + mχ) cos2

θ

2
+ λ+λ−ξ+ξ−

(
1 + sin2 θ

2

)]
e±iφ,

(lv±± hv
∓∓)χ = ±4

[
(λ2

− + m)(ξ2
− + mχ) + λ+λ−ξ+ξ−

]
cos2

θ

2
e±iφ,

(la∓∓ ha
∓∓)χ =

= ±4

[
(λ2

− + m)(ξ2
− + mχ)

(
1 + sin2 θ

2

)
+ λ+λ−ξ+ξ− cos2

θ

2

]
e±iφ,

(la∓∓ ha
±±)χ =

= ±4
[
(λ2

− + m)(ξ2
− + mχ) + λ+λ−ξ+ξ−

]
cos2

θ

2
e∓iφ = −(lv∓∓ hv

±±)χ,

(lv±± ha
±±)χ = −4λ−λ+

[
(ξ2

− + mχ) cos2
θ

2
+ (λ2

− + m)

(
1 + sin2 θ

2

)]
e∓iφ,

(la±± hv
±±)χ = −4λ+λ−

[
(λ2

− + m) cos2
θ

2
+ (ξ2

− + mχ)

(
1 + sin2 θ

2

)]
e∓iφ,

(lv±± ha
∓∓)χ = −4λ−λ+

√
s cos2

θ

2
e±iφ,

(la±± hv
∓∓)χ = +4λ+λ−

√
s cos2

θ

2
e±iφ,

(ls−− hs
∓∓)χ = (ls++ hs

∓∓)χ = ±4mχm cos2
θ

2
e±iφ.
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…¸²¨ ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¶¨· ²Ó´μ¸ÉÓ,   χ-Î ¸É¨Í  ³¥´Ö¥É ¸¶¨· ²Ó´μ¸ÉÓ, Éμ
¢¸¥ É ±¨¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ ¶·¨¢¥¤¥´Ò ´¨¦¥:

(lv+− hv
−−)χ = (lv−+ hv

++)χ = −(la+− ha
−−)χ = −(la−+ ha

++)χ =

= +4mχ(λ2
− + m) sin

θ

2
cos

θ

2
,

(la−+ ha
−−)χ = −(lv−+ hv

−−)χ = +4mχ(λ2
− + m) sin

θ

2
cos

θ

2
e+2iφ =

= (lv+− hv
−−)χ e+2iφ,

(la+− ha
++)χ = −(lv+− hv

++)χ = +4mχ(λ2
− + m) sin

θ

2
cos

θ

2
e−2iφ =

= (lv+− hv
−−)χ e−2iφ,

(lv−+ ha
++)χ = (la+− hv

−−)χ = −(lv+− ha
−−)χ = −(la−+ hv

++)χ =

= +4mχλ−λ+ sin
θ

2
cos

θ

2
,

(lv−+ ha
−−)χ = −(la−+ hv

−−)χ = +4mχλ−λ+ sin
θ

2
cos

θ

2
e+2iφ =

= (lv−+ ha
++)χ e+2iφ,

(la+− hv
++)χ = −(lv+− ha

++)χ = +4mχλ+λ− sin
θ

2
cos

θ

2
e−2iφ =

= (la+− hv
−−)χ e−2iφ,

(ls+− hs
++)χ = −4m(ξ2

− + mχ) sin
θ

2
cos

θ

2
e−2iφ = (ls−+ hs

++)χ e−2iφ,

(ls−+ hs
−−)χ = −4m(ξ2

− + mχ) sin
θ

2
cos

θ

2
e+2iφ,

(ls+− hs
−−)χ = (ls−+ hs

++)χ = +4m(ξ2
− + mχ) sin

θ

2
cos

θ

2
,

(lp+− hs
++)χ = +4ξ+ξ−m sin

θ

2
cos

θ

2
e−2iφ,

(lp−+ hs
−−)χ = −4ξ+ξ−m sin

θ

2
cos

θ

2
e+2iφ,

(lp+− hs
−−)χ = −(lp−+ hs

++)χ = −4ξ+ξ−m sin
θ

2
cos

θ

2
.

Šμ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¸¶¨· ²Ó´μ¸ÉÓ, ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö § 
¸Î¥É ¶¸¥¢¤μ¸± ²Ö·´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö · ¢´Ò ´Ê²Õ:

(lpr′r hp
±±)χ = (lp−− hp

±±)χ = (lp−+ hp
±±)χ = (lp+− hp

±±)χ = (lp++ hp
±±)χ = 0.
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…¸²¨ É¥¶¥·Ó ´Ê±²μ´ ³¥´Ö¥É ¸¶¨· ²Ó´μ¸ÉÓ,   χ-Î ¸É¨Í  ´¥ ³¥´Ö¥É ¸¶¨-
· ²Ó´μ¸ÉÓ, Éμ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö É ±μ¢Ò:

(lv∓∓ hv
−+)χ = (lv∓∓ hv

+−)χ = +4m(ξ2
− + mχ) sin

θ

2
cos

θ

2
,

(la∓∓ ha
−+)χ = (la∓∓ ha

+−)χ = −4m(ξ2
− + mχ) sin

θ

2
cos

θ

2
= −(lv∓∓ hv

−+)χ,

(lv−− ha
±∓)χ = −(lv++ ha

±∓)χ = +4mξ+ξ− sin
θ

2
cos

θ

2
,

(la++ hv
∓±)χ = −(la−− hv

∓±)χ = +4mξ+ξ− sin
θ

2
cos

θ

2
= (lv−− ha

±∓)χ,

(ls−− hs
∓±)χ = (ls++ hs

∓±)χ = +4mχ(λ2
− + m) sin

θ

2
cos

θ

2
,

(ls∓∓ hp
−+)χ = −(ls∓∓ hp

+−)χ = +4mχλ+λ− cos
θ

2
sin

θ

2
,

(lp∓∓ hp
−+)χ = (lp∓∓ hp

+−)χ = 0.

� ±μ´¥Í, ±μ£¤  μ¡¥ Î ¸É¨ÍÒ ³¥´ÖÕÉ ¸¶¨· ²Ó´μ¸ÉÓ, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥-
¤¥´¨° ¢¨¤  (ls′ �=s hr′ �=r)

χ ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥:

(lv+− hv
∓±)χ = −(la+− ha

−+)χ = +4mχm sin2 θ

2
e−iφ,

(lv−+ hv
∓±)χ = −(la−+ ha

+−)χ = −4mχm sin2 θ

2
e+iφ,

(la±∓ ha
±∓)χ = ±4mχm

(
1 + cos2

θ

2

)
e∓iφ,

(ls±∓ hs
±∓)χ = (ls±∓ hs

∓±)χ = ±4(λ2
− + m)(ξ2

− + mχ) sin2 θ

2
e∓iφ,

(lv∓± ha
∓±)χ = (lv±∓ ha

∓±)χ = (la∓± hv
∓±)χ = (la±∓ hv

∓±)χ = 0,

(lp∓± hp
+−)χ = −(lp∓± hp

−+)χ = +4λ+λ−ξ+ξ− sin2 θ

2
e±iφ,

(lp∓± hs
−+)χ = (lp∓± hs

+−)χ = −4ξ+ξ−(λ2
− + m) sin2 θ

2
e±iφ,

(ls∓± hp
−+)χ = −(ls∓± hp

+−)χ = ∓4λ+λ−(ξ2
− + mχ) sin2 θ

2
e±iφ.

“¤μ¡¸É¢μ É ±μ£μ (λ−, ξ−)-¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¨¤´μ
¨§ ¶¥·¥Ìμ¤  ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±¨° ¶·¥¤¥², ±μ£¤  ³μ¦´μ ¸Î¨É ÉÓ, ÎÉμ λ− 

ξ− � mχ, ¶μÔÉμ³Ê ¢±² ¤ ³¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³¨ λ− ¨ ξ−, ³μ¦´μ ¶·¥-
´¥¡·¥ÎÓ. ’μ£¤  ®¢Ò¦¨¢ ÕÉ¯ Éμ²Ó±μ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö, ¶·μ¶μ·Í¨μ-
´ ²Ó´Ò¥ ¶·μ¨§¢¥¤¥´¨Õ ³ ¸¸ Î ¸É¨Í, ¶·¨ ÔÉμ³ ¢μ§´¨± ¥É ¤μ¸É ÉμÎ´μ ¡μ²ÓÏμ¥
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Î¨¸²μ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, μÎ¥´Ó ¶μÌμ¦¨Ì ¤·Ê£ ´  ¤·Ê£ :

(lv∓∓ hv
−+)χ = (lv∓∓ hv

+−)χ = (lv±∓ hv
∓∓)χ = +4mχm sin

θ

2
cos

θ

2
,

(ls∓∓ hs
−+)χ = (ls∓∓ hs

+−)χ = (ls±∓ hs
∓∓)χ = +4mχm sin

θ

2
cos

θ

2
,

(la∓∓ ha
−+)χ = (la∓∓ ha

+−)χ = (la±∓ ha
∓∓)χ =

= −4mχm sin
θ

2
cos

θ

2
= −(lv∓∓ hv

−+)χ,

(lv∓± hv
∓∓)χ = (ls∓± hs

∓∓)χ = −4mχm sin
θ

2
cos

θ

2
e±2iφ,

(la∓± ha
∓∓)χ = +4mχm sin

θ

2
cos

θ

2
e±2iφ,

(ls−− hs
±±)χ = (ls++ hs

±±)χ = ∓4mχm cos2
θ

2
e∓iφ,

(lv±± hv
±±)χ = (lv∓∓ hv

±±)χ = −(la∓∓ ha
±±)χ = ∓4mχm cos2

θ

2
e∓iφ,

(lv±∓ hv
∓±)χ = (lv±∓ hv

±∓)χ = −(la±∓ ha
∓±)χ = ±4mχm sin2 θ

2
e∓iφ,

(ls±∓ hs
±∓)χ = (ls±∓ hs

∓±)χ = ±4mmχ sin2 θ

2
e∓iφ,

(la∓∓ ha
∓∓)χ = ±4mχm

(
1 + sin2 θ

2

)
e±iφ,

(la±∓ ha
±∓)χ = ±4mχm

(
1 + cos2

θ

2

)
e∓iφ.

�¸É ²Ó´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ μ¡· -
Ð ÕÉ¸Ö ¢ ´Ê²Ó:

(lp−− hp
∓∓)χ = (lp−+ hp

∓∓)χ = (lp+− hp
∓∓)χ = (lp++ hp

∓∓)χ = 0,

(lp∓± hp
±∓)χ = (lp∓± hp

∓±)χ = (lp∓∓ hp
−+)χ = (lp∓∓ hp

+−)χ = 0,

(lv∓± ha
∓±)χ = (lv±∓ ha

∓±)χ = (lv±± ha
±±)χ = (lv±± ha

∓∓)χ = 0,

(lv∓∓ ha
+−)χ = (lv∓∓ ha

−+)χ = (la±± hv
±±)χ = (la±± hv

∓∓)χ = 0,

(lv−+ ha
±±)χ = (lv+− ha

∓∓)χ = (la+− hv
∓∓)χ = (la−+ hv

±±)χ = 0,

(la∓± hv
∓±)χ = (la±∓ hv

∓±)χ = (la±± hv
−+)χ = (la±± hv

+−)χ = 0.

3.2. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ ¢ ηη-¡ §¨¸¥. ‡¤¥¸Ó ¶·¨¢¥¤¥´Ò ¸± -
²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ±μ³¡¨´ Í¨° ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, μÉ¢¥-
Î ÕÐ¨¥ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ²¥¶Éμ´  ¨ ´Ê±²μ´  ´  § ¤ ´´μ¥
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´ ¶· ¢²¥´¨¥ (z-μ¸Ó). �´¨ μ¡μ§´ Î¥´Ò ¢¥·Ì´¨³ ¨´¤¥±¸μ³ η ¨ ¢ÒÎ¨¸²¥´Ò ¢
ηη-¡ §¨¸¥ (¸³. ¶. 2.3 ¨ ¶·¨². 3), £¤¥ ¢¸¥ Éμ±¨ χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  ¢Ò· ¦¥´Ò
Î¥·¥§ ¡¨¸¶¨´μ·Ò, Ö¢²ÖÕÐ¨¥¸Ö ¸μ¡¸É¢¥´´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ σ3-μ¶¥· Éμ· .

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´-
´ÒÌ Éμ±μ¢, (las′s ha

r′r), ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥
´ ¶· ¢²¥´¨¥, ¶μ²ÊÎ ¥³

(la−−ha
−−)η = (la++ ha

++)η = −ξ+ξ−λ+λ−(1 + cos θ)2−
− (ξ2

+ + ξ2
− cos θ)(λ2

+ + λ2
− cos θ),

(la±± ha
∓∓)η = ξ+ξ−λ+λ−(1 + cos θ)2+

+ (ξ2
+ + ξ2

− cos θ)(λ2
+ + λ2

− cos θ) + 2ξ2
−λ2

− sin2 θ,

(la∓± ha
∓∓)η = ±

[
ξ+ξ−λ+λ−(1 + cos θ)+

+ 2(ξ2
+ − ξ2

− cos θ)λ2
− + ξ2

−(λ2
+ + λ2

− cos θ)
]
sin θ e±iφ,

(la±∓ ha
∓∓)η = ±

[
ξ+ξ−λ+λ−(1 + cos θ) + ξ2

−(λ2
+ + λ2

− cos θ)
]
sin θ e∓iφ.

…¸²¨ ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, Éμ
¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨´¨³ ÕÉ É ±μ° ¢¨¤:

(la+− ha
−+)η = (la−+ ha

+−)η = −
[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
sin2 θ−

− 2(ξ2
+ − ξ2

− cos θ)(λ2
+ − λ2

− cos θ),

(la∓∓ ha
∓±)η = ±

[
ξ+ξ−λ+λ−(1 + cos θ) + 2ξ2

−(λ2
+ − λ2

− cos θ)+

+ (ξ2
+ + ξ2

− cos θ)λ2
−
]
sin θ e±iφ,

(la∓± ha
∓±)η = −

[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
sin2 θ e±2iφ,

(la±± ha
∓±)η = ∓

[
ξ+ξ−λ+λ−(1 + cos θ) + (ξ2

+ + ξ2
− cos θ)λ2

−
]
sin θ e±iφ.

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢,
(lvs′s hv

r′r), ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢-
²¥´¨¥, ¶μ²ÊÎ ¥³

(lv−− hv
−−)η = (lv++ hv

++)η = (ξ2
+ + ξ2

− cos θ)(λ2
+ + λ2

− cos θ)+

+ ξ+ξ−λ+λ−(1 + cos θ)2,

(lv±± hv
∓∓)η = (ξ2

+ + ξ2
− cos θ)(λ2

+ + λ2
− cos θ)+

+ ξ+ξ−λ+λ−
[
(1 + cos θ)2 + 2 sin2 θ

]
,

(lv±∓ hv
±±)η = ∓

[
ξ2
−(λ2

+ + λ2
− cos θ) + ξ+ξ−λ+λ−(1 + cos θ)+

+ 2ξ+ξ−λ+λ−(1 − cos θ)
]
sin θ e∓iφ,

(lv±∓ hv
∓∓)η = ∓

[
ξ2
−(λ2

+ + λ2
− cos θ) + ξ+ξ−λ+λ−(1 + cos θ)

]
sin θ e∓iφ.
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Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ¢¥±Éμ·´Ò¥
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨´¨³ ÕÉ ¢¨¤

(lv±± hv
±∓)η = ∓

[
(ξ2

+ + ξ2
− cos θ)λ2

− + ξ+ξ−λ+λ−(1 + cos θ)+

+ 2ξ+ξ−λ+λ−(1 − cos θ)
]
sin θ e∓iφ,

(lv∓∓ hv
±∓)η = ∓

[
(ξ2

+ + ξ2
− cos θ)λ2

− + ξ+ξ−λ+λ−(1 + cos θ)
]
sin θ e∓iφ,

(lv+− hv
−+)η = (lv−+ hv

+−)η = −
[
ξ2
−λ2

− sin2 θ + ξ+ξ−λ+λ− sin2 θ+

+ 2ξ+ξ−λ+λ−(1 − cos θ)2
]
,

(lv∓± hv
∓±)η = +

[
ξ2
−λ2

− + ξ+ξ−λ+λ−
]
sin2 θ e±2iφ.

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ
´Ê±²μ´´μ£μ Éμ±μ¢ ¢ ¸²ÊÎ ¥, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¶¨´  ´  ¢Ò-
¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

(lv∓∓ ha
∓∓)η = ±

[
(ξ2

+ + ξ2
− cos θ)λ+λ− + ξ+ξ−(λ2

+ + λ2
− cos θ)

]
(1 + cos θ),

(lv∓∓ ha
±±)η = ∓

[
(ξ2

+ + ξ2
− cos θ)λ+λ−(1 + cos θ)+

+ ξ+ξ−(1 + cos θ)(λ2
+ + λ2

− cos θ) + 2ξ+ξ−λ2
− sin2 θ

]
,

(lv±∓ ha
±±)η = +

[
ξ2
−λ+λ−(1 + cos θ) + ξ+ξ−(λ2

++

+ λ2
− cos θ) + 2ξ+ξ−λ2

−(1 − cos θ)
]
sin θ e∓iφ,

(lv±∓ ha
∓∓)η = −

[
ξ2
−λ+λ−(1 + cos θ) + ξ+ξ−(λ2

+ + λ2
− cos θ)

]
sin θ e∓iφ.

…¸²¨ ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, Éμ
¢¥±Éμ·´μ- ±¸¨ ²Ó´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨´¨³ ÕÉ ¢¨¤

(lv∓∓ ha
∓±)η = −

[
(ξ2

+ + ξ2
− cos θ)λ+λ− + ξ+ξ−λ2

−(1 + cos θ)+

+ 2ξ+ξ−(λ2
+ − λ2

− cos θ)
]
sin θ e±iφ,

(lv±± ha
∓±)η = −

[
(ξ2

+ + ξ2
− cos θ)λ+λ− + ξ+ξ−λ2

−(1 + cos θ)
]
sin θ e±iφ,

(lv±∓ ha
∓±)η = ±

[
ξ2
−λ+λ− sin2 θ + ξ+ξ−λ2

− sin2 θ+

+ 2ξ+ξ−(λ2
+ − λ2

− cos θ)(1 − cos θ)
]
,

(lv∓± ha
∓±)η = ∓

[
ξ2
−λ+λ− + ξ+ξ−λ2

−
]
sin2 θ e±2iφ.

„²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨ ¢¥±Éμ·´μ£μ
´Ê±²μ´´μ£μ Éμ±μ¢, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥-
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²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ¶μ²ÊÎ ¥³

(la∓∓ hv
∓∓)η = ∓

[
ξ+ξ−(λ2

+ + λ2
− cos θ) + (ξ2

+ + ξ2
− cos θ)λ+λ−

]
(1 + cos θ),

(la±± hv
∓∓)η = ±

[
ξ+ξ−(λ2

+ + λ2
− cos θ)(1 + cos θ)+

+ (ξ2
+ + ξ2

− cos θ)λ+λ−(1 + cos θ) + 2ξ2
−λ+λ− sin2 θ

]
,

(la∓± hv
∓∓)η =

[
ξ+ξ−(λ2

+ + λ2
− cos θ) + ξ2

−λ+λ−(1 + cos θ)+

+ 2(ξ2
+ − ξ2

− cos θ)λ+λ−
]
sin θ e±iφ,

(la±∓ hv
∓∓)η =

[
ξ+ξ−(λ2

+ + λ2
− cos θ) + ξ2

−λ+λ−(1 + cos θ)
]
sin θ e∓iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ÔÉ¨
 ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¥μ¡· §ÊÕÉ¸Ö ± ¸²¥¤ÊÕÐ¥³Ê
¢¨¤Ê:

(la∓∓ hv
±∓)η = +

[
ξ+ξ−λ2

−(1 + cos θ) + (ξ2
+ + ξ2

− cos θ)λ+λ−
]
sin θ e∓iφ,

(la∓∓ hv
∓±)η = −

[
ξ+ξ−λ2

−(1 + cos θ) + (ξ2
+ + ξ2

− cos θ)λ+λ−+

+ 2ξ2
−λ+λ−(1 − cos θ)

]
sin θ e±iφ,

(la±∓ hv
∓±)η = ±

[
ξ+ξ−λ2

− sin2 θ + ξ2
−λ+λ− sin2 θ+

+ 2(ξ2
+ − ξ2

− cos θ)λ+λ−(1 − cos θ)
]
,

(la∓± hv
∓±)η = ±

[
ξ+ξ−λ2

− + ξ2
−λ+λ−

]
sin2 θ e±2iφ.

�´ ²μ£¨Î´μ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ²¥¶Éμ´-
´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¤²Ö ´¥ ³¥´ÖÕÐ¥£μ ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¢Ò¤¥-
²¥´´μ¥ ´ ¶· ¢²¥´¨¥ É ±μ¢Ò:

(ls∓∓ hs
∓∓)η = (ls±± hs

∓∓)η = +[ξ2
+ − ξ2

− cos θ][λ2
+ − λ2

− cos θ],

(ls±∓ hs
−−)η = (ls±∓ hs

++)η = ±ξ2
−[λ2

+ − λ2
− cos θ] sin θ e∓iφ,

(lp∓∓ hp
−−)η = (lp±± hp

++)η = ∓ξ+ξ−λ+λ−(1 − cos θ)2,

(lp∓± hp
−−)η = −ξ+ξ−λ+λ−(1 − cos θ) sin θ e±iφ,

(lp∓± hp
++)η = +ξ+ξ−λ+λ−(1 − cos θ) sin θ e±iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ÔÉ¨
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨μ¡·¥É ÕÉ É ±μ° ¢¨¤:

(ls∓± hs
±∓)η = −ξ2

−λ2
− sin2 θ,

(ls∓± hs
∓±)η = +ξ2

−λ2
− sin2 θ e±2iφ,

(ls−− hs
∓±)η = (ls++ hs

∓±)η = ∓λ2
−[ξ2

+ − ξ2
− cos θ] sin θ e±iφ,
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(lp±∓ hp
∓±)η = −ξ+ξ−λ+λ− sin2 θ,

(lp±∓ hp
±∓)η = −ξ+ξ−λ+λ− sin2 θ e∓2iφ,

(lp−− hp
∓±)η = −ξ+ξ−λ+λ−(1 − cos θ) sin θ e±iφ,

(lp++ hp
∓±)η = +ξ+ξ−λ+λ−(1 − cos θ) sin θ e±iφ.

� ±μ´¥Í, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° É¨¶  ¸± ²Ö·Ä¶¸¥¢¤μ¸± ²Ö· ¨ ¶¸¥¢¤μ¸± -
²Ö·Ä¸± ²Ö· ¢ ¸²ÊÎ ¥ ´¥¨§³¥´´μ¸É¨ ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¢Ò¤¥²¥´´μ¥
´ ¶· ¢²¥´¨¥ ¶μ²ÊÎ ¥³

(ls∓∓ hp
∓∓)η = (ls±± hp

∓∓)η = ±[ξ2
+ − ξ2

− cos θ]λ+λ−(1 − cos θ),

(ls−+ hp
∓∓)η = ∓ξ2

−λ+λ−(1 − cos θ) sin θ e+iφ,

(ls+− hp
∓∓)η = ±ξ2

−λ+λ−(1 − cos θ) sin θ e−iφ,

(lp∓∓ hs
∓∓)η = (lp∓∓ hs

±±)η = ∓ξ+ξ−[λ2
+ − λ2

− cos θ](1 − cos θ),

(lp−+ hs
∓∓)η = −ξ+ξ−[λ2

+ − λ2
− cos θ] sin θ e+iφ,

(lp+− hs
∓∓)η = −ξ+ξ−[λ2

+ − λ2
− cos θ] sin θ e−iφ.

Šμ£¤  ¸¶¨´ ´Ê±²μ´  ³¥´Ö¥É ¸¢μÕ ¶·μ¥±Í¨Õ ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ÔÉ¨
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¥¢· Ð ÕÉ¸Ö ¢ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö:

(ls−− hp
±∓)η = (ls++ hp

±∓)η = [ξ2
+ − ξ2

− cos θ]λ+λ− sin θ e∓iφ,

(ls±∓ hp
∓±)η = ±ξ2

−λ+λ− sin2 θ,

(ls∓± hp
∓±)η = ∓ξ2

−λ+λ− sin2 θ e±2iφ,

(lp−− hs
∓±)η = ±ξ+ξ−λ2

−(1 − cos θ) sin θ e±iφ,

(lp++ hs
∓±)η = ∓ξ+ξ−λ2

−(1 − cos θ) sin θ e±iφ,

(lp±∓ hs
∓±)η = ±ξ+ξ−λ2

− sin2 θ,

(lp±∓ hs
±∓)η = ∓ξ+ξ−λ2

− sin2 θ e∓2iφ.

�μ²¥§´μ ¶¥·¥¶¨¸ ÉÓ ¢¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Î¥·¥§
¶ · ³¥É·Ò λ− ¨ ξ−. ‘ ÊÎ¥Éμ³ ¸μμÉ´μÏ¥´¨°∗ (3.6) ¨ (3.8) ´ ¡μ· ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨° ¢ ηη-¡ §¨¸¥ ¤²Ö ¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨°, ±μ£¤  ´Ê±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥

∗� ¶μ³´¨³, ÎÉμ Ω2 ≡ ξ2
−λ2

−, |k|2 = ξ2
−ξ2

+ = λ2
−λ2

+, |k|2 + Ω2 = ξ2
−(

√
s − m + mχ),

λ2
− + ξ2

− =
√

s − m − mχ.
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´ ¶· ¢²¥´¨¥, ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(lv−− hv
−−)η = (lv++ hv

++)η =

= +4

[
mmχ + (mχλ2

− + mξ2
−) cos2

θ

2
+ [|k|2 + Ω2] cos4

θ

2

]
,

(lv±± hv
∓∓)η = +4

[
mmχ + (mχλ2

− + mξ2
−) cos2

θ

2
+

+ [|k|2 + Ω2] cos4
θ

2
+ 2|k|2 sin2 θ

2
cos2

θ

2

]
,

(lv∓± hv
±±)η = ±4

[
mξ2

− + [|k|2 + Ω2] cos2
θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lv±∓ hv
±±)η = ∓4

[
mξ2

− + [|k|2 + Ω2] cos2
θ

2
+ 2|k|2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(la∓∓ ha
∓∓)η = −4

[
mmχ + (mξ2

− + mχλ2
−) cos2

θ

2
+

+ [|k|2 + Ω2] cos4
θ

2

]
= −(lv−− hv

−−)η,

(la±± ha
∓∓)η = +4

[
mmχ + (mξ2

− + mχλ2
−) cos2

θ

2
+

+ [|k|2 + Ω2] cos4
θ

2
+ 2Ω2 sin2 θ

2
cos2

θ

2

]
,

(la∓± ha
±±)η = ∓4

[
mξ2

− + [|k|2 + Ω2] cos2
θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la∓± ha
∓∓)η = ±4

[
mξ2

− + [|k|2 + Ω2] cos2
θ

2
+

+ 2mχλ2
− + 2Ω2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lv−− ha
−−)η = −(lv++ ha

++)η = +4|k|
[
m + mχ + [ξ2

− + λ2
−] cos2

θ

2

]
cos2

θ

2
,

(lv−− ha
++)η = −(lv++ ha

−−)η =

= −4|k|
[
m + mχ + [ξ2

− + λ2
−] cos2

θ

2
+ 2λ2

− sin2 θ

2

]
cos2

θ

2
,
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(lv±∓ ha
∓∓)η = −4|k|

[
m + [ξ2

− + λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv∓± ha
∓∓)η = +4|k|

[
m + [ξ2

− + λ2
−] cos2

θ

2
+ 2λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la−− hv
−−)η = −(la++ hv

++)η =

= −4|k|
[
m + mχ + [ξ2

− + λ2
−] cos2

θ

2

]
cos2

θ

2
= −(lv−− ha

−−)η,

(la++ hv
−−)η = −(la−− hv

++)η =

= +4|k|
[
m + mχ + [ξ2

− + λ2
−] cos2

θ

2
+ 2ξ2

− sin2 θ

2

]
cos2

θ

2
,

(la±∓ hv
∓∓)η = +4|k|

[
m + [ξ2

− + λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ = −(lv±∓ ha

∓∓)η,

(la±∓ hv
±±)η =

= +4|k|
[
m + [ξ2

− + λ2
−] cos2

θ

2
+ 2mχ + 2ξ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ.

Šμ£¤  ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥,
¢¥±Éμ·´Ò¥ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨´¨³ ÕÉ ¸²¥-
¤ÊÕÐ¨° ¢¨¤:

(la±∓ ha
∓±)η = −4

[
2mmχ + 2

(
mξ2

− + mχλ2
−
)
sin2 θ

2
+

+ [|k|2 + Ω2] sin2 θ

2
cos2

θ

2
+ 2Ω2 sin4 θ

2

]
,

(la±± ha
∓±)η = ∓4

[
mχλ2

− + [|k|2 + Ω2] cos2
θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la∓± ha
∓±)η = −4[|k|2 + Ω2] sin2 θ

2
cos2

θ

2
e±2iφ,

(la∓∓ ha
∓±)η = ±4

[
mχλ2

− + [|k|2 + Ω2] cos2
θ

2
+

+ 2mξ2
− + 2Ω2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ;
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(lv+− hv
−+)η = (lv−+ hv

+−)η = −4

[
[|k|2 + Ω2] sin2 θ

2
cos2

θ

2
+ 2|k|2 sin4 θ

2

]
,

(lv±± hv
∓±)η =

= ±4

[
mχλ2

− + [|k|2 + Ω2] cos2
θ

2

]
sin

θ

2
cos

θ

2
e±iφ = −(la±± ha

∓±)η,

(lv∓± hv
∓±)η = +4[|k|2 + Ω2] sin2 θ

2
cos2

θ

2
e±2iφ = −(la∓± ha

∓±)η,

(lv∓∓ hv
∓±)η = ±4

[
mχλ2

− + [|k|2 + Ω2] cos2
θ

2
+ 2|k|2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ;

(lv+− ha
−+)η = −(lv−+ ha

+−)η =

= +4|k|
[
2m + [ξ2

− + λ2
−] cos2

θ

2
+ 2λ2

− sin2 θ

2

]
sin2 θ

2
,

(lv±± ha
∓±)η = −4|k|

[
mχ + [ξ2

− + λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lv∓± ha
∓±)η = ∓4|k|[ξ2

− + λ2
−] sin2 θ

2
cos2

θ

2
e±2iφ,

(lv∓∓ ha
∓±)η =

= −4|k|
[
mχ + [ξ2

− + λ2
−] cos2

θ

2
+ 2m + 2λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ;

(la+− hv
−+)η = −(la−+ hv

+−)η =

= +4|k|
[
[ξ2

− + λ2
−] sin2 θ

2
cos2

θ

2
+ 2mχ sin2 θ

2
+ 2ξ2

− sin4 θ

2

]
,

(la±± hv
∓±)η = +4|k|

[
mχ + [ξ2

− + λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e±iφ = −(lv±± ha

∓±)η,

(la∓± hv
∓±)η = ±4|k|[ξ2

− + λ2
−] sin2 θ

2
cos2

θ

2
e±2iφ = −(lv∓± ha

∓±)η,

(la±± hv
±∓)η = −4|k|

[
mχ + [ξ2

− + λ2
−] cos2

θ

2
+ 2ξ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ.

�´ ²μ£¨Î´μ ¤²Ö (¶¸¥¢¤μ)¸± ²Ö·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, ±μ£¤  ´Ê-
±²μ´ ´¥ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ¸± ²Ö·-
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´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¨³¥ÕÉ ¢¨¤

(ls∓∓ hs
∓∓)η = (ls±± hs

∓∓)η = 4

[
mmχ + (mχλ2

− + mξ2
−) sin2 θ

2
+ Ω2 sin4 θ

2

]
,

(ls±∓ hs
±±)η = (ls±∓ hs

∓∓)η = ±4

[
mξ2

− + Ω2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lp∓∓ hp
∓∓)η = −(lp±± hp

∓∓)η = −4|k|2 sin4 θ

2
,

(lp±∓ hp
++)η = −(lp±∓ hp

−−)η = +4|k|2 sin3 θ

2
cos

θ

2
e∓iφ,

(lp++ hs
±±)η = −(lp−− hs

∓∓)η = +4|k|
[
m + λ2

− sin2 θ

2

]
sin2 θ

2
,

(lp∓± hs
−−)η = (lp∓± hs

++)η = −4|k|
[
m + λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(ls±± hp
++)η = −(ls∓∓ hp

−−)η = −4|k|
[
mχ + ξ2

− sin2 θ

2

]
sin2 θ

2
,

(ls∓± hp
±±)η = −(ls∓± hp

∓∓)η = +4ξ2
−|k| sin3 θ

2
cos

θ

2
e±iφ.

� ±μ´¥Í, ±μ£¤  ´Ê±²μ´ ³¥´Ö¥É ¶·μ¥±Í¨Õ ¸¢μ¥£μ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· -
¢²¥´¨¥, μ¸É ¢Ï¨¥¸Ö (¶¸¥¢¤μ)¸± ²Ö·´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¸É ´μ¢ÖÉ¸Ö
¢ ¢¨¤¥

(ls−− hs
±∓)η = (ls++ hs

±∓)η = ±4

[
mχλ2

− + Ω2 sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(ls∓± hs
±∓)η = −4Ω2 sin2 θ

2
cos2

θ

2
,

(ls∓± hs
∓±)η = +4Ω2 sin2 θ

2
cos2

θ

2
e±2iφ,

(lp++ hp
∓±)η = −(lp−− hp

∓±)η = +4|k|2 sin3 θ

2
cos

θ

2
e±iφ,

(lp±∓ hp
∓±)η = −4|k|2 sin2 θ

2
cos2

θ

2
,

(lp±∓ hp
±∓)η = −4|k|2 sin2 θ

2
cos2

θ

2
e∓2iφ,
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(ls−− hp
±∓)η = (ls++ hp

±∓)η = +4|k|
[
mχ + ξ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(ls+− hp
−+)η = −(ls−+ hp

+−)η = +4|k|ξ2
− sin2 θ

2
cos2

θ

2
,

(lp∓∓ hs
∓±)η = −(lp±± hs

∓±)η = +4|k|λ2
− sin3 θ

2
cos

θ

2
e±iφ,

(lp+− hs
−+)η = −(lp−+ hs

+−)η = +4|k|λ2
− sin2 θ

2
cos2

θ

2
,

(lp±∓ hs
±∓)η = ∓4|k|λ2

− sin2 θ

2
cos2

θ

2
e∓2iφ,

(ls±∓ hp
±∓)η = ±4|k|ξ2

− sin2 θ

2
cos2

θ

2
e∓2iφ.

3.3. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢ ¢ ¸³¥Ï ´´μ³ χη-¡ §¨¸¥. ‡¤¥¸Ó ¶·¨-
¢¥¤¥´Ò ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ±μ³¡¨´ Í¨° ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ-
±μ¢, μÉ¢¥Î ÕÐ¨¥ ¢¸¥³ ¢μ§³μ¦´Ò³ ¸¶¨· ²Ó´μ¸ÉÖ³ ²¥¶Éμ´  ¨ ¢¸¥³ ¢μ§³μ¦´Ò³
¶·μ¥±Í¨Ö³ ¸¶¨´  ´Ê±²μ´  ´  § ¤ ´´μ¥ ´ ¶· ¢²¥´¨¥. �´¨ ¢ÒÎ¨¸²¥´Ò ¢ ¸. Í. ³.
(²¥¶Éμ´  ¨ ´Ê±²μ´ ) ¢ ¸³¥Ï ´´μ³ ¡ §¨¸¥ (¸³. ¶. 2.2 ¨ ¶·¨². 4), £¤¥ Éμ±¨ ¤²Ö
χ-Î ¸É¨ÍÒ ¢§ÖÉÒ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (¶μ  ´ ²μ£¨¨ ¸ ´¥°É·¨´μ),   ´Ê±²μ´-
´Ò¥ Éμ±¨ Å ¢ η-¡ §¨¸¥. „²Ö ¶·μ¸ÉμÉÒ ¶·¥¤¸É ¢²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
§¤¥¸Ó ´¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¨´¤¥±¸Ò χ ¨ η, ³ ·±¨·ÊÕÐ¨¥ ¡ §¨¸Ò ¶·μ¨¸Ìμ¦¤¥´¨Ö
²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢. ‚¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨¢¥¤¥´Ò ¢ ¨´-
¢ ·¨ ´É´ÒÌ ¶¥·¥³¥´´ÒÌ m, mχ, λ−, ξ− ¨ ¶μ²μ¢¨´¥ Ê£²  · ¸¸¥Ö´¨Ö ²¥¶Éμ´ 
θ/2 ¸μ£² ¸´μ Ëμ·³Ê² ³ (3.6) ¨ (3.8).

ˆÉ ±, ´ ¡μ· ¨§ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´-
´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, ¶μ²ÊÎ¥´´Ò° ¢ χη-¡ §¨¸¥ ¸μ£² ¸´μ μ¡Ð¥³Ê μ¶·¥¤¥²¥-
´¨Õ ¨§ (2.1) ¨ (2.2), ¨³¥¥É ¸²¥¤ÊÕÐ¨° ¢¨¤:

(las′s ha
r′r)

χη ≡
4∑

μ,ν

(Aχ
s′s(k

′))μgμν(Aη
r′r(p

′))ν ,

(la±± ha
±±) = −4 cos

θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)]
,

(la±± ha
∓∓) =

= +4 cos
θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

−

(
1 + sin2 θ

2

))]
,

(la±± ha
±∓) =

= ∓4 sin
θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)

(
2m + λ2

−

(
1 + sin2 θ

2

))]
e∓iφ,
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(la±± ha
∓±) = ∓4 sin

θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)λ2
− cos2

θ

2

]
e±iφ,

(la±∓ ha
∓±) = −4mχ cos

θ

2

[
2m + λ2

− sin2 θ

2

]
,

(la±∓ ha
±∓) = +4mχλ2

− cos
θ

2
sin2 θ

2
e∓2iφ,

(la±∓ ha
±±) = ∓4mχ sin

θ

2

[
λ2
− cos2

θ

2
− m

]
e∓iφ,

(la±∓ ha
∓∓) = ∓4mχ

(
m + λ2

− cos2
θ

2

)
sin

θ

2
e∓iφ.

� ¡μ· ¨§ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ
Éμ±μ¢ ¢ ¸³¥Ï ´´μ³ ¡ §¨¸¥ § ¶¨¸Ò¢ ¥É¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(lv±± hv
±±) = 4 cos

θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (ξ2

− + mχ)

(
m + λ2

− cos2
θ

2

)]
,

(lv±± hv
∓∓) = 4 cos

θ

2

[
ξ+ξ−λ+λ−

(
1 + sin2 θ

2

)
+ (ξ2

− + mχ)

(
m + λ2

− cos2
θ

2

)]
,

(lv±± hv
±∓) = ∓4 sin

θ

2

[
ξ+ξ−λ+λ−

(
1 + sin2 θ

2

)
+ (ξ2

− + mχ)λ2
− cos2

θ

2

]
e∓iφ,

(lv±± hv
∓±) = ±4 sin

θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (ξ2

− + mχ)λ2
− cos2

θ

2

]
e±iφ,

(lv±∓ hv
−−) = (lv±∓ hv

++) = ±4mχ

(
m + λ2

− cos2
θ

2

)
sin

θ

2
e∓iφ,

(lv±∓ hv
∓±) = +4mχλ2

− cos
θ

2
sin2 θ

2
,

(lv±∓ hv
±∓) = −4mχλ2

− cos
θ

2
sin2 θ

2
e∓2iφ.

� ¡μ· ¨§ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨  ±¸¨ ²Ó´μ-
¢¥±Éμ·´ÒÌ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢ ¸³¥Ï ´´μ³ ¡ §¨¸¥ É ±μ¢:

(lv++ ha
++) = −(lv−− ha

−−) =

= −4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

− cos2
θ

2

]
,
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(lv++ ha
−−) = −(lv−− ha

++) =

= +4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

−

(
1 + sin2 θ

2

)]
,

(lv±± ha
±∓) = −4 sin

θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ 2m + λ2

−

(
1 + sin2 θ

2

)]
e∓iφ,

(lv±± ha
∓±) = −4 sin

θ

2
λ+λ−

[
mχ + ξ2

− + λ2
−

]
cos2

θ

2
e±iφ,

(lv±∓ ha
−−) = −(lv±∓ha

++) = ±4mχλ+λ− cos2
θ

2
sin

θ

2
e∓iφ,

(lv±∓ ha
∓±) = ∓4mχλ+λ− cos

θ

2
sin2 θ

2
,

(lv±∓ ha
±∓) = ∓4mχλ+λ− cos

θ

2
sin2 θ

2
e∓2iφ.

� ¡μ· ¨§ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ
¨ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ ¢Ò£²Ö¤¨É ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(la++ hv
++) = −(la−− hv

−−) =

= +4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

− cos2
θ

2

]
,

(la++ hv
−−) = −(la−− hv

++) =

= +4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ)

(
1 + sin2 θ

2

)
+ m + λ2

− cos2
θ

2

]
,

(la±± hv
±∓) = −4 sin

θ

2
λ+λ−

[
(ξ2

− + mχ)

(
1 + sin2 θ

2

)
+ λ2

− cos2
θ

2

]
e∓iφ,

(la±± hv
∓±) = +4 sin

θ

2
λ+λ−

[
mχ + λ2

− + ξ2
−

]
cos2

θ

2
e±iφ,

(la±∓ hv
−−) = −(la±∓ hv

++) = ∓4mχλ+λ− cos2
θ

2
sin

θ

2
e∓iφ,

(la±∓ hv
∓±) = ±4mχλ+λ− cos

θ

2
sin2 θ

2
,

(la±∓ hv
±∓) = ±4mχλ+λ− cos

θ

2
sin2 θ

2
e∓2iφ.

‚ ¸³¥Ï ´´μ³ ¡ §¨¸¥ ´ ¡μ·Ò ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¸¥Ì ¢μ§³μ¦´ÒÌ
±μ³¡¨´ Í¨° ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢
¸μ¡· ´Ò ´¨¦¥. ’ ±, ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (lss′s hs

r′r) = Ss′s(k′)Sr′r(p′)
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³μ¦´μ § ¶¨¸ ÉÓ Î¥·¥§ Î¥ÉÒ·¥ ËÊ´±Í¨¨

S00 = 4mχ

(
m + λ2

− sin2 θ

2

)
cos

θ

2
,

S10 = 4(mχ + ξ2
−)

(
m + λ2

− sin2 θ

2

)
sin

θ

2
,

S01 = 4mχλ2
− cos2

θ

2
sin

θ

2
,

S11 = 4(mχ + ξ2
−)λ2

− cos
θ

2
sin2 θ

2
¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

(ls∓∓ hs
∓∓) = (ls±± hs

∓∓) = S00,

(ls±∓ hs
∓∓) = (ls±∓ hs

±±) = ±S10 e∓iφ,

(ls∓∓ hs
±∓) = (ls±± hs

±∓) = ±S01 e∓iφ,

(ls∓± hs
±∓) = −S11, (ls∓± hs

∓±) = S11 e±2iφ.

�·μ¨§¢¥¤¥´¨Ö ¸± ²Ö·´μ£μ ²¥¶Éμ´´μ£μ ¨ ¶¸¥¢¤μ¸± ²Ö·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢
É ±μ¢Ò:

(ls±± hp
±±) = (ls∓∓ hp

±±) = ±R00, (ls±∓ hp
∓±) = ±R11,

(ls±∓ hp
±∓) = ±R11 e∓2iφ,

(ls−− hp
±∓) = (ls++ hp

±∓) = R01 e∓iφ, (ls+− hp
±±) = ±R10 e−iφ,

(ls−+ hp
∓∓) = ±R10 e+iφ.

‡¤¥¸Ó É ±¦¥ ¢¢¥¤¥´Ò Î¥ÉÒ·¥ ËÊ´±Í¨¨:

R00 ≡ −4mχλ+λ− cos
θ

2
sin2 θ

2
, R01 ≡ +4mχλ+λ− cos2

θ

2
sin

θ

2
,

R10 ≡ −4(ξ2
− + mχ)λ+λ− sin3 θ

2
, R11 ≡ +4(ξ2

− + mχ)λ+λ− cos
θ

2
sin2 θ

2
.

‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶¸¥¢¤μ¸± ²Ö·´μ£μ ²¥¶Éμ´´μ£μ ¨ ¸± ²Ö·´μ£μ ´Ê-
±²μ´´μ£μ Éμ±μ¢ ¢ ¸³¥Ï ´´μ³ ¡ §¨¸¥ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¤¢¥ ¢¸¶μ³μ£ É¥²Ó´Ò¥
ËÊ´±Í¨¨

T10 ≡ −4ξ+ξ−

(
m + λ2

− sin2 θ

2

)
sin

θ

2
¨ T11 ≡ −4ξ+ξ−λ2

− cos
θ

2
sin2 θ

2

¢ É ±μ³ ¢¨¤¥:

(lp∓∓ hs
∓∓) = (lp±± hs

∓∓) = (lp∓∓ hs
+−) = (lp∓∓ hs

−+) = 0, (lp∓± hs
±∓) = ±T11,

(lp±∓ hs
−−) = (lp±∓ hs

++) = ±T10 e∓iφ, (lp±∓ hs
±∓) = ±T11 e∓2iφ.
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� ±μ´¥Í, 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶¸¥¢¤μ¸± ²Ö·´ÒÌ Éμ±μ¢ ¢Ò£²Ö-
¤ÖÉ É ±:

(lp∓∓ hp
∓∓) = (lp±± hp

∓∓) = (lp∓∓ hp
+−) = (lp∓∓ hp

−+) = 0, (lp∓± hp
±∓) = P11,

(lp+− hp
∓∓) = ∓P10 e−iφ, (lp−+ hp

∓∓) = ∓P10 e+iφ, (lp∓± hp
∓±) = +P11 e±2iφ,

£¤¥ P10 ≡ 4ξ+ξ−λ+λ− sin3 θ/2 ¨ P11 ≡ −4ξ+ξ−λ+λ− sin2 θ/2 cos θ/2.
‚ ¶· ±É¨Î¥¸±¨Ì Í¥²ÖÌ (¸³., ´ ¶·¨³¥·, [14]) ¶μ²¥§´μ ¨³¥ÉÓ ´ ¡μ· ¸± -

²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¤²Ö É ± ´ §Ò¢ ¥³μ£μ ¸² ¡μ£μ ´¥°É· ²Ó´μ£μ Éμ±  ³ ¸-
¸¨¢´μ° Î ¸É¨ÍÒ (¶. 2.1). „²Ö ²Õ¡ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´μ¢ ´Ê±²μ´ 
(r′, r = ±1) ¨ χ-Î ¸É¨ÍÒ (s′, s = ±1) É ±¨¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´-
´μ£μ (χ-Î ¸É¨ÍÒ) ¨ ´Ê±²μ´´μ£μ Éμ±μ¢ ¡Ò²¨ μ¶·¥¤¥²¥´Ò Ëμ·³Ê²μ° (2.3) ¢ ¢¨¤¥
(lws′s hw,f

r′r ) = α(lvs′s hv,f
r′r ) + β(lvs′s ha,f

r′r ) + γ(las′s hv,f
r′r ) + δ(las′s ha,f

r′r ), £¤¥ ¨´¤¥±¸
f μ¡μ§´ Î ¥É ´¥°É·μ´ ¨²¨ ¶·μÉμ´.

ˆ¸¶μ²Ó§ÊÖ ¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥ ·¥§Ê²ÓÉ ÉÒ ¤²Ö ®¡ §¨¸´ÒÌ¯ ¸± ²Ö·´ÒÌ ¶·μ-
¨§¢¥¤¥´¨° ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, ³μ¦´μ ¶μ¸É·μ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö
¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° É¨¶  (lws′s hw,f

r′r ). ‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¶μ¸É·μ¥´¨Ö∗

¶μ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸²ÊÎ Ö, ±μ£¤  ¸μÌ· ´ÖÕÉ¸Ö ¸¶¨· ²Ó-
´μ¸ÉÓ ²¥¶Éμ´  ¨ ¶·μ¥±Í¨Ö ¸¶¨´  ´Ê±²μ´ :

(lw±± hw
±±) =

= 4 cos
θ

2

[
(α − δ)ξ+ξ−λ+λ− cos2

θ

2
+ (α − δ)(mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)
±

± (γ − β)λ+λ−

(
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

− cos2
θ

2

)]
,

(lw±± hw
∓∓) =

= 4 cos
θ

2

[
(α + δ)(mχ + ξ2

−)m + ξ+ξ−λ+λ−

(
α + α sin2 θ

2
+ δ cos2

θ

2

)
+

+ (mχ + ξ2
−)λ2

−

(
δ + δ sin2 θ

2
+ α cos2

θ

2

)
± λ+λ−

{
(β + γ)m +

+ (mχ + ξ2
−)

(
γ + γ sin2 θ

2
+ β cos2

θ

2

)
+ λ2

−

(
β + β sin2 θ

2
+ γ cos2

θ

2

)}]
.

∗�μ¤·μ¡´¥¥ ¶·¨¢¥¤¥´μ ¢ ¶·¨². 4.
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Šμ£¤  ¸μÌ· ´Ö¥É¸Ö ¸¶¨· ²Ó´μ¸ÉÓ ²¥¶Éμ´ , ´μ ³¥´Ö¥É¸Ö ¶·μ¥±Í¨Ö ¸¶¨´  ´Ê-
±²μ´ , ÔÉ¨ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¨³¥ÕÉ ¢¨¤

(lw±± hw
±∓) =

= ∓4 sin
θ

2
e∓iφ

[
2mδ(mχ + ξ2

−) + ξ+ξ−λ+λ−

[
α + α sin2 θ

2
+ δ cos2

θ

2

]
+

+ (ξ2
− + mχ)λ2

−

[
δ + δ sin2 θ

2
+ α cos2

θ

2

]
± λ+λ−

{
2mβ+

+ (ξ2
− + mχ)

[
γ + γ sin2 θ

2
+ β cos2

θ

2

]
+ λ2

−

[
β + β sin2 θ

2
+ γ cos2

θ

2

]}]
,

(lw±± hw
∓±) = 4 sin

θ

2
cos2

θ

2
e±iφ

[
(γ − β)λ+λ−[mχ + λ2

− + ξ2
−]±

± (α − δ)[ξ+ξ−λ+λ− + (ξ2
− + mχ)λ2

−]
]
.

„ ²¥¥, ¥¸²¨ ³¥´Ö¥É¸Ö ¸¶¨· ²Ó´μ¸ÉÓ ²¥¶Éμ´ , ´μ ¸μÌ· ´Ö¥É¸Ö ¶·μ¥±Í¨Ö ¸¶¨´ 
´Ê±²μ´ , ¢Ò· ¦¥´¨Ö ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° É ±μ¢Ò:

(lw±∓ hw
∓∓) =

= 4mχ sin
θ

2
e∓iφ

[
± (α − δ)

(
m + λ2

− cos2
θ

2

)
+ (β − γ)λ+λ− cos2

θ

2

]
,

(lw±∓ hw
±±) =

= 4mχ sin
θ

2
e∓iφ

[
± (α + δ)m ± (α − δ)λ2

− cos2
θ

2
+ (γ − β)λ+λ− cos2

θ

2

]
.

Šμ£¤  ³¥´ÖÕÉ¸Ö ¸¶¨· ²Ó´μ¸ÉÓ ²¥¶Éμ´  ¨ ¶·μ¥±Í¨Ö ¸¶¨´ , ¶μ²ÊÎ ¥É¸Ö ¸²¥¤Ê-
ÕÐ¥¥:

(lw±∓ hw
∓±) = 4mχ cos

θ

2

[
(α − δ)λ2

− sin2 θ

2
− 2δm ± (γ − β)λ+λ− sin2 θ

2

]
,

(lw±∓ hw
±∓) = 4mχ cos

θ

2
sin2 θ

2
e∓2iφ

[
− (α − δ)λ2

− ± (γ − β)λ+λ−
]
.

Š ± ¶μ± § ´μ ¢ ¶·¨². 4, ±μ£¤  ¸¶¨· ²Ó´μ¸ÉÓ ³ ¸¸¨¢´μ£μ ²¥¶Éμ´  ´¥ ³¥´Ö¥É¸Ö,
ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢ ¶·¨¡²¨¦¥´¨¨ mχ → 0 ¸μ¢¶ ¤ ÕÉ ¸ Ëμ·³Ê² ³¨ ¤²Ö ¸± -
²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, μÉ¢¥Î ÕÐ¨³¨ ¢§ ¨³μ¤¥°¸É¢¨Õ ¡¥§³ ¸¸μ¢ÒÌ ´¥°É·¨´μ
¸ ´Ê±²μ´ ³¨ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨ [1].

„²Ö ¶μ²´μÉÒ ± ·É¨´Ò (¨ ¶μÉ·¥¡´μ¸É¥° · ¡μÉÒ [14]) ¶·¨¢¥¤¥³ ¸± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö (ls′s hf

r′r) ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨, £¤¥ μ´¨ ¸¨²Ó´μ



1076 	…„�ŸŠ�‚ ‚.�.

Ê¶·μÐ ÕÉ¸Ö∗. ‘ ÉμÎ´μ¸ÉÓÕ ¤μ Ë §μ¢μ£μ ³´μ¦¨É¥²Ö ¢¸¥ ´¥´Ê²¥¢Ò¥ ¢¥²¨Î¨´Ò
¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¤¢¥ ¶¥·¥³¥´´Ò¥

m2
c ≡ 4mχm cos

θ

2
, m2

s ≡ 4mχm sin
θ

2
(3.9)

¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(lv±± hv
±±) = (lv±± hv

∓∓) = (ls±± hs
±±) = (ls±± hs

∓∓) = m2
c ,

(la±± ha
±±) = −(la±± ha

∓∓) = −m2
c, (la±∓ ha

∓±) = −2m2
c,

(lv+− hv
∓∓) = (ls+− hs

∓∓) = +m2
s e−iφ, (lv−+ hv

∓∓) = (ls−+ hs
∓∓) = −m2

s e+iφ,

(la±∓ ha
−−) = −(la±∓ ha

++) = −m2
s e∓iφ, (la±± ha

±∓) = ∓2m2
s e∓iφ.

‚ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ ¢¸¥ μ¸É ²Ó´Ò¥ ®¤¨ £μ´ ²Ó´Ò¥¯ ¸± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö μ¡· Ð ÕÉ¸Ö ¢ ´Ê²Ó: (lps′s hp

r′r)nonrel = 0 ¨

(la±± ha
∓±) = (la±∓ ha

±∓) = 0,

(lv±± hv
−+) = (lv∓∓ hv

+−) = (lv±∓ hv
±∓) = (lv±∓ hv

∓±) = 0,

(ls±± hs
−+) = (ls∓∓ hs

+−) = (ls±∓ hs
±∓) = (ls±∓ hs

∓±) = 0.

‚¸¥ ®´¥¤¨ £μ´ ²Ó´Ò¥¯ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö É ±¦¥ · ¢´Ò ´Ê²Õ:

(lvs′s ha
r′r)nonrel 
 (las′s hv

r′r)nonrel 
 (lss′s hp
r′r)nonrel 
 (lps′s hs

r′r)nonrel 
 0.

�¥·¥²ÖÉ¨¢¨¸É¸±¨¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¸² ¡μ£μ ´¥°-
É· ²Ó´μ£μ Éμ±  ³ ¸¸¨¢´μ° Î ¸É¨ÍÒ ¨ Éμ±  ´Ê±²μ´  ¨³¥ÕÉ ¸²¥¤ÊÕÐ¨° ¢¨¤:

(lw±± hw
±±) = m2

c(α − δ), (lw±± hw
∓∓) = m2

c(α + δ),
(lw±± hw

∓±) = (lw±∓ hw
±∓) = 0,

(3.10)
(lw±∓ hw

∓±) = −2m2
cδ, (lw±± hw

±∓) = ∓2m2
s e∓iφδ,

(lw±∓ hw
∓∓) = ±m2

s e∓iφ(α − δ), (lw±∓ hw
±±) = ±m2

s e∓iφ(α + δ).

�·¨¢¥¤¥´´Ò° §¤¥¸Ó ¶μ²´Ò° ´ ¡μ· ¢¸¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ,
 ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ, ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ Éμ±μ¢ ¢§ ¨³μ¤¥°¸É¢ÊÕ-
Ð¨Ì χ-Î ¸É¨ÍÒ ¨ ´Ê±²μ´  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´ ¨¡μ²¥¥  ¤¥±¢ É´ÊÕ μ¸´μ¢Ê
¤²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ£¥·¥´É´ÒÌ (Ê¶·Ê£¨Ì) ¨ ´¥±μ£¥·¥´É´ÒÌ (´¥Ê¶·Ê£¨Ì) ¸¥Î¥-
´¨° ¢§ ¨³μ¤¥°¸É¢¨Ö χ-Î ¸É¨ÍÒ ¸ Ö¤·μ³ ± ± ¢ ·¥²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥, É ± ¨ ¢
´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ (¶μ¤·μ¡´μ¸É¨ ¸³. ¢ · ¡μÉ¥ [14]).

‚¨¤´μ, ÎÉμ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ³ ¶·¨¡²¨¦¥´¨¨ ´¥´Ê²¥¢Ò³¨ Ö¢²ÖÕÉ¸Ö É¥
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö, ±μÉμ·Ò¥ ¸μ¤¥·¦ É ¸² £ ¥³Ò¥, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥
¶·μ¨§¢¥¤¥´¨Õ ³ ¸¸ Î ¸É¨Í mχm.

∗”μ·³ ²Ó´μ §  ¸Î¥É Ê¸²μ¢¨Ö, ÎÉμ ξ2
− = Eχ − mχ → 0 ¨ λ2

− = E − m → 0.
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4. ��‘“†„…�ˆ…

‡¤¥¸Ó μ¡¸Ê¦¤ ÕÉ¸Ö ¸¢μ°¸É¢  ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ²¥¶Éμ´´ÒÌ ¨ ´Ê-
±²μ´´ÒÌ Éμ±μ¢ ¢ · §²¨Î´ÒÌ ¡ §¨¸ Ì. �É¨ ¸¢μ°¸É¢  ¨ ¸μμÉ´μÏ¥´¨Ö ± ± ³¥¦¤Ê
¡ §¨¸ ³¨, É ± ¨ ³¥¦¤Ê ¸± ²Ö·´Ò³¨ ¶·μ¨§¢¥¤¥´¨Ö³¨ ¨ ¨Ì ±¢ ¤· É ³¨ ¶μ²¥§´Ò
¢ ±μ´±·¥É´ÒÌ · ¸Î¥É Ì ¸¥Î¥´¨°,   É ±¦¥ ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò, ´ ¶·¨³¥·,
¤²Ö ±·μ¸¸-¶·μ¢¥·±¨ ¶· ¢¨²Ó´μ¸É¨ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

4.1. ‘μμÉ´μÏ¥´¨¥ ³¥¦¤Ê σ3-¡ §¨¸μ³ ¨ ¡ §¨¸μ³ ¸¶¨· ²Ó´μ¸É¨. ‘μ¡¸É¢¥´-
´Ò¥ ¢¥±Éμ·Ò (¡¨¸¶¨´μ·Ò), μ¶·¥¤¥²¥´´Ò¥ ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´Ê±²μ´ 
¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ Ëμ·³Ê² ³¨ (2.32)

χ−(p) =
(

1
0

)
, χ+(p) =

(
0
1

)
,

χ−(p′) =

⎛
⎜⎝e−iφ cos

θ

2
sin

θ

2

⎞
⎟⎠ , χ+(p′) =

⎛
⎜⎝ sin

θ

2
−eiφ cos

θ

2

⎞
⎟⎠

¨ ¢ σ3-¡ §¨¸¥ ± ± η± Ëμ·³Ê² ³¨ (2.37), ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° ²¨´¥°´Ò³¨
¶·¥μ¡· §μ¢ ´¨Ö³¨ (

η+(p)
η−(p)

)
=

(
0 1
1 0

)(
χ+(p)
χ−(p)

)
,

(4.1)(
η+(p′)
η−(p′)

)
=

⎛
⎜⎝ sin

θ

2
cos

θ

2
eiφ

− cos
θ

2
e−iφ sin

θ

2

⎞
⎟⎠(

χ+(p′)
χ−(p′)

)
.

�·¥μ¡· §μ¢ ´¨Ö,  ´ ²μ£¨Î´Ò¥ (4.1), ¸ ÊÎ¥Éμ³ Ö¢´μ£μ ¢¨¤  ²¥¶Éμ´´ÒÌ ¡¨¸¶¨-
´μ·μ¢ ¢ μ¡μ¨Ì ¡ §¨¸ Ì ¸μ£² ¸´μ (2.37) ¨ (2.32)

χ−(k) =
(

0
1

)
, χ+(k) =

(
1
0

)
,

χ−(k′) =

⎛
⎜⎝−e−iφ sin

θ

2

cos
θ

2

⎞
⎟⎠ , χ+(k′) =

⎛
⎜⎝ cos

θ

2

eiφ sin
θ

2

⎞
⎟⎠

¸¶· ¢¥¤²¨¢Ò ¨ ¤²Ö ³ ¸¸¨¢´μ£μ ²¥¶Éμ´  ¢ ¢¨¤¥(
η+(k)
η−(k)

)
=

(
1 0
0 1

)(
χ+(k)
χ−(k)

)
,

(4.2)(
η+(k′)
η−(k′)

)
=

⎛
⎜⎝ cos

θ

2
−eiφ sin

θ

2

e−iφ sin
θ

2
cos

θ

2

⎞
⎟⎠
(

χ+(k′)
χ−(k′)

)
.
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‚Ò· ¦¥´¨Ö (4.1) ¨ (4.2) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶·Ö³μ° ¶μ¤¸É ´μ¢±μ°∗,   É ±¦¥
§ ¶¨¸ ÉÓ ±μ³¶ ±É´μ, ±μ£¤  ¢¨¤ ³ É·¨Í U(p) ¨ U(k) Ö¸¥´ ¨§ (4.1) ¨ (4.2):

ηr(p) = Urt(p)χt(p), ηr′(p′) = Ur′t′(p′)χt′(p′),
ηs(k) = Usq(k)χq(k), ηs′(k′) = Us′q′(k′)χq′ (k′).

4.2. ‚§ ¨³μ¸¢Ö§Ó Éμ±μ¢ ¨§ · §´ÒÌ ¡ §¨¸μ¢. ”μ·³Ê²Ò ¶¥·¥Ìμ¤  μÉ μ¤´μ£μ
¡ §¨¸  ± ¤·Ê£μ³Ê ¢ ¢¨¤¥ (4.1) ¨ (4.2) ¶μ§¢μ²ÖÕÉ ¸¢Ö§ ÉÓ ¶μ²ÊÎ¥´´Ò¥ ¢ · §´ÒÌ
¡ §¨¸ Ì ¢Ò· ¦¥´¨Ö ¤²Ö ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢. � ¶·¨³¥·, ¤²Ö ²Õ¡μ°
¸É·Ê±ÉÊ·Ò ¢ η-¡ §¨¸¥ É¨¶  Qη

+−(p′) = η†
+(p′) Q̂η−(p) ¸μ£² ¸´μ ³ É·¨Í ³

¶·¥μ¡· §μ¢ ´¨Ö ´Ê±²μ´´ÒÌ ¡¨¸¶¨´μ·μ¢ (4.1) ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ³μ¦´μ
§ ¶¨¸ ÉÓ É ±:

Qη
+−(p′) ≡ η†

+(p′) Q̂η−(p) =

[
sin

θ

2
χ+(p′)+e+iφ cos

θ

2
χ−(p′)

]†

Q̂χ+(p) =

= sin
θ

2
χ†

+(p′) Q̂χ+(p) + e−iφ cos
θ

2
χ†
−(p′) Q̂ χ+(p) ≡

≡ sin
θ

2
Qχ

++ + e−iφ cos
θ

2
Qχ

−+.

‚ ¡μ²¥¥ μ¡Ð¥³ ¢¨¤¥ ¸ ÊÎ¥Éμ³ Usq(k) = δsq ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¥¥:

Qη
s′s(k

′) ≡ η†
s′(k′) Q̂ηs(k) =

[
χ†

q′(k′)U∗
q′s′(k′)

]
ij

Q̂jk

[
Usq(k)χq(k)

]
ki

=

=
[
U∗

q′s′(k′)χ†
q′ (k′)

]
ij

Q̂jk[χs(k)]ki =

=
[
U∗

+s′(k′)χ†
+(k′) + U∗

−s′(k′)χ†
−(k′)

]
ij

[Q̂χs(k)]ji =

= U∗
+s′(k′)χ†

+(k′) Q̂χs(k) + U∗
−s′(k′)χ†

−(k′) Q̂χs(k) =
= U∗

+s′(k′)Qχ
+s + U∗

−s′(k′)Qχ
−s.

�Éμ ¶·¥μ¡· §μ¢ ´¨¥ ´¥ § ¢¨¸¨É μÉ Ö¢´μ£μ ¢¨¤  ³ É·¨ÍÒ Q̂. ’ ±, ¤²Ö ´Ê±²μ´-
´ÒÌ ¸± ²Ö·´ÒÌ Éμ±μ¢ ¸ ÊÎ¥Éμ³ ¨Ì Ö¢´μ£μ ¢¨¤  ¢ μ¡μ¨Ì ¡ §¨¸ Ì ¡Ò²  ¶·μ¢¥·¥´ 
¸¶· ¢¥¤²¨¢μ¸ÉÓ ¨Ì ¶·¥μ¡· §μ¢ ´¨Ö ¨§ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ ¢ η-¡ §¨¸:

Sη
−−(p′) = Sχ

−+(p′) sin
θ

2
− Sχ

++(p′) cos
θ

2
e+iφ,

Sη
++(p′) = Sχ

+−(p′) sin
θ

2
+ Sχ

−−(p′) cos
θ

2
e−iφ,

(4.3)

Sη
−+(p′) = Sχ

−−(p′) sin
θ

2
− Sχ

+−(p′) cos
θ

2
e+iφ,

Sη
+−(p′) = Sχ

++(p′) sin
θ

2
+ Sχ

−+(p′) cos
θ

2
e−iφ.

∗�μ¤·μ¡´¥¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 5.
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ˆ§ ¶·μÍ¥¤Ê·Ò ¢Ò¢μ¤ ∗ ¶·¥μ¡· §μ¢ ´¨Ö (4.3) ¸²¥¤Ê¥É, ÎÉμ μ´μ ¸¶· ¢¥¤²¨¢μ ¤²Ö
²Õ¡ÒÌ ´Ê±²μ´´ÒÌ Éμ±μ¢, § ¤ ´´ÒÌ Ëμ·³Ê² ³¨ (2.42), (2.44) ¨ (2.46).

�´ ²μ£¨Î´μ ¶·¥μ¡· §μ¢ ´¨Õ (4.3) ¸ ÊÎ¥Éμ³ (4.2) ¤²Ö ²¥¶Éμ´´ÒÌ Éμ±μ¢
¨³¥¥³

Sη
∓∓(k′) = Sχ

∓∓(k′) cos
θ

2
± Sχ

±∓(k′) sin
θ

2
e±iφ,

(4.4)

Sη
∓±(k′) = Sχ

∓±(k′) cos
θ

2
± Sχ

±±(k′) sin
θ

2
e±iφ,

ÎÉμ É ±¦¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö ²Õ¡ÒÌ ²¥¶Éμ´´ÒÌ Éμ±μ¢, § ¤ ´´ÒÌ Ëμ·³Ê² -
³¨ (2.43), (2.45) ¨ (2.47). ‚ ³ É·¨Î´μ³ ¢¨¤¥ ¶·¥μ¡· §μ¢ ´¨¥ (4.4) ¤²Ö ²¥¶-
Éμ´´ÒÌ Éμ±μ¢ ³μ¦´μ § ¶¨¸ ÉÓ É ±:⎛

⎜⎜⎜⎝
Qη

−−(k′)
Qη

+−(k′)
Qη

−+(k′)
Qη

++(k′)

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎝

U †(k′)
0 0
0 0

0 0
0 0 U †(k′)

⎞
⎟⎟⎠
⎛
⎜⎜⎜⎝

Qχ
−−(k′)

Qχ
+−(k′)

Qχ
−+(k′)

Qχ
++(k′)

⎞
⎟⎟⎟⎠ , (4.5)

¶μ¸±μ²Ó±Ê ¨§ (4.2) ¨³¥¥³

U †(k′) =

⎛
⎜⎝ cos

θ

2
sin

θ

2
eiφ

− sin
θ

2
e−iφ cos

θ

2

⎞
⎟⎠ .

�´ ²μ£¨Î´μ ¤²Ö ¶·¥μ¡· §μ¢ ´¨Ö ¢¸¥Ì ´Ê±²μ´´ÒÌ Éμ±μ¢ (4.3) ¶μ²ÊÎ ¥³ ¢Ò· -
¦¥´¨¥ ⎛

⎜⎜⎜⎝
Qη

−−(p′)
Qη

+−(p′)
Qη

−+(p′)
Qη

++(p′)

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎝

0 0
0 0 U †(p′)

U †(p′)
0 0
0 0

⎞
⎟⎟⎠
⎛
⎜⎜⎜⎝

Qχ
−−(p′)

Qχ
+−(p′)

Qχ
−+(p′)

Qχ
++(k′)

⎞
⎟⎟⎟⎠ , (4.6)

£¤¥ ¸μ£² ¸´μ (4.1) ³ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö É ±μ¢ :

U †(p′) =

⎛
⎜⎝ sin

θ

2
− cos

θ

2
eiφ

cos
θ

2
e−iφ sin

θ

2

⎞
⎟⎠ .

ˆ´Ò³¨ ¸²μ¢ ³¨, Ëμ·³Ê²Ò (4.1) ¨ (4.2) ¶μ§¢μ²ÖÕÉ ¶μ²ÊÎ¨ÉÓ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö
¤²Ö ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ (4.6) ¨ (4.5) ¢ μ¤´μ³ ¨§ ¢Ò¡· ´´ÒÌ ¡ §¨¸μ¢
´  μ¸´μ¢¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢Ò· ¦¥´¨° ¢ ¤·Ê£μ³ ¡ §¨¸¥.

∗�·¨¢¥¤¥´ ¢ ¶·¨². 5.
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4.3. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ χη-¡ §¨¸¥ ¨ χχ-¡ §¨¸¥. ”μ·³Ê²  ¶¥·¥-
Ìμ¤  μÉ μ¤´μ£μ ¡ §¨¸  ± ¤·Ê£μ³Ê (4.1) ¨ (4.2) ´¥ Éμ²Ó±μ ¶μ§¢μ²Ö¥É ¸¢Ö§ ÉÓ
¢Ò· ¦¥´¨Ö ¤²Ö Éμ±μ¢ ¨§ · §´ÒÌ ¡ §¨¸μ¢ ¸ ¶μ³μÐÓÕ ²¨´¥°´ÒÌ ¶·¥μ¡· §μ-
¢ ´¨° (4.6) ¨ (4.5), ´μ ¨ Ê¸É ´ ¢²¨¢ ¥É ¸¢Ö§Ó ³¥¦¤Ê ¸± ²Ö·´Ò³¨ ¶·μ¨§¢¥¤¥-
´¨Ö³¨ ¨§ · §´ÒÌ ¡ §¨¸μ¢. „¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥-
´¨Ö ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ²¨´¥°´ÊÕ ±μ´Ë¨£Ê· Í¨Õ (¶·μ¨§¢¥¤¥´¨°) Éμ±μ¢ ¢¨¤ 
(lss′s hs

r′r)
χη ≡ Sχ

s′s(k
′)Sη

r′r(p
′) ¨

(lvs′s hv
r′r)

χη = V χ,μ
s′s (k′) gμν V η,ν

r′r (p′) ≡

≡ V χ,0
s′s (k′)V η,0

r′r (p′)−V χ,1
s′s (k′)V η,1

r′r (p′)−V χ,2
s′s (k′)V η,2

r′r (p′)−V χ,3
s′s (k′)V η,3

r′r (p′),

Éμ, ¶·¨³¥´ÖÖ ¶·¥μ¡· §μ¢ ´¨¥ ¶¥·¥Ìμ¤  ³¥¦¤Ê ¡ §¨¸ ³¨ ¤²Ö μ¤´μ£μ ¨§ Éμ-
±μ¢, ´ ¶·¨³¥·, ¢ ¢¨¤¥ Ëμ·³Ê²Ò (4.3) ¤²Ö ´Ê±²μ´´μ£μ Éμ± , ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·¥μ¡· §μ¢ ´´μ£μ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¢ ¤·Ê£μ³ ¡ -
§¨¸¥. „¥°¸É¢¨É¥²Ó´μ, ¤²Ö ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö ¸± ²Ö·μ¢ (lss′s hs

r′r)
χη ≡

Sχ
s′s(k

′)Sη
r′r(p

′) ¶·¥μ¡· §μ¢ ´¨¥ ¨§ χχ-¡ §¨¸  ¢ χη-¡ §¨¸ ¤²Ö ± ¦¤μ° ¨§ ¢μ§-
³μ¦´ÒÌ ±μ³¡¨´ Í¨° ¸¶¨· ²Ó´μ¸É¨ ²¥¶Éμ´  s′, s ¨³¥¥É ¢¨¤

(lss′s hs
∓∓)χη = (lss′s hs

∓±)χχ sin
θ

2
∓ (lss′s hs

±±)χχ cos
θ

2
e±iφ,

(lss′s hs
∓±)χη = (lss′s hs

∓∓)χχ sin
θ

2
∓ (lss′s hs

±∓)χχ cos
θ

2
e±iφ.

‘μ¢¥·Ï¥´´μ  ´ ²μ£¨Î´μ ³μ¦´μ § ¶¨¸ ÉÓ É ±μ£μ É¨¶  ¶·¥μ¡· §μ¢ ´¨Ö ¤²Ö ²Õ-
¡ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°. � ¶·¨³¥·, ¤²Ö ¶·¨¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ Éμ±μ¢ ¢ ¸¨²Ê ²¨´¥°´μ¸É¨ ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° ¸· §Ê
¶μ²ÊÎ ¥É¸Ö

(lvs′s hv
∓∓)χη = (lvs′s hv

∓±)χχ sin
θ

2
∓ (lvs′s hv

±±)χχ cos
θ

2
e±iφ,

(4.7)

(lvs′s hv
±∓)χη = (lvs′s hv

±±)χχ sin
θ

2
± (lvs′s hv

∓±)χχ cos
θ

2
e∓iφ.

�·¥μ¡· §μ¢ ´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° É¨¶  (4.7) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ³ -
É·¨Î´μ° Ëμ·³¥ ¢¨¤  (4.6). ‚ ¤ ´´μ³ ¸²ÊÎ ¥, É. ¥. ¶·¨ ¶¥·¥Ìμ¤¥ μÉ χχ-¡ §¨¸ 
¢ χη-¡ §¨¸, ¶μ¤¢¥·£ ¥É¸Ö ¶·¥μ¡· §μ¢ ´¨Õ Éμ²Ó±μ ¢Ò· ¦¥´¨¥ ¤²Ö ´Ê±²μ´´μ£μ
Éμ± , ¢Ìμ¤ÖÐ¥¥ ¢ ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢Ò· ¦¥´¨¥ ¤²Ö ²¥¶Éμ´´μ£μ Éμ±  ´¥
¶·¥μ¡· §Ê¥É¸Ö ¨ μ¸É ¥É¸Ö ¢ ¨§´ Î ²Ó´μ³ χ-¡ §¨¸¥.

4.4. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢ ηη-¡ §¨¸¥ ¨ χχ-¡ §¨¸¥. �  μ¸´μ¢¥ ¶·¨-
¢¥¤¥´´ÒÌ ¢ÒÏ¥ ¶·¥μ¡· §μ¢ ´¨° Éμ±μ¢ (4.3) ¨ (4.4) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶·¥μ¡· -
§μ¢ ´¨Ö ¤²Ö ¶¥·¥¢μ¤  ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¨§ χχ-¡ §¨¸  ¢ ηη-¡ §¨¸. ‚
ÔÉμ³ ¸²ÊÎ ¥ ¶μ¤¢¥·£ ÕÉ¸Ö ¶·¥μ¡· §μ¢ ´¨Õ μ¡  Éμ± , ¶μÔÉμ³Ê ·¥§Ê²ÓÉ¨·ÊÕÐ¨¥
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Ëμ·³Ê²Ò∗ ¢Ò£²Ö¤ÖÉ ¡μ²¥¥ £·μ³μ§¤±μ, ÌμÉÖ ¨ ´¥ ´ ³´μ£μ ¸²μ¦´¥¥:

(li−s hk
−−)ηη = (li−s hk

−+)χχ cos
θ

2
sin

θ

2
− (li−s hk

++)χχ cos2
θ

2
e+iφ +

+(li+s hk
−+)χχ sin2 θ

2
e+iφ − (li+s hk

++)χχ cos
θ

2
sin

θ

2
e+2iφ,

(li−s hk
++)ηη = (li−s hk

+−)χχ cos
θ

2
sin

θ

2
+ (li−s hk

−−)χχ cos2
θ

2
e−iφ +

+(li+s hk
+−)χχ sin2 θ

2
e+iφ + (li+s hk

−−)χχ cos
θ

2
sin

θ

2
,

(li−s hk
+−)ηη = (li−s hk

++)χχ cos
θ

2
sin

θ

2
+ (li−s hk

−+)χχ cos2
θ

2
e−iφ +

+(li+s hk
++)χχ sin2 θ

2
e+iφ + (li+s hk

−+)χχ cos
θ

2
sin

θ

2
,

(li−s hk
−+)ηη = (li−s hk

−−)χχ cos
θ

2
sin

θ

2
− (li−s hk

+−)χχ cos2
θ

2
e+iφ +

+(li+s hk
−−)χχ sin2 θ

2
e+iφ − (li+s hk

+−)χχ cos
θ

2
sin

θ

2
e+2iφ,

(li+s hk
−−)ηη = (li+s hk

−+)χχ cos
θ

2
sin

θ

2
− (li+s hk

++)χχ cos2
θ

2
e+iφ −

−(li−s hk
−+)χχ sin2 θ

2
e−iφ + (li−s hk

++)χχ cos
θ

2
sin

θ

2
,

(li+s hk
+−)ηη = (li+s hk

++)χχ cos
θ

2
sin

θ

2
+ (li+s hk

−+)χχ cos2
θ

2
e−iφ −

−(li−s hk
++)χχ sin2 θ

2
e−iφ − (li−s hk

−+)χχ cos
θ

2
sin

θ

2
e−2iφ,

(li+s hk
−+)ηη = (li+s hk

−−)χχ cos
θ

2
sin

θ

2
− (li+s hk

+−)χχ cos2
θ

2
e+iφ −

−(li−s hk
−−)χχ sin2 θ

2
e−iφ + (li−s hk

+−)χχ cos
θ

2
sin

θ

2
,

(li+s hk
++)ηη = (li+s hk

+−)χχ cos
θ

2
sin

θ

2
+ (li+s hk

−−)χχ cos2
θ

2
e−iφ −

−(li−s hk
+−)χχ sin2 θ

2
e−iφ − (li−s hk

−−)χχ cos
θ

2
sin

θ

2
e−2iφ.

‡¤¥¸Ó ´¨¦´¨° ¨´¤¥±¸ Ê ²¥¶Éμ´´μ£μ Éμ±  s = ± μ§´ Î ¥É ¶·μ¥±Í¨Õ ¸¶¨´ 
´ Î ²Ó´μ£μ ²¥¶Éμ´ ,   ¢¥·Ì´¨¥ ¨´¤¥±¸Ò i, k ³ ·±¨·ÊÕÉ · §²¨Î´Ò¥ É¨¶Ò Éμ±μ¢,
± ± ¢ Ëμ·³Ê²¥ (2.1).

∗�μ¤·μ¡´¥¥ ¶·¥¤¸É ¢²¥´Ò ¢ ¶·¨². 5.
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�¡μ¡Ð¥´¨¥ ´  ¢¸¥ ¤·Ê£¨¥ ¢μ§³μ¦´Ò¥ ¶¥·¥¢μ¤Ò ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
¨§ μ¤´μ£μ ¡ §¨¸  ¢ ¤·Ê£μ° ³μ¦´μ ¸¤¥² ÉÓ  ´ ²μ£¨Î´μ ¸ ¶μ³μÐÓÕ Ëμ·³Ê² (4.3)
¨ (4.4).

4.5. Š¢ ¤· ÉÒ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ χη-¡ §¨¸¥ ¨ χχ-¡ §¨¸¥ ¸¶¨-
· ²Ó´μ¸É¨. ˆ§ ¸μμÉ´μÏ¥´¨° É¨¶  (4.7) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê ±¢ ¤· -
É ³¨ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ · §´ÒÌ ¡ §¨¸ Ì. „¥°¸É¢¨É¥²Ó´μ, ¨¸¶μ²Ó§ÊÖ
±¢ ¤· É ³μ¤Ê²Ö ¶· ¢μ° ¨ ²¥¢μ° Î ¸É¥° ¶¥·¢ÒÌ ¤¢ÊÌ Ëμ·³Ê² (4.7), ¨³¥¥³∗

(μ¶Ê¸É¨¢ ¤²Ö Ê¤μ¡¸É¢  ¢´¨§ ¡ §¨¸´Ò¥ ¨´¤¥±¸Ò) ¸²¥¤ÊÕÐ¥¥:

|(lvs′s hv
−−)χη|2 = |(lvs′s hv

−+)χχ|2 sin2 θ

2
+ |(lvs′s hv

++)χχ|2 cos2
θ

2
−

− sin
θ

2
cos

θ

2
[
(lvs′s hv

−+)χχ(lvs′s hv
++)†χχ e−iφ + (lvs′s hv

++)χχ(lvs′s hv
−+)†χχ e+iφ

]
,

|(lvs′s hv
+−)χη|2 = |(lvs′s hv

++)χχ|2 sin2 θ

2
+ |(lvs′s hv

−+)χχ|2 cos2
θ

2
+

+ sin
θ

2
cos

θ

2
[
(lvs′s hv

−+)χχ(lvs′s hv
++)†χχ e−iφ + (lvs′s hv

++)χχ(lvs′s hv
−+)†χχ e+iφ

]
.

„ ²¥¥, ¸±² ¤Ò¢ Ö ¶· ¢Ò¥ ¨ ²¥¢Ò¥ Î ¸É¨ ÔÉ¨Ì ¢Ò· ¦¥´¨°, ¶μ²ÊÎ¨³ ¤²Ö ±¢ -
¤· Éμ¢:

|(lvs′s hv
−−)χη|2 + |(lvs′s hv

+−)χη|2 = |(lvs′s hv
−+)χχ|2 + |(lvs′s hv

++)χχ|2.

�´ ²μ£¨Î´μ, ±¢ ¤·¨·ÊÖ ¨ ¸±² ¤Ò¢ Ö ¤¢¥ ´¨¦´¨¥ Ëμ·³Ê²Ò ¨§ (4.7), ¶μ²ÊÎ ¥³

|(lvs′s hv
++)χη|2 + |(lvs′s hv

−+)χη|2 = |(lvs′s hv
+−)χχ|2 + |(lvs′s hv

−−)χχ|2.

’ ±¨³ μ¡· §μ³, ¢ ¸μ¢¥·Ï¥´´μ μ¡Ð¥³ ¢¨¤¥ ³μ¦´μ § ¶¨¸ ÉÓ (É. ¥. ¤²Ö ²Õ¡ÒÌ
Éμ±μ¢, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¨¸¶μ²Ó§Ê¥É¸Ö μ¡μ§´ Î¥´¨¥ ¸² ¡μ£μ ³ ¸¸¨¢´μ£μ Éμ± )
É ±:

|(lws′s hw
−−)χη|2 + |(lws′s hw

+−)χη|2 = |(lws′s hw
−+)χχ|2 + |(lws′s hw

++)χχ|2,
(4.8)

|(lws′s hw
++)χη|2 + |(lws′s hw

−+)χη|2 = |(lws′s hw
+−)χχ|2 + |(lws′s hw

−−)χχ|2.

�É¸Õ¤  ¢¨¤´μ, ÎÉμ ¤²Ö ²Õ¡ÒÌ ±μ³¡¨´ Í¨° s′, s ¸¶¨· ²Ó´μ¸É¨ ²¥¶Éμ´  ¸Ê³-
³¨·μ¢ ´¨¥ ¶μ ±μ´¥Î´Ò³ ¸¶¨· ²Ó´μ¸ÉÖ³ ´Ê±²μ´  ¶·¨ Ë¨±¸¨·μ¢ ´´μ° ¥£μ
´ Î ²Ó´μ° ¸¶¨· ²Ó´μ¸É¨ r = +1 (¢¥·Ì´ÖÖ ¸É·μ±  ¢ (4.8) ¸¶· ¢ ) ¨ r =
−1 (´¨¦´ÖÖ ¸É·μ±  ¸¶· ¢ ) ³μ¦´μ ¶·μ¢¥¸É¨ · §¤¥²Ó´μ ¶μ¸·¥¤¸É¢μ³ ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥£μ ¸Ê³³¨·μ¢ ´¨Ö ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, ¶μ²ÊÎ¥´´ÒÌ
¢ χη-¡ §¨¸¥. „¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ¸¶¨· ²Ó´μ¸ÉÓ ´ Î ²Ó´μ£μ ´Ê±²μ´ , ¸± ¦¥³,
¶μ²μ¦¨É¥²Ó´  (r = +1), Éμ ¸Ê³³  ±¢ ¤· Éμ¢ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ

∗’ ± ± ± |(lv
s′shv

−−)χη |2 ≡ [(lv
s′shv

−+)χχ sin θ/2 − (lv
s′shv

++)χχ cos θ/2 e+iφ]×
[(lv

s′shv
−+)†χχ sin θ/2 − (lv

s′shv
++)†χχ cos θ/2 e−iφ].
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¸¶¨· ²Ó´μ¸ÉÖ³ ±μ´¥Î´μ£μ ´Ê±²μ´ , É. ¥. r′ = −1, +1 (¢¥·Ì´ÖÖ ¸É·μ±  ¢ (4.8)
¸¶· ¢ , ¶¥·¢Ò° ¨´¤¥±¸), · ¢´   ´ ²μ£¨Î´μ° ¸Ê³³¥ ¶μ ¶·μ¥±Í¨Ö³ ¸¶¨´  ±μ-
´¥Î´μ£μ ´Ê±²μ´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ r′ = −1, +1 (¢¥·Ì´ÖÖ ¸É·μ± 
¸²¥¢ , ¶¥·¢Ò° ¨´¤¥±¸) ¶·¨ μÉ·¨Í É¥²Ó´μ° r = −1 (¢¥·Ì´ÖÖ ¸É·μ±  ¸²¥¢ ,
¢Éμ·μ° ¨´¤¥±¸) ¶·μ¥±Í¨¨ ¸¶¨´  ´ Î ²Ó´μ£μ ´Ê±²μ´  ´  ÔÉμ ¦¥ ´ ¶· ¢²¥´¨¥.
…¸²¨ ¸¶¨· ²Ó´μ¸ÉÓ ´ Î ²Ó´μ£μ ´Ê±²μ´  μÉ·¨Í É¥²Ó´  (´¨¦´ÖÖ ¸É·μ±  ¢ (4.8)
¸¶· ¢ ), Éμ É  ¦¥ ¶·μÍ¥¤Ê·  ¶μ²´μ¸ÉÓÕ ¶·¨³¥´¨³  ¤²Ö ¢Éμ·μ° ¸É·μ±¨ (4.8),
Éμ²Ó±μ ¶·¨ ¶μ²μ¦¨É¥²Ó´μ° ´ Î ²Ó´μ° ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¢Ò¤¥²¥´-
´μ¥ ´ ¶· ¢²¥´¨¥. ˆ´Ò³¨ ¸²μ¢ ³¨, Ëμ·³Ê²Ò (4.8) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

∑
r′=±

|(lw,χ
s′s hw,η

r′−)|2 =
∑

r′=±
|(lw,χ

s′s hw,χ
r′+)|2,

∑
r′=±

|(lw,χ
s′s hw,η

r′+)|2 =
∑

r′=±
|(lw,χ

s′s hw,χ
r′−)|2.

�¡μ¡Ð¥´¨¥ ´  ¸Ê³³¨·μ¢ ´¨¥ ¶μ ¢¸¥³ ¢μ§³μ¦´Ò³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ´Ê±²μ´ 
μÎ¥¢¨¤´μ: ∑

r′,r=±
|(lw,χ

s′s hw,η
r′r )|2 =

∑
r′,r=±

|(lw,χ
s′s hw,χ

r′r )|2.

�Éμ ¸μμÉ´μÏ¥´¨¥, ¸ μ¤´μ° ¸Éμ·μ´Ò, Ö¢²Ö¥É¸Ö μÉ· ¦¥´¨¥³ μ¡Ð¥£μ ¸¢μ°¸É¢ 
´¥§ ¢¨¸¨³μ¸É¨ ±μ´¥Î´μ£μ ·¥§Ê²ÓÉ É  μÉ ¢Ò¡μ·  ¡ §¨¸ , ¸ ¤·Ê£μ° Å ¶μ§¢μ²Ö¥É
¶·μ¢μ¤¨ÉÓ ¢ÒÎ¨¸²¥´¨Ö ± ± ±μ£¥·¥´É´μ£μ ¢±² ¤  ¢ ¶μ²´μ¥ ¸¥Î¥´¨¥ ²¥¶Éμ´-
Ö¤¥·´μ£μ · ¸¸¥Ö´¨Ö (¢ σ3-¡ §¨¸¥, ±μ£¤  μ¸Ó ±¢ ´Éμ¢ ´¨Ö ¸¶¨´  ´Ê±²μ´  Ë¨±-
¸¨·μ¢ ´ ), É ± ¨ ´¥±μ£¥·¥´É´μ£μ ¢±² ¤ , ±μÉμ·Ò° μ¡ÒÎ´μ · ¸¸³ É·¨¢ ¥É¸Ö ¢
¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨.

‡�Š‹	—…�ˆ…

‚ ¤ ´´μ° · ¡μÉ¥ ¸μ¤¥·¦ É¸Ö ¶μ²´Ò¥ ´ ¡μ·Ò ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
Éμ±μ¢ ¤¢ÊÌ ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ (²¥¶Éμ´  ¨ ´Ê±²μ´ )∗, μ¶·¥¤¥²¥´´ÒÌ ¢Ò· -
¦¥´¨¥³ (2.1):

(lis′s hk
r′r) ≡

4∑
μ,ν

J i,μ
s′s (k′, k) gμν Jk,ν

r′r (p′, p). (‡.1)

‡¤¥¸Ó 3-¨³¶Ê²Ó¸ k (k′) ¨ ¸¶¨´μ¢Ò° ¨´¤¥±¸ s (s′) μÉ´μ¸ÖÉ¸Ö ± ´ Î ²Ó´μ³Ê
(±μ´¥Î´μ³Ê) ²¥¶Éμ´Ê,   3-¨³¶Ê²Ó¸ p (p′) ¨ ¸¶¨´μ¢Ò° ¨´¤¥±¸ r (r′) μÉ´μ¸ÖÉ¸Ö
± ´ Î ²Ó´μ³Ê (±μ´¥Î´μ³Ê) ´Ê±²μ´Ê ¸μμÉ¢¥É¸É¢¥´´μ. ‚¥·Ì´¨³¨ ¨´¤¥±¸ ³¨ i ¨ k

∗‚ ± Î¥¸É¢¥ ´Ê±²μ´  ³μ¦¥É ¡ÒÉÓ ²Õ¡μ° ¤·Ê£μ° ¡¥¸¸É·Ê±ÉÊ·´Ò° Ë¥·³¨μ´, μÉ²¨Î´Ò° μÉ
®´ Ï¥£μ¯ ²¥¶Éμ´ .
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μ¡μ§´ Î¥´Ò ¢¥±Éμ·´Ò¥,  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥, ¸± ²Ö·´Ò¥ ¨ ¶¸¥¢¤μ¸± ²Ö·´Ò¥
²¥¶Éμ´´Ò¥ ¨  ¤·μ´´Ò¥ Éμ±¨:

Jv,μ
s′s (k′, k) ≡ u(k′, s′)γμu(k, s), Jv,ν

r′r (p′, p) ≡ u(p′, r′)γνu(p, r),

Ja,μ
s′s (k′, k) ≡ u(k′, s′)γμγ5u(k, s), Ja,ν

r′r (p′, p) ≡ u(p′, r′)γνγ5u(p, r),
Js

s′s(k
′, k) ≡ u(k′, s′) u(k, s), Js

r′r(p
′, p) ≡ u(p′, r′) u(p, r),

Jp
s′s(k

′, k) ≡ u(k′, s′) γ5u(k, s), Jp
r′r(p

′, p) ≡ u(p′, r′) γ5u(p, r).

ˆ§ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (‡.1) ± ± ¨§ ®ËÊ´¤ ³¥´É ²Ó´ÒÌ¯ ¡²μ±μ¢ ¤²Ö ²Õ-
¡ÒÌ ¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´  ´Ê±²μ´  (r′, r = ±1) ¨ ²¥¶Éμ´ 
(s′, s = ±1) ³μ¦´μ ¶μ¸É·μ¨ÉÓ ®·¥ ²Ó´Ò¥¯ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö, μÉ¢¥Î -
ÕÐ¨¥, ´ ¶·¨³¥·, ¢§ ¨³μ¤¥°¸É¢¨Õ ³ ¸¸¨¢´μ£μ ²¥¶Éμ´  ¸ ´Ê±²μ´μ³ §  ¸Î¥É
¢¥±Éμ·´μ° ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ° ±μ³¶μ´¥´É (¸² ¡μ£μ Éμ± ):

(lws′s hw
r′r) = α(lvs′s hv

r′r) + β(lvs′s ha
r′r) + γ(las′s hv

r′r) + δ(las′s ha
r′r),

£¤¥ α, β, γ ¨ δ Å ÔËË¥±É¨¢´Ò¥ ±μ´¸É ´ÉÒ ¸¢Ö§¨.
‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (‡.1) ¶μ²ÊÎ¥´Ò ¤²Ö É·¥Ì Ë¨§¨Î¥¸±¨ · §²¨Î´ÒÌ

¸²ÊÎ ¥¢ μ·¨¥´É Í¨¨ ¸¶¨´  ²¥¶Éμ´  ¨ ¸¶¨´  ´Ê±²μ´  (¢ ¸. Í. ³. ¨Ì Ê¶·Ê£μ£μ
· ¸¸¥Ö´¨Ö). �É¨ É·¨ ´ ¡μ·  μ¡Ê¸²μ¢²¥´Ò ¢Ò¡μ·μ³ ¡ §¨¸μ¢ (¶. 2.2) 2-±μ³¶μ-
´¥´É´ÒÌ Ë¥·³¨μ´´ÒÌ ¸¶¨´μ·μ¢ (¡¨¸¶¨´μ·μ¢), ±μÉμ·Ò¥ μÉ²¨Î ÕÉ¸Ö ¶μ Ë¨-
§¨Î¥¸±μ³Ê ¸³Ò¸²Ê. ’ ±, ¡ §¨¸ ¸¶¨· ²Ó´μ¸É¨ (¨²¨ χ-¡ §¨¸) ¸Ëμ·³¨·μ¢ ´ ¨§
¸μ¡¸É¢¥´´ÒÌ ¢¥±Éμ·μ¢ μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨, £¤¥ r, r′ (¨ s′, s) Å ¸μ¡¸É¢¥´-
´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨, É. ¥. ±μ£¤  ¸¶¨´ Ë¥·³¨μ´  ¶ · ²²¥²¥´
¨²¨  ´É¨¶ · ²²¥²¥´ ¥£μ ¨³¶Ê²Ó¸Ê. „·Ê£μ° ¡ §¨¸ (σ3- ¨²¨ η-¡ §¨¸) ¸μ¸É ¢²ÖÕÉ
¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò (¸μ¸ÉμÖ´¨Ö) μ¶¥· Éμ·  σ3 = (nk · σ), § ¤ ÕÐ¥£μ μ¶·¥-
¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥ (±¢ ´Éμ¢ ´¨Ö) ¢ ¶·μ¸É· ´¸É¢¥. ‚ ¤ ´´μ³ ¸²ÊÎ ¥ Å ÔÉμ
´ ¶· ¢²¥´¨¥ ¢¤μ²Ó z-μ¸¨, ¶ · ²²¥²Ó´μ¥ ´ ¶· ¢²¥´¨Õ ¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ
²¥¶Éμ´ . ‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö σ3-μ¶¥· Éμ·  r, r′ (¨ s′, s) Å ÔÉμ É¥¶¥·Ó ¶·μ-
¥±Í¨¨ ¸¶¨´  μ¡μ¨Ì Ë¥·³¨μ´μ¢ ´  § ¤ ´´μ¥ ´ ¶· ¢²¥´¨¥ (¶·¨²¥É  ²¥¶Éμ´ ).
’ ±¨³ μ¡· §μ³, ¢Ò¡μ· ¡ §¨¸  ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° μ¡Ê-
¸²μ¢²¥´ Ë¨§¨Î¥¸±¨³ ¸³Ò¸²μ³ ¸¶¨´μ¢ÒÌ ¨´¤¥±¸μ¢ s′, s, r′, r ¨, ¸²¥¤μ¢ É¥²Ó´μ,
¶μ¸É ´μ¢±μ° ·¥Ï ¥³μ° Ë¨§¨Î¥¸±μ° § ¤ Î¨.

�μ²ÊÎ¥´´Ò¥ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ´ ¡μ·Ò ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ± ±
³¨´¨³Ê³ ´¥μ¡Ìμ¤¨³Ò ¤²Ö ¸ ³μ¸μ£² ¸μ¢ ´´μ£μ ¢ÒÎ¨¸²¥´¨Ö ¸¥Î¥´¨° ±μ£¥·¥´É-
´μ£μ (Ê¶·Ê£μ£μ) ¨ ´¥±μ£¥·¥´É´μ£μ (´¥Ê¶·Ê£μ£μ) ¢§ ¨³μ¤¥°¸É¢¨Ö ³ ¸¸¨¢´ÒÌ
´¥°É· ²Ó´ÒÌ ¸² ¡μ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Î ¸É¨Í (´ ¶·¨³¥·, Î ¸É¨Í É¥³´μ° ³ -
É¥·¨¨) ¸ Ö¤¥·´Ò³¨ ³¨Ï¥´Ö³¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¤¥É¥±Éμ·μ¢.

„¥°¸É¢¨É¥²Ó´μ, ¢ · ¡μÉ Ì [1Ä3] ¡Ò²μ ¤ ´μ ¥¤¨´μ¥ μ¶¨¸ ´¨¥ ¢§ ¨³μ¤¥°-
¸É¢¨° νA → νA(∗) ¨ ν̄A → ν̄A(∗), ±μ£¤  Ö¤·μ-³¨Ï¥´Ó A, ¸μÌ· ´ÖÖ ¸¢μÕ
Í¥²μ¸É´μ¸ÉÓ, μ¸É ¥É¸Ö ¢ ¸¢μ¥³ ¶¥·¢μ´ Î ²Ó´μ³ ¸μ¸ÉμÖ´¨¨ (±μ£¥·¥´É´Ò° ¶·μ-
Í¥¸¸) ¨/¨²¨ ¶¥·¥Ìμ¤¨É ¢ ¢μ§¡Ê¦¤¥´´μ¥ ¸μ¸ÉμÖ´¨¥ A∗. Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó,
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¢ ¦´ÊÕ ·μ²Ó ¶·¨ ÔÉμ³ ¨£· ²  ´¥°É·¨´μ-Ö¤¥·´ Ö  ³¶²¨ÉÊ¤  (1.1), ±μÉμ· Ö
¶·¥¤¸É ¢¨³  ¸Ì¥³ É¨Î¥¸±¨ ¢ ¢¨¤¥ ¤¢ÊÌ ¸² £ ¥³ÒÌ, ±μ£¤  r′ = r ¨ r′ 	= r:

iMmn(χA → χA(∗)) ∝

∝ i
GF√

2

A∑
k=1

∑
r′,r

[
fk

mnλmn
r′,r(l∓∓ hk

r′ �=r) + fk
mnλmn

r,r (l∓∓ hk
r′=r)

]
.

�μ¸±μ²Ó±Ê Ê¸²μ¢¨¥³ ±μ£¥·¥´É´μ¸É¨ Ö¢²Ö¥É¸Ö ´¥¨§³¥´´μ¸ÉÓ ¢´ÊÉ·¥´´¥£μ ¸μ¸Éμ-
Ö´¨Ö Ö¤·  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö, Éμ ¤²Ö ®μ¡¥¸¶¥Î¥´¨Ö¯ ·¥¦¨³  ±μ£¥·¥´É´μ£μ
· ¸¸¥Ö´¨Ö ´¥μ¡Ìμ¤¨³μ ¡ÒÉÓ Ê¢¥·¥´´Ò³ ¢ ´¥¨§³¥´´μ¸É¨ ¸¶¨´μ¢μ£μ ¸μ¸ÉμÖ-
´¨Ö  ±É¨¢´μ£μ ´Ê±²μ´  (¨, ¸²¥¤μ¢ É¥²Ó´μ, ¢¸¥£μ Ö¤· ) ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.
�μÔÉμ³Ê ´Ê¦´μ ¨³¥ÉÓ ¢μ§³μ¦´μ¸ÉÓ ¢ÒÎ¨¸²ÖÉÓ ¢Ìμ¤ÖÐ¨¥ ¢ ÔÉÊ  ³¶²¨ÉÊ¤Ê ¸± -
²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¶·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ¶·μ¥±Í¨° ¸¶¨´  ±μ´¥Î´μ£μ r′ ¨
´ Î ²Ó´μ£μ r ´Ê±²μ´  ´  ´¥±μÉμ·μ¥ ¢Ò¡· ´´μ¥ ´ ¶· ¢²¥´¨¥. ‚ ®±μ£¥·¥´É-
´μ³¯ ¸²ÊÎ ¥ ÔÉ¨ ¶·μ¥±Í¨¨ ¤μ²¦´Ò ¸μ¢¶ ¤ ÉÓ, É. ¥. r′ ≡ r. ‚ ·¥§Ê²ÓÉ É¥ ¢¸¥
¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ´ ¤μ ¢ÒÎ¨¸²ÖÉÓ ®´ ¶·Ö³ÊÕ¯ ¶ÊÉ¥³ ¶¥·¥³´μ¦¥´¨Ö
¤¢ÊÌ 4-¢¥±Éμ·μ¢ Éμ±μ¢ (¸³., ´ ¶·¨³¥·, [15]) ¸ ±μ´±·¥É´Ò³¨ §´ Î¥´¨Ö³¨ ¶·μ-
¥±Í¨° ¸¶¨´  ´Ê±²μ´ . ˆ¸¶μ²Ó§μ¢ ´¨¥ μ¡Ð¥¶·¨´ÖÉμ° ÔËË¥±É¨¢´μ° É¥Ì´¨±¨
(¸³., ´ ¶·¨³¥·, [16, 17]) ¢§ÖÉ¨Ö Ï¶Ê·μ¢ γ-³ É·¨Í (§  ¸Î¥É ¶¥·¢μ´ Î ²Ó´μ£μ
¸Ê³³¨·μ¢ ´¨Ö ¶μ ¢¸¥³ ¶·μ¥±Í¨Ö³ ¸¶¨´  ÊÎ ¸É¢ÊÕÐ¨Ì Î ¸É¨Í) ¨ Ö¢´μ£μ ¢¨¤ 
Ë¥·³¨μ´´ÒÌ ³ É·¨Í ¶²μÉ´μ¸É¨ §¤¥¸Ó ´¥¶·¨³¥´¨³μ, ¶μ¸±μ²Ó±Ê ´Ê±²μ´ ´¥ ¸¢μ-
¡μ¤¥´ ¢ Ö¤·¥, ¢¸²¥¤¸É¢¨¥ ÔÉμ£μ ´¥¢μ§³μ¦´μ § Ë¨±¸¨·μ¢ ÉÓ ´¨ ´ Î ²Ó´ÊÕ, ´¨
±μ´¥Î´ÊÕ μ·¨¥´É Í¨Õ ¸¶¨´  ´Ê±²μ´ . ‚ ¦´μ, μ¤´ ±μ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´¨¥ ¸± -
²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ§¢μ²Ö¥É Î¥É±μ · §²¨Î ÉÓ ¨ ±μ´É·μ²¨·μ¢ ÉÓ ¸¨ÉÊ Í¨¨,
±μ£¤  ´Ê±²μ´ ¨§³¥´Ö¥É (r′ 	= r) ¨ ±μ£¤  ´¥ ¨§³¥´Ö¥É (r′ = r) μ·¨¥´É Í¨Õ
¸¢μ¥£μ ¸¶¨´  ¢´ÊÉ·¨ Ö¤·  ¶μ¸²¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.

�μ¤Ìμ¤ [1Ä3] ³μ¦¥É ¡ÒÉÓ μ¡μ¡Ð¥´ ´  ¸²ÊÎ °, ±μ£¤  ¢³¥¸Éμ ¡¥§³ ¸¸μ-
¢μ£μ ( ´É¨)´¥°É·¨´μ · ¸¸³ É·¨¢ ¥É¸Ö ³ ¸¸¨¢´ Ö ´¥°É· ²Ó´ Ö Î ¸É¨Í  ¨ ±μ£¤ 
¤μ¸É ÉμÎ´μ ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ÔÉμ° Î ¸É¨ÍÒ ¸ ´Ê±²μ´ ³¨ Ö¤·  μ¶¨¸Ò¢ -
¥É¸Ö Ë¥´μ³¥´μ²μ£¨Î¥¸±¨³ ² £· ´¦¨ ´μ³, ÊÎ¨ÉÒ¢ ÕÐ¨³ ¢μ§³μ¦´Ò¥ ²μ·¥´Í-
¸É·Ê±ÉÊ·Ò (¸± ²Ö·, ¶¸¥¢¤μ¸± ²Ö·, ¢¥±Éμ· ¨  ±¸¨ ²Ó´Ò° ¢¥±Éμ·). ‚ ¦´Ò°
¶·¨³¥· Å ÔÉμ ¶·μÍ¥¸¸ ¶·Ö³μ£μ ¤¥É¥±É¨·μ¢ ´¨Ö ³ ¸¸¨¢´ÒÌ ¸² ¡μ¢§ ¨³μ¤¥°-
¸É¢ÊÕÐ¨Ì ´¥°É· ²Ó´ÒÌ Î ¸É¨Í É¥³´μ° ³ É¥·¨¨ §  ¸Î¥É ¨Ì Ê¶·Ê£μ£μ (¨, ¢μμ¡Ð¥
£μ¢μ·Ö, ´¥Ê¶·Ê£μ£μ) · ¸¸¥Ö´¨Ö ´  Ö¤· Ì. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢¨¤  ³¶²¨ÉÊ¤Ò · ¸¸¥-
Ö´¨Ö ¸¨²Ó´μ Ê¸²μ¦´Ö¥É¸Ö, ¶μ¸±μ²Ó±Ê Î ¸É¨Í  É¥³´μ° ³ É¥·¨¨, ± ± ¶· ¢¨²μ,
μ¡² ¤ ¥É ¡μ²ÓÏμ° ³ ¸¸μ° ¨ ¸¶¨· ²Ó´μ¸ÉÓ ¥¥, ¢ μÉ²¨Î¨¥ μÉ ´¥°É·¨´μ ¨  ´-
É¨´¥°É·¨´μ, ³μ¦¥É ²¥£±μ ³¥´ÖÉÓ¸Ö ¢ ¶·μÍ¥¸¸¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ´Ê±²μ´ ³¨
Ö¤· . �μÔÉμ³Ê ±μ··¥±É´μ¥ ¢ÒÎ¨¸²¥´¨¥ ±μ£¥·¥´É´μ£μ ¸¥Î¥´¨Ö É ±μ£μ · ¸¸¥Ö-
´¨Ö É·¥¡Ê¥É ¸ÊÐ¥¸É¢¥´´μ ¡μ²ÓÏ¥£μ Î¨¸²  ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (¤²Ö ± -
¦¤μ° ¨§ ¢μ§³μ¦´ÒÌ ²μ·¥´Í-¸É·Ê±ÉÊ·). �¥Ï¥´¨¥ ¨³¥´´μ ÔÉμ° § ¤ Î¨ Å ´ Ìμ-
¦¤¥´¨¥ ¢¸¥Ì ´¥μ¡Ìμ¤¨³ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° Å Í¥²Ó ¤ ´´μ° · ¡μÉÒ.
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‚ μ¶·¥¤¥²¥´´μ³ ¸³Ò¸²¥ μ´  Ö¢²Ö¥É¸Ö ¢ ¦´μ° ¢¸¶μ³μ£ É¥²Ó´μ° μ¸´μ¢μ° ¤²Ö
· ¡μÉÒ [14], ¢ ±μÉμ·μ° ¢ÒÎ¨¸²¥´¨¥ ¸¥Î¥´¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ³ ¸¸¨¢-
´μ£μ ²¥¶Éμ´  ´  Ö¤·¥ μ¡¸Ê¦¤ ¥É¸Ö ¶μ¤·μ¡´μ.

ˆ¸¶μ²Ó§μ¢ ´´Ò° ¶μ¤Ìμ¤, ¡¥§Ê¸²μ¢´μ, ¤ ¢´μ ¨§¢¥¸É¥´ (¸³., ´ ¶·¨³¥·, [15]),
μ¤´ ±μ ¶·¨³¥´¥´¨¥ ¨ μ¡¸Ê¦¤¥´¨¥ ¥£μ ¢ É ±μ³ ³ ¸ÏÉ ¡¥ ¨ É ±μ³ ±μ´É¥±¸É¥
¢ ¸μ¢·¥³¥´´μ° ²¨É¥· ÉÊ·¥  ¢Éμ·Ê ´ °É¨ ´¥ Ê¤ ²μ¸Ó. Š·μ³¥ Éμ£μ, ¤μ¸É ÉμÎ´μ
¶μ¤·μ¡´μ ¨§²μ¦¥´´ Ö ¶·μÍ¥¤Ê·  ¶μ²ÊÎ¥´¨Ö Ëμ·³Ê² ³μ¦¥É ¡ÒÉÓ ¶μ²¥§´  ¢
μ¡· §μ¢ É¥²Ó´ÒÌ Í¥²ÖÌ.

�¢Éμ· ¢Ò· ¦ ¥É £²Ê¡μ±ÊÕ ¡² £μ¤ ·´μ¸ÉÓ „. ‚.� Ê³μ¢Ê, ¸μ¢³¥¸É´ Ö · -
¡μÉ  ¨ É¥¸´μ¥ μ¡Ð¥´¨¥ ¸ ±μÉμ·Ò³ ¶μ¸²Ê¦¨²¨ ¸É¨³Ê²μ³ ± ´ ¶¨¸ ´¨Õ μ¡§μ· .
’ ±¦¥  ¢Éμ· ¨¸±·¥´´¥ ¡² £μ¤ ·¨É �.�. ‚² ¤¨³¨·μ¢  §  ¶μ²¥§´Ò¥ ±μ³³¥´É -
·¨¨ ¨ ¸μÉ·Ê¤´¨±μ¢ ‹Ÿ� �ˆŸˆ §  É¥·¶¥´¨¥.

�·¨²μ¦¥´¨¥ 1

‚›—ˆ‘‹…�ˆ… Š�Œ���…�’ ’�Š�‚ Œ�‘‘ˆ‚�›• ”…�Œˆ���‚

Šμ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ±μ¢ μ¶·¥¤¥²¥´Ò Ëμ·³Ê² ³¨ (2.13)
¨ (2.15). „²Ö ¨Ì ¢ÒÎ¨¸²¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ ¨ ²¥¶-
Éμ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í, § ¤ ´´ÒÌ Ëμ·³Ê² ³¨ (2.17)Ä(2.19) ¨ (2.21)Ä(2.23),
  É ±¦¥ Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ χ†

r′(p′), χr(p) ¨ ²¥¶Éμ´´ÒÌ χ†
s′(k′), χs(k) ¡¨-

¸¶¨´μ·μ¢ (2.32) ¨ (2.37).
�.1.1. � §¨¸ σ3. ‚ÒÎ¨¸²¥´¨e ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ ¨ ²¥¶Éμ´´ÒÌ Éμ-

±μ¢. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ Éμ±μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ö¢´Ò¥ ¢Ò· -
¦¥´¨Ö ¤²Ö Éμ±μ¢ÒÌ ´Ê±²μ´´ÒÌ ³ É·¨Í (2.17)Ä(2.19) ¨ Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ
¡¨¸¶¨´μ·μ¢ (2.37):

η†
− =

(
0 1

)
, η†

+ =
(
1 0

)
, É ± ± ± η− =

(
0
1

)
, η+ =

(
1
0

)
. (�.1)

�·Ö³ Ö ¶μ¤¸É ´μ¢±  ¸μ£² ¸´μ Ëμ·³Ê² ³ (2.13) ¤ ¥É ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ±μ³-
¶μ´¥´É ´Ê±²μ´´μ£μ Éμ±  ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ¶·μ¥±Í¨ÖÌ ¸¶¨´  ´Ê±²μ´  ´ 
´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´ . � ¶·¨³¥·, Î¥ÉÒ·¥ ±μ³¶μ´¥´ÉÒ
¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ± , μÉ¢¥Î ÕÐ¨¥ ¸μÌ· ´¥´¨Õ μÉ·¨Í É¥²Ó´μ° ¶·μ-
¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¢Ò¡· ´´ÊÕ μ¸Ó V μ

−−(p′), ¶μ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

V 0
−−(p′) = η†

−V̂ 0(p′)η− =

= (0 1)
(

Ep + m + (Ep − m) cos θ −e−iφ (Ep − m) sin θ
eiφ (Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
0
1

)
=

= (0 1)
(

−e−iφ(Ep − m) sin θ
Ep + m + (Ep − m) cos θ

)
= Ep + m + (Ep − m) cos θ,
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V 1
−−(p′) = η†

−V̂ 1(p′)η− =

= (0 1)|k|
(

−e−iφ sin θ 1 − cos θ
−1 + cos θ −eiφ sin θ

)(
0
1

)
= −|k| eiφ sin θ,

V 2
−−(p′) = η†

−V̂ 2(p′)η− =

= (0 1) i|k|
(

−e−iφ sin θ −1 + cos θ
−1 + cos θ eiφ sin θ

)(
0
1

)
= i|k| eiφ sin θ,

V 3
−−(p′) = η†

−V̂ 3(p′)η− =

= (0 1)|k|
(

−(1 + cos θ) e−iφ sin θ
−eiφ sin θ −(1 + cos θ)

)(
0
1

)
= −|k|(1 + cos θ).

Šμ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ± , μÉ¢¥Î ÕÐ¨¥ ¨§³¥´¥´¨Õ μÉ·¨Í -
É¥²Ó´μ° ¶·μ¥±Í¨¨ ¸¶¨´  ´Ê±²μ´  ´  ¶μ²μ¦¨É¥²Ó´ÊÕ ¶·μ¥±Í¨Õ ¸¶¨´  V μ

+−(p′),
¶μ²ÊÎ ÕÉ¸Ö  ´ ²μ£¨Î´μ:

V 0
+−(p′) = η†

+V̂ 0(p′)η− =

= (1 0)

(
Ep + m + (Ep − m) cos θ −e−iφ(Ep − m) sin θ

eiφ (Ep − m) sin θ Ep + m + (Ep − m) cos θ

)(
0
1

)
=

= (1 0)

(
−e−iφ(Ep − m) sin θ

Ep + m + (Ep − m) cos θ

)
= −e−iφ(Ep − m) sin θ,

V 1
+−(p′) = η†

+V̂ 1(p′)η− =

= (1 0)|k|
(

−e−iφ sin θ 1 − cos θ

−1 + cos θ −eiφ sin θ

)(
0
1

)
= |k|(1 − cos θ),

V 2
+−(p′) = η†

+V̂ 2(p′)η− =

= (1 0)i|k|
(

−e−iφ sin θ −1 + cos θ

−1 + cos θ eiφ sin θ

)(
0
1

)
= i|k|(−1 + cos θ),

V 3
+−(p′) = η†

+V̂ 3(p′)η− =

= (1 0)|k|
(
−(1 + cos θ) e−iφ sin θ

−eiφ sin θ −(1 + cos θ)

)(
0
1

)
= |k| e−iφ sin θ.

„²Ö ¸± ²Ö·´μ£μ ¨ ¶¸¥¢¤μ¸± ²Ö·´μ£μ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢ ¸¨²Ê ¶·μ¸Éμ£μ Ö¢-
´μ£μ ¢¨¤  ¡¨¸¶¨´μ·μ¢ ¢ÒÎ¨¸²¥´¨¥ É ±¦¥ ¸¢μ¤¨É¸Ö ± ¶·μ¸Éμ³Ê ¶μ¸²¥¤μ¢ -
É¥²Ó´μ³Ê ¶¥·¥¡μ·Ê ¢¸¥Ì Î¥ÉÒ·¥Ì Ô²¥³¥´Éμ¢ ³ É·¨Í Ŝ(p′) ¨ P̂ (p′),
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´ ¶·¨³¥·, ¢ ¢¨¤¥∗

P−−(p′) = η†
−P̂ (p′)χ− = (0 1)|k|

(
−1 + cos θ e−iφ sin θ

eiφ sin θ 1 − cos θ

)(
0
1

)
=

= (0 1)|k|
(

e−iφ sin θ
1 − cos θ

)
= |k|(1 − cos θ),

P++(p′) = η†
+P̂ (p′)χ+ =

= (1 0)|k|
(
−1 + cos θ e−iφ sin θ

eiφ sin θ 1 − cos θ

)(
1
0

)
= |k|(−1 + cos θ),

P+−(p′) = η†
+P̂ (p′)χ− = (1 0)|k|

(
−1 + cos θ e−iφ sin θ

eiφ sin θ 1 − cos θ

)(
0
1

)
=

= (1 0)|k|
(

e−iφ sin θ

1 − cos θ

)
= |k| e−iφ sin θ,

P−+(p′) = η†
−P̂ (p′)χ+ =

= (0 1)|k|
(
−1 + cos θ e−iφ sin θ

eiφ sin θ 1 − cos θ

)(
1
0

)
= |k| eiφ sin θ.

„¥°¸É¢ÊÖ ¸μ¢¥·Ï¥´´μ  ´ ²μ£¨Î´μ, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ±μ³¶μ´¥´ÉÒ ¢¸¥Ì ´Ê-
±²μ´´ÒÌ Éμ±μ¢ ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´  ´ Î ²Ó´μ£μ ¨
±μ´¥Î´μ£μ ´Ê±²μ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´  (σ3-¡ §¨¸).

„²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö Ö¢´Ò¥ ¢Ò· -
¦¥´¨Ö ¤²Ö Éμ±μ¢ÒÌ ²¥¶Éμ´´ÒÌ ³ É·¨Í (2.21)Ä(2.23) ¨ Ö¢´Ò° ¢¨¤ ²¥¶Éμ´´ÒÌ
¡¨¸¶¨´μ·μ¢ (2.37) ¨²¨ (�.1).

’ ± ¦¥, ± ± ¨ ¢ ¸²ÊÎ ¥ ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ Éμ±μ¢, ¶·Ö³ Ö
¶μ¤¸É ´μ¢±  ¢ Ëμ·³Ê²Ò (2.15) ¤ ¥É ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ±μ³¶μ´¥´É ²¥¶Éμ´´ÒÌ
Éμ±μ¢ ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ¶·μ¥±Í¨ÖÌ ¸¶¨´  ²¥¶Éμ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥-
´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´ . � ¶·¨³¥·, Î¥ÉÒ·¥ ±μ³¶μ´¥´ÉÒ ¢¥±Éμ·´μ£μ ²¥¶Éμ´-
´μ£μ Éμ± , μÉ¢¥Î ÕÐ¨¥ ¸μÌ· ´¥´¨Õ μÉ·¨Í É¥²Ó´μ° ¶·μ¥±Í¨¨ ¸¶¨´  ²¥¶Éμ´ 
´  ¢Ò¡· ´´ÊÕ μ¸Ó V μ

−−(k′), ¶μ²ÊÎ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

V 0
−− = η†

−(k′)V 0(k′)η−(k) =

= (0, 1)

(
Eχ + mχ + (Eχ − mχ) cos θ −e−iφ(Eχ − mχ) sin θ

eiφ(Eχ − mχ) sin θ Eχ + mχ + (Eχ − mχ) cos θ

)(
0
1

)
=

= (0, 1)
(

−e−iφ(Eχ − mχ) sin θ

Eχ + mχ + (Eχ − mχ) cos θ

)
= Eχ + mχ + (Eχ − mχ) cos θ,

∗‡¤¥¸Ó ¤²Ö ´ £²Ö¤´μ¸É¨ ¶μ¤Î¥·±´ÊÉÒ Ô²¥³¥´ÉÒ Éμ±μ¢ÒÌ ³ É·¨Í, ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ±μ-
´¥Î´Ò° ·¥§Ê²ÓÉ É.
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V 1
−−=η†

−V 1(k′)η− = (0, 1)|k|
(

e−iφ sin θ −1 + cos θ
1 − cos θ eiφ sin θ

)(
0
1

)
= |k| eiφ sin θ,

V 2
−−=η†

−V 2(k′)η− = (0, 1)i|k|
(

e−iφ sin θ 1 − cos θ
1 − cos θ −eiφ sin θ

)(
0
1

)
= −i|k| eiφ sin θ,

V 3
−−=η†

−V 3(k′)η− = (0, 1)|k|
(

1 + cos θ −e−iφ sin θ
eiφ sin θ 1 + cos θ

)(
0
1

)
= |k|(1 + cos θ).

„¥°¸É¢ÊÖ ¸μ¢¥·Ï¥´´μ  ´ ²μ£¨Î´μ, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ±μ³¶μ´¥´ÉÒ ²¥¶Éμ´´ÒÌ
Éμ±μ¢ ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ §´ Î¥´¨° ¶·μ¥±Í¨° ¸¶¨´  ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ
²¥¶Éμ´  ´  ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´  (σ3-¡ §¨¸).

‚¸¥ ±μ³¶μ´¥´ÉÒ Éμ±μ¢ Ê¤μ¡´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ ®Éμ± -¸É·μ±¨¯. � ¶·¨-
³¥·, ¤²Ö ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ Éμ±  V η

s′s(k
′) ≡ V η,μ=0,1,2,3

s′s (k′) μ´¨ ¨³¥ÕÉ
¢¨¤ (2.43). �¸É ²Ó´Ò¥ ²¥¶Éμ´´Ò¥ ¨ ´Ê±²μ´´Ò¥ Éμ±¨ ¢ σ3-¡ §¨¸¥ ¶·¨¢¥¤¥´Ò
¢ ¶. 2.3 ¢ ¢¨¤¥ Ëμ·³Ê² (2.42), (2.44)Ä(2.47).

‚ É¥·³¨´ Ì ¤¨· ±μ¢¸±¨Ì 4-¸¶¨´μ·μ¢ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ´Ê±²μ´μ¢
±μ³¶μ´¥´ÉÒ ¸² ¡μ£μ ´Ê±²μ´´μ£μ (V ÄA) Éμ±  ‘É ´¤ ·É´μ° ³μ¤¥²¨ μ¶·¥¤¥²Ö-
ÕÉ¸Ö, ± ± ¨§¢¥¸É´μ, ¢ ¢¨¤¥

hμ
±±(p′) = gV ū(p′,±)γμu(pi,±) − gAū(p′,±)γμγ5u(pi,±) =

= gV V η,μ
±± (p′) − gA Aη,μ

±±(p′).

„²Ö Î¥ÉÒ·¥Ì ¢μ§³μ¦´ÒÌ ±μ³¡¨´ Í¨° ¶·μ¥±Í¨° ¸¶¨´  ±μ´¥Î´μ£μ ¨ ´ Î ²Ó-
´μ£μ ´Ê±²μ´  ´  ´ ¶· ¢²¥´¨¥ 3-¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ ²¥¶Éμ´  (η-¡ §¨¸) ¸μ-
£² ¸´μ Ëμ·³Ê² ³ (2.42) ¨ (2.44) ¨³¥ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö
±μ³¶μ´¥´É ¸² ¡μ£μ ´Ê±²μ´´μ£μ Éμ± :

hμ
++ =

{
gA|k|(1 + cos θ) + gV (Ep + m + (Ep − m) cos θ),

− (EpgA + |k|gV − gAm) e−iφ sin θ,−i(EpgA + |k|gV − gAm) e−iφ sin θ,

− |k|gV (1 + cos θ) − gA(Ep + m + (Ep − m) cos θ)
}

,

hμ
−− =

{
− gA|k|(1 + cos θ) + gV (Ep + m + (Ep − m) cos θ),

(EpgA − |k|gV − gAm) e+iφ sin θ, i(−EpgA + |k|gV + gAm) e+iφ sin θ,

− |k|gV + gA(Ep + m) + (EpgA − |k|gV − gAm) cos θ
}

,

hμ
+− =

{
(|k|gA + gV (−Ep + m)) e−iφ sin θ, gV (|k| − |k| cos θ)−

− gA(Ep + m + (−Ep + m) cos θ), i(|k|gV (−1 + cos θ)+

+ gA(Ep + m + (−Ep + m) cos θ)), (−EpgA + |k|gV + gAm) e−iφ sin θ
}

,



1090 	…„�ŸŠ�‚ ‚.�.

hμ
−+ =

{
(|k|gA + gV (Ep − m)) e+iφ sin θ, |k|gV (−1 + cos θ)−

− gA(Ep + m + (−Ep + m) cos θ), i(|k|gV (−1 + cos θ)−

− gA(Ep + m + (−Ep + m) cos θ)), −(EpgA + |k|gV − gAm) e+iφ sin θ
}
.

�.1.2. � §¨¸ ¸¶¨· ²Ó´μ¸É¨. ‚ÒÎ¨¸²¥´¨¥ ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ ¨ ²¥¶-
Éμ´´ÒÌ Éμ±μ¢. „²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢ χ-¡ §¨¸¥ ¨¸-
¶μ²Ó§ÊÕÉ¸Ö ¢Ò· ¦¥´¨Ö ¤²Ö Éμ±μ¢ÒÌ ´Ê±²μ´´ÒÌ ³ É·¨Í (2.17)Ä(2.19) ¨ ¤²Ö
´Ê±²μ´´ÒÌ ¡¨¸¶¨´μ·μ¢ (2.32):

χ−(p) =
(

1
0

)
,

χ†
−(p′) = sin

θ

2

(
e+iφ cot

θ

2
, 1

)
=

(
e+iφ cos

θ

2
, sin

θ

2

)
,

χ+(p) =
(

0
1

)
,

χ†
+(p′) = −e−iφ cos

θ

2

(
−e+iφ tan

θ

2
, 1

)
=

(
sin

θ

2
, −e−iφ cos

θ

2

)
.

�μ¤¸É ¢²ÖÖ ÔÉ¨ ¢Ò· ¦¥´¨Ö ¢ Ëμ·³Ê²Ò ¤²Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ (2.13) ¨ ÊÎ¨ÉÒ¢ Ö
Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í (2.17)Ä(2.19) V̂ μ(p′), Âμ(p′) ¨ Ŝ(p′),
P̂ (p′), ³μ¦´μ ¶μ²ÊÎ¨ÉÓ (¢ ¸. Í. ³.) ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¶μ´¥´É
´Ê±²μ´´ÒÌ Éμ±μ¢. � ¶·¨³¥·, ¶¥·¢Ò¥ ¤¢¥ ±μ³¶μ´¥´ÉÒ ´Ê±²μ´´μ£μ ¸± ²Ö·´μ£μ
Éμ±  ¢ÒÎ¨¸²ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³∗:

Sχ
−− = χ†

−(p′)Ŝ(p′)χ−(p) =

= χ†
−(p′)

(
Ep + m − (Ep − m) cos θ e−iφ(Ep − m) sin θ

−eiφ(Ep − m) sin θ Ep + m − (Ep − m) cos θ

)
χ−(p) =

=
(

e+iφ cos
θ

2
, sin

θ

2

)
×

×
(

Ep + m − (Ep − m) cos θ e−iφ(Ep − m) sin θ

−eiφ(Ep − m) sin θ Ep + m − (Ep − m) cos θ

)(
1
0

)
=

=
(

e+iφ cos
θ

2
, sin

θ

2

)(
Ep + m − (Ep − m) cos θ

−eiφ(Ep − m) sin θ

)
=

∗‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ cos θ + tan θ/2 sin θ = cot θ/2 sin θ − cos θ = 1.
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= e+iφ

[
(Ep + m) cos

θ

2
− cos

θ

2
(Ep − m) cos θ − sin

θ

2
(Ep − m) sin θ

]
=

= e+iφ cos
θ

2

[
(Ep +m)− (Ep −m)

(
cos θ + tan

θ

2
sin θ

)]
= 2m e+iφ cos

θ

2
,

Sχ
−+ =

(
e+iφ cos

θ

2
, sin

θ

2

)
×

×
(

Ep + m − (Ep − m) cos θ e−iφ(Ep − m) sin θ

−eiφ(Ep − m) sin θ Ep + m − (Ep − m) cos θ

)(
0
1

)
=

=
(

e+iφ cos
θ

2
, sin

θ

2

)(
e−iφ(Ep − m) sin θ

Ep + m − (Ep − m) cos θ

)
=

= e+iφ cos
θ

2
[
e−iφ(Ep − m) sin θ

]
+ sin

θ

2
[
Ep + m − (Ep − m) cos θ

]
=

= sin
θ

2

[
Ep + m + (Ep − m)

(
− cos θ + cot

θ

2
sin θ

)]
= 2Ep sin

θ

2
.

�¸É ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ´Ê±²μ´´ÒÌ Éμ±μ¢ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ É ±¨³ ¦¥ μ¡· §μ³
¨²¨ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶ ±¥É  Mathematica. � ¶·¨³¥·, ¤²Ö ´Ê²¥¢μ° ¨ ¶¥·¢μ°
±μ³¶μ´¥´É ¢¥±Éμ·´μ£μ Éμ±  ¨³¥¥³

V 0
−−(p′, p) = ū(p′,−1)γ0u(p,−1) = χ†

−(p′)V0(p′)χ−(p) = 2 eiφEp cos
θ

2
,

V 0
−+(p′, p) = ū(p′,−1)γ0u(p, +1) = χ†

−(p′)V0(p′)χ+(p) = 2m sin
θ

2
,

V 0
+−(p′, p) = ū(p′, +1)γ0u(p,−1) = χ†

+(p′)V0(p′)χ−(p) = 2m sin
θ

2
,

V 0
++(p′, p) = ū(p′, +1)γ0u(p, +1) = χ†

+(p′)V0(p′)χ+(p) = −2Ep e−iφ cos
θ

2
,

V 1
−−(p′, p) = ū(p′,−1)γ1u(p,−1) = χ†

−(p′)V1(p′)χ−(p) = −2|k| sin θ

2
,

V 1
−+(p′, p) = ū(p′,−1)γ1u(p, +1) = χ†

−(p′)V1(p′)χ+(p) = 0,

V 1
+−(p′, p) = ū(p′, +1)γ1u(p,−1) = χ†

+(p′)V1(p′)χ−(p) = 0,

V 1
++(p′, p) = ū(p′, +1)γ1u(p, +1) = χ†

+(p′)V1(p′)χ+(p) = 2|k| sin θ

2
.

„²Ö ¢ÒÎ¨¸²¥´¨Ö ±μ³¶μ´¥´É ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¢ χ-¡ §¨¸¥ ¨¸¶μ²Ó§ÊÕÉ¸Ö
Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö Éμ±μ¢ÒÌ ²¥¶Éμ´´ÒÌ ³ É·¨Í (2.21)Ä(2.23) ¨ ²¥¶Éμ´´ÒÌ
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¡¨¸¶¨´μ·μ¢ (2.32):

χ†
−(k′) = cos

θ

2

(
−eiφ tan

θ

2
, 1

)
, χ−(k) =

(
0
1

)
,

χ†
+(k′) = e−iφ sin

θ

2

(
eiφ cot

θ

2
, 1

)
, χ+(k) =

(
1
0

)
.

�μ¤¸É ¢²ÖÖ ¨Ì ¢ Ëμ·³Ê²Ò ¤²Ö ²¥¶Éμ´´ÒÌ Éμ±μ¢ (2.15) ¨ ÊÎ¨ÉÒ¢ Ö Ö¢´Ò°
¢¨¤ ²¥¶Éμ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í (2.21)Ä(2.23), V̂ μ(k′), Âμ(k′) ¨ Ŝ(k′), P̂ (k′),
³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¶μ´¥´É ²¥¶Éμ´´ÒÌ Éμ±μ¢.
�·Ö³Ò¥ ¢Ò±² ¤±¨, ´ ¶·¨³¥·, ¤²Ö ¶¥·¢μ° ±μ³¶μ´¥´ÉÒ Aμ=1

±± (k′)  ±¸¨ ²Ó´μ£μ
²¥¶Éμ´´μ£μ Éμ±  ¡¥§ ¨§³¥´¥´¨Ö ¸¶¨· ²Ó´μ¸É¨ É ±μ¢Ò∗:

A1
−− = χ†

−(k′)A1(k′)χ−(k) = χ†
−(k′)×

×
[

(Eχ − mχ) e−iφ sin θ (Eχ + mχ) − (Eχ − mχ) cos θ
(Eχ + mχ) − (Eχ − mχ) cos θ −(Eχ − mχ) eiφ sin θ

]
χ−(k) =

= cos
θ

2

(
−eiφ tan

θ

2
, 1

)
×

×
[

(Eχ − mχ) e−iφ sin θ (Eχ + mχ) − (Eχ − mχ) cos θ
(Eχ + mχ) − (Eχ − mχ) cos θ −(Eχ − mχ) eiφ sin θ

](
0
1

)
=

= cos
θ

2

(
−eiφ tan

θ

2
, 1

)(
(Eχ + mχ) − (Eχ − mχ) cos θ

−(Eχ − mχ) eiφ sin θ

)
=

= −eiφ cos
θ

2
tan

θ

2

{
(Eχ + mχ) + (Eχ − mχ)

[
− cos θ + sin θ cot

θ

2

]}
=

= −2Eχ eiφ sin
θ

2
,

A1
++ = χ†

+(k′)×

×
[

(Eχ − mχ) e−iφ sin θ (Eχ + mχ) − (Eχ − mχ) cos θ
(Eχ + mχ) − (Eχ − mχ) cos θ −(Eχ − mχ) eiφ sin θ

]
χ+(k) =

= e−iφ sin
θ

2

(
eiφ cot

θ

2
, 1

)(
(Eχ − mχ) e−iφ sin θ

(Eχ + mχ) − (Eχ − mχ) cos θ

)
=

= e−iφ sin
θ

2

{
eiφ cot

θ

2
(Eχ − mχ) e−iφ sin θ +(Eχ + mχ)−(Eχ − mχ) cos θ

}
=

= e−iφ sin
θ

2

{
Eχ +mχ+(Eχ−mχ)

[
cot

θ

2
sin θ−cos θ

]}
= 2e−iφ sin

θ

2
Eχ.

∗“ÎÉ¥´μ, ÎÉμ cot θ/2 sin θ − cos θ − 1 = 1 + cos θ − cot θ/2 sin θ = 0.
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�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¢ÒÎ¨¸²¥´Ò ¢¸¥ μ¸É ²Ó´Ò¥ ±μ³¶μ´¥´ÉÒ ²¥¶Éμ´´ÒÌ Éμ-
±μ¢ ¢ χ-¡ §¨¸¥. ‚ Î ¸É´μ¸É¨, ¤²Ö ¸μÌ· ´ÖÕÐ¨Ì ¸¶¨· ²Ó´μ¸ÉÓ ²¥¶Éμ´´ÒÌ Éμ±μ¢
¶μ²ÊÎ ÕÉ¸Ö É ±¨¥ ¢Ò· ¦¥´¨Ö:

V χ,μ=0,1,2,3
−− (k′, k) =

= 2

{
+ Eχ cos

θ

2
, +|k| sin θ

2
e+iφ, −i|k| sin θ

2
e+iφ, +|k| cos

θ

2

}
,

V χ,μ=0,1,2,3
++ (k′, k) =

= 2

{
+ Eχ cos

θ

2
, +|k| sin θ

2
e−iφ, +i|k| sin θ

2
e−iφ, +|k| cos

θ

2

}
,

Aχ,μ=0,1,2,3
−− (k′, k) =

= 2

{
− |k| cos

θ

2
, −Eχ sin

θ

2
e+iφ, iEχ sin

θ

2
e+iφ, −Eχ cos

θ

2

}
,

Aχ,μ=0,1,2,3
++ (k′, k) =

= 2

{
+ |k| cos

θ

2
, +Eχ sin

θ

2
e−iφ, +iEχ sin

θ

2
e−iφ, +Eχ cos

θ

2

}
.

‘· ¢´¥´¨¥ ÔÉ¨Ì ¢Ò· ¦¥´¨° ¸ ( ´É¨)´¥°É·¨´´Ò³¨ Éμ± ³¨ ¨§ · ¡μÉ [1,2]

V χ
−−(k′) =

= 2Eν

{
+ cos

θ

2
, + sin

θ

2
e+iφ, −i sin

θ

2
e+iφ, + cos

θ

2

}
≡ −Aχ

−−(k′),

V̄ χ
++(k′) = 2Eν

{
+ cos

θ

2
, + sin

θ

2
e−iφ, +i sin

θ

2
e−iφ, + cos

θ

2

}
≡ Āχ

++(k′)

¤¥³μ´¸É·¨·Ê¥É ¶μ²´μ¥ ¸μ¢¶ ¤¥´¨¥, ¥¸²¨ ¶·¨´ÖÉÓ, ÎÉμ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Ë¥·-
³¨μ´μ¢ Eν = |k| = Eχ ¨ ¢ ¸²ÊÎ ¥ ´¥°É·¨´μ ¸¶¨· ²Ó´μ¸ÉÓ −−,   ¢ ¸²ÊÎ ¥
 ´É¨´¥°É·¨´μ ¸¶¨· ²Ó´μ¸ÉÓ ++.

�μ¸²¥ ¸¡μ·±¨ ¢¸¥Ì ¢ÒÎ¨¸²¥´´ÒÌ ±μ³¶μ´¥´É Éμ±μ¢ ¢ ±μ³¶ ±É´Ò¥ § ¶¨¸¨
4-¢¥±Éμ·´Ò°, 4- ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò°, 1-¸± ²Ö·´Ò° ¨ 1-¶¸¥¢¤μ¸± ²Ö·´Ò° Éμ-
±¨ ´Ê±²μ´  ¨ ²¥¶Éμ´  ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ¶·¨´¨³ ÕÉ ¢¨¤, ¶·¥¤¸É ¢²¥´´Ò°
Ëμ·³Ê² ³¨ (2.51)Ä(2.53) (¸³. ¶. 2.3).

�·¨²μ¦¥´¨¥ 2

‚›—ˆ‘‹…�ˆ… ‘Š�‹Ÿ��›• ���ˆ‡‚…„…�ˆ‰
‚ χχ-��‡ˆ‘… ‘�ˆ��‹œ��‘’ˆ

�μ±μ³¶μ´¥´É´Ò° ¢¨¤ ¢¸¥Ì ´¥μ¡Ìμ¤¨³ÒÌ §¤¥¸Ó ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ
Éμ±μ¢ ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (χ-¡ §¨¸¥) ¶·¥¤¸É ¢²¥´ ¢ ¶. 2.3 Ëμ·³Ê² ³¨ (2.51)Ä
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(2.53). ‘ ¶μ³μÐÓÕ ÔÉ¨Ì Ëμ·³Ê² ¨ ³¥É·¨Î¥¸±μ£μ É¥´§μ· ∗ gμν ³μ¦´μ ¢ÒÎ¨-
¸²¨ÉÓ ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢ χχ-¡ §¨¸¥
(¸³. ¶. 3.1), ¨¸¶μ²Ó§ÊÖ μ¡Ð¨¥ μ¶·¥¤¥²¥´¨Ö (3.4). �·¨ ¢ÒÎ¨¸²¥´¨¨ ´¨¦¥ ¸± -
²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° É¨¶  (las′s ha

r′r)
χχ = Aμ,χ

s′s (k′) gμν Aν,χ
r′r (p′) ¨´¤¥±¸Ò χ ¨

χχ ¢·¥³¥´´μ μ¶ÊÐ¥´Ò.
‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¡μ²¥¥ ¨²¨ ³¥´¥¥ ¶μ¤·μ¡´μ ¢ÒÎ¨¸²¨³ ¸± ²Ö·´Ò¥ ¶·μ-

¨§¢¥¤¥´¨Ö ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ Éμ±  V μ
−s(k

′) ¨ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ± 
V ν
−−(p′), ±μ£¤  (μÉ·¨Í É¥²Ó´ Ö) ¸¶¨· ²Ó´μ¸ÉÓ ´Ê±²μ´  ´¥ ³¥´Ö¥É¸Ö,   ¸¶¨· ²Ó-

´μ¸ÉÓ ±μ´¥Î´μ£μ ²¥¶Éμ´  μÉ·¨Í É¥²Ó´ Ö:

(lv−− hv
−−) ≡ V μ

−−(k′) gμν V ν
−−(p′) =

= 2

(
Eχ cos

θ

2
, |k| sin θ

2
eiφ, −i|k| sin θ

2
eiφ, |k| cos

θ

2

)
×

× [gμν ]2

(
eiφEp cos

θ

2
, −|k| sin θ

2
, −i|k| sin θ

2
, −eiφ|k| cos

θ

2

)
=

= 4

{
Eχ cos

θ

2
[+1] eiφEp cos

θ

2
+ |k| sin θ

2
eiφ [−1]

(
− |k| sin θ

2

)
+

+

(
− i|k| sin θ

2
eiφ

)
[−1]

(
− i|k| sin θ

2

)
+ |k| cos

θ

2
[−1]

(
− eiφ|k| cos

θ

2

)}
=

= 4

{
EχEp cos2

θ

2
eiφ + |k|2 sin2 θ

2
eiφ + [−1](−i)2|k|2 sin2 θ

2
eiφ+

+ |k|2 cos2
θ

2
eiφ

}
= 4 eiφ

{
EχEp cos2

θ

2
+ |k|2 sin2 θ

2
+ |k|2

}
,

(lv−+ hv
−−) ≡ V μ

−+(k′) gμν V ν
−−(p′) = −2mχ eiφ

(
sin

θ

2
, 0, 0, 0

)
×

× [gμν ]2

(
eiφEp cos

θ

2
, −|k| sin θ

2
, −i|k| sin θ

2
, −eiφ|k| cos

θ

2

)
=

=

[
− 2mχ eiφ sin

θ

2

]
[+1]

[
2 eiφEp cos

θ

2

]
=

= −2mχEp2 sin
θ

2
cos

θ

2
e2iφ = −2mχEp sin θ e2iφ.

∗g00 = 1, g11 = −1, g22 = −1, g33 = −1.



‘Š�‹Ÿ��›… ���ˆ‡‚…„…�ˆŸ ”…�Œˆ���›• ’�Š�‚ 1095

�´ ²μ£¨Î´μ ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ
Éμ±  Aμ

−s(k
′) ¨ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±  V ν

+−(p′), ±μ£¤  (μÉ·¨Í É¥²Ó´ Ö)
¸¶¨· ²Ó´μ¸ÉÓ ´Ê±²μ´  ³¥´Ö¥É¸Ö (´  ¶μ²μ¦¨É¥²Ó´ÊÕ), ¨³¥¥³

(la−− hv
+−) ≡ Aμ

−−(k′)gμνV ν
+−(p′) =

= 2
(
−|k| cos

θ

2
,−Eχ eiφ sin

θ

2
, i eiφ sin

θ

2
Eχ,− cos

θ

2
Eχ

)
×

× [gμν ]2m

(
sin

θ

2
, 0, 0, 0

)
= −2|k| cos

θ

2
2m sin

θ

2
= −2m|k| sin θ,

(la−+ hv
+−) ≡ Aμ

−+(k′)gμνV ν
+−(p′) =

= 2mχ

(
0, cos

θ

2
, i cos

θ

2
,−eiφ sin

θ

2

)
gμν2m

(
sin

θ

2
, 0, 0, 0

)
= 0.

‚ÒÎ¨¸²¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ Éμ±μ¢
¢Ò£²Ö¤¨É ´ ¨¡μ²¥¥ ¶·μ¸Éμ, ´ ¶·¨³¥·:

(ls−− hs
−−) ≡ S−−(k′)S−−(p′) =

= 2mχ cos
θ

2
2m cos

θ

2
e+iφ = 4mχm cos2

θ

2
e+iφ,

(ls−+ hs
−−) ≡ S−+(k′)S−−(p′) =

= −2Eχ sin
θ

2
e+iφ 2m cos

θ

2
e+iφ = −2Eχm sin θ e+2iφ,

(ls+− hs
−+) ≡ S+−(k′)S−+(p′) =

= 2Eχ sin
θ

2
e−iφ 2Ep sin

θ

2
= +4EχEp sin2 θ

2
e−iφ,

(lp−+ hs
−+) ≡ P−+(k′)S−+(p′) =

= −2|k| e+iφ sin
θ

2
2Ep sin

θ

2
= −4|k|Ep sin2 θ

2
e+iφ,

(lp+− hs
−−) ≡ P+−(k′)S−−(p′) =

= −2|k| e−iφ sin
θ

2
2m cos

θ

2
e+iφ = −4|k|m sin

θ

2
cos

θ

2
,

(lp−+ hs
−−) ≡ P−+(k′)S−−(p′) =

= −2|k| e+iφ sin
θ

2
2m cos

θ

2
e+iφ = −4|k|m sin

θ

2
cos

θ

2
e+2iφ.

„¥°¸É¢ÊÖ  ´ ²μ£¨Î´Ò³ μ¡· §μ³, ³μ¦´μ ¢ÒÎ¨¸²¨ÉÓ ¢ χχ-¡ §¨¸¥ ¢¸¥ ¸± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö Éμ±μ¢, ±μÉμ·Ò¥ ¶μ²´μ¸ÉÓÕ ¶·¨¢¥¤¥´Ò ¢ ¶. 3.1.
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�·μ¢¥·±  ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ ´¥°É·¨´μ ¢ χχ-¡ §¨¸¥. Šμ£¤ 
χ-Î ¸É¨Í  ¡¥§³ ¸¸μ¢ Ö (mχ = 0), ¥¥ ³μ¦´μ ¸Î¨É ÉÓ ´¥°É·¨´μ (´ Î ²Ó´ Ö ¨
±μ´¥Î´ Ö ¸¶¨· ²Ó´μ¸ÉÓ s′, s = −1) ¨²¨  ´É¨´¥°É·¨´μ (Éμ£¤  s′, s = +1).
‚ ·¥§Ê²ÓÉ É¥ É ±μ£μ ¶·¨¡²¨¦¥´¨Ö ¶μ²ÊÎ ¥É¸Ö, ÎÉμ ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ¨³¥ÕÉ
Éμ²Ó±μ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ Éμ±μ¢ ¡¥§
¨§³¥´¥´¨Ö ¸¶¨· ²Ó´μ¸É¨ ²¥¶Éμ´ , É. ¥. (lv±± hv

r′r) ¨ (la±± ha
r′r). �´¨ ¶·¨¢¥¤¥´Ò

´¨¦¥:

(lv−− hv
−−) = 4

[
EχEp cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)]
e+iφ =

= 2

[
s − m2 − m2

χ + sin2 θ

2

[
(m2

χ − m2)2

s
− m2 − m2

χ

]]
e+iφ,

(la−− ha
−−) = 4

[
E2

ν cos2
θ

2
+ EχEp

(
1 + sin2 θ

2

)]
e+iφ =

= 2

[
s − m2 − m2

χ − sin2 θ

2

[
(m2

χ − m2)2

s
− m2 − m2

χ

]]
e+iφ,

(lv++ hv
++) = −4

[
EχEp cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)]
e−iφ = −|(lv−− hv

−−)| e−iφ,

(la++ ha
++) = −4

[
E2

ν cos2
θ

2
+ EχEp

(
1 + sin2 θ

2

)]
e−iφ = −|(la−− ha

−−)| e−iφ,

(lv−− ha
−−) = −4

[
EχEν cos2

θ

2
+ EνEp

(
1 + sin2 θ

2

)]
e+iφ =

= −2λ(s, m2, m2
χ)

[
1 − sin2 θ

2
m2

χ − m2

s

]
e+iφ,

(la−− hv
−−) = −4

[
EνEp cos2

θ

2
+ EχEν

(
1 + sin2 θ

2

)]
e+iφ =

= −2λ(s, m2, m2
χ)

[
1 + sin2 θ

2
m2

χ − m2

s

]
e+iφ,

(lv++ ha
++) = −4

[
EχEν cos2

θ

2
+ EνEp

(
1 + sin2 θ

2

)]
e−iφ = |(lv−− ha

−−)| e−iφ,

(la++ hv
++) = −4

[
EνEp cos2

θ

2
+ EχEν

(
1 + sin2 θ

2

)]
e−iφ =

= −|(la−− hv
−−)| e−iφ,
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(la−− ha
++) = +4

[
EχEp + E2

ν

]
cos2

θ

2
e−iφ = +2(s − m2 − m2

χ) cos2
θ

2
e−iφ,

(lv−− hv
++) = −4

[
EχEp + E2

ν

]
cos2

θ

2
e−iφ =

= −2(s− m2 − m2
χ) cos2

θ

2
e−iφ = −(la−− ha

++),

(lv++ hv
−−) = +4

[
EχEp + E2

ν

]
cos2

θ

2
e+iφ =

= +2(s − m2 − m2
χ) cos2

θ

2
e+iφ = |(la−− ha

++)| e+iφ,

(la++ ha
−−) = −4

[
EχEp + E2

ν

]
cos2

θ

2
e+iφ =

= −(lv++ hv
−−) = −|(la−− ha

++)| e+iφ,

(la−− hv
++) = +4Eν

[
Eχ + Ep

]
cos2

θ

2
e−iφ = +2λ(s, m2, m2

χ) cos2
θ

2
e−iφ,

(lv−− ha
++) = −4Eν

[
Eχ + Ep

]
cos2

θ

2
e−iφ =

= −2λ(s, m2, m2
χ) cos2

θ

2
e−iφ = −(la−− hv

++),

(la++ hv
−−) = +4Eν

[
Eχ + Ep

]
cos2

θ

2
e+iφ =

= +2λ(s, m2, m2
χ) cos2

θ

2
e+iφ = |(la−− hv

++)| e+iφ,

(lv++ ha
−−) = −4Eν

[
Eχ+Ep

]
cos2

θ

2
e+iφ = −(la++ hv

−−) = −|(la−− hv
++)| e+iφ,

(lv−− hv
−+) = (lv−− hv

+−) = (lv++ hv
−+) = (lv++ hv

+−) =

= +2Eχm sin θ = +(s + m2
χ − m2)

m√
s

sin θ,

(la−− ha
−+) = (la−− ha

+−) = (la++ ha
−+) = (la++ ha

+−) =

= −2Eχm sin θ = −(s + m2
χ − m2)

m√
s

sin θ,

(lv−− ha
−+) = (lv−− ha

+−) = (la++ hv
−+) = (la++ hv

+−) =

= +2Eνm sin θ = +λ(s, m2, m2
χ)

m√
s

sin θ,

(la−− hv
−+) = (la−− hv

+−) = (lv++ ha
−+) = (lv++ ha

+−) =

= −2Eνm sin θ = −λ(s, m2, m2
χ)

m√
s

sin θ.

�· ¢Ò¥ Î ¸É¨ ÔÉ¨Ì Ëμ·³Ê² ¢Ò· ¦¥´Ò Î¥·¥§ ¨´¢ ·¨ ´É´Ò¥ ¶¥·¥³¥´´Ò¥ s,
m ¨ mχ ¨ Ê£μ² · ¸¸¥Ö´¨Ö θ/2 ¢ ¸. Í. ³. ‘¶· ¢¥¤²¨¢μ¸ÉÓ ÔÉμ£μ ®¶¥·¥Ìμ¤ ¯



1098 	…„�ŸŠ�‚ ‚.�.

¶·μ¢¥·Ö¥É¸Ö ¶·Ö³Ò³¨ ¢Ò±² ¤± ³¨∗, ´ ¶·¨³¥· ¢ ¢¨¤¥

4s

[
EχEp cos2

θ

2
+E2

ν

(
1+sin2 θ

2

)]
= cos2

θ

2
[s2−(m2

χ−m2)2]+

(
1+sin2 θ

2

)
×

×
[
s2 + m4 + m4

χ − 2sm2 − 2sm2
χ − 2m2m2

χ

]
=

= s2

(
cos2

θ

2
+ 1 + sin2 θ

2

)
− 2m2

χm2

(
− cos2

θ

2
+ 1 + sin2 θ

2

)
+

+ (m4 + m4
χ)

(
1 + sin2 θ

2
− cos2

θ

2

)
−
(

1 + sin2 θ

2

)
2s(m2 + m2

χ) =

= 2s2 + 2 sin2 θ

2
(m4 + m4

χ − 2m2
χm2) −

(
1 + sin2 θ

2

)
2s(m2 + m2

χ) =

= 2s

{
s − (m2 + m2

χ) + sin2 θ

2
(m2

χ − m2)2 − s(m2
χ + m2)

s

}
,

  É ±¦¥

4s

[
EχEν

(
1 + sin2 θ

2

)
+ EνEp cos2

θ

2

]
=

= λ(s, m2, m2
χ)

{(
1 + sin2 θ

2

)
(s + m2

χ − m2) + cos2
θ

2
(s − m2

χ + m2)

}
=

= λ(s, m2, m2
χ)

{
2s+m2

χ

(
1+sin2 θ

2
−cos2

θ

2

)
−m2

(
1+sin2 θ

2
−cos2

θ

2

)}
=

= 2λ(s, m2, m2
χ)

{
s + sin2 θ

2
(m2

χ − m2)

}
.

�·¨ ¶¥·¥Ìμ¤¥ ± ®´¥°É·¨´´μ³Ê¯ ¸²ÊÎ Õ, μÉ³¥Î¥´´μ³Ê ´¨¦¥ ¨´¤¥±¸μ³ ν
Ê ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°, ±μÉμ·Ò° ´ ¶μ³¨´ ¥É μ Éμ³, ÎÉμ mχ = 0 ¨ s′, s =
−1,   É ±¦¥ ÎÉμ λ(s, m2, 0) = (s − m2), Ëμ·³Ê²Ò ¨§ ´ Î ²  ¤ ´´μ£μ · §¤¥² 
¶·¨μ¡·¥É ÕÉ ¤μ¸É ÉμÎ´μ ¶·μ¸Éμ° ¢¨¤∗∗:

(lv−− hv
−+)ν = (lv−− hv

+−)ν = (lv−− ha
−+)ν = (lv−− ha

+−)ν = +(s − m2)
m√
s

sin θ,

∗‘ ÊÎ¥Éμ³ Ëμ·³Ê² (2.5), (3.6) ¨ Eν ≡ (λ(s, m2, m2
χ))/(2

√
s) = |k|.

∗∗’ ± ± ± s−m2 ± sin2(θ/2)
[
(m4/s)−m2

]
= (s−m2)± sin2(θ/2)(m2/s)(m2 − s) =

(s − m2)
[
1 ∓ sin2(θ/2)(m2/s)

]
.
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(la−− ha
−+)ν = (la−− ha

+−)ν = (la−− hv
−+)ν = (la−− hv

+−)ν =

= −(s − m2)
m√
s

sin θ = −(lv−− hv
−+)ν ,

(la−− ha
++)ν = (la−− hv

++)ν = −(lv−− hv
++)ν =

= −(lv−− ha
++)ν = +2(s − m2) cos2

θ

2
e−iφ, (�.2)

(lv−− hv
−−)ν = −(la−− hv

−−)ν = +2(s − m2)

[
1 − sin2 θ

2
m2

s

]
e+iφ,

(la−− ha
−−)ν = −(lv−− ha

−−)ν = +2(s − m2)

[
1 + sin2 θ

2
m2

s

]
e+iφ.

‚ ‘É ´¤ ·É´μ° ³μ¤¥²¨ (‘Œ) ´¥°É·¨´´Ò°  ±¸¨ ²Ó´Ò° Éμ± · ¢¥´ ³¨´Ê¸ ´¥°-
É·¨´´μ³Ê ¢¥±Éμ·´μ³Ê Éμ±Ê: (lv−−)ν = −(la−−)ν , ¶μÔÉμ³Ê ¸¶· ¢¥¤²¨¢Ò ¸μ-
μÉ´μÏ¥´¨Ö ¤²Ö ¶μ²´μ£μ ´¥°É·¨´´μ£μ Éμ±  ¨ ¶μ²´μ£μ ¸² ¡μ£μ Éμ±  ´Ê±²μ´ 
¢ χ-¡ §¨¸¥∗:

lν = V μ
−−(k′, k) − Aμ

−−(k′, k) = 2V μ
−−(k′, k) ≡ 2lv−− = −2la−−,

hv
r′r = gV V ν

r′r(p
′, p), ¨ ha

r′r = −gA Aν
r′r(p

′, p),
hχ
−− = hv

−− + ha
−− ≡ (V − A)−−.

‚ ‘Œ ¤²Ö ´¥°É·¨´μ ¸ ÊÎ¥Éμ³ Ö¢´μ£μ ¢¨¤   ¤·μ´´μ£μ Éμ±  hχ
−− ¢ ¡ §¨¸¥ ¸¶¨-

· ²Ó´μ¸É¨ ¨³¥¥³

(lν · hχ
−−) ≡ 2V μ

−−(k′) gμν [gV V ν
−−(p′) − gA Aν

−−(p′)] =

= 2[gV (lv−− hv
−−) − gA(lv−− ha

−−)] =
4∑

μ,ν

lμν gμνhχ,ν
−− =

= 4Eν

{
cos

θ

2
, eiφ sin

θ

2
, −i eiφ sin

θ

2
, cos

θ

2

}
gμν×

× 2

{
eiφ (EνgA + EpgV ) cos

θ

2
,−(EpgA + EνgV ) sin

θ

2
,

− i(EpgA + EνgV ) sin
θ

2
, −eiφ (EpgA + EνgV ) cos

θ

2

}
=

∗„²Ö  ´É¨´¥°É·¨´μ ®´ μ¡μ·μÉ¯ lν̄ = V μ
++(k′,k)+Aμ

++(k′,k) = 2V μ
++(k′,k) ≡ 2lv++ =

2la++.
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= 8Eν eiφ

{
(EνgA+EpgV ) cos2

θ

2
+(EpgA+EνgV ) sin2 θ

2
+(EpgA+EνgV )

}
=

= 8gV eiφ

{
EpEν cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)}
+

+ 8gA eiφ

{
E2

ν cos2
θ

2
+ EpEν

(
1 + sin2 θ

2

)}
.

�É¸Õ¤  ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ´¥°É·¨´´μ£μ Éμ±  ¨ ¢¥±Éμ·´μ£μ (¶·μ-
¶μ·Í¨μ´ ²Ó´μ£μ gV ) ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ (¶·μ¶μ·Í¨μ´ ²Ó´μ£μ −gA) ´Ê-
±²μ´´μ£μ Éμ±μ¢ ¢ ‘Œ ¶μ²ÊÎ ¥³

(lv−− hv
−−)ν ≡

(lν · hχ
−−)

2gV

∣∣∣∣∣
gA=0

=

= +4 eiφ

{
EpEν cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)}
= −(la−− hv

−−)ν ,

(lv−−ha
−−)ν ≡

(lν · ha
−−)

−2gA

∣∣∣∣∣
gV =0

=

= −4 eiφ

{
E2

ν cos2
θ

2
+ EpEν

(
1 + sin2 θ

2

)}
= −(la−−ha

−−)ν .

„²Ö ³ ¸¸¨¢´μ£μ χ-²¥¶Éμ´   ´ ²μ£¨Î´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¨³¥ÕÉ
¸²¥¤ÊÕÐ¨° ¢¨¤:

(lv−− hv
−−) = + 4 eiφ

{
EpEχ cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)}
→

→ +4 eiφ

{
EpEν cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)}
,

(la−− hv
−−) = − 4 eiφ

{
EνEp cos2

θ

2
+ EχEν

(
1 + sin2 θ

2

)}
→

→ −4 eiφ

{
EpEν cos2

θ

2
+ E2

ν

(
1 + sin2 θ

2

)}
,

(la−− ha
−−) = + 4 eiφ

{
E2

ν cos2
θ

2
+ EχEp

(
1 + sin2 θ

2

)}
→

→ +4 eiφ

{
E2

ν cos2
θ

2
+ EpEν

(
1 + sin2 θ

2

)}
,
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(lv−− ha
−−) = − 4eiφ

{
EχEν cos2

θ

2
+ EνEp

(
1 + sin2 θ

2

)}
→

→ −4 eiφ

{
E2

ν cos2
θ

2
+ EνEp

(
1 + sin2 θ

2

)}
.

�´¨ ¶¥·¥Ìμ¤ÖÉ ¢ ®´¥°É·¨´´Ò¥¯ (¶·¨¢¥¤¥´´Ò¥ ¢ÒÏ¥), ¥¸²¨ ¢¥§¤¥ § ³¥´¨ÉÓ Eχ

´  Eν , ± ± ¶μ± § ´μ ¸¶· ¢  ¶μ¸²¥ ¸É·¥²μ±. ’ ±¨³ μ¡· §μ³, ¨³¥¥É¸Ö ¸μ£² ¸¨¥
³¥¦¤Ê μ¡Ð¨³¨ Ëμ·³Ê² ³¨ ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¨³ Ëμ·³Ê² ³¨, ¶μ²ÊÎ¥´´Ò³¨
· ´¥¥ ¤²Ö ´¥°É·¨´μ.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ ‘Œ ¤²Ö ´¥°É·¨´´ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢ · -
¡μÉ¥ [1] ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ´¨¦¥ ¤μ ¸É·¥²±¨. ˆÌ ´¥μ¡-
Ìμ¤¨³μ ¸· ¢´¨ÉÓ ¸ Ëμ·³Ê² ³¨, ¶·¨¢¥¤¥´´Ò³¨ ´¨¦¥ ¶μ¸²¥ ¸É·¥²±¨, ±μÉμ·Ò¥
¸²¥¤ÊÕÉ ¨§ · ¸¸³μÉ·¥´´ÒÌ ¢ÒÏ¥ μ¡Ð¨Ì ¢Ò· ¦¥´¨° ¤²Ö χ-Î ¸É¨ÍÒ (�.2) ¢
¶·¥¤¥²Ó´μ³ ¶¥·¥Ìμ¤¥ mχ → 0 (± ¸²ÊÎ Õ ´¥°É·¨´μ):

(lν · hχ
++) = −8 e−iφ gR(s − m2) cos2

θ

2
→ 2[gV (lv−− hv

++)ν − gA(lv−− ha
++)ν ],

(lν · hχ
−−) = 8 eiφ (s − m2)

[
gL − gR sin2 θ

2
m2

s

]
→

→ 2[gV (lv−− hv
−−)ν − gA(lv−− ha

−−)ν ], (�.3)

(lν · hχ
+−) = 8gR(s − m2)

m√
s

sin
θ

2
cos

θ

2
→ 2[gV (lv−− hv

+−)ν − gA(lv−− ha
+−)ν ],

(lν · hχ
−+) = 8gR(s − m2)

m√
s

sin
θ

2
cos

θ

2
→ 2[gV (lv−− hv

−+)ν − gA(lv−− ha
−+)ν ].

„¥°¸É¢¨É¥²Ó´μ, ¶μ¸±μ²Ó±Ê ¨§ (�.2) ¸²¥¤Ê¥É (lv−− hv
++)ν = (lv−− ha

++)ν =
−2 cos2(θ/2) e−iφ (s − m2), Éμ ¨³¥¥³ ¸μ¢¶ ¤¥´¨¥ ¤²Ö ¶¥·¢μ° ¸É·μ±¨:

2gV (lv−− hv
++)ν − 2gA(lv−− ha

++)ν =

= 2gV

(
− 2 cos2

θ

2
e−iφ(s − m2)

)
− 2gA

(
− 2 cos2

θ

2
e−iφ (s − m2)

)
=

= −4 cos2
θ

2
e−iφ (s−m2)[gV −gA] = −8 cos2

θ

2
e−iφ (s−m2)gR ≡ (lν ·hχ

++).

„ ²¥¥, É ± ± ± (lv−− hv
−+)ν = (lv−− hv

+−)ν = (lv−− ha
−+)ν = (lv−− ha

+−)ν =
+(s − m2)(m/

√
s) sin θ, Éμ ¶μ²ÊÎ ¥³ ¸μ¢¶ ¤¥´¨¥ ¤²Ö ¶μ¸²¥¤´¨Ì ¤¢ÊÌ ¸É·μ±:

2gV (lv−− hv
+−)ν − 2gA(lv−− ha

+−)ν = 2gV (lv−− hv
−+)ν − 2gA(lv−− ha

−+)ν =

= 2
m√
s

sin θ(s−m2)(gV −gA) = 4gR
m√
s

sin θ(s−m2) ≡ (lν ·hχ
+−) = (lν ·hχ

−+).
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’ ± ± ± (lv−− hv
−−)ν = +2 eiφ (s − m2)

[
1 − sin2(θ/2)(m2/s)

]
¨ (lv−− ha

−−)ν =
−2 eiφ (s − m2)

[
1 + sin2(θ/2)(m2/s)

]
, Éμ ¨³¥¥³ ¸μ¢¶ ¤¥´¨¥ ¨ ¢μ ¢Éμ·μ°

¸É·μ±¥:

2gV (lv−− hv
−−)ν−2gA(lv−− ha

−−)ν = 2gV

(
+2 eiφ (s−m2)

{
1−sin2 θ

2
m2

s

})
−

− 2gA

(
− 2 eiφ (s − m2)

{
1 + sin2 θ

2
m2

s

})
=

= 4 eiφ (s − m2)

{
gV + gA − [gV − gA] sin2 θ

2
m2

s

}
=

= 8 eiφ (s − m2)

{
gL − gR sin2 θ

2
m2

s

}
≡ (lν · hχ

−−).

ˆ´Ò³¨ ¸²μ¢ ³¨, ¶μ²ÊÎ¥´μ ¨¸±μ³μ¥ ¢ (�.3) ¸μ¢¶ ¤¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§-
¢¥¤¥´¨°. ’ ±¨³ μ¡· §μ³, ·¥¤Ê±Í¨Ö μ¡Ð¨Ì Ëμ·³Ê² (¶μ²ÊÎ¥´´ÒÌ ¢ χχ-¡ §¨¸¥)
¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ´  ¸²ÊÎ ° ´¥°-
É·¨´μ (mχ = 0) ¤ ¥É ¸μ¢¶ ¤¥´¨¥ ¢Ò· ¦¥´¨° ¸ ¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢ · -
¡μÉ¥ [1].

�·¨²μ¦¥´¨¥ 3

‚›—ˆ‘‹…�ˆ… ‘Š�‹Ÿ��›• ���ˆ‡‚…„…�ˆ‰ ‚ ηη-��‡ˆ‘…

�μ±μ³¶μ´¥´É´Ò° ¢¨¤ ¢¸¥Ì ´¥μ¡Ìμ¤¨³ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢
¢ η-¡ §¨¸¥ ¶·¥¤¸É ¢²¥´ ¢ ¶. 2.3 Ëμ·³Ê² ³¨ (2.42)Ä(2.47). ‚ ¶¥·¥³¥´´ÒÌ∗ λ±
¨ ξ± ÔÉμÉ ´ ¡μ· Éμ±μ¢ ¤ ´ Ëμ·³Ê² ³¨ (2.48)Ä(2.50). ‘ ¶μ³μÐÓÕ ÔÉ¨Ì ¢Ò-
· ¦¥´¨° ¤²Ö Éμ±μ¢ ¨ ³¥É·¨Î¥¸±μ£μ É¥´§μ·  gμν ¢ÒÎ¨¸²ÖÕÉ¸Ö ¢¸¥ ¸± ²Ö·´Ò¥
¶·μ¨§¢¥¤¥´¨Ö ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢, § ¤ ´´Ò¥ μ¡Ð¨³¨ ¢Ò· ¦¥´¨-
Ö³¨ (3.4). �·¨¢¥¤¥³ ´¥¸±μ²Ó±μ ¶·¨³¥·μ¢ ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥-
¤¥´¨° ¢ ηη-¡ §¨¸¥. ‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¢ ηη-¡ §¨¸¥

(¸. Í. ³.) ¢ÒÎ¨¸²ÖÕÉ¸Ö ¶μ Ëμ·³Ê²¥ (las′s ha
r′r)

η =
4∑

μ,ν
Aη,μ

s′s (k′) gμν Aη,ν
r′r (p′). „²Ö

Ê¤μ¡¸É¢  ¢¥§¤¥ Ê ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° μ¸É ¢²¥´ Éμ²Ó±μ μ¤¨´ ¢¥·Ì´¨° ¨´-
¤¥±¸ η. ˆÉ ±, ´ ¶·¨³¥·, ¤²Ö  ¤·μ´´μ£μ Éμ± , ´¥ ³¥´ÖÕÐ¥£μ (μÉ·¨Í É¥²Ó´μ°)
¶·μ¥±Í¨¨ ¸¶¨´  ´  ¢Ò¤¥²¥´´μ¥ ´ ¶· ¢²¥´¨¥, ¥¸²¨ ¸¶¨´ ±μ´¥Î´μ£μ ²¥¶Éμ´ 

∗�μ¤·μ¡´¥¥ ¶·¨¢¥¤¥´Ò ¢ ¶·¨². 5 ¨ ¢Ò· ¦¥´¨ÖÌ (2.5), (3.6).



‘Š�‹Ÿ��›… ���ˆ‡‚…„…�ˆŸ ”…�Œˆ���›• ’�Š�‚ 1103

®μÉ·¨Í É¥²Ó´μ ´ ¶· ¢²¥´¯, ¨³¥¥³

(la−− ha
−−)η ≡ Aη,μ

−−(k′)gμνAη,ν
−−(p′) =

=
{
− ξ+ξ−(1 + cos θ),−ξ2

− sin θ eiφ, iξ2
− sin θ eiφ,−(ξ2

+ + ξ2
− cos θ)

}
×

× gμν

{
+ λ+λ−(1 + cos θ),−λ2

− sin θ e+iφ, iλ2
− sin θ e+iφ,−(λ2

+ + λ2
− cos θ)

}
=

=[−ξ+ξ−(1+cos θ)][+1][λ+λ−(1+cos θ)]+[−ξ2
− sin θ eiφ][−1][−λ2

− sin θ e+iφ]+

+[iξ2
− sin θ eiφ][−1][iλ2

− sin θ e+iφ]+[−(ξ2
++ξ2

− cos θ)][−1][−(λ2
++λ2

− cos θ)] =

= −ξ+ξ−λ+λ−(1 + cos θ)2 − ξ2
−λ2

− sin2 θ e+2iφ − i2ξ2
−λ2

− sin2 θ e+2iφ−
− (ξ2

+ + ξ2
− cos θ)(λ2

+ + λ2
− cos θ) = −ξ+ξ−λ+λ−(1 + cos θ)2−

− (ξ2
+ + ξ2

− cos θ)(λ2
+ + λ2

− cos θ),

(la−+ ha
−−)η ≡ Aμ

−+(k′) gμν Aν
−−(p′) =

=
{
ξ+ξ− eiφ sin θ, ξ2

+ − ξ2
− cos θ, +i(ξ2

+ − ξ2
− cos θ), ξ2

− sin θ eiφ
}
×

× gμν

{
+ λ+λ−(1 + cos θ),−λ2

− sin θ e+iφ, iλ2
− sin θ e+iφ,−(λ2

+ + λ2
− cos θ)

}
=

= [1][ξ+ξ− eiφ sin θ][λ+λ−(1 + cos θ)] + [−1][ξ2
+ − ξ2

− cos θ][−λ2
− sin θ e+iφ]+

+ [−1][i(ξ2
+ − ξ2

− cos θ)][iλ2
− sin θ e+iφ] + [−1][ξ2

− sin θ eiφ][−(λ2
+ + λ2

− cos θ)] =

= ξ+ξ−λ+λ−(1 + cos θ) sin θ eiφ + (ξ2
+ − ξ2

− cos θ)λ2
− sin θ e+iφ−

− i2(ξ2
+ − ξ2

− cos θ)λ2
− sin θ e+iφ + ξ2

− sin θ eiφ (λ2
+ + λ2

− cos θ) =

=
[
ξ+ξ−λ+λ−(1+cos θ)+2(ξ2

+−ξ2
− cos θ)λ2

− +ξ2
−(λ2

+ +λ2
− cos θ)

]
sin θ eiφ.

„¥°¸É¢ÊÖ  ´ ²μ£¨Î´μ, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö  ±¸¨ ²Ó-
´μ£μ ²¥¶Éμ´´μ£μ ¨  ±¸¨ ²Ó´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ¶·μ-
¥±Í¨ÖÌ ¸¶¨´  ²¥¶Éμ´  ¨ ´Ê±²μ´  ¢ ηη-¡ §¨¸¥. �´¨ ¶·¨¢¥¤¥´Ò ¢ ´ Î ²¥ ¶. 3.2.
‘ ÊÎ¥Éμ³ ¢Ò· ¦¥´¨° ¨§ (2.5) ¨ (3.6) ¶·¨¢¥¤¥´´Ò° É ³ ´ ¡μ· ¸± ²Ö·´ÒÌ ¶·μ-
¨§¢¥¤¥´¨° ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

(la−− ha
−−)η = (la++ ha

++)η =

= −4

[(
mχ + ξ2

− cos2
θ

2

)(
m + λ2

− cos2
θ

2

)
+ ξ+ξ−λ+λ− cos4

θ

2

]
,

(la±± ha
∓∓)η = +4

[(
mχ + ξ2

− cos2
θ

2

)(
m + λ2

− cos2
θ

2

)
+

+ ξ+ξ−λ+λ− cos4
θ

2
+ 2ξ2

−λ2
− sin2 θ

2
cos2

θ

2

]
,
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(la∓± ha
∓∓)η = ±4

[
ξ+ξ−λ+λ− cos2

θ

2
+ 2

(
mχ + ξ2

− sin2 θ

2

)
λ2
−+

+ ξ2
−

(
m + λ2

− cos2
θ

2

)]
sin

θ

2
cos

θ

2
e±iφ,

(la±∓ ha
∓∓)η =

= ±4

[
ξ+ξ−λ+λ− cos2

θ

2
+ ξ2

−

(
m + λ2

− cos2
θ

2

)]
sin

θ

2
cos

θ

2
e∓iφ,

(la±∓ ha
∓±)η = −4

[
2

(
mχ + ξ2

− sin2 θ

2

)(
m + λ2

− sin2 θ

2

)
+

+ (ξ+ξ−λ+λ− + ξ2
−λ2

−) sin2 θ

2
cos2

θ

2

]
,

(la∓∓ ha
∓±)η = ±4

[
ξ+ξ−λ+λ− cos2

θ

2
+ 2ξ2

−

(
m + λ2

− sin2 θ

2

)
+

+

(
mχ + ξ2

− cos2
θ

2

)
λ2
−

]
sin

θ

2
cos

θ

2
e±iφ,

(la∓± ha
∓±)η = −4

[
ξ+ξ−λ+λ− + ξ2

−λ2
−

]
sin2 θ

2
cos2

θ

2
e±2iφ,

(la±± ha
∓±)η =

= ∓4

[
ξ+ξ−λ+λ− cos2

θ

2
+

(
mχ + ξ2

− cos2
θ

2

)
λ2
−

]
sin

θ

2
cos

θ

2
e±iφ.

� ±μ´¥Í, ³μ¦´μ ¢Ò¤¥²¨ÉÓ ³´μ¦¨É¥²Ó

[
λ+λ−ξ+ξ− + ξ2

−λ2
−
]

=
s − (m − mχ)2

2

[
1 − m + mχ√

s

]
. (�.4)

’μ£¤  ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¢ ηη-¡ §¨¸¥ ¶μ²ÊÎ ¥³

(la∓∓ ha
∓∓)η = −4

[
mmχ + (mξ2

− + mχλ2
−) cos2

θ

2
+

+
[
ξ2
−λ2

− + ξ+ξ−λ+λ−
]
cos4

θ

2

]
,
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(la±± ha
∓∓)η = +4

[
mmχ + (mξ2

− + mχλ2
−) cos2

θ

2
+

+
[
ξ2
−λ2

− + ξ+ξ−λ+λ−
]
cos4

θ

2
+ 2ξ2

−λ2
− sin2 θ

2
cos2

θ

2

]
,

(la∓± ha
∓∓)η = ±4

[
+ mξ2

− + 2mχλ2
− +

[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
×

× cos2
θ

2
+ 2ξ2

−λ2
− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la±∓ ha
∓∓)η = ±4

[
+ mξ2

− +
[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(la±∓ ha
∓±)η = −4

[
2mmχ + 2

(
mξ2

− + mχλ2
−
)
sin2 θ

2
+

+
[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
sin2 θ

2
cos2

θ

2
+ 2ξ2

−λ2
− sin4 θ

2

]
,

(la∓∓ ha
∓±)η = ±4

[
+ mχλ2

− + 2mξ2
− +

[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
cos2

θ

2
+

+ 2ξ2
−λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la∓± ha
∓±)η = −4

[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
sin2 θ

2
cos2

θ

2
e±2iφ,

(la±± ha
∓±)η = ∓4

[
+ mχλ2

− +
[
ξ+ξ−λ+λ− + ξ2

−λ2
−
]
cos2

θ

2

]
sin

θ

2
cos

θ

2
e±iφ.

‚ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¢ÒÏ¥ · ¸¸³μÉ·¥´´Ò³ ¢ÒÎ¨¸²¥´¨¥³ ¸± ²Ö·´ÒÌ ¶·μ-

¨§¢¥¤¥´¨°  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¸ ¶μ³μÐÓÕ Ëμ·³Ê²Ò (lvs′s hv
r′r)

η =
4∑

μ,ν
V η,μ

s′s ×

(k′, k) gμν V η,ν
r′r (p′, p) ³μ¦´μ ¶·μ¢¥¸É¨ ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°

¢¥±Éμ·´ÒÌ Éμ±μ¢ ¢ ηη-¡ §¨¸¥. �´¨ É ±¦¥ ¢ Ö¢´μ³ ¢¨¤¥ ¶·¨¢¥¤¥´Ò ¢ ´ Î ²¥
¶. 3.2.

‚ÒÎ¨¸²¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´μ£μ ²¥¶Éμ´´μ£μ ¨  ±¸¨ ²Ó´μ-
¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ (lvs′s ha

r′r)
η ,   É ±¦¥  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ ²¥¶-

Éμ´´μ£μ ¨ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ (las′s hv
r′r)

η ¶·μ¢μ¤¨É¸Ö ¶μ Ëμ·³Ê-
² ³ (3.4) ¢ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¶·¥¤¸É ¢²¥´´Ò³¨ ¢ÒÏ¥ ¶·¨³¥· ³¨ ¢ÒÎ¨¸²¥´¨Ö
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¢¥±Éμ·´ÒÌ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°. �¥§Ê²ÓÉ É É ±¦¥
¶·¨¢¥¤¥´ ¢ ¶¥·¢μ° ¶μ²μ¢¨´¥ ¶. 3.2.

�É³¥É¨³, ÎÉμ ¶·¨ ¢ÒÎ¨¸²¥´¨¨ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ¨
 ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ Éμ±μ¢ ¢ ηη-¡ §¨¸¥ ´ ¡²Õ¤ ²¨¸Ó ¸²¥¤ÊÕÐ¨¥ ¸¢μ°¸É¢ :
®´Ê²¥¢μ¥¯ (¶·μ¶μ·Í¨μ´ ²Ó´μ¥ g00) ¨ É·¥ÉÓ¨ ¸² £ ¥³Ò¥ (¶·μ¶μ·Í¨μ´ ²Ó´μ¥
g33) ¢¸¥£¤  ¤ ÕÉ ¢±² ¤, ¶·¨Î¥³ ¸ μ¤¨´ ±μ¢Ò³ Ë §μ¢Ò³ ³´μ¦¨É¥²¥³ (É¨¶ 
e−iφ), ±μÉμ·Ò° μ¶·¥¤¥²Ö¥É Ë §Ê ¢¸¥£μ ¸± ²Ö·´μ£μ ¶·μ¨§¢¥¤¥´¨Ö. „ ²¥¥, ¶¥·-
¢μ¥ (¶·μ¶μ·Í¨μ´ ²Ó´μ¥ g11) ¨ ¢Éμ·μ¥ (¶·μ¶μ·Í¨μ´ ²Ó´μ¥ g22 ¨ i2) ¸² £ ¥³Ò¥
²¨¡μ ¶μ²´μ¸ÉÓÕ ¸μ±· Ð ÕÉ¸Ö, ¶·¨ ÔÉμ³ ¨Ì μ¡Ð¨° Ë §μ¢Ò° ³´μ¦¨É¥²Ó (É¨¶ 
e+iφ ¨²¨ e0) ¢¸¥£¤  μÉ²¨Î¥´ μÉ Ë §μ¢μ£μ ³´μ¦¨É¥²Ö ¸Ê³³Ò ´Ê²¥¢μ£μ ¨ É·¥-
ÉÓ¥£μ ¸² £ ¥³ÒÌ, ²¨¡μ, ´ μ¡μ·μÉ, ¤ ÕÉ Ê¤¢μ¥´´Ò° ¢±² ¤ ¸ É¥³ ¦¥ μ¡Ð¨³
Ë §μ¢Ò³ ³´μ¦¨É¥²¥³, ±μÉμ·Ò° ¨³¥¥É¸Ö Ê ´Ê²¥¢μ£μ ¨ É·¥ÉÓ¥£μ ¸² £ ¥³ÒÌ.

�·Ö³ Ö ¶μ¤¸É ´μ¢±  ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± ²Ö·´ÒÌ ²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´-
´ÒÌ Éμ±μ¢, § ¤ ´´ÒÌ ¢ η-¡ §¨¸¥, ¢ μ¶·¥¤¥²¥´¨ÖÌ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (3.4)
¢Ò£²Ö¤¨É, ´ ¶·¨³¥·, ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

(ls++ hs
−−)η ≡ S++(k′)S−−(p′) = (ξ2

+ − ξ2
− cos θ)(λ2

+ − λ2
− cos θ),

(lp++ hp
−−)η ≡ P++(k′)P−−(p′) = ξ+ξ−(1 − cos θ)λ+λ−(1 − cos θ) =

= ξ+ξ−λ+λ−(1 − cos θ)2,

(lp++ hs
−−)η ≡ P++(k′)S−−(p′) = ξ+ξ−(1 − cos θ)(λ2

+ − λ2
− cos θ),

(ls++ hp
−−)η ≡ S++(k′)P−−(p′) = (ξ2

+ − ξ2
− cos θ)λ+λ−(1 − cos θ)

¨ ¤ ¥É ¢ ηη-¡ §¨¸¥ ·¥§Ê²ÓÉ ÉÒ, É ±¦¥ ¶·¥¤¸É ¢²¥´´Ò¥ ¢ ¶¥·¢μ° Î ¸É¨ ¶. 3.2.

‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ÊÎ¥É ¢Ò· ¦¥´¨° ¨§ (2.5) ¨ (3.6),   É ±¦¥ (�.4) ¶μ§¢μ-
²Ö¥É ¢¸¥ ¶·¨¢¥¤¥´´Ò¥ ¢ ¶¥·¢μ° Î ¸É¨ ¶. 3.2 ´ ¡μ·Ò ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
²¥¶Éμ´´ÒÌ ¨ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¶¥·¥¶¨¸ ÉÓ ¢ ¨´μ³ (¢ ·Ö¤¥ ¸²ÊÎ ¥¢ ¡μ²¥¥ Ê¤μ¡-
´μ³) ¢¨¤¥:

(lv−− hv
−−)η = (lv++ hv

++)η = 4

[
mχm + (mχλ2

− + mξ2
−) cos2

θ

2
+

+ [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos4
θ

2

]
,

(lv±± hv
∓∓)η = 4

[
mχm + (mχλ2

− + mξ2
−) cos2

θ

2
+

+ [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos4
θ

2
+ 2ξ+ξ−λ+λ− sin2 θ

2
cos2

θ

2

]
,
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(lv±∓ hv
±±)η = ∓4

[
mξ2

− + [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos2
θ

2
+

+ 2ξ+ξ−λ+λ− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv±∓ hv
∓∓)η = ∓4

[
mξ2

− + [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos2
θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv±± hv
±∓)η = ∓4

[
mχλ2

− + [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos2
θ

2
+

+ 2ξ+ξ−λ+λ− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv∓∓ hv
±∓)η = ∓4

[
mχλ2

− + [ξ2
−λ2

− + ξ+ξ−λ+λ−] cos2
θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv+− hv
−+)η = (lv−+ hv

+−)η = −4

[
[ξ2

−λ2
− + ξ+ξ−λ+λ−] sin2 θ

2
cos2

θ

2
+

+ 2ξ+ξ−λ+λ− sin4 θ

2

]
,

(lv±∓ hv
±∓)η = 4

[
ξ2
−λ2

− + ξ+ξ−λ+λ−
]
sin2 θ

2
cos2

θ

2
e∓2iφ;

(lv∓∓ ha
∓∓)η = ±4

[
mξ+ξ− + mχλ+λ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2

]
cos2

θ

2
,

(lv∓∓ ha
±±)η = ∓4

[
mξ+ξ− + mχλ+λ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2
+

+ 2ξ+ξ−λ2
− sin2 θ

2

]
cos2

θ

2
,

(lv±∓ ha
±±)η = +4

[
mξ+ξ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2
+

+ 2ξ+ξ−λ2
− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(lv±∓ ha
∓∓)η = −4

[
mξ+ξ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,
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(lv∓∓ ha
∓±)η = −4

[
2mξ+ξ− + mχλ+λ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2
+

+ 2ξ+ξ−λ2
− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lv±± ha
∓±)η = −4

[
mχλ+λ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lv±∓ ha
∓±)η = ±4

[
+ 2mξ+ξ− + [ξ2

−λ+λ− + ξ+ξ−λ2
−] cos2

θ

2
+

+ 2ξ+ξ−λ2
− sin2 θ

2

]
sin2 θ

2
,

(lv∓± ha
∓±)η = ∓4

[
ξ2
−λ+λ− + ξ+ξ−λ2

−
]
sin2 θ

2
cos2

θ

2
e±2iφ;

(la∓∓ hv
∓∓)η = ∓4

[
mξ+ξ− + mχλ+λ− + [ξ+ξ−λ2

−+

+ ξ2
−λ+λ−] cos2

θ

2

]
cos2

θ

2
,

(la±± hv
∓∓)η = ±4

[
mξ+ξ− + mχλ+λ− + [ξ+ξ−λ2

− + ξ2
−λ+λ−] cos2

θ

2
+

+ 2ξ2
−λ+λ− sin2 θ

2

]
cos2

θ

2
,

(la∓± hv
∓∓)η = 4

[
2mχλ+λ− + mξ+ξ− + [ξ+ξ−λ2

− + ξ2
−λ+λ−] cos2

θ

2
+

+ 2ξ2
−λ+λ− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(la±∓ hv
∓∓)η = 4

[
mξ+ξ− + [ξ+ξ−λ2

− + ξ2
−λ+λ−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(la∓∓ hv
±∓)η = 4

[
mχλ+λ− + [ξ+ξ−λ2

− + ξ2
−λ+λ−] cos2

θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(la∓∓ hv
∓±)η = −4

[
mχλ+λ− + [ξ+ξ−λ2

− + ξ2
−λ+λ−] cos2

θ

2
+

+ 2ξ2
−λ+λ− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,
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(la±∓ hv
∓±)η = ±4

[
[ξ+ξ−λ2

− + ξ2
−λ+λ−] sin2 θ

2
cos2

θ

2
+ 2mχλ+λ− sin2 θ

2
+

+ 2ξ2
−λ+λ− sin4 θ

2

]
,

(la∓± hv
∓±)η = ±4

[
ξ+ξ−λ2

− + ξ2
−λ+λ−

]
sin2 θ

2
cos2

θ

2
e±2iφ;

(lp∓∓ hp
∓∓)η = −(lp±± hp

∓∓)η = −4ξ+ξ−λ+λ− sin4 θ

2
,

(lp∓± hp
∓∓)η = (lp∓∓ hp

∓±)η = ∓4ξ+ξ−λ+λ− sin3 θ

2
cos

θ

2
e±iφ,

(lp±∓ hp
∓∓)η = (lp∓∓ hp

±∓)η = ∓4ξ+ξ−λ+λ− sin3 θ

2
cos

θ

2
e∓iφ,

(lp±∓ hp
±∓)η = −4ξ+ξ−λ+λ− sin2 θ

2
cos2

θ

2
e∓2iφ,

(lp±∓ hp
∓±)η = −4ξ+ξ−λ+λ− sin2 θ

2
cos2

θ

2
;

(ls∓∓ hs
∓∓)η = (ls±± hs

∓∓)η =

= 4

[
mχm + (mχλ2

− + mξ2
−) sin2 θ

2
+ λ2

−ξ2
− sin4 θ

2

]
,

(ls±∓ hs
−−)η = (ls±∓ hs

++)η = ±4

[
mξ2

− + λ2
−ξ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(ls−− hs
±∓)η = (ls++ hs

±∓)η = ±4

[
mχλ2

− + ξ2
−λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(ls∓± hs
±∓)η = −4ξ2

−λ2
− sin2 θ

2
cos2

θ

2
,

(ls∓± hs
∓±)η = +4ξ2

−λ2
− sin2 θ

2
cos2

θ

2
e±2iφ;

(lp∓∓ hs
∓∓)η = (lp∓∓ hs

±±)η = ∓4

[
mξ+ξ− + ξ+ξ−λ2

− sin2 θ

2

]
sin2 θ

2
,

(lp∓± hs
−−)η = (lp∓± hs

++)η = −4

[
mξ+ξ− + ξ+ξ−λ2

− sin2 θ

2

]
sin

θ

2
cos

θ

2
e±iφ,

(lp∓∓ hs
∓±)η = +4ξ+ξ−λ2

− sin3 θ

2
cos

θ

2
e±iφ,

(lp∓∓ hs
±∓)η = −4ξ+ξ−λ2

− sin3 θ

2
cos

θ

2
e∓iφ,
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(lp±∓ hs
∓±)η = ±4ξ+ξ−λ2

− sin2 θ

2
cos2

θ

2
,

(lp±∓ hs
±∓)η = ∓4ξ+ξ−λ2

− sin2 θ

2
cos2

θ

2
e∓2iφ;

(ls∓∓ hp
∓∓)η = (ls±± hp

∓∓)η = ±4

[
mχλ+λ− + ξ2

−λ+λ− sin2 θ

2

]
sin2 θ

2
,

(ls−− hp
±∓)η = (ls++ hp

±∓)η = +4

[
mχλ+λ− + ξ2

−λ+λ− sin2 θ

2

]
sin

θ

2
cos

θ

2
e∓iφ,

(ls∓± hp
∓∓)η = −4ξ2

−λ+λ− sin3 θ

2
cos

θ

2
e±iφ,

(ls∓± hp
±±)η = +4ξ2

−λ+λ− sin3 θ

2
cos

θ

2
e±iφ,

(ls±∓ hp
∓±)η = ±4ξ2

−λ+λ− sin2 θ

2
cos2

θ

2
,

(ls±∓ hp
±∓)η = ±4ξ2

−λ+λ− sin2 θ

2
cos2

θ

2
e∓2iφ.

�·¨²μ¦¥´¨¥ 4
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‚ ‘Œ…˜����Œ χη-��‡ˆ‘…

‘³¥Ï ´´Ò° χη-¡ §¨¸ ¶μ¤· §Ê³¥¢ ¥É, ÎÉμ Éμ±¨ χ-Î ¸É¨ÍÒ ¢§ÖÉÒ ¢ χ-¡ -
§¨¸¥ ¨ § ¤ ´Ò Ëμ·³Ê² ³¨ (2.51)Ä(2.53),   Éμ±¨ ´Ê±²μ´  ¢§ÖÉÒ ¢ η-¡ §¨¸¥ ¨
¶·¥¤¸É ¢²¥´Ò Ëμ·³Ê² ³¨ (2.42), (2.44) ¨ (2.46). ‚ ¶¥·¥³¥´´ÒÌ∗ λ± ¨ ξ± ´ -
¡μ· ´Ê±²μ´´ÒÌ Éμ±μ¢ ¶·¥¤¸É ¢²¥´ Ëμ·³Ê² ³¨ (2.48)Ä(2.50),   ´ ¡μ· ²¥¶Éμ´-
´ÒÌ Éμ±μ¢ Å Ëμ·³Ê² ³¨ (2.54)Ä(2.56). � ¶·¨³¥·, ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ¸± ²Ö·´ÒÌ
¶·μ¨§¢¥¤¥´¨° (¶¸¥¢¤μ)¸± ²Ö·´ÒÌ Éμ±μ¢ ¢ χη-¡ §¨¸¥ ¨¸¶μ²Ó§Ê¥É¸Ö μ¶·¥¤¥²¥-
´¨¥ (3.4) ¢ ¢¨¤¥

(lss′s hs
r′r)

χη = Sχ
s′s(k

′)Sη
r′r(p

′),

(lss′s hp
r′r)

χη = Sχ
s′s(k

′)P η
r′r(p

′),

(lps′s hs
r′r)

χη = Pχ
s′s(k

′)Sη
r′r(p

′), . . . ,

£¤¥ ´Ê±²μ´´Ò¥ Éμ±¨ P η
r′r(p

′) ¨ Sη
r′r(p

′) ¡¥·ÊÉ¸Ö ¢ η-¡ §¨¸¥,   ²¥¶Éμ´´Ò¥ Éμ±¨
Pχ

s′s(k
′) ¨ Sχ

s′s(k
′) Å ¢ χ-¡ §¨¸¥. C ¨¸¶μ²Ó§μ¢ ´¨¥³ Ö¢´μ£μ ¢¨¤  ¸± ²Ö·´ÒÌ

Éμ±μ¢ ¢ μ¡μ¨Ì ¡ §¨¸ Ì ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¸± ²Ö·´ÒÌ ¨ ¶¸¥¢¤μ¸± -
²Ö·´ÒÌ Éμ±μ¢ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ¢Ò· ¦¥´¨Ö, ¶·¨¢¥¤¥´´Ò¥ ¢ ¶. 3.3.

∗�μ¤·μ¡´¥¥ ¶·¨¢¥¤¥´Ò ¢ ¶·¨². 5 ¨ ¢Ò· ¦¥´¨ÖÌ (2.5), (3.6).
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‘ ¶μ³μÐÓÕ Ö¢´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ²¥¶Éμ´´ÒÌ (χ-¡ §¨¸) ¨ ´Ê±²μ´´ÒÌ
(η-¡ §¨¸) Éμ±μ¢ ¶·μ¢μ¤¨É¸Ö ¢ÒÎ¨¸²¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¸¥Ì  ±¸¨ ²Ó-
´μ-¢¥±Éμ·´ÒÌ ²¥¶Éμ´´ÒÌ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ´Ê±²μ´´ÒÌ Éμ±μ¢ ¢ χη-¡ -
§¨¸¥. � ¶·¨³¥·, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ´Ê±²μ´´μ£μ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ± 
Aη

r′r(p
′) ¨§ η-¡ §¨¸  ¨ ²¥¶Éμ´´μ£μ  ±¸¨ ²Ó´μ-¢¥±Éμ·´μ£μ Éμ±  Aχ

s′s(k
′) ¨§

χ-¡ §¨¸a ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´ÒÌ Éμ±μ¢ ¸¶· ¢¥¤²¨¢Ò ¸²¥¤Ê-
ÕÐ¨¥ É¨¶¨Î´Ò¥ ¢Ò±² ¤±¨:

(la−− ha
−−)χη ≡

4∑
μ,ν

Aχ,μ
−−(k′) gμν Aη,ν

−−(p′) =

=

{
−2ξ+ξ− cos

θ

2
,−(ξ2

++ξ2
−) eiφ sin

θ

2
, i(ξ2

++ξ2
−) eiφ sin

θ

2
,−(ξ2

++ξ2
−) cos

θ

2

}
×

× gμν

{
+λ+λ−(1+cos θ),−λ2

− sin θ e+iφ, iλ2
− sin θ e+iφ,−(λ2

+ +λ2
− cos θ)

}
=

= [+1]

[
− 2ξ+ξ− cos

θ

2

]
[+λ+λ−(1 + cos θ)]+

+ [−1]

[
− (ξ2

+ + ξ2
−) eiφ sin

θ

2

]
[−λ2

− sin θ e+iφ]+

+ [−1]

[
i(ξ2

+ + ξ2
−) eiφ sin

θ

2

]
[iλ2

− sin θ e+iφ]+

+ [−1]

[
− (ξ2

+ + ξ2
−) cos

θ

2

]
[−(λ2

+ + λ2
− cos θ)] =

= −2ξ+ξ−λ+λ−(1 + cos θ) cos
θ

2
− (ξ2

+ + ξ2
−)λ2

− sin
θ

2
sin θ e+2iφ−

− [i]2(ξ2
+ + ξ2

−)λ2
− sin

θ

2
sin θ e+2iφ − (ξ2

+ + ξ2
−) cos

θ

2
(λ2

+ + λ2
− cos θ) =

= − cos
θ

2

[
2ξ+ξ−λ+λ−(1 + cos θ) + (ξ2

+ + ξ2
−)(λ2

+ + λ2
− cos θ)

]
,

(la−+ ha
−+)χη ≡ Aμ

−+(k′) gμν Aν
−+(p′) =

= (ξ2
+ − ξ2

−)

{
0, cos

θ

2
, i cos

θ

2
,−eiφ sin

θ

2

}
×

× gμν

{
− λ+λ− sin θ e+iφ, λ2

+ − λ2
− cos θ, +i(λ2

+ − λ2
− cos θ), λ2

− sin θ e+iφ
}

=

= (ξ2
+ − ξ2

−)

[
[1][0][−λ+λ− sin θ e+iφ] + [−1]

[
cos

θ

2

]
(λ2

+ − λ2
− cos θ)+
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+ [−1]

[
i cos

θ

2

]
[i(λ2

+ − λ2
− cos θ)] + [−1]

[
− eiφ sin

θ

2

]
[λ2

− sin θ e+iφ]

]
=

= (ξ2
+ − ξ2

−)

[
− cos

θ

2
(λ2

+ − λ2
− cos θ) − [i]2 cos

θ

2
(λ2

+ − λ2
− cos θ)+

+ λ2
− sin

θ

2
sin θ e+2iφ

]
= (ξ2

+ − ξ2
−)λ2

− sin
θ

2
sin θ e+2iφ,

(la+− ha
+−)χη ≡ Aμ

+−(k′) gμν Aν
+−(p′) =

= (ξ2
+ − ξ2

−)

{
0, cos

θ

2
,−i cos

θ

2
,−e−iφ sin

θ

2

}
×

× gμν

{
− λ+λ− sin θ e−iφ, λ2

+ − λ2
− cos θ,−i(λ2

+ − λ2
− cos θ), λ2

− sin θ e−iφ
}

=

= (ξ2
+ − ξ2

−)

[
[1][0][−λ+λ− sin θ e−iφ] + [−1]

[
cos

θ

2

]
(λ2

+ − λ2
− cos θ)+

+ [−1]

[
− i cos

θ

2

]
[−i(λ2

+ − λ2
− cos θ)] + [−1]

[
− e−iφ sin

θ

2

]
[λ2

− sin θ e−iφ]

]
=

= (ξ2
+ − ξ2

−)

[
− cos

θ

2
(λ2

+ − λ2
− cos θ) − [i]2 cos

θ

2
(λ2

+ − λ2
− cos θ)+

+ λ2
− sin θ sin

θ

2
e−2iφ

]
= (ξ2

+ − ξ2
−)λ2

− sin θ sin
θ

2
e−2iφ.

‚ ·¥§Ê²ÓÉ É¥ ¢¸¥ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ£μ ²¥¶Éμ´´μ£μ (¡ -
§¨¸ ¸¶¨· ²Ó´μ¸É¨) ¨  ±¸¨ ²Ó´μ£μ ´Ê±²μ´´μ£μ (σ3-¡ §¨¸) Éμ±μ¢ ¶·¨ ¢¸¥Ì ¢μ§-
³μ¦´ÒÌ ¶·μ¥±Í¨ÖÌ ¸¶¨´  ²¥¶Éμ´  ¨ ´Ê±²μ´  ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¸²¥¤ÊÕ-
Ð¥³ ¢¨¤¥:

(la±± ha
∓∓)χη = 2ξ+ξ−λ+λ−(1 + cos θ) cos

θ

2
+ 2(ξ2

+ + ξ2
−)λ2

− sin θ sin
θ

2
+

+ (ξ2
+ + ξ2

−)(λ2
+ + λ2

− cos θ) cos
θ

2
,

(la∓∓ ha
∓±)χη = ±

[
2ξ+ξ−λ+λ− sin θ cos

θ

2
+ 2(ξ2

+ + ξ2
−)(λ2

+ − λ2
− cos θ) sin

θ

2
+

+ (ξ2
+ + ξ2

−)λ2
− cos

θ

2
sin θ

]
e±iφ, (�.5)

(la∓∓ ha
±∓)χη = ±

[
2ξ+ξ−λ+λ− + (ξ2

+ + ξ2
−)λ2

−

]
sin θ cos

θ

2
e∓iφ,

(la∓∓ ha
∓∓)χη = − cos

θ

2

[
2ξ+ξ−λ+λ−(1 + cos θ) + (ξ2

+ + ξ2
−)(λ2

+ + λ2
− cos θ)

]
,
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(la∓± ha
∓∓)χη = ±(ξ2

+ − ξ2
−)

[
2λ2

− cos
θ

2
sin θ − (λ2

+ + λ2
− cos θ) sin

θ

2

]
e±iφ,

(la∓± ha
±∓)χη = −(ξ2

+ − ξ2
−)

[
2(λ2

+ − λ2
− cos θ) cos

θ

2
− λ2

− sin θ sin
θ

2

]
,

(la±∓ ha
±∓)χη = (ξ2

+ − ξ2
−)λ2

− sin θ sin
θ

2
e∓2iφ,

(la±∓ ha
∓∓)χη = ∓(ξ2

+ − ξ2
−)(λ2

+ + λ2
− cos θ) sin

θ

2
e∓iφ.

�μ³´Ö μ¡Ð¨¥ Ëμ·³Ê²Ò (3.6), ¢ÒÏ¥¶·¨¢¥¤¥´´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ³μ¦´μ
§ ¶¨¸ ÉÓ ¡¥§ ξ+ ¨ ξ− ¢ ¢¨¤¥

(la±± ha
∓∓)χη = 2|k|2(1 + cos θ) cos

θ

2
+ 4Eχλ2

− sin θ sin
θ

2
+

+ 2Eχ(λ2
+ + λ2

− cos θ) cos
θ

2
,

(la∓∓ ha
∓±)χη = ±

[
2|k|2 sin θ cos

θ

2
+ 4Eχ(λ2

+ − λ2
− cos θ) sin

θ

2
+

+ 2Eχλ2
− cos

θ

2
sin θ

]
e±iφ,

(la±± ha
±±)χη = − cos

θ

2
[
2|k|2(1 + cos θ) + 2Eχ(λ2

+ + λ2
− cos θ)

]
,

(la∓∓ ha
±∓)χη = ±

[
2|k|2 + 2Eχλ2

−
]
sin θ cos

θ

2
e∓iφ,

(la∓± ha
∓∓)χη = ∓2mχ

[
2λ2

− cos
θ

2
sin θ − (λ2

+ + λ2
− cos θ) sin

θ

2

]
e±iφ,

(la∓± ha
±∓)χη = −2mχ

[
2(λ2

+ − λ2
− cos θ) cos

θ

2
− λ2

− sin θ sin
θ

2

]
,

(la±∓ ha
∓∓)χη = ∓2mχ(λ2

+ + λ2
− cos θ) sin

θ

2
e∓iφ,

(la∓± ha
∓±)χη = 2mχλ2

− sin θ sin
θ

2
e±2iφ.

�É¸Õ¤ , ¶¥·¥Ìμ¤Ö μÉ θ ± θ/2, ¢¸¥  ±¸¨ ²Ó´μ-¢¥±Éμ·´Ò¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥-
¤¥´¨Ö ³μ¦´μ § ¶¨¸ ÉÓ Î¥·¥§ μ¡Ð¨° ¨³¶Ê²Ó¸ ²¥¶Éμ´  ¨ ´Ê±²μ´  |k| = |p|
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Ô´¥·£¨¨ ²¥¶Éμ´  Eχ ¨ ´Ê±²μ´  Ep:

(la±± ha
∓∓)χη = +4 cos

θ

2

[
|k|2 cos2

θ

2
+ EχEp + Eχ(Ep − m) sin2 θ

2

]
,

(la±± ha
±±)χη = −4 cos

θ

2

[
|k|2 cos2

θ

2
+ EχEp − Eχ(Ep − m) sin2 θ

2

]
,

(la−+ ha
+−)χη = (la+− ha

−+)χη = −4mχ cos
θ

2

[
2m + (Ep − m) sin2 θ

2

]
,

(la∓∓ ha
±∓)χη = ±4

[
|k|2 + Eχ(Ep − m)

]
sin

θ

2
cos2

θ

2
e∓iφ,

(la∓∓ ha
∓±)χη =

= ±4 sin
θ

2

[
|k|2 cos2

θ

2
+ Eχ(Ep + m) + Eχ(Ep − m) sin2 θ

2

]
e±iφ,

(la±∓ ha
±∓)χη = 4mχ(Ep − m) cos

θ

2
sin2 θ

2
e∓2iφ,

(la∓± ha
±±)χη = ±4mχ sin

θ

2

[
Ep − (Ep − m) sin2 θ

2

]
e±iφ,

(la∓± ha
∓∓)χη = ±4mχ sin

θ

2

[
(Ep − m) cos2

θ

2
− m

]
e±iφ.

� ±μ´¥Í, ¨³¥Ö ¢ ¢¨¤Ê ¢μ§³μ¦´Ò° ¶¥·¥Ìμ¤ ± ´¥·¥²ÖÉ¨¢¨¸É¸±μ³Ê ¶·¥¤¥²Ê, ¢Ò-
· §¨³ ¢¸¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (�.5) ¶μ¸·¥¤¸É¢μ³ ¶¥·¥³¥´´ÒÌ ξ2

−, λ2
−,

|k|2 ¨ Ê£²  θ/2. �´¨ ¶·¥μ¡· §ÊÕÉ¸Ö ± ¸²¥¤ÊÕÐ¥³Ê ¢¨¤Ê:

(la−− ha
−−)χη = (la++ ha

++)χη =

= −4 cos
θ

2

[
|k|2 cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)]
,

(la−− ha
++)χη = (la++ ha

−−)χη =

= +4 cos
θ

2

[
|k|2 cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

−

(
1 + sin2 θ

2

))]
,

(la±± ha
±∓)χη = ∓4 sin

θ

2

[
|k|2 cos2

θ

2
+ (mχ + ξ2

−)×

×
(

2m + λ2
−

(
1 + sin2 θ

2

))]
e∓iφ,
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(la±± ha
∓±)χη = ∓4 sin

θ

2

[
|k|2 cos2

θ

2
+ (mχ + ξ2

−)λ2
− cos2

θ

2

]
e±iφ,

(la±∓ ha
∓∓)χη = ∓4mχ

(
m + λ2

− cos2
θ

2

)
sin

θ

2
e∓iφ,

(la±∓ ha
±±)χη = ∓4mχ sin

θ

2

[
λ2
− cos2

θ

2
− m

]
e∓iφ,

(la−+ ha
+−)χη = (la+− ha

−+)χη = −4mχ cos
θ

2

[
2m + λ2

− sin2 θ

2

]
,

(la±∓ ha
±∓)χη = +4mχλ2

− cos
θ

2
sin2 θ

2
e∓2iφ.

‚ÒÎ¨¸²¥´¨¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ Éμ±μ¢ ¢ χη-¡ §¨¸¥ ¸μ-

£² ¸´μ μ¡Ð¥° Ëμ·³Ê²¥ (3.4) ¨²¨ (lvs′s hv
r′r)

χη =
4∑

μ,ν
V χ,μ

s′s (k′)gμνV η,ν
r′r (p′), £¤¥

´Ê±²μ´´Ò° ¢¥±Éμ·´Ò° Éμ± V η
r′r(p

′) ¡¥·¥É¸Ö ¢ η-¡ §¨¸¥,   ²¥¶Éμ´´Ò° ¢¥±Éμ·-
´Ò° Éμ± V χ

s′s(k
′) Å ¢ χ-¡ §¨¸¥, ¶·μ¢μ¤¨É¸Ö É ± ¦¥, ± ± ¨ ¢ ® ±¸¨ ²Ó´μ³¯

¸²ÊÎ ¥ (�.5). �É¨ ·¥§Ê²ÓÉ ÉÒ ¶·¨¢¥¤¥´Ò ¢ ¶. 3.3.
�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¢¥±Éμ·´ÒÌ ²¥¶Éμ´-

´ÒÌ ¨  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ´Ê±²μ´´ÒÌ Éμ±μ¢ (lvs′s ha
r′r)

χη =
4∑

μ,ν
V χ,μ

s′s (k′)×

gμνAη,ν
r′r (p′),   É ±¦¥ ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°  ±¸¨ ²Ó´μ-¢¥±Éμ·´ÒÌ ²¥¶-

Éμ´´ÒÌ ¨ ¢¥±Éμ·´μ£μ ´Ê±²μ´´μ£μ Éμ±μ¢ (las′s hv
r′r)

χη =
4∑

μ,ν
Aχ,μ

s′s (k′) gμν×

V η,ν
r′r (p′) ¶μ²ÊÎ¥´μ

(lv±∓ ha
∓±)χη ≡ V χ,μ

±∓ (k′) gμν Aη,ν
∓±(p′) = ∓4mχλ+λ− sin2 θ

2
cos

θ

2
,

(lv∓± ha
∓±)χη ≡ V χ,μ

∓± (k′) gμν Aη,ν
∓±(p′) = ±4mχλ+λ− sin2 θ

2
cos

θ

2
e±2iφ,

(lv±∓ ha
±±)χη ≡ V χ,μ

±∓ (k′) gμν Aη,ν
±±(p′) = −4mχλ+λ− sin

θ

2
cos2

θ

2
e∓iφ,

(lv∓± ha
±±)χη ≡ V χ,μ

∓± (k′) gμν aη,ν
±±(p′) = +4mχλ+λ− sin

θ

2
cos2

θ

2
e±iφ,

(la±∓ hv
∓±)χη ≡ Aχ,μ

±∓(k′) gμν V η,ν
∓± (p′) = ±4mχλ+λ− sin2 θ

2
cos

θ

2
,

(la∓± hv
∓±)χη ≡ Aχ,μ

∓±(k′) gμν V η,ν
∓± (p′) = ∓4mχλ+λ− sin2 θ

2
cos

θ

2
e±2iφ,
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(la±∓ hv
±±)χη ≡ Aχ,μ

±∓(k′) gμν V η,ν
±± (p′) = +4mχλ+λ− sin

θ

2
cos2

θ

2
e∓iφ,

(la∓± hv
±±)χη ≡ Aχ,μ

∓±(k′) gμν V η,ν
±± (p′) = −4mχλ+λ− sin

θ

2
cos2

θ

2
e±iφ;

(lv∓∓ ha
∓∓)χη = ±4 cos

θ

2

[
(ξ2

− + mχ)λ+λ− cos2
θ

2
+ ξ+ξ−

(
m + λ2

− cos2
θ

2

)]
,

(lv∓∓ ha
±±)χη = ∓4 cos

θ

2
×

×
[
(ξ2

− + mχ)λ+λ− cos2
θ

2
+ mξ+ξ− + ξ+ξ−λ2

−

(
1 + sin2 θ

2

)]
,

(lv∓∓ ha
∓±)χη = −4 sin

θ

2
×

×
[
(ξ2

− + mχ)λ+λ− cos2
θ

2
+ 2mξ+ξ− + ξ+ξ−λ2

−

(
1 + sin2 θ

2

)]
e±iφ,

(lv∓∓ ha
±∓)χη = −4 sin

θ

2

[
(ξ2

− + mχ)λ+λ− cos2
θ

2
+ ξ+ξ−λ2

− cos2
θ

2

]
e∓iφ,

(la∓∓ hv
∓∓)χη = ∓4 cos

θ

2

[
(ξ2

− + mχ)λ+λ− cos2
θ

2
+ ξ+ξ−

(
m + λ2

− cos2
θ

2

)]
,

(la∓∓ hv
±±)χη = ∓4 cos

θ

2
×

×
[
ξ+ξ−

(
m + λ2

− cos2
θ

2

)
+ (ξ2

− + mχ)λ+λ−

(
1 + sin2 θ

2

)]
,

(la∓∓ hv
±∓)χη = +4 sin

θ

2

[
ξ+ξ−λ2

− cos2
θ

2
+ (ξ2

− + mχ)λ+λ− cos2
θ

2

]
e∓iφ,

(la∓∓ hv
∓±)χη = −4 sin

θ

2
×

×
[
ξ+ξ−λ2

− cos2
θ

2
+ (ξ2

− + mχ)λ+λ−

(
1 + sin2 θ

2

)]
e±iφ.

’ ± ± ± ¢ ¸. Í. ³. λ+λ− = ξ+ξ−, Éμ ¢ ¶μ¸²¥¤´¨Ì ¢μ¸Ó³¨ ¢Ò· ¦¥´¨ÖÌ ± ± ¤²Ö
(lv ha)χη , É ± ¨ ¤²Ö (la hv)χη ¢³¥¸Éμ ξ+ξ− ¢¶μ²´¥ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ λ+λ−
¨ ¶μ²ÊÎ¨ÉÓ Ëμ·³Ê²Ò, ±μÉμ·Ò¥ ¶·¨¢¥¤¥´Ò ¤²Ö ÔÉ¨Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
¢ ¶. 3.3.

‘± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¸² ¡μ£μ ´¥°É· ²Ó´μ£μ ³ ¸¸¨¢´μ£μ Éμ± . ‡¤¥¸Ó,
¸μ£² ¸´μ ¶·¨´ÖÉÒ³ μ¶·¥¤¥²¥´¨Ö³ ®μ¡Ð¥£μ¯ ¢¨¤  (3.1) ¨ (3.2) ¤²Ö ´Ê±²μ´´μ£μ
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¨ ²¥¶Éμ´´μ£μ Éμ±μ¢ ¨Ì ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö (¡¥§ ¸± ²Ö·μ¢ ¨ ¶¸¥¢¤μ¸± ²Ö-
·μ¢) ¡Ê¤ÊÉ ¶·¥¤¸É ¢²¥´Ò ± ± ¸Ê³³Ò ¢±² ¤μ¢ μÉ¤¥²Ó´ÒÌ ®ËÊ´¤ ³¥´É ²Ó´ÒÌ¯
¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° (2.3):

(lws′s, h
w
r′r)= χV V μ

s′s(k
′, k) gμν hf

V V μ
r′r(p

′, p)+χV V μ
s′s(k

′, k) gμν hf
AAμ

r′r(p
′, p)+

+ χAAμ
s′s(k

′, k) gμν hf
V V μ

r′r(p
′, p) + χAAμ

s′s(k
′, k) gμν hf

AAμ
r′r(p

′, p) =
= α(lvs′s hv

r′r) + β(lvs′s ha
r′r) + γ(las′s hv

r′r) + δ(las′s ha
r′r). (�.6)

ˆ¸¶μ²Ó§ÊÖ ·¥§Ê²ÓÉ ÉÒ ¶·¥¤Ò¤ÊÐ¨Ì ¶·¨²μ¦¥´¨°, ´ °¤¥³ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö
¢¸¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ®¸² ¡μ£μ Éμ± ¯ (�.6) ¢ ¸³¥Ï ´´μ³ χη-¡ §¨¸¥.
�¨¦¥ ¶·¨¢¥¤¥´Ò ´¥±μÉμ·Ò¥ ¶·¨³¥·Ò É ±μ£μ ¢¨¤  ¢ÒÎ¨¸²¥´¨°:

(lw++, hw
++)χη =

= α(lv++ hv
++)χη + β(lv++ ha

++)χη + γ(la++ hv
++)χη + δ(la++ ha

++)χη =

= +4 cos
θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (ξ2

− + mχ)

(
m + λ2

− cos2
θ

2

)]
α−

− 4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

− cos2
θ

2

]
β+

+ 4 cos
θ

2
λ+λ−

[
(ξ2

− + mχ) cos2
θ

2
+ m + λ2

− cos2
θ

2

]
γ−

− 4 cos
θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)]
δ =

= +4 cos
θ

2

[
ξ+ξ−λ+λ− cos2

θ

2
+ (mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)]
(α − δ)+

+ 4 cos
θ

2

[
λ+λ−(ξ2

− + mχ) cos2
θ

2
+ λ+λ−

(
m + λ2

− cos2
θ

2

)]
(γ − β) =

= (α − δ)(lv++ hv
++)χη + (γ − β)(la++ hv

++)χη,

(lw+−, hw
++)χη =

= α(lv+− hv
++)χη + β(lv+− ha

++)χη + γ(la+− hv
++)χη + δ(la+− ha

++)χη =

= +α4mχ

(
m + λ2

− cos2
θ

2

)
sin

θ

2
e−iφ − β4mχλ+λ− cos2

θ

2
sin

θ

2
e−iφ+

+ γ4mχλ+λ− cos2
θ

2
sin

θ

2
e−iφ − δ4mχ sin

θ

2

[
λ2
− cos2

θ

2
− m

]
e−iφ =
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= (α + δ)4mmχ sin
θ

2
e−iφ + (α − δ)4mχλ2

− cos2
θ

2
sin

θ

2
e−iφ+

+ (γ − β)4mχλ+λ− cos2
θ

2
sin

θ

2
e−iφ =

= 4mχ sin
θ

2
e−iφ

[
(α + δ)m + (α − δ)λ2

− cos2
θ

2
+ (γ − β)λ+λ− cos2

θ

2

]
,

(lw+−, hw
+−)χη =

= α(lv−− hv
−−)χη + β(lv−− ha

−−)χη + γ(la−− hv
−−)χη + δ(la−− ha

−−)χη =

= −α4mχλ2
− cos

θ

2
sin2 θ

2
e−2iφ − β4mχλ+λ− cos

θ

2
sin2 θ

2
e−2iφ+

+ γ4mχλ+λ− cos
θ

2
sin2 θ

2
e−2iφ + δ4mχλ2

− cos
θ

2
sin2 θ

2
e−2iφ =

= 4mχ cos
θ

2
sin2 θ

2
e−2iφ

[
− αλ2

− + δλ2
− + γλ+λ− − βλ+λ−

]
=

= 4mχλ− cos
θ

2
sin2 θ

2
e−2iφ

[
− (α − δ)λ− + (γ − β)λ+

]
.

�μ²´Ò° ´ ¡μ· ¨§ 16 ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¨ ´Ê±²μ´´μ£μ Éμ±  ¨ ¸² ¡μ£μ
´¥°É· ²Ó´μ£μ ³ ¸¸¨¢´μ£μ ²¥¶Éμ´´μ£μ Éμ±  (lws′s, h

w
r′r)

χη ¶·¨¢¥¤¥´ ¢ ¶. 3.3.

�·μ¢¥·¨³, ± ± ¶¥·¥Ìμ¤ÖÉ ¢ ®´¥°É·¨´´Ò° ¶·¥¤¥²¯ ¢Ò· ¦¥´¨Ö ¤²Ö ¸± ²Ö·-
´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¨§ Ê¶μ³Ö´ÊÉμ£μ ¶μ²´μ£μ ´ ¡μ· , μ¡² ¤ ÕÐ¨¥ μÉ·¨Í É¥²Ó-
´μ° ¸¶¨· ²Ó´μ¸ÉÓÕ:

(lw−−, hw
−−)χη =

= 4 cos
θ

2

{
(α − δ)ξ+ξ−λ+λ− cos2

θ

2
+ (α − δ)(mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)
−

− (γ − β)λ+λ−(ξ2
− + mχ) cos2

θ

2
− (γ − β)λ+λ−

(
m + λ2

− cos2
θ

2

)}
,

(lw−−, hw
++)χη = 4 cos

θ

2

{
(α + δ)(mχ + ξ2

−)m − (β + γ)λ+λ−m+

+ξ+ξ−λ+λ−

[
α+α sin2 θ

2
+δ cos2

θ

2

]
+(mχ+ξ2

−)λ2
−

[
δ+δ sin2 θ

2
+α cos2

θ

2

]
−

−λ+λ−(mχ+ξ2
−)

[
γ+γ sin2 θ

2
+β cos2

θ

2

]
−λ+λ−λ2

−

[
β+β sin2 θ

2
+γ cos2

θ

2

]}
,
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(lw−−, hw
−+)χη = +4 sin

θ

2
e+iφ

{
2m[δ(mχ + ξ2

−) − βλ+λ−]+

+ξ+ξ−λ+λ−

[
α+α sin2 θ

2
+δ cos2

θ

2

]
+(ξ2

−+mχ)λ2
−

[
δ+δ sin2 θ

2
+α cos2

θ

2

]
−

−λ+λ−(ξ2
−+mχ)

[
γ+γ sin2 θ

2
+β cos2

θ

2

]
−λ+λ−λ2

−

[
β+β sin2 θ

2
+γ cos2

θ

2

]}
,

(lw−−, hw
+−)χη = 4 sin

θ

2
cos2

θ

2
e−iφ

{
− (α− δ)[ξ+ξ−λ+λ− +(ξ2

− + mχ)λ2
−]+

+ (γ − β)λ+λ−[mχ + ξ2
− + λ2

−]
}
.

’ ± ± ± ² £· ´¦¨ ´ ¸² ¡μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸ ´Ê±²μ´μ³ ¢ ‘Œ
¨³¥¥É ¢¨¤

Lw = u(k′)γμ(1 − γ5)u(k) × u(p′)γμ(gV − gAγ5)u(p) =

= gV

{
u(k′)γμu(k)

}{
u(p′)γμu(p)

}
− gA

{
u(k′)γμu(k)

}{
u(p′)γμγ5u(p)

}
−

−gV

{
u(k′)γμγ5u(k)

}{
u(p′)γμu(p)

}
+gA

{
u(k′)γμγ5u(k)

}{
u(p′)γμγ5u(p)

}
,

Éμ ¤²Ö ´¥°É·¨´μ ¸¶· ¢¥¤²¨¢μ χV = −χA = 1. �É¸Õ¤  ¤²Ö ¶ · ³¥É·μ¢ ¨§ (�.6)
¶μ²ÊÎ ¥É¸Ö ¸²¥¤ÊÕÐ¥¥:

α = χV hf
V = +gf

V , β = χV hf
A = −gf

A, γ = χAhf
V = −gf

V , δ = χAhf
A = +gf

A

¨ ¤ ²¥¥ α − δ = gf
V − gf

A = 2gR, β − γ = −gf
A + gf

V = α − δ = 2gR, α + δ =
= 2gL = −(β + γ).

’μ£¤  ¸ ÊÎ¥Éμ³ mχ = 0, λ2
− = (s+m2)/(2

√
s)−m, ξ2

− = Eν = (s−m2)/(2
√

s),
λ+λ− = ξ+ξ− = Eν , ´ ¶·¨³¥·, ¤²Ö (lw−−, hw

+−)χη É ± Ö ‘Œ-¶μ¤¸É ´μ¢±  ¤ ¥É
¸²¥¤ÊÕÐ¥¥:

(lw−−, hw
+−)χη

4 sin
θ

2
cos2

θ

2
e−iφ

=

= −(α − δ)[ξ+ξ−λ+λ− + (ξ2
− + mχ)λ2

−] + (γ − β)λ+λ−[mχ + ξ2
− + λ2

−] =

= −(2gR)
s − m2

2
√

s

[(
s − m2

2
√

s
+

s + m2

2
√

s
−m

)
+

(
s − m2

2
√

s
+

s + m2

2
√

s
−m

)]
=

= −2gR(s − m2)

[
s − m2

2s
+

s + m2

2s
− m√

s

]
, μÉ±Ê¤ 

(lw−−, hw
+−)χη = −8gR(s − m2) sin

θ

2
cos2

θ

2
e−iφ

(
1 − m√

s

)
≡ (lν · hη

+−).
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�´ ²μ£¨Î´μ ¤²Ö μ¸É ¢Ï¨Ì¸Ö É·¥Ì ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¶μ²ÊÎ ¥É¸Ö

(lw−−, hw
−−)χη =

= 4 cos
θ

2

[
(α − δ)ξ+ξ−λ+λ− cos2

θ

2
+ (α − δ)(mχ + ξ2

−)

(
m + λ2

− cos2
θ

2

)
−

− (γ − β)λ+λ−(ξ2
− + mχ) cos2

θ

2
− (γ − β)λ+λ−

(
m + λ2

− cos2
θ

2

)]
=

= 8(s − m2)gR cos
θ

2

[
1 −

(
1 − m√

s

)
sin2 θ

2

]
≡ (lν · hη

−−),

(lw−−, hw
++)χη = 8(s − m2) cos

θ

2

(
gL + gR

m√
s

(
1 − m√

s

)
sin2 θ

2

)
≡ (lν · hη

++),

(lw−−, hw
−+)χη =

= 8 sin
θ

2
(s − m2) e+iφ

[
gL − gR

m√
s

(
1 −

(
1 − m√

s

)
sin2 θ

2

)]
≡ (lν · hη

−+).

‘¶· ¢  ¶·¨¢¥¤¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¸± ²Ö·´Ò¥ ¶·μ¨§¢¥¤¥´¨Ö ¤²Ö ´¥°É·¨´-
´μ£μ ¸²ÊÎ Ö ¨§ · ¡μÉÒ [1]. �μ²ÊÎ¥´μ ¸μ¢¶ ¤¥´¨¥ μ¡Ð¨Ì Ëμ·³Ê² ¸ ¤μ¸ÉÊ¶´Ò³¨
 ´ ²μ£ ³¨ (¢ η-¡ §¨¸¥) ¤²Ö ´¥°É·¨´μ.

�·¨²μ¦¥´¨¥ 5

„�“ƒˆ… ‚‘��Œ�ƒ�’…‹œ�›… ‚›—ˆ‘‹…�ˆŸ ˆ ‘��’��˜…�ˆŸ

�.5.1. ‚¸¶μ³μ£ É¥²Ó´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ¨ ¢¥²¨Î¨´Ò. „²Ö μ¡μ¸´μ¢ ´¨Ö Ëμ·-
³Ê² (2.17)Ä(2.19) ¤μ¸É ÉμÎ´μ ¶μ²ÊÎ¨ÉÓ Ö¢´Ò° ¢¨¤ ´Ê±²μ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í,
§ ¤ ´´ÒÌ ¸μμÉ´μÏ¥´¨Ö³¨ (2.14), ¨¸¶μ²Ó§ÊÖ ³ É·¨ÍÒ ¸¶¨· ²Ó´μ¸É¨ αp ¨ αp′

¨§ (2.10). �·Ö³Ò¥ ¢Ò±² ¤±¨, ´ ¶·¨³¥·, ¤²Ö Ŝ(p′) ¨ V̂ 2(p′) ¨§ (2.14) ¤ ÕÉ
¸²¥¤ÊÕÐ¥¥:

Ŝ(p′) = λ2
+ − λ2

−α†
p′αp =

= λ2
+ − λ2

−

(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
−1 0
0 1

)
=

(
λ2

+ 0
0 λ2

+

)
−

−
(

λ2
− cos θ −λ2

− e−iφ sin θ

λ2
− eiφ sin θ λ2

− cos θ

)
=

(
λ2

+ − λ2
− cos θ +λ2

− e−iφ sin θ

−λ2
− eiφ sin θ λ2

+ − λ2
− cos θ

)
,
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V̂ 2(p′) = λ−λ+[αp′σ2 + σ2αp] =

= λ−λ+

[(
− cos θ −e−iφ sin θ

−eiφ sin θ cos θ

)(
0 −i

i 0

)
+

(
0 −i

i 0

)(
−1 0
0 1

)]
=

= λ−λ+

[(
−i e−iφ sin θ i cos θ

i cos θ i eiφ sin θ

)
+

(
0 −i

−i 0

)]
=

= iλ−λ+

(
−e−iφ sin θ −1 + cos θ

−1 + cos θ eiφ sin θ

)
.

�´ ²μ£¨Î´Ò³ μ¡· §μ³ ¶μ²ÊÎ ÕÉ¸Ö μ¸É ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö (2.17)Ä(2.19).
�.5.2. Cμ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ ¨

±μ´¥Î´μ£μ χ-²¥¶Éμ´ . � ¸¸³μÉ·¨³ ¸´ Î ²  ¡μ²¥¥ μ¡Ð¨° ¸²ÊÎ ° ±μ´¥Î´μ£μ
χ-²¥¶Éμ´ . ‘μ£² ¸´μ ¢Ò¡μ·Ê ¥¤¨´¨Î´ÒÌ ¢¥±Éμ·μ¢ (2.6) ¨ ¤ ´´Ò³ ·¨¸Ê´± 
(¸³. ¶. 2.1.1) μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ χ-²¥¶Éμ´ , Ê²¥É ÕÐ¥£μ ¢ ´ -
¶· ¢²¥´¨¨ nk′ = (cosφ sin θ, sin φ sin θ, cos θ), ¨³¥¥É ¢¨¤∗

Ĥk′ = nk′ · σ =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
.

’μ£¤  § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ±μ´¥Î´μ£μ
χ-²¥¶Éμ´ 

Ĥk′χ∓(nk′) =
(

cos θ e−iφ sin θ
eiφ sin θ − cos θ

)
χ∓(nk′) = ∓χ∓(nk′ )

¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° s′ = −1 ¨ +1, ±μ£¤  ¸¶¨´  ´É¨¶ · ²²¥²¥´ (s′ ↓↑
k′) ¨ ¶ · ²²¥²¥´ (s′ ↑↑ k′) ¨³¶Ê²Ó¸Ê ²¥¶Éμ´ , ¨³¥¥É ·¥Ï¥´¨Ö ¢ ¢¨¤¥

χ−(k′) ≡ χ−(nk′ ) =

(
−e−iφ tan

θ

2
1

)
,

χ+(k′) ≡ χ+(nk′) =

(
e−iφ cot

θ

2
1

)
.

∗’ ± ± ± ¶·¨ eiφ = cos φ + i sin φ, nk′ · σ = (cos φ sin θ, sinφ sin θ, cos θ)×[(
0 1
1 0

)
,

(
0 −i
i 0

)
,

(
1 0
0 −1

)]
=

(
0 cos φ sin θ

cos φ sin θ 0

)
+

(
0 −i sinφ sin θ

i sinφ sin θ 0

)
+(

cos θ 0
0 − cos θ

)
=

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)
.
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�Éμ ¶·μ¢¥·Ö¥É¸Ö ¶·Ö³μ° ¶μ¤¸É ´μ¢±μ°:

Ĥk′χ−(nk′ ) =

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
−e−iφ tan

θ

2
1

)
=

=

⎛
⎜⎝−e−iφ tan

θ

2
cos θ + e−iφ sin θ

−e−iφ tan
θ

2
eiφ sin θ − cos θ

⎞
⎟⎠ =

⎛
⎜⎝−e−iφ

[
tan

θ

2
cos θ − sin θ

]
− tan

θ

2
sin θ − cos θ

⎞
⎟⎠ =

= (−1)

⎛
⎜⎜⎝

e−iφ tan
θ

2

[
cos θ − sin θ cot

θ

2

]

tan
θ

2
sin θ + cos θ

⎞
⎟⎟⎠ = (−1)χ−(nk′ ),

Ĥk′χ+(nk′) =

(
cos θ e−iφ sin θ

eiφ sin θ − cos θ

)(
e−iφ cot

θ

2
1

)
=

=

⎛
⎜⎝ cos θ e−iφ cot

θ

2
+ e−iφ sin θ

eiφ sin θ e−iφ cot
θ

2
− cos θ

⎞
⎟⎠ =

⎛
⎜⎝ e−iφ

[
cos θ cot

θ

2
+ sin θ

]
sin θ cot

θ

2
− cos θ

⎞
⎟⎠ =

=

⎛
⎜⎝e−iφ cot

θ

2

[
cos θ + sin θ tan

θ

2

]
sin θ cot

θ

2
− cos θ

⎞
⎟⎠ = (+1)χ+(nk′ ).

’ ± ± ± ¤²Ö ´ Î ²Ó´μ£μ ²¥¶Éμ´  nk = (0, 0, 1), Éμ μ¶¥· Éμ· ¸¶¨· ²Ó´μ¸É¨
´ Î ²Ó´μ£μ ²¥¶Éμ´  ¨³¥¥É ¢¨¤ Ĥk ≡ nk ·σ = σ3. ’μ£¤  § ¤ Î  ´  ¸μ¡¸É¢¥´´Ò¥
§´ Î¥´¨Ö μ¶¥· Éμ·  ¸¶¨· ²Ó´μ¸É¨ ´ Î ²Ó´μ£μ χ-²¥¶Éμ´ 

Ĥkχ∓(nk) ≡ σ3χ∓(nk) =
(

1 0
0 −1

)
χ∓(nk) = ∓χ∓(nk)

¨³¥¥É ·¥Ï¥´¨¥ ¢ ¢¨¤¥

χ−(k) ≡ χ−(nk) = χ−1(nk) =
(

0
1

)
,

χ+(k) ≡ χ+(nk) = χ+1(nk) =
(

1
0

)
.

‡¤¥¸Ó ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö s = −1 ¨ +1 ¸μμÉ¢¥É¸É¢ÊÕÉ ¸²ÊÎ Õ, ±μ£¤  ¸¶¨´
 ´É¨¶ · ²²¥²¥´ (s ↓↑ k) ¨ ¶ · ²²¥²¥´ (s ↑↑ k) ´ Î ²Ó´μ³Ê ¨³¶Ê²Ó¸Ê k.
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�É³¥É¨³, ÎÉμ ¢ ¸²ÊÎ ¥ ¸ ´¥°É·¨´μ ¢ · ¡μÉ Ì [1,2] ¤²Ö ´ Î ²Ó´ÒÌ Î ¸É¨Í
¡Ò²¨ ¡¨¸¶¨´μ·Ò

η−(k) =
(

0
1

)
≡ χ−(k), η+(k) =

(
1
0

)
≡ χ+(k),

η−(p) =
(

0
1

)
≡ χ+(p), η+(p) =

(
1
0

)
≡ χ−(p),

  ¤²Ö ±μ´¥Î´ÒÌ Î ¸É¨Í Å ¤·Ê£¨¥ ¡¨¸¶¨´μ·Ò:

η−(p′) =
(

0
1

)
≡ η−(p), η+(p′) =

(
1
0

)
≡ η+(p),

η−(k′) =

⎛
⎜⎝−e−iφ sin

θ

2
cos

θ

2

⎞
⎟⎠ ≡ χ−(k′), η+(k′) =

⎛
⎜⎝ cos

θ

2
eiφ sin

θ

2

⎞
⎟⎠ ≡ χ+(k′).

‚¨¤´μ, ÎÉμ ¡ §¨¸´Ò¥ ¸¶¨´μ·Ò ¤²Ö ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ´¥°É· ²Ó´ÒÌ (¡¥§-
³ ¸¸μ¢ÒÌ) ²¥¶Éμ´μ¢ μ¤¨´ ±μ¢Ò ¢ μ¡μ¨Ì ¡ §¨¸ Ì: η±(k) = χ±(k) ¨ η±(k′) =
χ±(k′). „²Ö ³ ¸¸¨¢´ÒÌ ´Ê±²μ´μ¢ ¨³¥¥É¸Ö · §²¨Î¨¥. ’ ± ± ± ¢ ¸. Í. ³. ²¥¶Éμ´ 
¨ ´Ê±²μ´  k = −p, Éμ η∓-¸¶¨´μ·Ò ´ Î ²Ó´ÒÌ ´Ê±²μ´μ¢ ¢ σ3-¡ §¨¸¥ (¶·μ¥±Í¨Ö
´  μ¸Ó k) μÉ¢¥Î ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ ¸μ¡¸É¢¥´´Ò³ §´ Î¥´¨Ö³ χ±-¸¶¨´μ·μ¢
¨§ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ (¶·μ¥±Í¨Ö ´  μ¸Ó p).

�.5.3. ‘μμÉ´μÏ¥´¨Ö ³¥¦¤Ê σ3-¡ §¨¸μ³ ¨ ¡ §¨¸μ³ ¸¶¨· ²Ó´μ¸É¨. � -
¶μ³´¨³, ÎÉμ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò (¡¨¸¶¨´μ·Ò) ¤²Ö ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ
´Ê±²μ´  μ¶·¥¤¥²¥´Ò ¢ ¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ ± ± χ± ¨§ (2.32) ¨ ¢ σ3-¡ §¨¸¥
± ± η± ¨§ (2.37). ’μ ¥¸ÉÓ ´ Î ²Ó´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö (¤²Ö ´Ê±²μ´ ) ¢
ÔÉ¨Ì ¡ §¨¸ Ì ¢Ò¡· ´Ò ¢ ¢¨¤¥

η−(p) =
(

0
1

)
, η+(p) =

(
1
0

)
, χ+(p) =

(
0
1

)
, χ−(p) =

(
1
0

)
.

’μ£¤  ¶¥·¥Ìμ¤ μÉ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ ± σ3-¡ §¨¸Ê μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¶·¥μ¡· -
§μ¢ ´¨¥³ (

η+(p)
η−(p)

)
=

(
0 1
1 0

)(
χ+(p)
χ−(p)

)
.

�· ¢¨²Ó´μ¸ÉÓ ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° ²¥£±μ ³μ¦´μ ¶·μ¢¥·¨ÉÓ ¶·Ö³μ° ¶μ¤¸É -
´μ¢±μ°. �Ê¸ÉÓ ±μ´¥Î´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ´Ê±²μ´  ¢ ÔÉ¨Ì ¡ §¨¸ Ì ¢Ò-
¡· ´Ò ¢ ¢¨¤¥

η−(p′) =
(

0
1

)
, η+(p′) =

(
1
0

)
,

χ−(p′) =

(
e−iφ cot

θ

2
1

)
, χ+(p′) =

(
−e−iφ tan

θ

2
1

)
.
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’μ£¤  ³ É·¨Î´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ³¥¦¤Ê ÔÉ¨³¨ ¡ §¨¸ ³¨ ³μ¦´μ § ¤ ÉÓ ¢ ¢¨¤¥(
η+(p′)
η−(p′)

)
=

(
a b
c d

)(
χ+(p′)
χ−(p′)

)
=

1
2

(
−eiφ sin θ eiφ sin θ
1 + cos θ 1 − cos θ

)(
χ+(p′)
χ−(p′)

)
.

�²¥³¥´ÉÒ ³ É·¨ÍÒ ¶·¥μ¡· §μ¢ ´¨Ö (Ö¢´μ § ¶¨¸ ´´Ò¥ ¢ ¶· ¢μ° Î ¸É¨) ´ Ìμ-
¤ÖÉ¸Ö ¨§ ¸²¥¤ÊÕÐ¨Ì Ê¸²μ¢¨°:

η+(p′) = aχ+(p′) + bχ−(p′) =

(
−e−iφa tan

θ

2
+ e−iφ b cot

θ

2
a + b

)
≡
(

1
0

)
,

η−(p′) = cχ+(p′) + dχ−(p′) =

(
−e−iφ c tan

θ

2
+ e−iφ d cot

θ

2
c + d

)
≡
(

0
1

)
.

�É¸Õ¤  ¶μ²ÊÎ ¥É¸Ö, ÎÉμ a = −b, b = eiφ sin θ/2, c = 1− d ¨ c = (1+cos θ)/2.
…¸²¨ ±μ´¥Î´Ò¥ ¸μ¡¸É¢¥´´Ò¥ ¢¥±Éμ·Ò ´Ê±²μ´  ¢Ò¡· ´Ò ¢ ¢¨¤¥ (2.32):

η−(p′) =
(

0
1

)
, η+(p′) =

(
1
0

)
,

χ−(p′) =

⎛
⎜⎝e−iφ cos

θ

2
sin

θ

2

⎞
⎟⎠ , χ+(p′) =

⎛
⎜⎝ sin

θ

2
−eiφ cos

θ

2

⎞
⎟⎠ ,

Éμ ¸¶· ¢¥¤²¨¢μ ¶·¥μ¡· §μ¢ ´¨¥ ³¥¦¤Ê ¡ §¨¸ ³¨ ¢ ¢¨¤¥ Ëμ·³Ê²Ò (4.1):

(
η+(p′)
η−(p′)

)
=

⎛
⎜⎝ sin

θ

2
eiφ cos

θ

2

−e−iφ cos
θ

2
sin

θ

2

⎞
⎟⎠
(

χ+(p′)
χ−(p′)

)
.

„¥°¸É¢¨É¥²Ó´μ, ¶·Ö³ Ö ¶μ¤¸É ´μ¢±  ¤ ¥É

sin
θ

2
χ+(p′) + eiφ cos

θ

2
χ−(p′) =

= sin
θ

2

⎛
⎜⎝ sin

θ

2

−eiφ cos
θ

2

⎞
⎟⎠ + eiφ cos

θ

2

⎛
⎜⎝ e−iφ cos

θ

2

sin
θ

2

⎞
⎟⎠ =

=

⎛
⎜⎝ sin2 θ

2
+ cos2

θ

2

(eiφ − eiφ) sin
θ

2
cos

θ

2

⎞
⎟⎠ ≡ η+(p′) =

(
1
0

)
,
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sin
θ

2
χ−(p′) − e−iφ cos

θ

2
χ+(p′) =

= sin
θ

2

⎛
⎜⎝ e−iφ cos

θ

2

sin
θ

2

⎞
⎟⎠− e−iφ cos

θ

2

⎛
⎜⎝ sin

θ

2

−eiφ cos
θ

2

⎞
⎟⎠ =

=

⎛
⎜⎝e−iφ sin

θ

2
cos

θ

2

sin2 θ

2

⎞
⎟⎠−

⎛
⎜⎝ e−iφ cos

θ

2
sin

θ

2

−eiφ e−iφ cos
θ

2
cos

θ

2

⎞
⎟⎠ ≡ η−(p′) =

(
0
1

)
.

„²Ö ³ ¸¸¨¢´μ£μ ²¥¶Éμ´  ¸¨ÉÊ Í¨Ö  ´ ²μ£¨Î´ . ‹¥¶Éμ´´Ò¥ ¡¨¸¶¨´μ·Ò
¨³¥ÕÉ É ±μ° ¢¨¤:

χ−(k) =
(

0
1

)
, χ+(k) =

(
1
0

)
,

χ−(k′) =

⎛
⎜⎝−e−iφ sin

θ

2
cos

θ

2

⎞
⎟⎠ , χ+(k′) =

⎛
⎜⎝ cos

θ

2
eiφ sin

θ

2

⎞
⎟⎠ ,

η−(k) = η−(k′) =
(

0
1

)
, η+(k) = η+(k′) =

(
1
0

)
.

’μ£¤  ¤²Ö ´ Î ²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ³ ¸¸¨¢´μ£μ ²¥¶Éμ´ , ¶μ¸±μ²Ó±Ê η±(k) =
χ±(k), ¶¥·¥Ìμ¤ ³¥¦¤Ê ¡ §¨¸ ³¨ ³μ¦´μ § ¤ ÉÓ ¸ ¶μ³μÐÓÕ ¥¤¨´¨Î´μ° ³ -
É·¨ÍÒ: (

η+(k)
η−(k)

)
=

(
1 0
0 1

)(
χ+(k)
χ−(k)

)
.

„²Ö ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ´¨° ²¥¶Éμ´  ³ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö ¡ §¨¸μ¢ ¨³¥¥É
¢¨¤ (4.2):

(
η+(k′)
η−(k′)

)
=

(
a b
c d

)(
χ+(k′)
χ−(k′)

)
=

⎛
⎜⎝ cos

θ

2
−eiφ sin

θ

2

e−iφ sin
θ

2
cos

θ

2

⎞
⎟⎠
(

χ+(k′)
χ−(k′)

)
.

�²¥³¥´ÉÒ ÔÉμ° ³ É·¨ÍÒ a, b, c, d ´ Ìμ¤ÖÉ¸Ö ¨§ Ê¸²μ¢¨°

η+(k′) = aχ+(k′) + bχ−(k′) = a

⎛
⎜⎝ cos

θ

2

eiφ sin
θ

2

⎞
⎟⎠ + b

⎛
⎜⎝−e−iφ sin

θ

2

cos
θ

2

⎞
⎟⎠ =

=

⎛
⎜⎝a cos

θ

2
− b e−iφ sin

θ

2

a eiφ sin
θ

2
+ b cos

θ

2

⎞
⎟⎠ ≡

(
1
0

)
,
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η−(k′) = cχ+(k′) + dχ−(k′) = c

⎛
⎜⎝ cos

θ

2

eiφ sin
θ

2

⎞
⎟⎠ + d

⎛
⎜⎝−e−iφ sin

θ

2

cos
θ

2

⎞
⎟⎠ =

=

⎛
⎜⎝c cos

θ

2
− d e−iφ sin

θ

2

c eiφ sin
θ

2
+ d cos

θ

2

⎞
⎟⎠ ≡

(
0
1

)
,

¨´Ò³¨ ¸²μ¢ ³¨, ¨§ ¸¨¸É¥³Ò Ê· ¢´¥´¨°:

1 = a cos
θ

2
− b e−iφ sin

θ

2
, a eiφ sin

θ

2
= −b cos

θ

2
→ b = −a eiφ sin

θ

2
/ cos

θ

2
,

1 = c e+iφ sin
θ

2
+ d cos

θ

2
, c cos

θ

2
= d e−iφ sin

θ

2
→ c = d e−iφ sin

θ

2
/ cos

θ

2
.

�ÉcÕ¤  ¶μ²ÊÎ ¥³ a = d = cos θ/2, b = −eiφ sin θ/2 ¨ c = e−iφ sin θ/2.
�.5.4. �·¨³¥· ¶·¥μ¡· §μ¢ ´¨Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ ¨§ ¡ §¨¸  ¢ ¡ §¨¸. „²Ö

¶·¥μ¡· §μ¢ ´¨Ö ´Ê±²μ´´ÒÌ Éμ±μ¢ ¨§ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ ¢ σ3-¡ §¨¸ ¨¸¶μ²Ó-
§Ê¥³ Ëμ·³Ê²Ò (4.1):(

η+(p)
η−(p)

)
=
(

0 1
1 0

)(
χ+(p)
χ−(p)

)
,

(
η+(p′)
η−(p′)

)
=

⎛
⎜⎝ sin

θ

2
cos

θ

2
eiφ

− cos
θ

2
e−iφ sin

θ

2

⎞
⎟⎠
(

χ+(p′)
χ−(p′)

)
.

�μ¤¸É ¢¨³ ¨Ì ¢ μ¶·¥¤¥²¥´¨Ö, ´ ¶·¨³¥·, ¸± ²Ö·´ÒÌ ´Ê±²μ´´ÒÌ Éμ±μ¢
¢ η-¡ §¨¸¥ ¶·¨ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¡¨´ Í¨ÖÌ ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ¶·μ-
¥±Í¨° ¸¶¨´  ´Ê±²μ´ . ‘ ÊÎ¥Éμ³ Ö¢´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö ¸± ²Ö·´ÒÌ Éμ±μ¢ ¢
¡ §¨¸¥ ¸¶¨· ²Ó´μ¸É¨ (2.56)

Sχ
−−(p′) = +2m cos

θ

2
e+iφ, Sχ

++(p′) = −2m cos
θ

2
e−iφ,

Sχ
−+(p′) = Sχ

+−(p′) = +2(λ2
− + m) sin

θ

2

¨³¥¥³, ´ ¶·¨³¥·, ¤²Ö Sη
−−(p′) ≡ η†

−(p′)Ŝ(p′)η−(p) ¢Ò· ¦¥´¨¥ Î¥·¥§ Sχ
−+(p′)

¨ Sχ
++(p′):

Sη
−−(p′) =

[
− e−iφ cos

θ

2
χ+(p′) + sin

θ

2
χ−(p′)

]†

Ŝ(p′)χ+(p) =

= sin
θ

2
χ†
−(p′)Ŝ(p′)χ+(p) − e+iφ cos

θ

2
χ†

+(p′)Ŝ(p′)χ+(p) ≡

≡ sin
θ

2
Sχ
−+(p′) − e+iφ cos

θ

2
Sχ

++(p′)
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±μÉμ·μ¥ ¤ ²¥¥ ¤ ¥É ¶· ¢¨²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö Sη
−−(p′) (2.50) ¢ σ3-¡ §¨¸¥:

Sη
−−(p′) = sin

θ

2
2(λ2

− + m) sin
θ

2
− e+iφ cos

θ

2
(−2)m cos

θ

2
e−iφ =

= 2(λ2
− + m) sin2 θ

2
+ 2m cos2

θ

2
= 2

(
m + λ2

− sin2 θ

2

)
.

„¥°¸É¢ÊÖ  ´ ²μ£¨Î´μ, ¶μ²ÊÎ¨³ ¶·¥μ¡· §μ¢ ´¨¥ (´Ê±²μ´´ÒÌ ¸± ²Ö·´ÒÌ) Éμ±μ¢
¨§ ¡ §¨¸  ¸¶¨· ²Ó´μ¸É¨ ¢ η-¡ §¨¸ ¢ ¢¨¤¥

Sη
∓∓(p′) = Sχ

∓±(p′) sin
θ

2
∓ Sχ

±±(p′) cos
θ

2
e±iφ,

(�.7)

Sη
∓±(p′) = Sχ

∓∓(p′) sin
θ

2
∓ Sχ

±∓(p′) cos
θ

2
e±iφ.

‚¨¤´μ, ÎÉμ ¶·μ¢¥¤¥´´Ò¥ ¶·¥μ¡· §μ¢ ´¨Ö ´¥ § ¢¨¸ÖÉ μÉ Ö¢´μ£μ ¢¨¤  Éμ±μ¢ÒÌ
³ É·¨Í Ŝ(p′), ¶μÔÉμ³Ê É ±μ£μ É¨¶  ¶·¥μ¡· §μ¢ ´¨¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö ¢¸¥Ì ´Ê-
±²μ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í.

’¥³ ¦¥ μ¡· §μ³ ¶μ²ÊÎ ÕÉ¸Ö ¶·¥μ¡· §μ¢ ´¨Ö ²¥¶Éμ´´ÒÌ Éμ±μ¢ ¨§ χ-¡ §¨¸ 
¢ η-¡ §¨¸:

Sη
∓∓(k′) = Sχ

∓∓(k′) cos
θ

2
± Sχ

±∓(k′) sin
θ

2
e±iφ,

(�.8)

Sη
∓±(k′) = Sχ

∓±(k′) cos
θ

2
± Sχ

±±(k′) sin
θ

2
e±iφ.

’ ± ± ± (�.8) ´¥ § ¢¨¸ÖÉ μÉ Ö¢´μ£μ ¢¨¤  ³ É·¨Í Ŝ(k′), Éμ É ±¨¥ ¶·¥μ¡· §μ¢ -
´¨Ö ¸¶· ¢¥¤²¨¢Ò ¤²Ö ¢¸¥Ì ²¥¶Éμ´´ÒÌ Éμ±μ¢ÒÌ ³ É·¨Í.

�·¥μ¡· §μ¢ ´¨Ö ¨§ μ¤´μ£μ ¡ §¨¸  ¡¨¸¶¨´μ·μ¢ (¸± ¦¥³, χχ-¡ §¨¸ ) ¢ ¤·Ê-
£μ° ¡ §¨¸ (ηη-¡ §¨¸) ³μ¦´μ ¶·μ¢¥¸É¨ É ±¦¥ ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°.
� ¶·¨³¥·, ¤²Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨° ¸± ²Ö·´ÒÌ Éμ±μ¢ ¸ ¶μ³μÐÓÕ ¶·¨¢¥-
¤¥´´ÒÌ ¢ÒÏ¥ Ëμ·³Ê² (�.8) ¨ (�.7) ¨³¥¥³

(ls++ hs
++)ηη =

[
Sχ

++(k′) cos
θ

2
− Sχ

−+(k′) sin
θ

2
e−iφ

]
×

×
[
Sχ

+−(p′) sin
θ

2
+ Sχ

−−(p′) cos
θ

2
e−iφ

]
= Sχ

++(k′)Sχ
+−(p′) cos

θ

2
sin

θ

2
+

+ Sχ
++(k′)Sχ

−−(p′) cos2
θ

2
e−iφ − Sχ

−+(k′)Sχ
+−(p′) sin2 θ

2
e−iφ−

− Sχ
−+(k′)Sχ

−−(p′) cos
θ

2
sin

θ

2
e−2iφ, μÉ±Ê¤  ¸²¥¤Ê¥É
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(ls++ hs
++)ηη = (ls++ hs

+−)χχ cos
θ

2
sin

θ

2
+ (ls++ hs

−−)χχ cos2
θ

2
e−iφ−

− (ls−+ hs
+−)χχ sin2 θ

2
e−iφ − (ls−+ hs

−−)χχ cos
θ

2
sin

θ

2
e−2iφ. (�.9)

�·μ¢¥·¨³ ¸¶· ¢¥¤²¨¢μ¸ÉÓ Ëμ·³Ê²Ò (�.9). ˆ§ ¶¶. 3.1 ¨ 3.2 ¨³¥¥³ Ö¢´Ò¥ ¢Ò-
· ¦¥´¨Ö ¤²Ö ¢Ìμ¤ÖÐ¨Ì ¢ ´¥¥ ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°:

(ls++ hs
++)ηη = +[ξ2

+ − ξ2
− cos θ][λ2

+ − λ2
− cos θ] ≡

≡ 4

(
mχ + ξ2

− sin2 θ

2

)(
m + λ2

− sin2 θ

2

)
,

(ls++ hs
+−)χχ = +4mχ(λ2

− + m) sin
θ

2
cos

θ

2
,

(ls++ hs
−−)χχ = +4mχm cos2

θ

2
e+iφ,

(ls−+ hs
+−)χχ = −4(λ2

− + m)(ξ2
− + mχ) sin2 θ

2
e+iφ,

(ls−+ hs
−−)χχ = −4m(ξ2

− + mχ) sin
θ

2
cos

θ

2
e+2iφ.

�μ¤¸É ¢²ÖÖ ¨Ì ¢ (�.9), ¶μ²ÊÎ¨³ μ¡μ¸´μ¢ ´¨¥ ÔÉμ° Ëμ·³Ê²Ò ¢ ¢¨¤¥

(ls++ hs
++)ηη = (ls++ hs

+−)χχ cos
θ

2
sin

θ

2
+ (ls++ hs

−−)χχ cos2
θ

2
e−iφ−

− (ls−+ hs
+−)χχ sin2 θ

2
e−iφ − (ls−+ hs

−−)χχ cos
θ

2
sin

θ

2
e−2iφ =

= 4mχ(λ2
− + m) sin

θ

2
cos

θ

2
cos

θ

2
sin

θ

2
+ 4mχm cos2

θ

2
e+iφ cos2

θ

2
e−iφ+

+ 4(λ2
− + m)(ξ2

− + mχ) sin2 θ

2
e+iφ sin2 θ

2
e−iφ+

+ 4m(ξ2
− + mχ) sin

θ

2
cos

θ

2
e+2iφ cos

θ

2
sin

θ

2
e−2iφ =

= 4mχ(λ2
− + m) sin2 θ

2
cos2

θ

2
+ 4mχm cos4

θ

2
+

+ 4(λ2
− + m)(ξ2

− + mχ) sin4 θ

2
+ 4m(ξ2

− + mχ) sin2 θ

2
cos2

θ

2
=

= 4mχ cos2
θ

2

[
(λ2

− + m) sin2 θ

2
+ m cos2

θ

2

]
+

+ 4(ξ2
− + mχ) sin2 θ

2

[
(λ2

− + m) sin2 θ

2
+ m cos2

θ

2

]
=

= 4

(
mχ cos2

θ

2
+ (ξ2

− + mχ) sin2 θ

2

)(
m + λ2

− sin2 θ

2

)
.
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�É³¥É¨³ ¸μ±· Ð¥´¨¥ Ë §μ¢ÒÌ ³´μ¦¨É¥²¥°, ±μÉμ·μ¥ ³μ¦¥É ¸²Ê¦¨ÉÓ ¤μ¶μ²-
´¨É¥²Ó´Ò³ Ë ±Éμ·μ³ ¢ ¶μ²Ó§Ê ¶· ¢¨²Ó´μ¸É¨ ¶μ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨°.

‚¸¥ ¶μ²ÊÎ¥´´Ò¥ É ±¨³ μ¡· §μ³ ¶·¥μ¡· §μ¢ ´¨Ö ¸± ²Ö·´ÒÌ ¶·μ¨§¢¥¤¥´¨°
(¸± ²Ö·´ÒÌ Éμ±μ¢) ¨§ χχ-¡ §¨¸  ¢ ηη-¡ §¨¸ ¶·¨¢¥¤¥´Ò ¢ · §¤. 4 ´  ¸. 1081.
�É¨ ¶·¥μ¡· §μ¢ ´¨Ö, § ¶¨¸ ´´Ò¥ ¢ÒÏ¥ ¢ Î ¸É´μ³ ¸²ÊÎ ¥ ¸± ²Ö·´ÒÌ Éμ±μ¢,
¶μ²´μ¸ÉÓÕ ¸¶· ¢¥¤²¨¢Ò ¤²Ö ¢¸¥Ì ¢μ§³μ¦´ÒÌ ±μ³¡¨´ Í¨° Éμ±μ¢ (lv−− hv

−−)χχ,
(la+− hv

−−)χχ, (ls++ hp
−−)χχ ¨ É. ¤.

�.5.5. �¥±μÉμ·Ò¥ ±¨´¥³ É¨Î¥¸±¨¥ μ¶·¥¤¥²¥´¨Ö ¨ ¸μμÉ´μÏ¥´¨Ö. ˆ§ μ¶-
·¥¤¥²¥´¨Ö λ± =

√
Ep ± m ¨ ξ± =

√
Eχ ± mχ,   É ±¦¥ μ¶·¥¤¥²¥´¨Ö ²Ö³¡¤ -

ËÊ´±Í¨¨

λ2(s, m2, m2
χ) ≡ s2 + m4 + m4

χ − 2sm2 − 2sm2
χ − 2m2m2

χ =

=
(
s − (m + mχ)2

)(
s − (m − mχ)2

)
=

= (
√

s + m − mχ)(
√

s + m + mχ)(
√

s − m − mχ)(
√

s − m + mχ) (�.10)

¢ ¸. Í. ³. ´Ê±²μ´  ¨ ²¥¶Éμ´  (2.4) ¶μ²ÊÎ ¥É¸Ö, ÎÉμ

|p| =
√

E2
p − m2 = λ+λ− = |k| =

√
E2

χ − m2
χ = ξ+ξ− =

λ(s, m2, m2
χ)

2
√

s
.

(�.11)
‘μμÉ´μÏ¥´¨Ö ¢ Ëμ·³Ê² Ì (�.11) ¸²¥¤ÊÕÉ ¨§ Éμ£μ, ÎÉμ

λ2
+λ2

− = E2
p − m2 =

[s + m2 − m2
χ]2

4s
− m2 =

=
s2 + m4 + m4

χ + 2sm2 − 2sm2
χ − 2m2m2

χ − 4sm2

4s
=

=
s2 + m4 + m4

χ − 2sm2 − 2sm2
χ − 2m2m2

χ

4s
≡

λ2(s, m2, m2
χ)

4s
,

ξ2
+ξ2

− = E2
χ − m2

χ =
[s − m2 + m2

χ]2

4s
− m2

χ =

=
s2 + m4 + m4

χ − 2sm2 + 2sm2
χ − 2m2m2

χ − 4sm2
χ

4s
=

=
s2 + m4 + m4

χ − 2sm2 − 2sm2
χ − 2m2m2

χ

4s
≡

λ2(s, m2, m2
χ)

4s
= λ2

+λ2
−.

‚ ¸. Í. ³. ¨³¥ÕÉ¸Ö ¨´¢ ·¨ ´É´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ±¢ ¤· Éμ¢ λ2
± ¨ ξ2

±, ¶·¨¢¥-
¤¥´´Ò¥ · ´¥¥ ¢ · §¤. 3 ¨§ Ëμ·³Ê² (3.7) ¨ (3.8). „²Ö ¨Ì ¶·μ¨§¢¥¤¥´¨° É ±¦¥
¨³¥¥É¸Ö ´ ¡μ· ¢Ò· ¦¥´¨°

λ2
+λ2

− = ξ2
+ξ2

− =
λ2(s, m2, m2

χ)
4s

=

(
s − (m + mχ)2

)(
s − (m − mχ)2

)
4s

,

ξ2
+λ2

+ = (Eχ + mχ)(Ep + m) =
s − (mχ − m)2

4s
(
√

s + mχ + m)2,
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ξ2
−λ2

− = (Eχ − mχ)(Ep − m) =
s − (mχ − m)2

4s
(
√

s − m − mχ)2,

ξ2
+λ2

− = (Eχ + mχ)(Ep − m) =
s − (m + mχ)2

4s
(
√

s + mχ − m)2,

ξ2
−λ2

+ = (Eχ − mχ)(Ep + m)
s − (m + mχ)2

4s
(
√

s − mχ + m)2.

‘ ¶μ³μÐÓÕ ÔÉ¨Ì Ëμ·³Ê² ¨ ¸μμÉ´μÏ¥´¨° (�.11) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¶μ²¥§´Ò¥
¢Ò· ¦¥´¨Ö É¨¶ 

λ+λ−ξ+ξ− + ξ2
−λ2

− =
s − (m − mχ)2

2

(
1 − m + mχ√

s

)
,

ξ2
−λ+λ− + ξ+ξ−λ2

− =
λ(s, m2, m2

χ)
2

(
1 − m + mχ√

s

)
.
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