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�μ¸¸¨°¸±¨° Ë¥¤¥· ²Ó´Ò° Ö¤¥·´Ò° Í¥´É· Å ‚�ˆˆ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨,

‘ ·μ¢, �μ¸¸¨Ö

‚¢μ¤¨É¸Ö ¨§μÉμ¶¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ , ¢ ±μÉμ·μ³ ¶μ²ÊÎ¥´Ò Ê· ¢-
´¥´¨Ö ¤²Ö ³ ¸¸¨¢´ÒÌ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì Ë¥·³¨μ´´ÒÌ ¶μ²¥°. ‚ ¸²ÊÎ ¥, ±μ£¤  £ ³¨²ÓÉμ´¨ ´
¢§ ¨³μ¤¥°¸É¢¨Ö ±μ³³ÊÉ¨·Ê¥É ¸ ³ É·¨Í¥° γ5, ÔÉ¨ Ê· ¢´¥´¨Ö μ¡² ¤ ÕÉ ±¨· ²Ó´μ° ¨´¢ ·¨ ´É´μ-
¸ÉÓÕ ´¥§ ¢¨¸¨³μ μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò Ê Ë¥·³¨μ´μ¢. ‚ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É -
¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¸μÌ· ´ÖÕÉ¸Ö ¢¥±Éμ·´Ò° ¨  ±¸¨ ²Ó´Ò° Éμ±¨ ´¥§ ¢¨¸¨³μ μÉ ³ ¸¸Ò
Ë¥·³¨μ´μ¢. ‚ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨  ±¸¨ ²Ó´Ò° Éμ± ¸μÌ· ´Ö¥É¸Ö ²¨ÏÓ ¢ ¸²ÊÎ ¥ ¡¥§-
³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢. ‚ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  μ¸´μ¢´μ¥ ¸μ¸ÉμÖ-
´¨¥ Ë¥·³¨μ´μ¢ (¢ ±ÊÊ³) μ± §Ò¢ ¥É¸Ö ¢Ò·μ¦¤¥´´Ò³, ¨ ¢ ¸¢Ö§¨ ¸ ÔÉ¨³ ¸ÊÐ¥¸É¢Ê¥É ¢μ§³μ¦´μ¸ÉÓ
¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ (P -¸¨³³¥É·¨¨). ‚ ± Î¥¸É¢¥ ¶·¨³¥·  · ¸¸³μÉ·¥´μ ¶μ¸É·μ¥´¨¥
±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´ . ‚ ´¨¦ °Ï¨Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° · ¸¸Î¨É ´ ·Ö¤ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸-
¸μ¢. Šμ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸μ¢¶ ¤ ÕÉ ¸ ·¥§Ê²ÓÉ É ³¨ ¸É ´¤ ·É´μ° É¥μ·¨¨ ±¢ ´Éμ¢μ°
Ô²¥±É·μ¤¨´ ³¨±¨.

The paper introduces the isotopic FoldyÄWouthuysen representation. This representation was
used to derive equations for massive interacting fermion ˇelds. When the interaction Hamiltonian
commutes with the matrix γ5, these equations possess chiral invariance irrespective of whether fermi-
ons have mass or are massless. The isotopic FoldyÄWouthuysen representation preserves the vector
and axial currents irrespective of the fermion mass value. In the Dirac representation, the axial current
is preserved only for massless fermions. In the isotopic FoldyÄWouthuysen representation, the ground
state of fermions (vacuum) turns out to be degenerate, and therefore there is the possibility of spon-
taneously breaking parity (P symmetry). This study considers the example of constructing a chirally
symmetric quantum electrodynamics framework in the isotopic FoldyÄWouthuysen representation. A
number of physical processes are calculated in the lowest orders of the perturbation theory. Final
results of the calculations agree with the results of the standard quantum electrodynamics.

PACS: 12.10.Dm
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∗E-mail: neznamov@vniief.ru



34 �…‡��Œ�‚ ‚. �.

‚ ¤ ´´μ° · ¡μÉ¥ ¶μ± § ´μ, ÎÉμ ¤²Ö £ ³¨²ÓÉμ´¨ ´μ¢ ¢§ ¨³μ¤¥°¸É¢¨° Ë¥·-
³¨μ´μ¢ ¸ ¡μ§μ´´Ò³¨ ¶μ²Ö³¨, ±μ³³ÊÉ¨·ÊÕÐ¨Ì ¸ ³ É·¨Í¥° γ5, ³μ¦´μ ¶μ-
¸É·μ¨ÉÓ Ô±¢¨¢ ²¥´É´Ò¥ Ê· ¢´¥´¨Õ „¨· ±  ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ ¨´É¥£·μ-
¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥ ¨ Ê· ¢´¥´¨¥ ¢Éμ·μ£μ ¶μ·Ö¤± . �É¨ Ê· ¢´¥´¨Ö
³μ¦´μ § ¶¨¸ ÉÓ μÉ¤¥²Ó´μ ¤²Ö ²¥¢ÒÌ ¨ ¶· ¢ÒÌ Ë¥·³¨μ´μ¢, ´¥§ ¢¨¸¨³μ μÉ ´ -
²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö Ê ´¨Ì ³ ¸¸Ò.

‹¨´¥°´ÊÕ Ëμ·³Ê ±¨· ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ Ê· ¢´¥´¨° ¤²Ö ¢§ ¨³μ¤¥°¸É¢Ê-
ÕÐ¨Ì Ë¥·³¨μ´´ÒÌ ¶μ²¥° μÉ´μ¸¨É¥²Ó´μ μ¶¥· Éμ·  p0 = i(∂/∂t) ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  [1] ¢ ¸¶¥Í¨ ²Ó´μ ¢¢¥¤¥´-
´μ³ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥, ¢ ±μÉμ·μ³ ¶·¥¤¢ ·¨É¥²Ó´μ § ¶¨¸Ò¢ ¥É¸Ö
Ê· ¢´¥´¨¥ „¨· ± . ‚ ÔÉμ³ ¸²ÊÎ ¥ ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö É ±¦¥ ¸μÌ· ´Ö¥É¸Ö
´¥§ ¢¨¸¨³μ μÉ §´ Î¥´¨Ö ³ ¸¸Ò Ë¥·³¨μ´μ¢.

‚ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ¸μÌ· ´Ö¥É¸Ö ¢¥±Éμ·´Ò° Éμ±,    ±¸¨ ²Ó´Ò°
Éμ± ¸μÌ· ´Ö¥É¸Ö ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢.

‚μ ¢¢¥¤¥´´μ³ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢¥±Éμ·-
´Ò° ¨  ±¸¨ ²Ó´Ò° Éμ±¨ ¸μÌ· ´ÖÕÉ¸Ö ´¥§ ¢¨¸¨³μ μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö
³ ¸¸Ò Ê Ë¥·³¨μ´μ¢.

ˆ§ É·¥Ì Ô±¢¨¢ ²¥´É´ÒÌ ¤·Ê£ ¤·Ê£Ê Ê· ¢´¥´¨° „¨· ± , § ¶¨¸ ´´ÒÌ ¶μ-
· §´μ³Ê ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥, ³μ¦´μ, ¶·¨³¥´ÖÖ μ¤´μ ¨ Éμ ¦¥ ¨§μ-
Éμ¶¨Î¥¸±μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ , ¶μ²ÊÎ¨ÉÓ É·¨ ±¨· ²Ó´μ-¸¨³-
³¥É·¨Î´ÒÌ Ê· ¢´¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ . �μ Ë¨§¨Î¥¸±μ³Ê ¸μ¤¥·¦ ´¨Õ ¨§-
§  μ¸μ¡¥´´μ¸É¥° ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ , ¸Ê¦ ÕÐ¥£μ ¶·μ¸É· ´-
¸É¢μ ¢μ§³μ¦´ÒÌ ¸μ¸ÉμÖ´¨° ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ, ÔÉ¨ Ê· ¢´¥´¨Ö μÉ²¨Î ÕÉ¸Ö
¤·Ê£ μÉ ¤·Ê£ . �¤´μ Ê· ¢´¥´¨¥ μ¶¨¸Ò¢ ¥É ¶· ¢Ò¥ ¨ ²¥¢Ò¥ Ë¥·³¨μ´Ò,   É ±¦¥
¶· ¢Ò¥ ¨ ²¥¢Ò¥  ´É¨Ë¥·³¨μ´Ò. „¢  ¤·Ê£¨Ì Ê· ¢´¥´¨Ö μ¶¨¸Ò¢ ÕÉ ²¨¡μ ¶· ¢Ò¥
Ë¥·³¨μ´Ò ¨ ²¥¢Ò¥  ´É¨Ë¥·³¨μ´Ò, ²¨¡μ ²¥¢Ò¥ Ë¥·³¨μ´Ò ¨ ¶· ¢Ò¥  ´É¨Ë¥·-
³¨μ´Ò.

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
μ¸´μ¢´μ¥ (¢ ±ÊÊ³´μ¥) ¸μ¸ÉμÖ´¨¥ Ë¥·³¨μ´μ¢ μ± §Ò¢ ¥É¸Ö ¢Ò·μ¦¤¥´´Ò³. � -
·Ö¤Ê ¸ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò³ ®³μ·¥³¯ Ë¥·³¨μ´μ¢ ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·-
£¨¥° ¸ÊÐ¥¸É¢ÊÕÉ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ ¢ ±ÊÊ³Ò ¸ ´ ·ÊÏ¥´´μ° P -¸¨³³¥É-
·¨¥°,   ¨³¥´´μ: ¸ÊÐ¥¸É¢Ê¥É ¢ ±ÊÊ³ ¸ ®³μ·¥³¯ ¶· ¢ÒÌ Ë¥·³¨μ´μ¢ ¨ ¢ ±ÊÊ³ ¸
®³μ·¥³¯ ²¥¢ÒÌ Ë¥·³¨μ´μ¢. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¤²Ö Ë¥·³¨μ´μ¢ ¢μ§´¨± ÕÉ ¶·¥¤-
¶μ¸Ò²±¨ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö P -¸¨³³¥É·¨¨.

‚ÒÏ¥¶¥·¥Î¨¸²¥´´Ò¥ ¢μ¶·μ¸Ò μ¸¢¥Ð¥´Ò ¢ · §¤. 2Ä4 ¤ ´´μ° · ¡μÉÒ. ‚
· §¤. 1 · ¸¸³μÉ·¥´Ò μ¸´μ¢´Ò¥ ¸¢μ°¸É¢  ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ . ‚
· §¤. 5 ¢ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¥¤²μ¦¥´μ ¶μ¸É·μ¥´¨¥ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ°
±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉ-
Ì °§¥´ .

‚ ¶·¨²μ¦¥´¨¨ 1 ¶·¨¢μ¤¨É¸Ö  ²£μ·¨É³ ¶μ²ÊÎ¥´¨Ö Ë¥·³¨μ´´μ£μ £ -
³¨²ÓÉμ´¨ ´  ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´ .
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‚ ¶·¨²μ¦¥´¨¨ 2 ¶·¨¢¥¤¥´Ò · ¸Î¥ÉÒ ´¥±μÉμ·ÒÌ ¶·μÍ¥¸¸μ¢ ±¢ ´Éμ¢μ°
Ô²¥±É·μ¤¨´ ³¨±¨ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ . Šμ-
´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ·¥§Ê²ÓÉ É ³¨
¸É ´¤ ·É´μ° ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨.

1. �‘��‚�›… ‘‚�‰‘’‚� ��…„‘’�‚‹…�ˆŸ
”�‹„ˆÄ‚�“’•�‰‡…��

Š ± ¨§¢¥¸É´μ, ¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  (FW) μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
Ê´¨É ·´Ò³ μ¶¥· Éμ·μ³ UFW [1].

�·¨ ÔÉμ³ ¢μ²´μ¢ Ö ËÊ´±Í¨Ö (¤¨· ±μ¢¸±¨° μ¶¥· Éμ· ¶μ²Ö) ¨ £ ³¨²ÓÉμ´¨ ´
Ê· ¢´¥´¨Ö „¨· ±  ¶·¥μ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

p0ψ = HDψ, ψFW = UFWψ,
(1)

HFW = UFWHDU †
FW − iUFW

∂U †
FW

∂t
, p0ψFW = HFWψFW.

‚ ¢Ò· ¦¥´¨ÖÌ (1) ¨ ´¨¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í � = c = 1; ³¥-
É·¨±  ¶·μ¸É· ´¸É¢  Œ¨´±μ¢¸±μ£μ ¡¥·¥É¸Ö ¢ ¢¨¤¥ gμv = diag [1,−1,−1,−1];
pμ = i(∂/∂xμ); ψ(x), ψFW(x) Å Î¥ÉÒ·¥Ì±μ³¶μ´¥´É´Ò¥ ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨
(μ¶¥· Éμ·Ò ¶μ²Ö) ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ±  ¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

‚ · ¡μÉ¥ ³ É·¨ÍÒ „¨· ±  ¢ £ ³¨²ÓÉμ´¨ ´ Ì HD, HFW ¨¸¶μ²Ó§ÊÕÉ¸Ö ± ±
¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± Ä� Ê²¨, É ± ¨ ¢ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨, Ï¨·μ±μ
Ê¶μÉ·¥¡²Ö¥³μ³ ¢ ‘É ´¤ ·É´μ° ³μ¤¥²¨.

‚ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± Ä� Ê²¨ β = γ0 = ρ3, αi =βγi = ρ1σ
i, γi = iρ2σ

i,
γ5=iγ0γ1γ2γ3=ρ1, Σi=E4×4σ

i, EN×N Å ¥¤¨´¨Î´ Ö ³ É·¨Í  N × N ;

σi Å 2 × 2 ³ É·¨ÍÒ � Ê²¨; ρ1 =
(

0 E2×2

E2×2 0

)
; ρ2 =

(
0 −iE2×2

iE2×2 0

)
;

ρ3 =
(

E2×2 0
0 −E2×2

)
.

‚ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ β = γ0 = ρ1, αi = βγi = ρ3σ
i, γi = βαi =

−iρ2σ
i, γ5 = iγ0γ1γ2γ3 = ρ3, Σi = E4×4σ

i.
„²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ¸ ³ É·¨Í ³¨ αi, β ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± Ä

� Ê²¨

(H0)D = αp + βm, (H0)FW = (U0)FW(H0)D(U0)
†
FW = βE,

(U0)FW = R (1 + L) =

√
E + m

2E

(
1 +

βαp
E + m

)
, (2)

E =
√

m2 + p2, R =

√
E + m

2E
, L =

βαp
E + m

.
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�μ¸²¥ FW-¶·¥μ¡· §μ¢ ´¨Ö Ê· ¢´¥´¨¥ „¨· ± 

p0ψ(x) = (αp + βm) ψ(x) (3)

¶·¥μ¡· §Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 

p0ψFW(x) = (H0)FWψFW(x) = βEψFW(x). (4)

‚ Ê· ¢´¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢¨¤´  Ö¢´ Ö ´¥¸¨³³¥É·¨Ö ¶·μ¸É· ´-
¸É¢¥´´ÒÌ ±μμ·¤¨´ É ¨ ¢·¥³¥´¨, ÌμÉÖ ¸ ³μ ¶μ ¸¥¡¥ μ´μ ²μ·¥´Í-¨´¢ ·¨ ´É´μ.

„²Ö ±¨· ²Ó´μ£μ ¶·¥¤¸É ¢²¥´¨Ö ³ É·¨Í „¨· ±  ¢Ò· ¦¥´¨Ö ¤²Ö μ¶¥· -
Éμ·  ¶·¥μ¡· §μ¢ ´¨Ö U chir

FW ¨ £ ³¨²ÓÉμ´¨ ´  Hchir
FW ¶μ²ÊÎ ÕÉ¸Ö ¨§ ¢Ò· ¦¥´¨°

UFW, HFW ¸ ³ É·¨Í ³¨ αi, β, γ5 ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± Ä� Ê²¨ ¸ § ³¥´μ°
m ↔ Σp, β ↔ γ5 [2].

‚ Î ¸É´μ¸É¨, ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö Ê· ¢´¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢
±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

p0ψFW(x) = (Hchir
0 )FWψFW(x) = γ5EψFW(x). (5)

�¥Ï¥´¨Ö³¨ ¸¢μ¡μ¤´ÒÌ Ê· ¢´¥´¨° (4), (5) Ö¢²ÖÕÉ¸Ö ¶²μ¸±¨¥ ¢μ²´Ò ¸ ¶μ-
²μ¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥°

ψ
(+)
FW(x, s) =

1
(2π)3/2

Us e−ipx, ψ
(−)
FW(x, s) =

1
(2π)3/2

Vs eipx,

(6)

Us =
(

χs

0

)
, Vs =

(
0
χs

)
, p0 ≡ E.

‚ ¢Ò· ¦¥´¨ÖÌ (6) x, p Å Î¥ÉÒ·¥Ì¢¥±Éμ·Ò; χs Å ¤¢ÊÌ±μ³¶μ´¥´É´Ò¥ ´μ·³¨-
·μ¢ ´´Ò¥ ¸¶¨´μ¢Ò¥ ËÊ´±Í¨¨ � Ê²¨.

�·¨ ´ ²¨Î¨¨ μ¡Ð¥£μ ¡μ§μ´´μ£μ ¶μ²Ö § ³±´ÊÉμ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  ´¥ ¸ÊÐ¥¸É¢Ê¥É.

„²Ö ¸É Í¨μ´ ·´ÒÌ ¢´¥Ï´¨Ì ¶μ²¥° μ¡Ð Ö Ëμ·³  ÉμÎ´μ£μ FW-¶·¥μ¡· §μ-
¢ ´¨Ö ¡Ò²  ´ °¤¥´  �·¨±¸¥´μ³ [3].

„·Ê£μ° ¶·Ö³μ° ¸¶μ¸μ¡ ¶μ²ÊÎ¥´¨Ö ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢
¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ë¥·³¨μ´μ¢ ¸ ¶·μ¨§¢μ²Ó´Ò³¨ (¢ Éμ³ Î¨¸²¥ § ¢¨¸ÖÐ¨³¨
μÉ ¢·¥³¥´¨) ¡μ§μ´´Ò³¨ ¶μ²Ö³¨ ¶μ²ÊÎ¥´ ¢ · ¡μÉ¥  ¢Éμ·  [4] (¸³. É ±¦¥ μ¡-
§μ· [5]).

Œ É·¨Í  ¶·¥μ¡· §μ¢ ´¨Ö ¨ ·¥²ÖÉ¨¢¨¸Éc±¨° £ ³¨²ÓÉμ´¨ ´ ¶μ²ÊÎ¥´Ò ¢
¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ±μ´¸É ´ÉÒ ¸¢Ö§¨

UFW = (U0)FW(1 + δ1 + δ2 + δ3 + . . .),
(7)

HFW = βE + K1 + K2 + K3 + . . .

‚ · ¢¥´¸É¢ Ì (7) (U0)FW Å ³ É·¨Í  FW-¶·¥μ¡· §μ¢ ´¨Ö ¤²Ö ¸¢μ¡μ¤´ÒÌ ¤¨-
· ±μ¢¸±¨Ì Î ¸É¨Í; E =

√
p2 + m2; δ1, K1 ∼ q; δ2, K2 ∼ q2; δ3, K3 ∼ q3;

q Å ±μ´¸É ´É  ¸¢Ö§¨.
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Š·μ³¥ ¶·Ö³ÒÌ ³¥Éμ¤μ¢ ¶¥·¥Ìμ¤  ± ¶·¥¤¸É ¢²¥´¨Õ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
¸ÊÐ¥¸É¢Ê¥É ³´μ£μ ¶μÏ £μ¢ÒÌ ¸¶μ¸μ¡μ¢ ¶μ²ÊÎ¥´¨Ö FW-Ê· ¢´¥´¨° ¨ ¨Ì £ -
³¨²ÓÉμ´¨ ´μ¢. ‚ Î ¸É´μ¸É¨, μ¤¨´ ¨§ É ±¨Ì ³¥Éμ¤μ¢ ¡Ò² ¨¸¶μ²Ó§μ¢ ´ ¢ ±² ¸-
¸¨Î¥¸±μ° · ¡μÉ¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  [1] ¤²Ö ¶μ²ÊÎ¥´¨Ö £ ³¨²ÓÉμ´¨ ´  ¤¨-
· ±μ¢¸±μ° Î ¸É¨ÍÒ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¢ ¢¨¤¥
·Ö¤  ¶μ ¸É¥¶¥´Ö³ 1/m.

�μÏ £μ¢Ò¥ ³¥Éμ¤Ò, ± ± ¶· ¢¨²μ, ¢¥·´Ò ¤²Ö ¶¥·¢ÒÌ ¤¢ÊÌ ¨É¥· Í¨° ¨ ¶μ-
²¥§´Ò ²¨ÏÓ ¢ ¸²ÊÎ ¥ ¸² ¡ÒÌ ¡μ§μ´´ÒÌ ¶μ²¥° ¨ ¨Ì ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ
¶·μ¨§¢μ¤´ÒÌ [6].

‚ [5, 7] ¶·¥¤¸É ¢²¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¨¸¶μ²Ó§μ¢ ²μ¸Ó ¤²Ö ¶μ¸É·μ-
¥´¨Ö ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¨, ¢ Î ¸É´μ¸É¨, ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨. „²Ö
ÊÎ¥É  ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ · ¶·μ¨§¢¥¤¥´  ³μ-
¤¨Ë¨± Í¨Ö FW-¶·¥¤¸É ¢²¥´¨Ö ¨ · ¸¸Î¨É ´Ò ±μ´±·¥É´Ò¥ ¶·μÍ¥¸¸Ò ±¢ ´Éμ¢μ°
É¥μ·¨¨ ¶μ²Ö.

‘Ëμ·³Ê²¨·Ê¥³ μ¸´μ¢´Ò¥ μ¸μ¡¥´´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨Ö ¨ ¶·¥¤¸É ¢²¥´¨Ö
”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

1. ‚ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  £ ³¨²ÓÉμ´¨ ´ HFW Ö¢²Ö¥É¸Ö
¡²μ±-¤¨ £μ´ ²Ó´Ò³ μÉ´μ¸¨É¥²Ó´μ ¢¥·Ì´¨Ì ¨ ´¨¦´¨Ì ±μ³¶μ´¥´É ¢μ²´μ¢μ°
ËÊ´±Í¨¨ (μ¶¥· Éμ·  ¶μ²Ö).

2. �¡Ö§ É¥²Ó´Ò³ Ê¸²μ¢¨¥³ ¶¥·¥Ìμ¤  ± FW-¶·¥¤¸É ¢²¥´¨Õ ¤²Ö ¸¢μ¡μ¤´μ£μ
¤¢¨¦¥´¨Ö ¨ ¤¢¨¦¥´¨Ö Ë¥·³¨μ´μ¢ ¢ ¸É É¨Î¥¸±¨Ì ¢´¥Ï´¨Ì ¡μ§μ´´ÒÌ ¶μ²ÖÌ
Ö¢²Ö¥É¸Ö Ê¸²μ¢¨¥ · ¢¥´¸É¢  ´Ê²Õ ²¨¡μ ¢¥·Ì´¨Ì, ²¨¡μ ´¨¦´¨Ì ±μ³¶μ´¥´É ψFW

(Ê¸²μ¢¨¥ ·¥¤Ê±Í¨¨ ¤¨· ±μ¢¸±μ° ¢μ²´μ¢μ° ËÊ´±Í¨¨) [6].
3. ˆ§-§  ¢¨¤  ¡ §¨¸´ÒÌ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° (μ¶¥· Éμ·μ¢ ¶μ²Ö) ¢ FW-

¶·¥¤¸É ¢²¥´¨¨ ¸ ´Ê²¥¢Ò³¨ ²¨¡μ ¢¥·Ì´¨³¨, ²¨¡μ ´¨¦´¨³¨ ±μ³¶μ´¥´É ³¨ ¶·¥-
μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ¶·¥¤¸É ¢²¥´¨Ö „¨· ±  ¸Ê-
¦ ¥É ¶·μ¸É· ´¸É¢μ ¢μ§³μ¦´ÒÌ ¸μ¸ÉμÖ´¨° ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ. �¥μ¡Ìμ¤¨³Ò
¸¶¥Í¨ ²Ó´Ò¥ ³¥·Ò (³μ¤¨Ë¨± Í¨Ö FW-¶·¥μ¡· §μ¢ ´¨Ö) ¤²Ö ¢μ§¢· Ð¥´¨Ö ¢ ¤¨-
· ±μ¢¸±μ¥ ¶·μ¸É· ´¸É¢μ ¸μ¸ÉμÖ´¨°.

2. ˆ‡�’��ˆ—…‘Š�… ��…„‘’�‚‹…�ˆ… ”�‹„ˆÄ‚�“’•�‰‡…��
ˆ Šˆ��‹œ��-‘ˆŒŒ…’�ˆ—�›… “��‚�…�ˆŸ „‚ˆ†…�ˆŸ

Œ�‘‘ˆ‚�›• ”…�Œˆ���›• ��‹…‰

� ¸¸³μÉ·¨³ ¶²μÉ´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ ³ ¸¸μ° m,
¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ ¶·μ¨§¢μ²Ó´Ò³  ¡¥²¥¢Ò³ ¢¥±Éμ·´Ò³ ¡μ§μ´´Ò³ ¶μ-
²¥³ Bμ(x):

�D = ψ† (αp + βm + qαμBμ)ψ =

= ψ†(PL + PR)(αp + βm + qαμBμ)(PL + PR)ψ =

= ψ†
L(αp+ qαμBμ)ψL + ψ†

R(αp+ qαμBμ)ψR +ψ†
LβmψR +ψ†

RβmψL. (8)
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‚ · ¢¥´¸É¢ Ì (8) q Å ±μ´¸É ´É  ¢§ ¨³μ¤¥°¸É¢¨Ö; αμ=

{
1, μ = 0,

αi, μ = i = 1, 2, 3,

PL =
1 − γ5

2
, PR =

1 + γ5

2
Å ²¥¢Ò° ¨ ¶· ¢Ò° ¶·μ¥±Í¨μ´´Ò¥ μ¶¥· Éμ·Ò;

ψL = PLψ, ψR = PRψ Å ²¥¢ Ö ¨ ¶· ¢ Ö ±μ³¶μ´¥´ÉÒ μ¶¥· Éμ·  ¤¨· ±μ¢-
¸±μ£μ ¶μ²Ö ψ.

�¡¥²¥¢ ¸²ÊÎ ° ¤²Ö ¶μ²Ö Bμ(x) · ¸¸³ É·¨¢ ¥É¸Ö ¤²Ö ¶·μ¸ÉμÉÒ. �·¨ · ¸-
¸³μÉ·¥´¨¨ μ¡Ð¥£μ ¸²ÊÎ Ö ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ ´¥-
 ¡¥²¥¢Ò³ ¡μ§μ´´Ò³ ¶μ²¥³, ¢Ò¢μ¤Ò ¨ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ ´ ¸ÉμÖÐ¥°
· ¡μÉ¥, ´¥ ¨§³¥´ÖÕÉ¸Ö.

�²μÉ´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  �D ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö ¤²Ö ψL

¨ ψR:
p0ψL = (αp + qαμBμ)ψL + βmψR,

p0ψR = (αp + qαμBμ)ψR + βmψL.
(9)

‚¨¤´μ, ÎÉμ ¨ ¶²μÉ´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  �D (8), ¨ Ê· ¢´¥´¨Ö (9) ¨³¥ÕÉ
Ëμ·³Ê, ¶·¨ ±μÉμ·μ° ´ ²¨Î¨¥ ³ ¸¸Ò Ê Ë¥·³¨μ´μ¢ ¶·¨¢μ¤¨É ± ¸³¥Ï¨¢ ´¨Õ
¶· ¢ÒÌ ¨ ²¥¢ÒÌ ±μ³¶μ´¥´É μ¶¥· Éμ·  ¶μ²Ö ψ, ¨ ¶μÔÉμ³Ê ±¨· ²Ó´ Ö ¸¨³³¥É·¨Ö
¸μÌ· ´Ö¥É¸Ö ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢.

2.1. Š¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ ¢
¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨. ’¥¶¥·Ó § ¤ ¤¨³¸Ö ¢μ¶·μ¸μ³: ³μ¦´μ ²¨ § ¶¨-
¸ ÉÓ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¨ ¨Ì £ ³¨²ÓÉμ´¨ ´Ò ¤²Ö
³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢?

ˆ§ Ê· ¢´¥´¨° (9) ¸²¥¤Ê¥É, ÎÉμ

ψL = (p0 − αp− qαμBμ)−1βmψR,

ψR = (p0 − αp− qαμBμ)−1βmψL.
(10)

�μ¤¸É ¢²ÖÖ (10) ¢ ¶· ¢Ò¥ Î ¸É¨ Ê· ¢´¥´¨° (9), ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ βm,
¶μ²ÊÎ ¥³ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ψR ¨ ψL:[

(p0 − αp− q(B0 − αB)) − βm(p0 − αp− q(B0 − αB))−1βm
]
ψL = 0,

(11)[
(p0 − αp− q(B0 − αB)) − βm(p0 − αp− q(B0 − αB))−1βm

]
ψR = 0.

‚¨¤´μ, ÎÉμ Ê· ¢´¥´¨Ö ¤²Ö ψR ¨ ψL ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ¢¨¤ ¨ ¢ μÉ²¨-
Î¨¥ μÉ (9) ´ ²¨Î¨¥ ³ ¸¸Ò m ´¥ ¶·¨¢μ¤¨É ± ¸³¥Ï¨¢ ´¨Õ ¶· ¢ÒÌ ¨ ²¥¢ÒÌ
±μ³¶μ´¥´É ψ.

“· ¢´¥´¨Ö (11) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥[
(p0 − αp− qαμBμ) − (p0 + αp − qᾱμBμ)−1m2

]
ψL,R = 0. (12)

‚ ¢Ò· ¦¥´¨¨ (12) μ¡μ§´ Î¥´¨¥ ψL,R Ê± §Ò¢ ¥É ´  μ¤¨´ ±μ¢Ò° ¢¨¤ Ê· ¢´¥´¨°

¤²Ö ψL ¨ ψR; ᾱμ =

{
1
−αi

.
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…¸²¨ Ê³´μ¦¨ÉÓ Ê· ¢´¥´¨Ö (12) ¸²¥¢  ´  ³´μ¦¨É¥²Ó p0 + αp− qᾱμBμ, Éμ
¶μ²ÊÎ¨³ Ê· ¢´¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ pμ:

[
(p0 + αp − qᾱμBμ)(p0 − αp − qαμBμ) − m2

]
ψL,R = 0. (13)

„²Ö ¸²ÊÎ Ö ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ (q = e, Bμ = Aμ) Ê· ¢´¥´¨Ö (13)
¨³¥ÕÉ ¢¨¤

[
(p0 − eA0)2 − (p− eA)2 − m2 + eΣH + ieαE

]
ψL,R = 0. (14)

‚ Ê· ¢´¥´¨ÖÌ (14) H = rotA Å ³ £´¨É´μ¥ ¶μ²¥; E = −(∂A/∂t) −
∇A0 Å Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥.

“· ¢´¥´¨Ö (14) ¸μ¢¶ ¤ ÕÉ ¸ Ê· ¢´¥´¨¥³ ¢Éμ·μ£μ ¶μ·Ö¤± , ¶μ²ÊÎ¥´´Ò³ „¨-
· ±μ³ ¢ 1920-¥ ££. ¤²Ö ¡¨¸¶¨´μ·  ψ [8]. �¤´ ±μ ¢ μÉ²¨Î¨¥ μÉ [8] (¸³. É ±¦¥ [9])
Ê· ¢´¥´¨Ö (14) § ¶¨¸ ´Ò ¤²Ö ²¥¢ÒÌ ¨ ¶· ¢ÒÌ ±μ³¶μ´¥´É ¡¨¸¶¨´μ·  ψ ¨ ´¥
¸μ¤¥·¦ É ®²¨Ï´¨Ì¯ ·¥Ï¥´¨°. �¶¥· Éμ· γ5 ±μ³³ÊÉ¨·Ê¥É ¸ Ê· ¢´¥´¨Ö³¨ (13),
(14). ‘²¥¤μ¢ É¥²Ó´μ, γ5ψ = δψ (δ2 = 1; δ = ±1). ‘²ÊÎ ° δ = −1 ¸μ-
μÉ¢¥É¸É¢Ê¥É ·¥Ï¥´¨Ö³ (13), (14) ¤²Ö ψL,   δ = +1 Å ·¥Ï¥´¨Ö³ (13), (14)
¤²Ö ψR.

’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨Ö (12), (13) ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤²Ö ¨§´ Î ²Ó´μ
³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¡μ§μ´´Ò³¨ ¶μ²Ö³¨, Ê· ¢´¥´¨Ö
¤¢¨¦¥´¨Ö ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ¢ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ³ ¢¨¤¥.

2.2. ˆ§μÉμ¶¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¤²Ö ³ ¸¸¨¢´ÒÌ
Ë¥·³¨μ´μ¢. “· ¢´¥´¨Ö (12), (13) Ö¢²ÖÕÉ¸Ö ´¥²¨´¥°´Ò³¨ μÉ´μ¸¨É¥²Ó´μ μ¶¥· -
Éμ·  p0 = i(∂/∂t). ‹¨´¥°´ÊÕ Ëμ·³Ê ±¨· ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ Ê· ¢´¥´¨° Ë¥·-
³¨μ´´ÒÌ ¶μ²¥° μÉ´μ¸¨É¥²Ó´μ p0 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¨¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨¥
”μ²¤¨Ä‚ ÊÉÌ °§¥´  [1] ¢ ¸¶¥Í¨ ²Ó´μ ¢¢¥¤¥´´μ³ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥.

‚¢¥¤¥³ ¢μ¸Ó³¨±μ³¶μ´¥´É´Ò° μ¶¥· Éμ· ¶μ²Ö Φ1 =
(

ψR

ψL

)
¨ ¨§μÉμ¶¨Î¥-

¸±¨¥ ³ É·¨ÍÒ τ3 =
(

E4×4 0
0 −E4×4

)
, τ1 =

(
0 E4×4

E4×4 0

)
, ¤¥°¸É¢ÊÕÐ¨¥ ´ 

Î¥ÉÒ·¥ ¢¥·Ì´¨Ì ¨ Î¥ÉÒ·¥ ´¨¦´¨Ì ±μ³¶μ´¥´ÉÒ μ¶¥· Éμ·  Φ1. ’¥¶¥·Ó Ê· ¢´¥-
´¨Ö (9) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

p0Φ1 = (αp + τ1βm + qαμBμ)Φ1. (15)

�μ¸±μ²Ó±Ê τ1 ±μ³³ÊÉ¨·Ê¥É ¸ ¶· ¢μ° Î ¸ÉÓÕ (15), Éμ ¶μ²¥ Φ2 = τ1Φ1 =(
ψL

ψR

)
É ±¦¥ Ö¢²Ö¥É¸Ö ·¥Ï¥´¨¥³ Ê· ¢´¥´¨Ö (15):

p0Φ2 = (αp + τ1βm + qαμBμ)Φ2. (16)
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� ±μ´¥Í, ¢¢¥¤¥³ Ï¥¸É´ ¤Í É¨±μ³¶μ´¥´É´Ò° ¸¶¨´μ·

Φ =
(

Φ1

Φ2

)
=

⎛
⎜⎜⎝

ψR

ψL

ψL

ψR

⎞
⎟⎟⎠ (17)

¨ μ¡μ¡Ð¥´¨¥ ¨§μÉμ¶¨Î¥¸±¨Ì ³ É·¨Í τ1, τ3

E16×16 · τ1 = ΣI
1, E16×16 · τ3 = ΣI

3, ρI
1 · τ1 = αI

1,
(18)

ρI
1 =

(
0 E8×8

E8×8 0

)
, ρI

3 =
(

E8×8 0
0 −E8×8

)
, ρI

2 = iρI
3ρ

I
1.

‚ ¢Ò· ¦¥´¨ÖÌ (18) ¨´¤¥±¸ ®I¯ Ê± §Ò¢ ¥É, ÎÉμ ¢¢¥¤¥´´Ò¥ ³ É·¨ÍÒ, É ± ¦¥
± ± ¨ ³ É·¨ÍÒ τ1, τ3, ¤¥°¸É¢ÊÕÉ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥, ´¥ § É· £¨¢ Ö
¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò ¶μ²¥° ψR, ψL.

“· ¢´¥´¨¥ „¨· ±  ¤²Ö Φ(x) ¸ ÊÎ¥Éμ³ (18) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¸²¥¤ÊÕÐ¥³
¢¨¤¥:

p0Φ(x) =
(

αp + ΣI
1βm +

1
2
(
E16×16 + αI

1

)
qαμBμ

)
Φ(x). (19)

‘ ÊÎ¥Éμ³ ¸¶¨´μ·´μ° ¸É·Ê±ÉÊ·Ò Φ(x) (¸³. (17)) ¢ Ê· ¢´¥´¨¨ (19) ¸μ¤¥·-
¦ É¸Ö Ê· ¢´¥´¨Ö (9) ¢ Ê¤¢μ¥´´μ³ ±μ²¨Î¥¸É¢¥.

“· ¢´¥´¨Ö (15), (16), (19) ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ¶μ ¸¢μ¨³ Ë¨§¨-
Î¥¸±¨³ ¸²¥¤¸É¢¨Ö³ Ô±¢¨¢ ²¥´É´Ò ¤·Ê£ ¤·Ê£Ê, ´μ, ± ± ¡Ê¤¥É ¶μ± § ´μ ´¨¦¥, ± -
¦¤μ¥ ¨§ ´¨Ì ¨³¥¥É ¸¢μ¨ μ¸μ¡¥´´μ¸É¨ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  (IFW).

� ¸¸³μÉ·¨³ ¤ ²¥¥ Ê· ¢´¥´¨Ö (15), (16) ¡¥§ ¡μ§μ´´ÒÌ ¶μ²¥° Bμ (¸¢μ¡μ¤´μ¥
¤¢¨¦¥´¨¥):

p0Φ1,2 = (αp + τ1βm)Φ1,2. (20)

‡ ¶¨¸Ó Φ1,2 ¶μ± §Ò¢ ¥É μ¤¨´ ±μ¢μ¸ÉÓ Ê· ¢´¥´¨° (20) ¤²Ö ¶μ²¥° Φ1, Φ2.
� °¤¥³ ¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´-

¸É¢¥ ¤²Ö Ê· ¢´¥´¨° (20), ¨¸¶μ²Ó§ÊÖ ¶·¥μ¡· §μ¢ ´¨¥ �·¨±¸¥´  [3]:

(U0)IFW = UEr =
1
2

(1 + τ3λ)
(

1
2

+
τ3λ + λτ3

4

)−1/2

. (21)

‚ ¢Ò· ¦¥´¨¨ (21) λ =
αp + τ1βm

E
; E = (p2 + m2)1/2. �μ¸±μ²Ó±Ê

(αp + τ1βm)2 = E2, Éμ λ2 = 1.
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‚Ò· ¦¥´¨¥ (21) ³μ¦´μ ¶·¥μ¡· §μ¢ ÉÓ ± ¢¨¤Ê

(U0)IFW = UEr =
1
2

(
1 +

τ3αp + τ3τ1βm

E

)(
1
2

+
τ3αp
2E

)−1/2

=

=

√
E + τ3αp

2E

(
1 +

1
E + τ3αp

τ3τ1βm

)
. (22)

�·¥μ¡· §μ¢ ´¨¥ (22) Ê´¨É ·´μ ((U0)IFW(U0)
†
IFW = 1) ¨

(H0)IFW = (U0)IFW(αp + τ1βm)(U0)
†
IFW = τ3E. (23)

’ ±¨³ μ¡· §μ³, ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  Ê· ¢-
´¥´¨Ö (20) ¨³¥ÕÉ ¢¨¤

p0(Φ1,2)IFW = τ3E(Φ1,2)IFW. (24)

�μ¸±μ²Ó±Ê (U0)IFWτ1(U0)
†
IFW = τ3β,  ´ ²μ£μ³ ¸μμÉ´μÏ¥´¨Ö Φ2 = τ1Φ1

¢ IFW-¶·¥¤¸É ¢²¥´¨¨ Ö¢²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥

(Φ2)IFW = τ3β(Φ1)IFW. (25)

�·¨ ¶¥·¥Ìμ¤¥ ± ¨§μÉμ¶¨Î¥¸±μ³Ê ¶·¥¤¸É ¢²¥´¨Õ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ±·μ-
³¥ ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨Ö ¡²μ±-¤¨ £μ´ ²Ó´μ¸É¨ £ ³¨²ÓÉμ´¨ ´  ¢ Ê· ¢´¥´¨ÖÌ (24)
μ¡Ö§ É¥²Ó´Ò³ Ö¢²Ö¥É¸Ö É ±¦¥ Ê¸²μ¢¨¥ · ¢¥´¸É¢  ´Ê²Õ ¢¥·Ì´¨Ì ¨²¨ ´¨¦´¨Ì
±μ³¶μ´¥´É Φ1, Φ2 (Ê¸²μ¢¨¥ ·¥¤Ê±Í¨¨ ¶μ²¥° Φ1, Φ2) [6].

�·μ¢¥·¨³, ¢Ò¶μ²´Ö¥É¸Ö ²¨ ¤²Ö ´ Ï¥£μ ¸²ÊÎ Ö ÔÉμ Ê¸²μ¢¨¥. ‘ ÊÎ¥Éμ³ ¸μ-
μÉ´μÏ¥´¨° (9), (10) ´μ·³¨·μ¢ ´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (20) ¤²Ö ¢μ²´μ¢ÒÌ
ËÊ´±Í¨° Φ1, Φ2 ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

Φ(+)
1 (x, t) = e−iEt

√
E + Σp

2E

⎛
⎜⎝

ψ
(+)
R (x)

1
E − αp

βmψ
(+)
R (x)

⎞
⎟⎠ ,

Φ(−)
1 (x, t) = eiEt

√
E + Σp

2E

⎛
⎝ − 1

E + αp
βmψ

(−)
L (x)

ψ
(−)
L (x)

⎞
⎠ ,

Φ(+)
2 (x, t) = e−iEt

√
E − Σp

2E

⎛
⎜⎝

ψ
(+)
L (x)

1
E − αp

βmψ
(+)
L (x)

⎞
⎟⎠ ,

Φ(−)
2 (x, t) = eiEt

√
E − Σp

2E

⎛
⎝ − 1

E + αp
βmψ

(−)
R (x)

ψ
(−)
R (x)

⎞
⎠ .

(26)
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‚ (26) Φ(+)
1 , Φ(+)

2 ; Φ(−)
1 , Φ(−)

2 Å ·¥Ï¥´¨Ö Ê· ¢´¥´¨° (20) ¸ ¶μ²μ¦¨É¥²Ó´μ° ¨
μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ¸μμÉ¢¥É¸É¢¥´´μ.

�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ³ É·¨Í αi, β ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± Ä� Ê²¨ ¶· ¢Ò¥
¨ ²¥¢Ò¥ ±μ³¶μ´¥´ÉÒ ¢μ²´μ¢ÒÌ ËÊ´±Í¨° ¤²Ö ·¥Ï¥´¨° ¸ ¶μ²μ¦¨É¥²Ó´μ° ¨
μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° · ¢´Ò

ψ
(+)
R (x) =

1
2
(1 + γ5)ψ

(+)
D (x) =

1
2

√
E + m

2E

⎛
⎜⎜⎝

(
1 +

σp
E + m

)
ϕ(+)(x)(

1 +
σp

E + m

)
ϕ(+)(x)

⎞
⎟⎟⎠ ,

ψ
(−)
R (x) =

1
2
(1 + γ5)ψ

(−)
D (x) =

1
2

√
E + m

2E

⎛
⎜⎜⎝

(
1 − σp

E + m

)
χ(−)(x)(

1 − σp
E + m

)
χ(−)(x)

⎞
⎟⎟⎠ ,

(27)

ψ
(+)
L (x) =

1
2
(1 − γ5)ψ

(+)
D (x) =

1
2

√
E + m

2E

⎛
⎜⎜⎝

(
1 − σp

E + m

)
ϕ(+)(x)

−
(

1 − σp
E + m

)
ϕ(+)(x)

⎞
⎟⎟⎠ ,

ψ
(−)
L (x) =

1
2
(1 − γ5)ψ

(−)
D (x) =

1
2

√
E + m

2E

⎛
⎜⎜⎝

−
(

1 +
σp

E + m

)
χ(−)(x)(

1 +
σp

E + m

)
χ(−)(x)

⎞
⎟⎟⎠ .

‚ ¢Ò· ¦¥´¨ÖÌ (27) ϕ(+)(x), χ(−)(x) Å ´μ·³¨·μ¢ ´´Ò¥ ¤¢ÊÌ±μ³¶μ´¥´É´Ò¥
·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¸ ¶μ²μ¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥°.
‚ (26), (27) E ¨ p Å μ¶¥· Éμ·Ò Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸  ¤¨· ±μ¢¸±μ° Î ¸É¨ÍÒ.

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ (27)

αpψ
(+)
R (x) = Σpψ

(+)
R (x), αpψ

(−)
R (x) = Σpψ

(−)
R (x),

(28)
αpψ

(+)
L (x) = −Σpψ

(+)
L (x), αpψ

(−)
L (x) = −Σpψ

(−)
L (x).

ˆ§ ¢Ò· ¦¥´¨° (27) ¸²¥¤ÊÕÉ Ê¸²μ¢¨Ö ´μ·³¨·μ¢±¨

ψ
(+)†
R (x)ψ(+)

R (x) = ϕ(+)†(x)
E + σp

2E
ϕ(+)(x),

ψ
(−)†
R (x)ψ(−)

R (x) = χ(−)†(x)
E − σp

2E
χ(−)(x),

ψ
(+)†
L (x)ψ(+)

L (x) = ϕ(+)†(x)
E − σp

2E
ϕ(+)(x),

ψ
(−)†
L (x)ψ(−)

L (x) = χ(−)†(x)
E + σp

2E
χ(−)(x).

(29)
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„¥°¸É¢ÊÖ ´  Φ1, Φ2 (¸³. (26)) ³ É·¨Í¥° ¶·¥μ¡· §μ¢ ´¨Ö (U0)IFW (22),
¶μ²ÊÎ ¥³

Φ(+)
1IFW(x, t) = (U0)IFWΦ(+)

1 (x, t) =

= e−iEt

⎛
⎝
√

2E

E + Σp
ψ

(+)
R (x)

0

⎞
⎠ = e−iEt 1√

2

⎛
⎜⎜⎝

ϕ(+)(x)
ϕ(+)(x)

0
0

⎞
⎟⎟⎠ ,

Φ(−)
1IFW(x, t) = (U0)IFWΦ(−)

1 (x, t) =

= eiEt

⎛
⎜⎝

0√
2E

E + Σp
ψ

(−)
L (x)

⎞
⎟⎠ = eiEt 1√

2

⎛
⎜⎜⎝

0
0

−χ(−)(x)
χ(−)(x)

⎞
⎟⎟⎠ ,

(30)
Φ(+)

2IFW(x, t) = (U0)IFWΦ(+)
2 (x, t) =

= e−iEt

⎛
⎝
√

2E

E − Σp
ψ

(+)
L (x)

0

⎞
⎠ = e−iEt 1√

2

⎛
⎜⎜⎝

ϕ(+)(x)
−ϕ(+)(x)

0
0

⎞
⎟⎟⎠ ,

Φ(−)
2IFW(x, t) = (U0)IFWΦ(−)

2 (x, t) =

= eiEt

⎛
⎜⎝

0√
2E

E − Σp
ψ

(−)
R (x)

⎞
⎟⎠ = eiEt 1√

2

⎛
⎜⎜⎝

0
0

χ(−)(x)
χ(−)(x)

⎞
⎟⎟⎠ .

ˆ§ ¸μμÉ´μÏ¥´¨° (30) ¢¨¤´μ, ÎÉμ Ê¸²μ¢¨¥ ·¥¤Ê±Í¨¨ ¢Ò¶μ²´Ö¥É¸Ö ¨, ¤¥°-
¸É¢¨É¥²Ó´μ, ³ É·¨Í  (U0)IFW Ö¢²Ö¥É¸Ö ¶·¥μ¡· §μ¢ ´¨¥³ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
¤²Ö ¶μ²¥° Φ1, Φ2 ¢μ ¢¢¥¤¥´´μ³ ´ ³¨ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥.

„²Ö ³ É·¨Í „¨· ±  ¢ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨, ¸²¥¤ÊÖ (27)Ä(30), ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¨° ¢¨¤ ¡ §¨¸´ÒÌ ËÊ´±Í¨° ¢ IFW-¶·¥¤¸É ¢²¥´¨¨:

Φ(+)
1IFW(x, t) = e−iEt

⎛
⎝

√
2E

E + Σp
ψ

(+)
R (x)

0

⎞
⎠ = e−iEt

⎛
⎜⎜⎝

ϕ(+)(x)
0
0
0

⎞
⎟⎟⎠ ,

Φ(−)
1IFW(x, t) = eiEt

⎛
⎝

√
2E

E + Σp
ψ

(+)
R (x)

0

⎞
⎠ = eiEt

⎛
⎜⎜⎝

0
0
0

χ(−)(x)

⎞
⎟⎟⎠ ,
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Φ(+)
2IFW(x, t) = e−iEt

⎛
⎝

√
2E

E + Σp
ψ

(+)
R (x)

0

⎞
⎠ = e−iEt

⎛
⎜⎜⎝

0
ϕ(+)(x)

0
0

⎞
⎟⎟⎠ ,

(31)

Φ(−)
2IFW(x, t) = eiEt

⎛
⎝

√
2E

E + Σp
ψ

(+)
R (x)

0

⎞
⎠ = e−iEt

⎛
⎜⎜⎝

0
0

−χ(−)(x)
0

⎞
⎟⎟⎠ .

…¸É¥¸É¢¥´´μ, ¢ ±¨· ²Ó´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¶μ-¶·¥¦´¥³Ê ¢Ò¶μ²´Ö¥É¸Ö ¸μ-
μÉ´μÏ¥´¨¥ (25) ¤²Ö ¢§ ¨³μ¸¢Ö§¨ ËÊ´±Í¨° Φ1IFW(x) ¨ Φ2IFW(x).

	 §¨¸´Ò¥ ËÊ´±Í¨¨ (30), (31) Ö¢²ÖÕÉ¸Ö É ±¦¥ ·¥Ï¥´¨Ö³¨ ¸¢μ¡μ¤´μ£μ Ê· ¢-
´¥´¨Ö (19), ¶·¥μ¡· §μ¢ ´´μ£μ ¢ IFW-¶·¥¤¸É ¢²¥´¨¥. „¥°¸É¢¨É¥²Ó´μ, ¸ ÊÎ¥Éμ³
μ¶·¥¤¥²¥´¨° (17), (18) ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö Ê· ¢´¥´¨¥ (19) ¨³¥¥É ¢¨¤

p0

(
Φ1(x)
Φ2(x)

)
= (αp + E16×16τ1βm)

(
Φ1(x)
Φ2(x)

)
. (32)

�·¨³¥´ÖÖ ³ É·¨ÍÊ ¶·¥μ¡· §μ¢ ´¨Ö (22) ± ¢¥·Ì´¨³ ¨ ´¨¦´¨³ ±μ³¶μ´¥´-
É ³ Ê· ¢´¥´¨Ö (32), ¶μ²ÊÎ ¥³

p0

(
Φ1IFW(x)
Φ2IFW(x)

)
= E16×16τ3E

(
Φ1IFW(x)
Φ2IFW(x)

)
. (33)

	 §¨¸´Ò¥ ËÊ´±Í¨¨ (30), (31) μ·Éμ´μ·³¨·μ¢ ´´Ò ¨ ¶μ²´Ò. “¸²μ¢¨Ö ¶μ²-

´μÉÒ ¸μ¢³¥¸É´μ ¢±²ÕÎ ÕÉ ¢ ¸¥¡Ö ËÊ´±Í¨¨ Φ(±)
1IFW ¨ Φ(±)

2IFW:

∑
±s

Φ(+)
1IFW(x, t)αΦ(+)†

1IFW(x′, t)β =
[
1
2
(1 + τ3)

1
2
(1 + γ5)

]
αβ

δ(x − x′), (34)

∑
±s

Φ(+)
2IFW(x, t)αΦ(+)†

2IFW(x′, t)β =
[
1
2
(1 + τ3)

1
2
(1 − γ5)

]
αβ

δ(x − x′), (35)

∑
±s

Φ(−)
1IFW(x, t)αΦ(−)†

1IFW(x′, t)β =
[
1
2
(1 − τ3)

1
2
(1 − γ5)

]
αβ

δ(x − x′), (36)

∑
±s

Φ(−)
2IFW(x, t)αΦ(−)†

2IFW(x′, t)β =
[
1
2
(1 − τ3)

1
2
(1 + γ5)

]
αβ

δ(x − x′), (37)

∑
±s

(Φ(+)
1IFW(x, t)αΦ(+)†

1IFW(x′, t)β + Φ(−)
1IFW(x, t)αΦ(−)†

1IFW(x′, t)β+

+ Φ(+)
2IFW(x, t)αΦ(+)†

2IFW(x′, t)β + Φ(−)
2IFW(x, t)αΦ(−)†

2IFW(x′, t)β) = δαβδ(x− x′).
(38)
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�É³¥É¨³ É ±¦¥ ¸²¥¤ÊÕÐ¨¥ ¶μ²¥§´Ò¥ ¸μμÉ´μÏ¥´¨Ö: ¢Ò· ¦¥´¨Ö∑
±s

Φ(+)
1IFW(x, t)αΦ(+)†

2IFW(x′, t)β ¨
∑
±s

Φ(+)
2IFW(x, t)αΦ(+)†

1IFW(x′, t)β μÉ²¨Î ÕÉ¸Ö ¸μ-

μÉ¢¥É¸É¢¥´´μ μÉ (34) ¨ (35) ´ ²¨Î¨¥³ ³ É·¨ÍÒ β ¶μ¸²¥ ±¢ ¤· É´μ° ¸±μ¡±¨;

¢Ò· ¦¥´¨Ö
∑
±s

Φ(−)
1IFW(x, t)αΦ(−)†

2IFW(x′, t)β ¨
∑
±s

Φ(−)
2IFW(x, t)αΦ(−)†

1IFW(x′, t)β μÉ-

²¨Î ÕÉ¸Ö ¸μμÉ¢¥É¸É¢¥´´μ μÉ (36) ¨ (37) ´ ²¨Î¨¥³ ³ É·¨ÍÒ (−β) ¶μ¸²¥ ±¢ -
¤· É´μ° ¸±μ¡±¨.

�·¨ ´ ²¨Î¨¨ ¡μ§μ´´ÒÌ ¶μ²¥° Bμ(x), ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ Ë¥·³¨μ´-
´Ò³¨ ¶μ²Ö³¨ Φ1(x), Φ2(x), ¨§μÉμ¶¨Î¥¸±μ¥ ¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °-
§¥´  ¨ ¢¨¤ £ ³¨²ÓÉμ´¨ ´μ¢ Ê· ¢´¥´¨° (15), (16), (19) ¢ IFW-¶·¥¤¸É ¢²¥´¨¨
³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ±μ´¸É ´ÉÒ ¸¢Ö§¨, ¨¸¶μ²Ó§ÊÖ  ²£μ-
·¨É³, μ¶¨¸ ´´Ò° ¢ [4, 5].

‚ ·¥§Ê²ÓÉ É¥ ¢ μ¡μ§´ Î¥´¨ÖÌ [4, 5] ¶μ²ÊÎ ¥³

(Φ1,2)IFW = UIFWΦ1,2, UIFW = (1 + δ1 + δ2 + δ3 + . . .)(U0)IFW; (39)

(Φ)IFW = UΦ
IFWΦ, UΦ

IFW = (1 + δΦ
1 + δΦ

2 + δΦ
3 + . . .)(UΦ

0 )IFW. (40)

„¥°¸É¢ÊÖ μ¤´¨³ ¨ É¥³ ¦¥ ¶·¥μ¡· §μ¢ ´¨¥³ (39) ´  ± ¦¤μ¥ ¨§ Ê· ¢´¥´¨°
(15), (16), ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ Ê· ¢´¥´¨Ö ¨ ¶²μÉ´μ¸É¨ £ ³¨²ÓÉμ´¨ ´μ¢ ¢
¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ :

p0ΦIFW = (τ3E + K1 + K2 + K3 + . . .)(Φ1)IFW, (41)

�
I

IFW = (Φ1)
†
IFW(τ3E + K1 + K2 + K3 + . . .)(Φ1)IFW, (42)

p0(Φ2)IFW = (τ3E + K1 + K2 + K3 + . . .)(Φ2)IFW, (43)

�
II

IFW = (Φ2)
†
IFW(τ3E + K1 + K2 + K3 + . . .)(Φ2)IFW. (44)

�´ ²μ£¨Î´μ, ¤¥°¸É¢ÊÖ ¶·¥μ¡· §μ¢ ´¨¥³ (40) ´  Ê· ¢´¥´¨¥ (19), ¶μ²ÊÎ ¥³

p0ΦIFW = (E16×16τ3E + KΦ
1 + KΦ

2 + KΦ
3 + . . .)ΦIFW, (45)

�
III

IFW = (Φ)†IFW(E16×16τ3E + KΦ
1 + KΦ

2 + KΦ
3 + . . .)(Φ)IFW. (46)

„²Ö ¨²²Õ¸É· Í¨¨ Ö¢´Ò¥ ¢Ò· ¦¥´¨Ö ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¤²Ö
¢μ¸Ó³¨³¥·´ÒÌ μ¶¥· Éμ·μ¢ K1, K2, K3 ¢ (41)Ä(44) ¶·¨¢¥¤¥´Ò ¢ ¶·¨²μ¦¥-
´¨¨ 1. ˜¥¸É´ ¤Í É¨³¥·´Ò¥ μ¶¥· Éμ·Ò KΦ

n ¢ (45), (46) Ö¢²ÖÕÉ¸Ö μ¡μ¡Ð¥´¨¥³
¢Ò· ¦¥´¨° Kn ¸ § ³¥´μ°

τ1 → E16×16τ1, τ3 → E16×16τ3, q → qΦ =
1
2
(E16×16 + αI

1)q. (47)

‚Ò· ¦¥´¨Ö ¤²Ö μ¶¥· Éμ·μ¢ C, N , CΦ, NΦ, ¸μ¸É ¢²ÖÕÐ¨Ì ¸μ£² ¸´μ [4, 5]
μ¸´μ¢Ê ¶·¨ § ¶¨¸¨ £ ³¨²ÓÉμ´¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ FW-¶·¥¤¸É ¢²¥´¨¨, ¤²Ö
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¨§μÉμ¶¨Î¥¸±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´  § ¶¨¸Ò¢ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³
μ¡· §μ³:

C =
[
(U0)IFWqαμBμ(U0)

†
IFW

]even =

= R(qB0 − LqB0L)R − R(qαB− LqαBL)R,

N =
[
(U0)IFWqαμBμ(U0)

†
IFW

]odd = (48)

= R(LqB0 − qB0L)R − R(LqαB − qαBL)R,

R =

√
E + τ3αp

2E
, L =

1
E + τ3αp

τ3τ1βm.

‚Ò· ¦¥´¨Ö ¤²Ö Ï¥¸É´ ¤Í É¨³¥·´ÒÌ μ¶¥· Éμ·μ¢ CΦ, NΦ ¢ (45), (46) ¶μ-
²ÊÎ ÕÉ¸Ö ¨§ ¢Ò· ¦¥´¨° (48) ¸ § ³¥´μ° (47):

CΦ = RΦ(qΦB0 − LΦqΦB0LΦ)RΦ − RΦ(qΦαB − LΦqΦαBLΦ)RΦ,

NΦ = RΦ(LΦqΦB0 − qΦB0LΦ)RΦ − RΦ(LΦqΦαB − qΦαBLΦ)RΦ, (49)

RΦ =

√
E + E16×16τ3αp

2E
, LΦ =

1
E + E16×16τ3αp

E16×16τ3E16×16τ1βm.

‚ ¢Ò· ¦¥´¨ÖÌ (48) ¨´¤¥±¸Ò even, odd μ¡μ§´ Î ÕÉ Î¥É´ÊÕ ¨ ´¥Î¥É´ÊÕ
Î ¸ÉÓ μ¶¥· Éμ·μ¢ ¸μμÉ¢¥É¸É¢¥´´μ, ´¥ ¸¢Ö§Ò¢ ÕÐÊÕ ¨ ¸¢Ö§Ò¢ ÕÐÊÕ ¢¥·Ì´¨¥
¨ ´¨¦´¨¥ ¨§μÉμ¶¨Î¥¸±¨¥ ±μ³¶μ´¥´ÉÒ (Φ1)IFW ¨ (Φ2)IFW.

‡ ³¥É¨³, ÎÉμ ¶·¨ ·¥Ï¥´¨¨ ¶· ±É¨Î¥¸±¨Ì § ¤ Î ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö
¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° Ë¥·³¨μ´´Ò¥ ¶μ²Ö · §² £ ÕÉ¸Ö ¶μ ·¥-
Ï¥´¨Ö³ Ê· ¢´¥´¨° „¨· ±  ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ¨²¨ ¤²Ö ¤¢¨¦¥´¨Ö ¢
¸É É¨Î¥¸±¨Ì ¢´¥Ï´¨Ì ¶μ²ÖÌ. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É -
¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ³Ò É ±¦¥ ³μ¦¥³ · §²μ¦¨ÉÓ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
Ë¥·³¨μ´´Ò¥ ¶μ²Ö ¶μ ¡ §¨¸Ê ·¥Ï¥´¨° (30), (31) ¨²¨ ¶μ ¸Ìμ¦¥³Ê ¢ ¨§μÉμ-
¶¨Î¥¸±μ³ ¶·μ¸É· ´¸É¢¥ ¡ §¨¸Ê ·¥Ï¥´¨° ¨§μÉμ¶¨Î¥¸±¨Ì Ê· ¢´¥´¨° ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  ¢ ¸É É¨Î¥¸±¨Ì ¢´¥Ï´¨Ì ¶μ²ÖÌ ¨ ¢Ò· §¨ÉÓ Î¥·¥§ ´¨Ì £ ³¨²ÓÉμ´¨-
 ´Ò (42), (44), (46).

�μ μ¶·¥¤¥²¥´¨Õ, ¢μ¸Ó³¨³¥·´Ò¥ μ¶¥· Éμ·Ò Kn ¢ £ ³¨²ÓÉμ´¨ ´ Ì (42),
(44) Ö¢²ÖÕÉ¸Ö Î¥É´Ò³¨ μÉ´μ¸¨É¥²Ó´μ ¢¥·Ì´¨Ì ¨ ´¨¦´¨Ì ¨§μÉμ¶¨Î¥¸±¨Ì ±μ³-
¶μ´¥´É ¨ ¶μ ÔÉμ° ¶·¨Î¨´¥ ¸μ¤¥·¦ É Î¥É´μ¥ Î¨¸²μ ´¥Î¥É´ÒÌ μ¶¥· Éμ·μ¢ N .
˜¥¸É´ ¤Í É¨³¥·´Ò¥ μ¶¥· Éμ·Ò KΦ ¸μ¤¥·¦ É Î¥É´Ò¥ ¨ ´¥Î¥É´Ò¥ Î ¸É¨ ¨§-§ 
¢¨¤  qΦ ¢ (47). �μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ μ¶¥· Éμ·Ò KΦ

n ¶μ¤μ¡´Ò μ¶¥· Éμ· ³ Kn, ¨
¶μÔÉμ³Ê μ´¨ ¸μ¤¥·¦ É É ±¦¥ Î¥É´μ¥ Î¨¸²μ μ¶¥· Éμ·μ¢ NΦ. �¥Î¥É´Ò¥ Î ¸É¨
μ¶¥· Éμ·μ¢ KΦ ¶μ§¢μ²ÖÕÉ μ¸ÊÐ¥¸É¢²ÖÉÓ ¸¢Ö§Ó ³¥¦¤Ê ¶μ²Ö³¨ Φ1FW, Φ2FW

¨ ¸ ÊÎ¥Éμ³ ¨Ì ¸É·Ê±ÉÊ·Ò μ¸ÊÐ¥¸É¢²ÖÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ ²¨ÏÓ ³¥¦¤Ê ²¥¢Ò³¨
Î ¸É¨Í ³¨ ¨ ²¥¢Ò³¨  ´É¨Î ¸É¨Í ³¨,   É ±¦¥ ²¨ÏÓ ³¥¦¤Ê ¶· ¢Ò³¨ Î ¸É¨Í ³¨
¨ ¶· ¢Ò³¨  ´É¨Î ¸É¨Í ³¨.
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’ ±¨³ μ¡· §μ³, ¶·μ¢¥¤¥´´μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¢ ¨§μÉμ¶¨-
Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢ ¸²ÊÎ ¥ · ¸¸³μÉ·¥´´μ£μ ¢§ ¨³μ-
¤¥°¸É¢¨Ö Ê· ¢´¥´¨Ö Ë¥·³¨μ´´ÒÌ ¶μ²¥° (41), (43), (45) ¨ ¨Ì £ ³¨²ÓÉμ´¨ ´Ò
Ë ±É¨Î¥¸±¨ § ¶¨¸ ´Ò ¢ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ³ ¢¨¤¥ ´¥§ ¢¨¸¨³μ μÉ ´ ²¨Î¨Ö
¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò Ê Ë¥·³¨μ´μ¢.

2.3. Š¨· ²Ó´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²-
¤¨Ä‚ ÊÉÌ °§¥´ . ‚ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¤²Ö
¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö £ ³¨²ÓÉμ´¨ ´ (23) ¨ Ê· ¢´¥´¨Ö (24) ¨´¢ ·¨ ´É´Ò μÉ-
´μ¸¨É¥²Ó´μ ±¨· ²Ó´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö

(Φ1,2)IFW → eiαγ5
(Φ1,2)IFW. (50)

„ ´´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ´¥ § ¢¨¸¨É μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò Ê Ë¥·-
³¨μ´μ¢.

‡ ³¥É¨³, ÎÉμ ¥¸²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ¶μ± § É¥²ÖÌ Ô±¸¶μ´¥´É ¢ ¢Ò· ¦¥´¨¨ (50)
μ¶¥· Éμ·

(γ5)IFW = (U0)IFWγ5(U0)
†
IFW = γ5

(
τ3αp

E
− τ3τ1βm

E

)
, (51)

Éμ ¶·¨ ´¥´Ê²¥¢μ° ³ ¸¸¥ Ë¥·³¨μ´  £ ³¨²ÓÉμ´¨ ´ (23) ¨ Ê· ¢´¥´¨Ö (24) ´¥
¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨Ö ¢ IFW-¶·¥¤¸É ¢²¥´¨¨

(Φ1,2)IFW → eiα(γ5)IFW(Φ1,2)IFW (52)

¶μ¤μ¡´μ  ´ ²μ£¨Î´μ³Ê ¶·¥μ¡· §μ¢ ´¨Õ ¸ μ¶¥· Éμ·μ³ γ5 ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤-
¸É ¢²¥´¨¨ ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢

(Φ1,2) → eiα(γ5)(Φ1,2). (53)

�¶¥· Éμ· (γ5)IFW ¸¢Ö§ ´ ¸μ ¸¶¨· ²Ó´μ¸ÉÓÕ Ë¥·³¨μ´μ¢ ¢ ¨§μÉμ¶¨Î¥¸±μ³
¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

�μ¸±μ²Ó±Ê ¡ §¨¸´Ò¥ ËÊ´±Í¨¨ ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö (30), (31) ¢ IFW-
¶·¥¤¸É ¢²¥´¨¨ ¸μÌ· ´¨²¨ ¢¨¤ ¶· ¢ÒÌ ¨ ²¥¢ÒÌ ±μ³¶μ´¥´É μ¶¥· Éμ·μ¢ ¶μ²Ö,
¨¸¶μ²Ó§Ê¥³ÒÌ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ (ψR,L = 1/2(1 ± γ5)ψ), ¢Ò¡μ·
±¨· ²Ó´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö (50) ¢¶μ²´¥ μ¶· ¢¤ ´.

„²Ö ¸²ÊÎ Ö ¢Ò¡· ´´μ£μ ´ ³¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢§ ¨³μ¤¥°-
¸É¢¨Ö qαμBμ(x) ¸ ³ É·¨Í ³¨ αμ, ±μ³³ÊÉ¨·ÊÕÐ¨³¨ ¸ γ5, ±¨· ²Ó´ Ö ¸¨³-
³¥É·¨Ö Ê· ¢´¥´¨° ¨ £ ³¨²ÓÉμ´¨ ´μ¢ (41)Ä(46) É ±¦¥ ¸μÌ· ´Ö¥É¸Ö. „¥°¸É¢¨-
É¥²Ó´μ, ¢ ¢Ò· ¦¥´¨ÖÌ (41)Ä(46) ¥¤¨´¸É¢¥´´Ò³¨ ¨§ μ¶¥· Éμ·μ¢, ´¥ ±μ³³ÊÉ¨·Ê-
ÕÐ¨Ì ¸ γ5, Ö¢²ÖÕÉ¸Ö μ¶¥· Éμ·Ò L, LΦ (¸³. (48), (49)). �¤´ ±μ ¢ ¢Ò· ¦¥´¨ÖÌ
¤²Ö C ¨ CΦ (¸³. (48), (49)) μ¶¥· Éμ·Ò L, LΦ ¸μ¤¥·¦ É¸Ö ¢ Î¥É´μ³ ¢¨¤¥.
’ ±¦¥ ¢ Î¥É´μ³ ¢¨¤¥ ¢Ò· ¦¥´¨Ö N ¨ NΦ ¸μ¤¥·¦ É¸Ö ¢ μ¶¥· Éμ· Ì Kn ¨ KΦ

n

¸μμÉ¢¥É¸É¢¥´´μ. ‘²¥¤μ¢ É¥²Ó´μ, μ¶¥· Éμ· γ5 ±μ³³ÊÉ¨·Ê¥É ¸ £ ³¨²ÓÉμ´¨ ´ ³¨
Ê· ¢´¥´¨° (41), (43), (45).
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�·μ¢¥¤¥´´μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ± §Ò¢ ¥É, ÎÉμ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥-
´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  Ê· ¢´¥´¨Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´´ÒÌ ¶μ²¥° (41), (43),
(45) ¨ ¨Ì £ ³¨²ÓÉμ´¨ ´Ò ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ±¨· ²Ó´ÒÌ ¶·¥μ¡· §μ¢ -
´¨° (50).

ˆ§-§  Ê´¨É ·´μ¸É¨ IFW-¶·¥μ¡· §μ¢ ´¨Ö Ô±¢¨¢ ²¥´É´Ò¥ Ê· ¢´¥´¨Ö „¨-
· ±  (15), (16), (19) ¸ ¢§ ¨³μ¤¥°¸É¢¨¥³ qαμBμ(x) ¸μμÉ¢¥É¸É¢¥´´μ ¨´¢ ·¨-
 ´É´Ò μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨°

Φ1,2 → eiα(γ5)DΦ1,2, (54)

(γ5)D = U †
IFWγ5UIFW. (55)

„²Ö ¸¢μ¡μ¤´μ£μ ¸²ÊÎ Ö ¢Ò· ¦¥´¨¥ (55) · ¢´μ

(γ5)D = (U0)
†
FWγ5(U0)FW = γ5

(
τ3αp

E
+

τ3τ1βm

E

)
. (56)

‚ · ¢¥´¸É¢¥ (56) μ¶¥· Éμ· E = (m2 + p2)1/2 Ö¢²Ö¥É¸Ö ´¥²μ± ²Ó´Ò³
¸ ¡¥¸±μ´¥Î´Ò³ Î¨¸²μ³ μ¶¥· Éμ·μ¢ ¤¨ËË¥·¥´Í¨·μ¢ ´¨Ö pi = −i(∂/∂xi),
i = 1, 2, 3.

‚ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö μ¶¥· Éμ· (55) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸²μ¦´μ¥ ¢Ò-
· ¦¥´¨¥, § ¢¨¸ÖÐ¥¥ μÉ ¡μ§μ´´ÒÌ ¶μ²¥° Bμ(x).

� ¸±μ²Ó±μ ¨§¢¥¸É´μ  ¢Éμ·Ê, ¨´¢ ·¨ ´É´μ¸ÉÓ Ê· ¢´¥´¨Ö „¨· ±  μÉ´μ¸¨-
É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨Ö (54) · ´¥¥ ¢ ²¨É¥· ÉÊ·¥ ´¥ · ¸¸³ É·¨¢ ² ¸Ó.

2.4. ”¨§¨Î¥¸±μ¥ ¸μ¤¥·¦ ´¨¥ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ Ê· ¢´¥´¨° ¨
¨Ì £ ³¨²ÓÉμ´¨ ´μ¢ ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .
„ ²¥¥ · ¸¸³μÉ·¨³ Ë¨§¨Î¥¸±μ¥ ¸μ¤¥·¦ ´¨¥ £ ³¨²ÓÉμ´¨ ´μ¢ ¨ Ê· ¢´¥-
´¨° (41)Ä(46) ¸ ¶μ³μÐÓÕ ¸¨³¢μ²¨Î¥¸±¨Ì ± ·É¨´ ´  ·¨¸. 1Ä3.

�¥·¢μ´ Î ²Ó´μ · ¸¸³μÉ·¨³ Ê· ¢´¥´¨¥ (45) ¨ £ ³¨²ÓÉμ´¨ ´ � III
IFW (46).

‘¨³¢μ²¨Î¥¸±¨ ¸μμÉ¢¥É¸É¢ÊÕÐ Ö Ë¨§¨Î¥¸± Ö ± ·É¨´  ¨§μ¡· ¦¥´  ´  ·¨¸. 1.
‹¥¢ Ö ¶μ²Ê¶²μ¸±μ¸ÉÓ ·¨¸. 1 ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸μ¸ÉμÖ´¨Ö ¡ §¨¸´ÒÌ ËÊ´±-

Í¨° (30) ¸ ¨§μÉμ¶¨Î¥¸±¨³ ¸¶¨´μ³ T3 = +1/2 ¨ ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥°
E > 0; ´  ¶· ¢μ° ¶μ²Ê¶²μ¸±μ¸É¨ ¨§μ¡· ¦¥´Ò ¸μ¸ÉμÖ´¨Ö ¸ T3 = −1/2 ¨ ¸
μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° E < 0. ƒ ³¨²ÓÉμ´¨ ´ ¸μ¤¥·¦¨É ¸μ¸ÉμÖ´¨Ö ²¥¢ÒÌ

�¨¸. 1
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¨ ¶· ¢ÒÌ Ë¥·³¨μ´μ¢ ¨ ²¥¢ÒÌ ¨ ¶· ¢ÒÌ  ´É¨Ë¥·³¨μ´μ¢; Î ¸É¨ÍÒ ¨  ´É¨Î -
¸É¨ÍÒ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸μ¡μ° ·¥ ²Ó´Ò³ (¸¶²μÏ´ Ö ¸É·¥²±  ´  ·¨¸. 1)
¨ ¢¨·ÉÊ ²Ó´Ò³ (ÏÉ·¨Ìμ¢ Ö ¸É·¥²±  ´  ·¨¸. 1) μ¡· §μ³. ”¨§¨Î¥¸± Ö ± ·É¨´ 
·¨¸. 1 ¸μμÉ¢¥É¸É¢Ê¥É ³¨·Ê, ±μÉμ·Ò° ´¥¶μ¸·¥¤¸É¢¥´´μ μ±·Ê¦ ¥É ´ ¸.

�¥·¥°¤¥³ ± · ¸¸³μÉ·¥´¨Õ £ ³¨²ÓÉμ´¨ ´μ¢ � I
IFW (42) ¨ � II

IFW (44),
¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ê· ¢´¥´¨Ö³ (41) ¨ (43). ‘¨³¢μ²¨Î¥¸± Ö ± ·É¨´  ¶·¨¢¥¤¥´ 
´  ·¨¸. 2, 3.

�¨¸. 2

�¨¸. 3

ˆ§ ·¨¸. 2, 3 ¸²¥¤Ê¥É, ÎÉμ £ ³¨²ÓÉμ´¨ ´Ò � I
IFW, � II

IFW μ¡¥¸¶¥Î¨¢ ÕÉ ¸Ê-
Ð¥¸É¢μ¢ ´¨¥ ²¨¡μ ¶· ¢ÒÌ Ë¥·³¨μ´μ¢ ¨ ²¥¢ÒÌ  ´É¨Ë¥·³¨μ´μ¢ (� I

IFW), ²¨¡μ
²¥¢ÒÌ Ë¥·³¨μ´μ¢ ¨ ¶· ¢ÒÌ  ´É¨Ë¥·³¨μ´μ¢ (� II

IFW). ‚ μ¡μ¨Ì ¸²ÊÎ ÖÌ μÉ¸ÊÉ-
¸É¢ÊÕÉ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í ¨  ´É¨Î ¸É¨Í.

�²μÉ´μ¸É¨ £ ³¨²ÓÉμ´¨ ´μ¢ (42), (44), (46) ¨ Ê· ¢´¥´¨Ö Ë¥·³¨μ´´ÒÌ ¶μ-
²¥° (41), (43), (45) ¶μ  ´ ²μ£¨¨ ¸ [4, 5] ¶μ§¢μ²ÖÕÉ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¶· ¢¨² 
”¥°´³ ´  ¤²Ö · ¸Î¥É  ³¥Éμ¤ ³¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ±μ´±·¥É´ÒÌ Ë¨§¨Î¥¸±¨Ì
¶·μÍ¥¸¸μ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶μ²¥°.

3. “��‚�…�ˆ… �…��…�›‚��‘’ˆ. ‘�•���…�ˆ… ‚…Š’����ƒ�
ˆ �Š‘ˆ�‹œ��ƒ� ’�Š�‚ Œ�‘‘ˆ‚�›• ”…�Œˆ���‚

‚ ˆ‡�’��ˆ—…‘Š�Œ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…��

“· ¢´¥´¨¥ ´¥¶·¥·Ò¢´μ¸É¨ ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ³μ¦´μ ¶μ²ÊÎ¨ÉÓ, ¨¸-
¶μ²Ó§ÊÖ Ê· ¢´¥´¨Ö (24), (33) ¨ Ô·³¨Éμ¢μ ¸μ¶·Ö¦¥´´Ò¥ ¨³.

�¨¦¥ · ¸¸³μÉ·¥´¨¥ ¡Ê¤¥É ¶·μ¢¥¤¥´μ ¤²Ö Ê· ¢´¥´¨° (24) ¸ ¢μ¸Ó³¨±μ³¶μ-
´¥´É´Ò³¨ ¸¶¨´μ· ³¨ (Φ1,2)IFW. � ¸¸³μÉ·¥´¨¥ ¤²Ö Ê· ¢´¥´¨° (33) ¸ Ï¥¸É´ -
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¤Í É¨±μ³¶μ´¥´É´Ò³¨ ¸¶¨´μ· ³¨ ΦIFW ¶·¨¢μ¤¨É ±  ´ ²μ£¨Î´Ò³ ·¥§Ê²ÓÉ É ³
¨ ¢Ò¢μ¤ ³:

i
∂(Φ1,2)IFW

∂t
= τ3E(Φ1,2)IFW,

−i
∂(Φ1,2)

†
IFW

∂t
= (E(Φ1,2)

†
IFW)τ3,

(57)

∂

∂t

(
(Φ1,2)

†
IFW(Φ1,2)IFW

)
=

= −i
(
(Φ1,2)

†
IFWτ3E(Φ1,2)IFW − (E(Φ1,2)

†
IFW)τ3(Φ1,2)IFW

)
= −div j, (58)

ji =
1

2m

(
(Φ1,2)

†
IFWpiτ3(Φ1)IFW − (pi(Φ1,2)

†
IFW)τ3(Φ1,2)IFW

)
−

− 1
8m3

p2
(
(Φ1,2)

†
IFWpiτ3(Φ1,2)IFW − (pi(Φ1,2)

†
IFW)τ3(Φ1,2)IFW

)
+

+
1

16m5
p2
(
(Φ1,2)

†
IFWpip2τ3(Φ1,2)IFW − (pip2(Φ1,2)

†
IFW)τ3(Φ1,2)IFW

)
− . . .

(59)

‚Ò· ¦¥´¨¥ (59) ¤²Ö Éμ±  ji ¶μ²ÊÎ¥´μ · §²μ¦¥´¨¥³ μ¶¥· Éμ·  E =√
p2 + m2 ¢ ¶· ¢μ° Î ¸É¨ (58) ¶μ ¸É¥¶¥´Ö³ p2/m2. �¥·¢μ¥ ¸² £ ¥³μ¥ ¢ (59)

¶μ ¢¨¤Ê ¸μμÉ¢¥É¸É¢Ê¥É Éμ±Ê Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥· .
‚ ¢Ò· ¦¥´¨ÖÌ (58), (59) μ¶¥· Éμ·Ò Ö¢²ÖÕÉ¸Ö ¤¨ £μ´ ²Ó´Ò³¨ μÉ´μ¸¨-

É¥²Ó´μ ¢¥·Ì´¨Ì ¨ ´¨¦´¨Ì ¨§μÉμ¶¨Î¥¸±¨Ì ±μ³¶μ´¥´É (Φ1,2)IFW ¨, ¸²¥¤μ¢ -
É¥²Ó´μ, ÊÎ¨ÉÒ¢ Ö ¢¨¤ ¡ §¨¸´ÒÌ ËÊ´±Í¨° (30), Éμ± ji ¨ Ê· ¢´¥´¨¥ ´¥¶·¥·Ò¢-
´μ¸É¨ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ³ ¢¨¤¥.

�´ ²μ£¨Î´μ (58), (59) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨Ö ¸μÌ· ´¥´¨Ö  ±¸¨ ²Ó-
´μ£μ Éμ±  ¸ ³ É·¨Í¥° γ5 ³¥¦¤Ê ¢μ¸Ó³¨±μ³¶μ´¥´É´Ò³¨ ¸¶¨´μ· ³¨ (Φ1,2)

†
IFW,

(Φ1,2)IFW:

∂

∂t

(
(Φ1,2)

†
IFWγ5(Φ1,2)IFW

)
= −i

(
(Φ1,2)

†
IFWγ5τ3E(Φ1,2)IFW−

− (E(Φ1,2)
†
IFW)γ5τ3(Φ1,2)IFW

)
= −div jA. (60)

�±¸¨ ²Ó´Ò° Éμ± ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¸μ-
Ì· ´Ö¥É¸Ö ´¥§ ¢¨¸¨³μ μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò Ê Ë¥·³¨μ´μ¢.

� ¶μ³´¨³, ÎÉμ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨  ±¸¨ ²Ó´Ò° Éμ± ¸μÌ· ´Ö-
¥É¸Ö ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢:

∂μjμ5 = 2imψ†βγ5ψ, jμ5(x) = ψ†(x)αμγ5ψ(x). (61)
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4. ‚�‡Œ�†��‘’œ ‘���’����ƒ� ���“˜…�ˆŸ —…’��‘’ˆ
‚ ˆ‡�’��ˆ—…‘Š�Œ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…��

‚ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¡Ò²μ ¶μ± § ´μ, ÎÉμ Ê· ¢´¥´¨Ö (41), (43), (45)
¨ ¨Ì £ ³¨²ÓÉμ´¨ ´Ò ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ¶·¥μ¡· §μ¢ ´¨° ±¨· ²Ó´μ°
¸¨³³¥É·¨¨ (50).

�²μÉ´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  (46) ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö Ë ±É¨Î¥¸±¨ § ¶¨¸Ò-
¢ ¥É¸Ö μÉ¤¥²Ó´μ ¤²Ö ²¥¢ÒÌ ¨ ¶· ¢ÒÌ Î ¸É¨Í,   É ±¦¥ ¤²Ö ²¥¢ÒÌ ¨ ¶· ¢ÒÌ
 ´É¨Î ¸É¨Í.

ƒ ³¨²ÓÉμ´¨ ´ (42) ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μ¤¥·¦¨É Éμ²Ó±μ ¶· ¢Ò¥ Ë¥·³¨-
μ´Ò ¨ Éμ²Ó±μ ²¥¢Ò¥  ´É¨Ë¥·³¨μ´Ò (¸³. ·¨¸. 2).

ƒ ³¨²ÓÉμ´¨ ´ (44) ¡¥§ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸μ¤¥·¦¨É Éμ²Ó±μ ²¥¢Ò¥ Ë¥·³¨μ´Ò
¨ Éμ²Ó±μ ¶· ¢Ò¥  ´É¨Ë¥·³¨μ´Ò (·¨¸. 3).

‚ ±ÊÊ³ ¨²¨ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¸¢μ¡μ¤´μ£μ £ ³¨²ÓÉμ´¨ ´  (46) ¸μ¤¥·¦¨É
¤¨· ±μ¢¸±μ¥ ³μ·¥ μÉ·¨Í É¥²Ó´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨° ²¥¢ÒÌ ¨ ¶· ¢ÒÌ
 ´É¨Ë¥·³¨μ´μ¢.

‚ ±ÊÊ³ £ ³¨²ÓÉμ´¨ ´  (42) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¤¨· ±μ¢¸±μ¥ ³μ·¥ ²¥¢ÒÌ
 ´É¨Ë¥·³¨μ´μ¢,   ¢ ±ÊÊ³ £ ³¨²ÓÉμ´¨ ´  (44) Å ¤¨· ±μ¢¸±μ¥ ³μ·¥ ¶· ¢ÒÌ
 ´É¨Ë¥·³¨μ´μ¢.

�μ¸±μ²Ó±Ê Ê· ¢´¥´¨Ö (41), (43), (45) ¶μ²ÊÎ¥´Ò Ê´¨É ·´Ò³¨ IFW-¶·¥μ¡· -
§μ¢ ´¨Ö³¨ ¨§ Ô±¢¨¢ ²¥´É´ÒÌ ¤·Ê£ ¤·Ê£Ê Ê· ¢´¥´¨° (15), (16), (19), ´ ²¨Íμ
¸ÊÐ¥¸É¢μ¢ ´¨¥ ¢Ò·μ¦¤¥´´μ£μ ¢ ±ÊÊ³  ¨ ¶·¥¤¶μ¸Ò²μ± ¤²Ö ¸¶μ´É ´´μ£μ ´ ·Ê-
Ï¥´¨Ö P -¸¨³³¥É·¨¨.

�¡¸Ê¦¤¥´¨¥ ¢μ§³μ¦´μ° ¸¢Ö§¨ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö Î¥É´μ¸É¨ ¢ IFW-
¶·¥¤¸É ¢²¥´¨¨ ¸ ¸μ¸É ¢μ³ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ®É¥³´μ° ³ É¥·¨¨¯ ¶·μ¨§¢μ-
¤¨É¸Ö ¢ ¸²¥¤ÊÕÐ¥° · ¡μÉ¥.

5. Š‚��’�‚�Ÿ �‹…Š’��„ˆ��ŒˆŠ� Š�Š ��ˆŒ…�
Šˆ��‹œ��-‘ˆŒŒ…’�ˆ—��‰ ’…��ˆˆ ‘ Œ�‘‘ˆ‚�›Œˆ
”…�Œˆ���Œˆ ‚ ˆ‡�’��ˆ—…‘Š�Œ ��…„‘’�‚‹…�ˆˆ

”�‹„ˆÄ‚�“’•�‰‡…��

„²Ö ¶μ¸É·μ¥´¨Ö ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¢ IFW-¶·¥¤¸É ¢²¥´¨¨ ¨¸-
¶μ²Ó§Ê¥³ Ê· ¢´¥´¨¥ Ï¥¸É´ ¤Í É¨±μ³¶μ´¥´É´μ£μ ¶μ²Ö ΦIFW(x) (45) ¨ ¶²μÉ-
´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  (46).

5.1. �· ¢¨²  ”¥°´³ ´  ¢ IFW-¶·¥¤¸É ¢²¥´¨¨. ”¥°´³ ´μ¢¸±¨° ¶·μ-
¶ £ Éμ· Ê· ¢´¥´¨Ö „¨· ±  ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
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‚ ÊÉÌ °§¥´  · ¢¥´

SΦ
IFW(x − y) =

1
(2π)4

∫
d4p

e−ip(x−y)

p0 − E16×16τ3E
=

=
1

(2π)4

∫
d4p e−ip(x−y) p0 + E16×16τ3E

p2 − m2 + iε
=

= −iθ(x0 − y0)
∫

dp
∑

s

Φ(+)
IFW(x, s)(Φ(+)

IFW(y, s))†+

+ iθ(y0 − x0)
∫

dp
∑

s

Φ(−)
IFW(x, s)(Φ(−)

IFW(y, s))†. (62)

‚ (62) ¶μ¤· §Ê³¥¢ ¥É¸Ö Ë¥°´³ ´μ¢¸±μ¥ ¶· ¢¨²μ μ¡Ìμ¤  ¶μ²Õ¸μ¢;

θ(x0) =

{
1, x0 > 0,

0, x0 < 0,
ËÊ´±Í¨¨ Φ(+)

IFW(x, s), Φ(−)
IFW(x, s) μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·-

³Ê² ³¨ (33), (30).
ˆ´É¥£· ²Ó´Ò¥ Ê· ¢´¥´¨Ö ¤²Ö ΦIFW (x) ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (45), (62) ¨³¥ÕÉ

¢¨¤

ΦIFW (x) =

= (Φ0(x))IFW +
∫

d4y SΦ
IFW(x − y)

[
(KΦ

1 + KΦ
2 + KΦ

3 + . . .)ΦIFW(y)
]
. (63)

‚ ¢Ò· ¦¥´¨¨ (63) (Φ0(x))IFW Å ·¥Ï¥´¨Ö ¸¢μ¡μ¤´ÒÌ Ê· ¢´¥´¨° „¨· ± 
¢ IFW-¶·¥¤¸É ¢²¥´¨¨ (¸³. (33), (30)).

‚Ò· ¦¥´¨Ö (62), (63) ¶μ§¢μ²ÖÕÉ ¸Ëμ·³Ê²¨·μ¢ ÉÓ ¶· ¢¨²  ”¥°´³ ´  ¤²Ö
§ ¶¨¸¨ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö Sfi ¨ · ¸Î¥Éμ¢ ¶·μÍ¥¸¸μ¢ ±¢ ´Éμ¢μ°
Ô²¥±É·μ¤¨´ ³¨±¨ (Š�„) [10]. ‚ μÉ²¨Î¨¥ μÉ ¤¨· ±μ¢¸±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¢
IFW-¶·¥¤¸É ¢²¥´¨¨ ¸ÊÐ¥¸É¢Ê¥É ¡¥¸±μ´¥Î´μ¥ ³´μ¦¥¸É¢μ É¨¶μ¢ ¢¥·Ï¨´ ¢§ -
¨³μ¤¥°¸É¢¨Ö ¸ ËμÉμ´μ³ ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ·Ö¤±  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°: ¢¥·-
Ï¨´¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ¤´¨³ ËμÉμ´μ³ ¸μμÉ¢¥É¸É¢ÊÕÉ Ë ±Éμ·Ò −iKΦ

1μ,
¢¥·Ï¨´¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¤¢Ê³Ö ËμÉμ´ ³¨ Å Ë ±Éμ·Ò −iKΦ

2μν ¨ É. ¤. „²Ö
Ê¤μ¡¸É¢  ¢¥²¨Î¨´ ³¨ KΦ

1μ, KΦ
2μ . . . μ¡μ§´ Î¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Î ¸É¨ Î²¥-

´μ¢ £ ³¨²ÓÉμ´¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö KΦ
1 , KΦ

2 . . . ¡¥§ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μÉ¥´-
Í¨ ²μ¢ Aμ, AμAν , . . .

Š ¦¤μ° ¢´¥Ï´¥° Ë¥·³¨μ´´μ° ²¨´¨¨ ¸μμÉ¢¥É¸É¢Ê¥É μ¤´  ¨§ ËÊ´±Í¨° (33).
Š ± μ¡ÒÎ´μ, ·¥Ï¥´¨Ö ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° ¸μμÉ¢¥É¸É¢ÊÕÉ Î ¸É¨Í ³, ·¥-
Ï¥´¨Ö ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° Å  ´É¨Î ¸É¨Í ³. �¸É ²Ó´Ò¥ ¶· ¢¨²  ”¥°´-
³ ´  μ¸É ÕÉ¸Ö É ±¨³¨ ¦¥, ± ± ¢ ¸¶¨´μ·´μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¢ ¤¨· ±μ¢¸±μ³
¶·¥¤¸É ¢²¥´¨¨.
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5.2. �μ¸É ´μ¢±  · ¸Î¥Éμ¢ ¶·μÍ¥¸¸μ¢ Š�„ ¢ FW-¶·¥¤¸É ¢²¥´¨¨. ‘ ¸Ëμ·-
³Ê²¨·μ¢ ´´Ò³¨ ¶· ¢¨² ³¨ ”¥°´³ ´  · ¸¸³μÉ·¥´Ò ´¥±μÉμ·Ò¥ ¶·μÍ¥¸¸Ò Š�„
¢ ¶¥·¢μ³ ¨ ¢μ ¢Éμ·μ³ ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. ‚ÒÎ¨¸²¥´Ò ¸¥Î¥´¨Ö ±Ê²μ-
´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢, ³ß²²¥·μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ±μ³¶Éμ´-ÔËË¥±É ,
 ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò; ¸μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ ,
¶μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ ,  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É Ô²¥±É·μ´ , ²Ô³¡μ¢¸±¨°
¸¤¢¨£  Éμ³ ·´ÒÌ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥°. �¨¦¥ ¶·¨¢¥¤¥´Ò ¤¨ £· ³³Ò ”¥°´-
³ ´  · ¸¸³μÉ·¥´´ÒÌ ¶·μÍ¥¸¸μ¢. Š· É±¨¥ ¤¥É ²¨ · ¸Î¥Éμ¢ ¸μ¤¥·¦ É¸Ö ¢ ¶·¨-
²μ¦¥´¨¨ 2.

Šμ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·μÍ¥¸¸μ¢ Š�„, ¤¨ £· ³³Ò ±μÉμ·ÒÌ ¶·¨-
¢¥¤¥´Ò ´  ·¨¸. 4Ä8, ¸μ¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨ ¢¥²¨Î¨´ ³¨, ¢ÒÎ¨¸²¥´´Ò³¨
¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± . � ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ Ô²¥±É·μ´μ¢
¢μ ¢´¥Ï´¥³ ¶μ²¥ (·¨¸. 9) ¶·¨ ¶·μ¢¥¤¥´¨¨ ¶¥·¥´μ·³¨·μ¢±¨ ³ ¸¸Ò ¨ § ·Ö¤ 
¤ ÕÉ ¶· ¢¨²Ó´μ¥ §´ Î¥´¨¥  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ Ô²¥±É·μ´  ¨ ²Ô³¡μ¢¸±μ£μ
¸¤¢¨£  Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥°. ‚ ¶·¨²μ¦¥´¨¨ 2 ¶·¥¤¸É ¢²¥´Ò É ±¦¥ ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éμ¢  ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò, ¸μ¢¶ ¤ ÕÐ¨¥ ¸  ´ -
²μ£¨Î´Ò³¨ ·¥§Ê²ÓÉ É ³¨, ¢ÒÎ¨¸²¥´´Ò³¨ ¢ ¸É ´¤ ·É´μ° Š�„.

�¨¸. 4. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ¢
±Ê²μ´μ¢¸±μ³ ¶μ²¥

�¨¸. 5. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´  ´  ¤¨· ±μ¢¸±μ³
¶·μÉμ´¥ (· ¸¸¥Ö´¨¥ Œß²²¥· )

‚ ¦´μ° μ¸μ¡¥´´μ¸ÉÓÕ É¥μ·¨¨ ¢ ¸²ÊÎ ¥, ±μ£¤  ¨³¶Ê²Ó¸Ò ¢´¥Ï´¨Ì Ë¥·³¨-
μ´´ÒÌ ²¨´¨° ²¥¦ É ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ (p2 = m2), Ö¢²Ö¥É¸Ö ±μ³¶¥´¸ -
Í¨Ö ¢±² ¤  ¤¨ £· ³³ ¸ Ë¥·³¨μ´´Ò³¨ ¶·μ¶ £ Éμ· ³¨ ¸ ¢±² ¤μ³ ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¨Ì Î²¥´μ¢ ¢ ¤¨ £· ³³ Ì ¸ ¢¥·Ï¨´ ³¨ ¢Ò¸Ï¥£μ ¶μ·Ö¤±  · §²μ¦¥´¨Ö ¶μ e.
’ ±, ´  ·¨¸. 6 ¢±² ¤ ¤¨ £· ³³   ¨ ¢ ±μ³¶¥´¸¨·Ê¥É¸Ö ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
Î ¸ÉÖ³¨ ¢±² ¤  ¤¨ £· ³³ ¡ ¨ £; ¢±² ¤ ¤¨ £· ³³Ò   ´  ·¨¸. 7 ¸μ±· Ð ¥É¸Ö ¸
¢±² ¤μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ ¤¨ £· ³³Ò ¡; ´  ·¨¸. 9 ¢±² ¤ ¤¨ £· ³³  Ä
¢ ¸μ±· Ð ¥É¸Ö ¸ ¢±² ¤μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ ¤¨ £· ³³Ò £,  ´ ²μ£¨Î´ Ö
±μ³¶¥´¸ Í¨Ö ¶·μ¨¸Ìμ¤¨É ¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö ¤¨ £· ³³ ¤, ¥, ¦ ¨ §; ¨, ±, ² ¨ ³.
�·¨ ÔÉμ³ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ·¥ ²Ó´ÒÌ ¢´¥Ï´¨Ì Ë¥·³¨μ´μ¢ ¢¥·Ï¨´-
´Ò¥ μ¶¥· Éμ·Ò KΦ

n ¨§-§  § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  §´ Î¨É¥²Ó´μ
Ê¶·μÐ ÕÉ¸Ö (¸³. [4, 5] ¨, ´ ¶·¨³¥·, ¶·¨²μ¦¥´¨¥ 1 (�1.6)Ä(�1.12)).
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�¨¸. 6. Šμ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢

�¨¸. 7. ‘μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ 

�¨¸. 8. �μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ 

�´ ²μ£¨Î´ Ö ±μ³¶¥´¸ Í¨Ö ¶·μ¨¸Ìμ¤¨É ¢ ¤¨ £· ³³ Ì   ¨ ¡ ·¨¸. 8 ¨ ¢
¤¨ £· ³³ Ì ´ ¨ o ·¨¸. 9 ¨§-§  ¤¨ £μ´ ²Ó´μ£μ ³ É·¨Î´μ£μ ¸Ê³³¨·μ¢ ´¨Ö ¨
μ¤¨´ ±μ¢ÒÌ §´ Î¥´¨° ¨³¶Ê²Ó¸´ÒÌ ¶¥·¥³¥´´ÒÌ ¢ ´ Î ²¥ ¨ ±μ´Í¥ ¨Éμ£μ¢μ£μ
¶μ¤Ò´É¥£· ²Ó´μ£μ ¢Ò· ¦¥´¨Ö (¸³. ¶·¨²μ¦¥´¨¥ 2, ¶¶. �2.5, �2.6).

“Î¨ÉÒ¢ Ö ¢ÒÏ¥¸± § ´´μ¥, ³μ¦´μ μ¸ÊÐ¥¸É¢¨ÉÓ É ±μ¥ · §²μ¦¥´¨¥ ³ É·¨ÍÒ
· ¸¸¥Ö´¨Ö ¶μ ¸É¥¶¥´Ö³ e, ¢ ±μÉμ·μ³ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ Sfi ´¥ ¡Ê¤ÊÉ ¸μ¤¥·-
¦ ÉÓ Î²¥´μ¢ ¸ Ô²¥±É·μ´-¶μ§¨É·μ´´Ò³¨ ¶·μ¶ £ Éμ· ³¨. �·¨ ÔÉμ³ ¢ ¨³¶Ê²Ó¸-
´μ³ ¶·¥¤¸É ¢²¥´¨¨ (¸³. ¶·¨²μ¦¥´¨¥ 1) ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢¥·Ï¨´´ÒÌ μ¶¥-
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�¨¸. 9. � ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ Ô²¥±É·μ´μ¢ ¢μ ¢´¥Ï´¥³ ¶μ²¥

· Éμ·μ¢ ¢¨¤μ¨§³¥´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈p′ |KΦ
1 |p′′〉 → 〈p′ |CΦ|p′′〉, (64)

〈p′|KΦ
2 |p′′〉 →

∑
ν1,ν2=±1

∫
dp′′′ 1

R′ + R′′×

×
{

1
E16×16τ3E′′ − E16×16τ3E′′′ − ν2k0

2

〈p′|RCΦ|p′′′〉〈p′′′|CΦ|p′′〉+
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+
1

E16×16τ3E′ − E16×16τ3E′′′ + ν1k0
1

〈p′|CΦ|p′′′〉〈p′′′|CΦR|p′′〉+

+
1

E16×16τ3E′′ + E16×16τ3E′′′ − ν2k0
2

〈p′|RNΦ|p′′′〉〈p′′′|NΦ|p′′〉+

+
1

E16×16τ3E′ + E16×16τ3E′′′ + ν1k0
1

〈p′|NΦ|p′′′〉〈p′′′|NΦR|p′′〉
}

, (65)

〈p′|KΦ
3 |p′′〉 →

∑
ν1,ν2,ν3=±1

∫
dp′′′ dp′′′′ 1

R′ + R′′×

×
[

1

(E16×16τ3E′′′′−E16×16τ3E′−ν1k0
1−ν2k0

2)(E16×16τ3E′′′−E16×16τ3E′ − ν1k0
1)

×

× 〈p′ |CΦ|p′′′〉〈p′′′ |CΦ|p′′′′〉〈p′′′′ |CΦR|p′′〉+

+
1

(E16×16τ3E′′′−E16×16τ3E′′+ν2k0
2+ν3k0

3)(E16×16τ3E′′′′−E16×16τ3E′′ + ν3k0
3)

×

× 〈p′ |RCΦ|p′′′〉〈p′′′ |CΦ|p′′′′〉〈p′′′′ |CΦ|p′′〉−

− 1

(E16×16τ3E′′′′+E16×16τ3E′+ν1k0
1+ν2k0

2)(E16×16τ3E′′′−E16×16τ3E′ − ν1k0
1)

×

× 〈p′ |CΦ|p′′′〉〈p′′′ |NΦ|p′′′′〉〈p′′′′ |NΦR|p′′〉−

− 1

(E16×16τ3E′′+E16×16τ3E′′′−ν2k0
2−ν3k0

3)(E16×16τ3E′′′′−E16×16τ3E′′ + ν3k0
3)

×

× 〈p′ |RNΦ|p′′′〉〈p′′′ |NΦ|p′′′′〉〈p′′′′ |CΦ|p′′〉+

+
1

(E16×16τ3E′′′′+E16×16τ3E′+ν1k0
1+ν2k0

2)(E16×16τ3E′′′+E16×16τ3E′ + ν1k0
1)

×

× 〈p′ |NΦ|p′′′〉〈p′′′ |CΦ|p′′′′〉〈p′′′′ |NΦR|p′′〉+

+
1

(E16×16τ3E′′+E16×16τ3E′′′−ν2k0
2−ν3k0

3)(E16×16τ3E′′′′+E16×16τ3E′′ − ν3k0
3)

×

× 〈p′ |RNΦ|p′′′〉〈p′′′ |CΦ|p′′′′〉〈p′′′′ |NΦ|p′′ 〉−

− 1

(E16×16τ3E′′′′−E16×16τ3E′−ν1k0
1−ν2k0

2)(E16×16τ3E′′′+E16×16τ3E′+ν1k0
1)

×

× 〈p′ |NΦ|p′′′〉〈p′′′ |NΦ|p′′′′〉〈p′′′′ |CΦR|p′′〉−

− 1

(E16×16τ3E′′′−E16×16τ3E′′+ν2k0
2+ν3k0

3)(E16×16τ3E′′′′+E16×16τ3E′′ − ν3k0
3)

×

× 〈p′ |RCΦ|p′′′〉〈p′′′ |NΦ|p′′′′〉〈p′′′′ |NΦ|p′′〉
]
. (66)

‚ (64)Ä(66) μ¶¥· Éμ·Ò CΦ ¨ NΦ μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨ (49).
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‡�Š‹	—…�ˆ…

� ²¨Î¨¥ ³ ¸¸μ¢μ£μ Î²¥´  ¢ ²¨´¥°´μ³ ¶μ p0 Ê· ¢´¥´¨¨ „¨· ±  (9) ´¥
¶μ§¢μ²Ö¥É § ¶¨¸ ÉÓ ¥£μ ¢ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ³ ¢¨¤¥.

�¤´¨³ ¨§ ·¥§Ê²ÓÉ Éμ¢ ´ ¸ÉμÖÐ¥° · ¡μÉÒ Ö¢²Ö¥É¸Ö ¤¥³μ´¸É· Í¨Ö ¢μ§³μ¦-
´μ¸É¨ ´ ¶¨¸ ´¨Ö ±¨· ²Ó´μ-¸¨³³¥É·¨Î´ÒÌ Ê· ¢´¥´¨° (μÉ¤¥²Ó´μ ¤²Ö ²¥¢ÒÌ ¨
μÉ¤¥²Ó´μ ¤²Ö ¶· ¢ÒÌ Ë¥·³¨μ´μ¢) ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´´ÒÌ ¶μ²¥°. ‚ ¤¨-
· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ Å ÔÉμ ¨´É¥£·μ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ Ê· ¢´¥´¨Ö (11) ¨
Ê· ¢´¥´¨Ö ¢Éμ·μ£μ ¶μ·Ö¤±  ¶μ Î¥ÉÒ·¥Ì¨³¶Ê²Ó¸Ê pμ (13).

„²Ö Éμ£μ ÎÉμ¡Ò ¶μ²ÊÎ¨ÉÓ ²¨´¥°´Ò¥ ¶μ p0 ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ Ê· ¢´¥-
´¨Ö ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¸ ¢¥±Éμ·´Ò³¨ ¡μ§μ´´Ò³¨
¶μ²Ö³¨, ¢ · ¡μÉ¥ μ¶·¥¤¥²¥´Ò ¨§μÉμ¶¨Î¥¸±μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¨ ¨§μÉμ¶¨Î¥¸±μ¥
¶·¥μ¡· §μ¢ ´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

‚¢¥¤¥´μ ¸¶¥Í¨ ²Ó´μ¥ ¨§μÉμ¶¨Î¥¸±μ¥ ¶·μ¸É· ´¸É¢μ ¸ ¨§μÉμ¶¨Î¥¸±¨³¨ ³ -
É·¨Í ³¨ τi. ‚ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ¢μ ¢¢¥¤¥´´μ³ ¨§μÉμ¶¨Î¥¸±μ³ ¶·μ-
¸É· ´¸É¢¥ ¶μ²ÊÎ¥´Ò Ô±¢¨¢ ²¥´É´Ò¥ ¶μ Ë¨§¨Î¥¸±¨³ ¸²¥¤¸É¢¨Ö³ Ê· ¢´¥´¨Ö „¨-
· ±  (15), (16), (19) ¤²Ö ¢μ¸Ó³¨±μ³¶μ´¥´É´ÒÌ ¶μ²¥° Φ1, Φ2 ¨ Ï¥¸É´ ¤Í É¨-
±μ³¶μ´¥´É´μ£μ ¶μ²Ö Φ. �μ¸²¥ ¶·¨³¥´¥´¨Ö ± ± ¦¤μ³Ê Ê· ¢´¥´¨Õ μ¤´μ£μ ¨
Éμ£μ ¦¥ ¨§μÉμ¶¨Î¥¸±μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¶μ²ÊÎ¥´Ò ¨¸±μ-
³Ò¥ ±¨· ²Ó´μ-¸¨³³¥É·¨Î´Ò¥ Ê· ¢´¥´¨Ö (41), (43), (45) ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·-
³¨μ´μ¢.

‚ IFW-¶·¥¤¸É ¢²¥´¨¨ ¶μ²ÊÎ¥´´Ò¥ Ê· ¢´¥´¨Ö ¨ £ ³¨²ÓÉμ´¨ ´Ò (41)Ä(46)
¨´¢ ·¨ ´É´Ò μÉ´μ¸¨É¥²Ó´μ ±¨· ²Ó´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö (Φ1,2)IFW →
eiαγ5

(Φ1,2)IFW.
„ ´´ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ ´¥ § ¢¨¸¨É μÉ ´ ²¨Î¨Ö ¨²¨ μÉ¸ÊÉ¸É¢¨Ö ³ ¸¸Ò Ê

Ë¥·³¨μ´μ¢.
‚ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¤²Ö ³ ¸¸¨¢´ÒÌ Ë¥·-

³¨μ´μ¢ ¸μÌ· ´ÖÕÉ¸Ö ¢¥±Éμ·´Ò° ¨  ±¸¨ ²Ó´Ò° Éμ±¨. ‚ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É -
¢²¥´¨¨  ±¸¨ ²Ó´Ò° Éμ± ¸μÌ· ´Ö¥É¸Ö ²¨ÏÓ ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢.

”¨§¨Î¥¸±μ¥ ¸μ¤¥·¦ ´¨¥ Ê· ¢´¥´¨° (41), (43), (45) μÉ²¨Î ¥É¸Ö ¤·Ê£ μÉ
¤·Ê£  ¨§-§  μ¸μ¡¥´´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´  (¢ Éμ³ Î¨¸²¥ ¨
IFW-¶·¥μ¡· §μ¢ ´¨Ö), ¸Ê¦ ÕÐ¥£μ ¶·μ¸É· ´¸É¢μ ¢μ§³μ¦´ÒÌ ¸μ¸ÉμÖ´¨° ¤¨· -
±μ¢¸±μ° Î ¸É¨ÍÒ.

“· ¢´¥´¨¥ (45) ¨ £ ³¨²ÓÉμ´¨ ´ (46) μ¶¨¸Ò¢ ÕÉ ¶· ¢Ò¥ ¨ ²¥¢Ò¥ Ë¥·³¨-
μ´Ò,   É ±¦¥ ¶· ¢Ò¥ ¨ ²¥¢Ò¥  ´É¨Ë¥·³¨μ´Ò.

“· ¢´¥´¨¥ (41) ¨ £ ³¨²ÓÉμ´¨ ´ (42) μ¶¨¸Ò¢ ÕÉ ¶· ¢Ò¥ Ë¥·³¨μ´Ò ¨ ²¥-
¢Ò¥  ´É¨Ë¥·³¨μ´Ò,   Ê· ¢´¥´¨¥ (43) ¸ £ ³¨²ÓÉμ´¨ ´μ³ (44) μ¶¨¸Ò¢ ÕÉ ²¥¢Ò¥
Ë¥·³¨μ´Ò ¨ ¶· ¢Ò¥  ´É¨Ë¥·³¨μ´Ò.

�É¸Õ¤  ¸²¥¤Ê¥É ¢Ò·μ¦¤¥´´μ¸ÉÓ ¢ ±ÊÊ³  ¢ ¨§μÉμ¶¨Î¥¸±μ³ ¶·¥¤¸É ¢²¥´¨¨
”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¨ ¢μ§³μ¦´μ¸ÉÓ ¸¶μ´É ´´μ£μ ´ ·ÊÏ¥´¨Ö P -¸¨³³¥É·¨¨.

ˆ§-§  Ê´¨É ·´μ¸É¨ ¨§μÉμ¶¨Î¥¸±μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ´¥±μÉμ·ÒÌ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢, ¶·μ¢¥¤¥´´ÒÌ ¢ ´¨¦ °-
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Ï¨Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¢ · ³± Ì ±¨· ²Ó´μ-¸¨³³¥É·¨Î´μ° ±¢ ´Éμ-
¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¢ IFW-¶·¥¤¸É ¢²¥´¨¨, ¸μ¢¶ ¤ ÕÉ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
·¥§Ê²ÓÉ É ³¨ ¸É ´¤ ·É´μ° Š�„.

�·¨²μ¦¥´¨¥ 1
���…„…‹…�ˆ… ƒ�Œˆ‹œ’��ˆ��� HI

IFW

‚ ˆ‡�’��ˆ—…‘Š�Œ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…��

‚ μ¡μ§´ Î¥´¨ÖÌ [4, 5] ¤²Ö IFW-¶·¥¤¸É ¢²¥´¨Ö

HI
IFW = UIFWHDU †

IFW − iUIFW
∂

∂t
(U †

IFW) = τ3E + K1 + K2 + K3 + . . . ,

(�1.1)
UIFW = (1 + δ1 + δ2 + δ3 + . . .)(U0)IFW.

‚ · ¢¥´¸É¢ Ì (�1.1) K1, δ1 ∼ q; K2, δ2 ∼ q2; K3, δ3 ∼ q3; q Å ±μ´¸É ´É 
¸¢Ö§¨;

(U0)IFW = R(1 + L), R =

√
E + τ3αp

2E
, L =

1
E + τ3αp

τ3τ1βm.

(U0)IFW Å μ¶¥· Éμ· IFW-¶·¥μ¡· §μ¢ ´¨Ö ¶·¨ μÉ¸ÊÉ¸É¢¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö
((U0)IFW(αp + τ1βm)(U0)

†
IFW = τ3E).

ˆ§ Ê¸²μ¢¨Ö Ê´¨É ·´μ¸É¨ U †
IFWU IFW = 1 ¸²¥¤Ê¥É

δ†1 = −δ1,

δ†2 = −δ2 + δ1δ1, (�1.2)

δ†3 = −δ3 + δ2δ1 + δ1δ2 − δ1δ1δ1,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

‘ ÊÎ¥Éμ³ (�1.2)

K1 = δ1τ3E − τ3Eδ1 + i
∂δ1

∂t
+ C + N,

K2 = δ2τ3E − τ3Eδ2 + i
∂δ2

∂t
− K1δ1 + δ1(C + N), (�1.3)

K3 = δ3τ3E − τ3Eδ3 + i
∂δ3

∂t
− K1δ2 − K2δ1 + δ2(C + N),

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

‚ [4, 5] Ê¸É ´μ¢²¥´  ¸²¥¤ÊÕÐ Ö ¸¢Ö§Ó ³¥¦¤Ê Î¥É´Ò³¨ (¸ ¨´¤¥±¸μ³ e) ¨ ´¥-
Î¥É´Ò³¨ (¸ ¨´¤¥±¸μ³ 0) μ¶¥· Éμ· ³¨ δi, ´¥ ¸¢Ö§Ò¢ ÕÐ¨³¨ ¨ ¸¢Ö§Ò¢ ÕÐ¨³¨
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¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ ¨§μÉμ¶¨Î¥¸±¨¥ ±μ³¶μ´¥´ÉÒ ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¸μμÉ¢¥É-
¸É¢¥´´μ:

δe
1R + Rδe

1 = RLδ0
1 − δ0

1LR,

δe
2R + Rδe

2 = RLδ0
2 − δ0

2LR − RL(δ1δ1)0 + R(δ1δ1)e,

δe
3R + Rδe

3 = RLδ0
3 − δ0

3LR − RL(δ2δ1 + δ1δ2 − δ1δ1δ1)0+ (�1.4)

+ R(δ2δ1 + δ1δ2 − δ1δ1δ1)e,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�μ¸±μ²Ó±Ê ¶μ μ¶·¥¤¥²¥´¨Õ K1, K2, K3, . . . Å Î¥É´Ò¥ μ¶¥· Éμ·Ò, ´¥μ¡-
Ìμ¤¨³μ ¢ (�1.3) ¶·¨· ¢´ÖÉÓ ´Ê²Õ ´¥Î¥É´Ò¥ Î²¥´Ò

δ0
1τ3E − βEδ0

1 + i
∂δ0

1

∂t
+ N = 0,

δ0
2τ3E − τ3Eδ0

2 + i
∂δ0

2

∂t
− K1δ

0
1 + δ0

1C + δe
1N = 0, (�1.5)

δ0
3τ3E − τ3Eδ0

3 + i
∂δ0

3

∂t
− K1δ

0
2 − K2δ

0
1 + δ0

2C + δe
2N = 0,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�μ¸²¥ ÔÉμ£μ Î²¥´Ò · §²μ¦¥´¨Ö £ ³¨²ÓÉμ´¨ ´  K1, K2, K3, . . . μ¶·¥¤¥²Ö-
ÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

K1 = δe
1τ3E − τ3Eδe

1 + i
∂δe

1

∂t
+ C,

K2 = δe
2τ3E − τ3Eδe

1 + i
∂δe

2

∂t
− K1δ

e
1 + δe

1C + δ0
1N, (�1.6)

K3 = δe
3τ3E − τ3Eδe

3 + i
∂δe

3

∂t
− K1δ

e
2 − K2δ

e
1 + δe

2C + δ0
2N,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

�¶¥· Éμ·´Ò¥ · ¢¥´¸É¢  (�1.6) ¢³¥¸É¥ ¸ (�1.4), (�1.5) ¶μ§¢μ²ÖÕÉ μ¶·¥¤¥-
²¨ÉÓ £ ³¨²ÓÉμ´¨ ´ HIFW ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ±μ´¸É ´ÉÒ ¸¢Ö§¨ q.

‚ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨ ¸ · §²μ¦¥´¨¥³ ¢¥±Éμ·´ÒÌ ¡μ§μ´´ÒÌ ¶μ²¥°
¢ ¨´É¥£· ² ”Ê·Ó¥ ¸ μ¡μ§´ Î¥´¨Ö³¨ [4, 5] ¶μ²ÊÎ ¥³

Bμ(x, t) =
∑

v=±1

∫
B

(v)
μk eivk0t e−ikx dk,

(�1.7)

B
(v)
μk =

{
Bμk, v = 1,

B̄μ(−k), v = −1,
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〈p′| eikx|p′′〉 = δ(p′ − p′′ − k), (�1.8)

〈p′|Bμ|p′′〉 =
∑

v=±1

∫
B

(v)
μ(p′′−p′) eivk0t, (�1.9)

〈p′|BμBα|p′′〉 =
∑

v,v′=±1

∫
dp′′′B

(v)
μ(p′′′−p′)B

(v′)
α(p′′−p′′′) ei(vk0+v′k0)t, (�1.10)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

‘ ÊÎ¥Éμ³ (�1.7)Ä(�1.10) ¨§ · ¢¥´¸É¢ (�1.5) ¶μ²ÊÎ ¥³〈
p′|δ0

1 |p′′〉 =
∑

v=±1

1
τ3E′ + τ3E′′ + vk0

〈p′|N |p′′〉 ,

〈
p′|δ0

2 |p′′〉 =
∑

v,v′=±1

1
τ3E′+τ3E′′ + vk0 + v′k′

0

〈
p′| − K1δ

0
1 + δ0

1C + δe
1N |p′′〉 ,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (�1.11)〈
p′|δ0

3 |p′′〉 =
∑

v,v′,v′′=±1

1
τ3E′ + τ3E′′ + vk0 + v′k′

0 + v′′k′′
0

×

× 〈p′| − K1δ
0
2 − K2δ

0
1 + δ0

2C + δe
2N |p′′〉.

‘ ¶μ³μÐÓÕ (�1.11) ¨ · ¢¥´¸É¢ (�1.4), (�1.6) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨¸±μ³Ò¥
Î²¥´Ò · §²μ¦¥´¨Ö Kn ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥´¨¨. � ¶·¨³¥·,

〈p′|K1|p′′〉 =
∑

v=±1

τ3E
′′ − τ3E

′ − vk0

R′ + R′′

(
− 1

τ3E′ + τ3E′ − vk0
〈p′|RLN |p′′〉−

− 1
τ3E′ + τ3E′′ + vk0

〈p′|NLR|p′′〉
)

+ 〈p′ |C|p′′〉 . (�1.12)

�·¨²μ¦¥´¨¥ 2
��‘—…’› �…Š�’��›• ���–…‘‘�‚ Š‚��’�‚�‰

�‹…Š’��„ˆ��ŒˆŠˆ ‚ ˆ‡�’��ˆ—…‘Š�Œ ��…„‘’�‚‹…�ˆˆ
”�‹„ˆÄ‚�“’•�‰‡…��

�2.1. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ¢ ±Ê²μ´μ¢¸±μ³ ¶μ²¥ A0(x) = − Ze

4π|x| .

Sfi = −i

∫
d4xΦ(+)†

IFW(x, pf , sf )(KΦ
1 )0 · A0Φ

(+)
IFW(x, pi, si) =

= − iδ(Ef − Ei)
(2π)2

Φ+†
IFW(pf , sf )〈pf |(CΦ)0A0|pi〉Φ(+)

IFW(pf , sf ) =
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= i
Ze2

2q2

δ(Ef − Ei)
(2π)2

[
Φ(+)†

1IFW(pf , sf )

√
Ef + τ3αpf

2Ef
×

×
(

1 +
m2

(Ef + τ3αpf )(Ei + τ3αpi)

)]√
Ei + τ3αpi

2Ei
Φ(+)

1IFW(pi, si)+

+

[
Φ(+)†

2IFW(pf , sf )

√
Ef + τ3αpf

2Ef

(
1 +

m2

(E + τ3αpf )(E + τ3αpi)

)
×

×
√

Ei + τ3αpi

2Ei
Φ(+)

2IFW(pi, si)

]
,

q = pf − pi; qΦ → (e/2)E16×16.

‡ ¶¨¸Ó (KΦ
1 )0 · A0, ¢Ò¶μ²´¥´´ Ö ¤²Ö Ê¤μ¡¸É¢ , Ë ±É¨Î¥¸±¨ μ§´ Î ¥É:

(KΦ
1 )0 · A0 ≡ KΦ

1 ¶·¨ A(x) = 0, É. ¥. A0(x) ¸É ´μ¢¨É¸Ö ´  ³¥¸É , μ¶·¥¤¥-
²Ö¥³Ò¥ ¢Ò· ¦¥´¨¥³ ¤²Ö K1 ¢ ¶·¨²μ¦¥´¨¨ 1. �Éμ ¦¥ μÉ´μ¸¨É¸Ö ¨ ± § ¶¨¸¨
(CΦ)0 · A0. �¥·¥Ìμ¤ μÉ (KΦ

1 )0 · A0 ± (CΦ)0 · A0 μ¸ÊÐ¥¸É¢²¥´ ¢ ¸μμÉ¢¥É-
¸É¢¨¨ ¸ (64).

„ ²¥¥ μ¡ÒÎ´Ò³¨ ³¥Éμ¤ ³¨ ¸ ¶μ³μÐÓÕ ³ É·¨Î´μ£μ Ô²¥³¥´É  Sfi ³μ¦´μ
¶μ²ÊÎ¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥´¨¥ · ¸¸¥Ö´¨Ö ŒμÉÉ , ¶¥·¥Ìμ¤ÖÐ¥¥ ¢ ´¥·¥-
²ÖÉ¨¢¨¸É¸±μ³ ¸²ÊÎ ¥ ¢ ·¥§¥·Ëμ·¤μ¢¸±μ¥.

�2.2. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´  ´  ¤¨· ±μ¢¸±μ³ ¶·μÉμ´¥ (· ¸¸¥Ö´¨¥ Œß²-
²¥· ).

Sfi = −i

∫
d4xd4y Φ(+)†

IFW(x, pf , sf )(KΦ
1 )αΦ(+)

IFW(x, pi, si)DF (x − y)×

× Φ(+)†
IFW(y, Pf , Sf)(−KΦ

1 )αΦ(+)
IFW(y, Pi, Si) =

= − iδ4(Pf − Pi + pf − pi)
4(pf − pi)2

2π
[
Φ(+)†

1IFW(pf , sf )〈pf |(CΦ)α|pi〉Φ(+)
1IFW(pi, si)+

+ Φ(+)†
2IFW(pf , sf )〈pf |(CΦ)α|pi〉Φ(+)

2IFW(pi, si)
]
×

×
[
Φ(+)†

1IFW(Pf , Sf )〈Pf |CΦ
α |Pi〉Φ(+)

1IFW(Pi, Si)+

+ Φ(+)†
2IFW(Pf , Sf )〈Pf |CΦ

α |Pi〉Φ(+)
2IFW(Pi, Si)

]
,

DF (x − y) Å ¸É ´¤ ·É´Ò° ËμÉμ´´Ò° ¶·μ¶ £ Éμ·; qΦ → (e/2)E16×16.

Œ É·¨Î´Ò° Ô²¥³¥´É Sfi ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ³ß²²¥·μ¢¸±μ¥ ¸¥Î¥´¨¥ · ¸-
¸¥Ö´¨Ö Ô²¥±É·μ´ .



62 �…‡��Œ�‚ ‚. �.

�2.3. Šμ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢.

Sfi = −iΦ(+)†
IFW(pf , sf )×

×
{∫

d4z d4y d4p1

(2π)7
√

2k′
02k0

(
eipf yKΦ

1με′μ eik′y e−ip1y

p0
1 − E16×16τ3E(p1)

eip1z×

× KΦ
1vε

v e−ikz e−ipiz + eipf yKΦ
1μεμ e−iky e−ip1y

p0
1 − E16×16τ3E(p1)

×

× eip1zKΦ
1vε

′v eik′z e−ipiz

)
+
∫

d4y
1

(2π)3
√

2k′
02k0

×

×
(
eipf yKΦ

2μvε
′μ eik′yεv e−iky e−ipiy+

+ eipf yKΦ
2μvε

μ e−ikyε′v e−ipiy
)}

Φ(+)
IFW(pi, si).

‚ ¶¥·¢Ò° ¨´É¥£· ² μ¡Ñ¥¤¨´¥´Ò ¢±² ¤Ò ¤¨ £· ³³ ·¨¸. 6, a ¨ ¢, ¢μ ¢Éμ-
·μ° Å ¢±² ¤Ò ¤¨ £· ³³ ·¨¸. 6, ¡ ¨ £.

‡ ¶¨¸Ó KΦ
1μεμ e−iky , KΦ

2μvεμ e−ikyε′ν eik′y ¨ É. ¤. ¶μ´¨³ ¥É¸Ö ¢ Éμ³ ¦¥
¸³Ò¸²¥, ± ± ÔÉμ Ê± § ´μ ¢ÒÏ¥ ¢ �2.1.

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó ¢ ¶. 5.2, ¢±² ¤ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É Sfi ¤ ÕÉ ²¨ÏÓ
¸² £ ¥³Ò¥ ¢ ¢Ò· ¦¥´¨¨ (65) ¤²Ö KΦ

2 . ‘ ÊÎ¥Éμ³ ¢ÒÏ¥¸± § ´´μ£μ

Sfi =
−i(2π)4δ4(pi + k − pf − k′)

(2π)3
√

2k02k′
0

[
Φ(+)†

1IFW(pf , sf )AΦ(+)
IFW(pi, si)+

+ Φ(+)†
2IFW(pf , sf )AΦ(+)

2IFW(pi, si)
]
,

£¤¥

A =

⎡
⎢⎣Cμ(pf ;pi + k)ε′μ

1
2
(1 + τ3)

τ3E(pi) + k0 − τ3E(pi + k)
Cμ(pi + k;pi)εμ+

+ Nμ(pf ;pi + k)ε′μ
1
2
(1 − τ3)

−τ3E(pi) + k0 + τ3E(pi + k)
Nμ(pi + k;pi)εμ+

+ Cμ(pf ;pi − k′)εμ

1
2
(1 + τ3)

τ3E(pi) − k′
0 − τ3E(pi − k′)

Cμ(pi − k′;pi)ε′μ+

+ Nμ(pf ;pi − k′)εμ

1
2
(1 − τ3)

−τ3E(pi) − k′
0 + τ3E(pi − k′)

Nμ(pi − k′;pi)ε′μ

⎤
⎥⎦+
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+

⎡
⎢⎣Cμ(pf ; τ1;pi + k)ε′μ

1
2
(1 + τ3)

τ3E(pi) + k0 − τ3E(pi + k)
Cμ(pi + k; τ1;pi)εμ+

+ Nμ(pf ; τ1;pi + k)ε′μ
1
2
(1 − τ3)

−τ3E(pi) + k0 + τ3E(pi + k)
Nμ(pi + k; τ1;pi)εμ+

+ Cμ(pf ; τ1;pi − k′)εμ

1
2
(1 + τ3)

τ3E(pi) − k′
0 − τ3E(pi − k′)

Cμ(pi − k′; τ1;pi)ε′μ+

+Nμ(pf ; τ1;pi − k′)εμ

1
2
(1 − τ3)

−τ3E(pi) − k′
0 + τ3E(pi − k′)

Nμ(pi − k′; τ1;pi)ε′μ

⎤
⎥⎦,

Cμ(pf ;pi + k) =

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2
eRf

(
1 − 1

E(pf ) + τ3αpf
τ3τ1βm×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = 0,

−1
2
eRf

(
αk − 1

E(pf ) + τ3αpf
τ3τ1βmαk×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = k, k = 1, 2, 3,

Nμ(pf ;pi + k) =

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2
eRf

(
1

E(pf ) + τ3αpf
τ3τ1βm−

− 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = 0,

−1
2
eRf

(
1

E(pf ) + τ3αpf
τ3τ1βmαk − αk×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = k, k = 1, 2, 3,
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Cμ(pf ; τ1;pi + k) =

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2
eRf

(
τ1 −

1
E(pf ) + τ3αpf

τ3τ1βmτ1×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = 0,

−1
2
eRf

(
τ1α

k − 1
E(pf ) + τ3αpf

τ3τ1βmτ1α
k×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = k, k = 1, 2, 3,

Nμ(pf ; τ1;pi + k) =

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
2
eRf

(
1

E(pf ) + τ3αpf
τ3τ1βmτ1 − τ1×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = 0,

−1
2
eRf

(
1

E(pf ) + τ3αpf
τ3τ1βmαkτ1 − τ1α

k×

× 1
E(pi + k) + τ3α(pi + k)

τ3τ1βm

)
R1, μ = k, k = 1, 2, 3,

Rf ≡ Rpf
=

√
E(pf ) + τ3αpf

2E(pf )
,

R1 ≡ Rpi+k =

√
E(pi + k) + τ3α(pi + k)

2E(pi + k)
¨ É. ¤.

‚ÒÎ¨¸²¥´¨Ö ¶μ± §Ò¢ ÕÉ, ÎÉμ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö A ¸Ê³³  ¸² £ ¥³ÒÌ ¢ ¶¥·-
¢μ° ±¢ ¤· É´μ° ¸±μ¡±¥ ¸μ¢¶ ¤ ¥É ¸  ´ ²μ£¨Î´μ° ¸Ê³³μ° ¢μ ¢Éμ·μ° ±¢ ¤· É´μ°
¸±μ¡±¥.

…¸²¨ ¢Ò¡· ÉÓ ¸¶¥Í¨ ²Ó´ÊÕ ± ²¨¡·μ¢±Ê, ¢ ±μÉμ·μ° ´ Î ²Ó´Ò° ¨ ±μ´¥Î´Ò°
ËμÉμ´Ò ¶μ¶¥·¥Î´μ ¶μ²Ö·¨§μ¢ ´Ò ¢ ² ¡μ· Éμ·´μ° ¸¨¸É¥³¥ μÉ¸Î¥É  (pi = 0;
ε0 = ε′0 = 0; εk = ε′k′ = 0), Éμ ¢Ò· ¦¥´¨¥ ¤²Ö A Ê¶·μÐ ¥É¸Ö:

A =
e2

2

√
E(pf ) + τ3αpf

4E(pf )

[
−E(pf ) + τ3αpf − m

2m2
×

×
(

αε′ αkαε

k0
+

αεαk′ αε′

k′
0

)
+

E(pf ) − τ3αpf + m

m2
εε′

]
.
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„ ²¥¥ μ¡ÒÎ´Ò³¨ ³¥Éμ¤ ³¨ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ëμ·³Ê²Ê Š²¥°´ Ä�¨Ï¨´ÒÄ
’ ³³  ¤²Ö ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ ¸¥Î¥´¨Ö ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö.

�2.4. ‘μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ .

− iΣ2(p) =

= −
∫

d4k

(2π)4k2

⎡
⎢⎣Cμ(p;p − k)

1
2
(1 + τ3)

τ3E(p) − k0 − τ3E(p− k)
Cμ(p − k;p)+

+ Cμ(p; τ1;p− k)

1
2
(1 + τ3)

τ3E(p) − k0 − τ3E(p − k)
Cμ(p− k; τ1;p)+

+ Nμ(p;p − k)

1
2
(1 − τ3)

−τ3E(p) − k0 + τ3E(p − k)
Nμ(p − k;p)+

+Nμ(p; τ1;p − k)

1
2
(1 − τ3)

−τ3E(p) − k0 + τ3E(p − k)
Nμ(p − k; τ1;p)

⎤
⎥⎦ .

„²Ö ¸²ÊÎ Ö p2 = m2 ¨, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ μ¶¥· Éμ· −iΣ2(p)
´ Ìμ¤¨É¸Ö ¢ μ¡±² ¤± Ì ¢μ²´μ¢ÒÌ ËÊ´±Í¨° Φ(+)†

IFW ¨ Φ(+)
IFW, É. ¥. ¢ ¸μμÉ¢¥É¸É¢¨¨

¸ (33) ¨ (46) Ë ±É¨Î¥¸±¨ ¢ μ¡±² ¤± Ì ËÊ´±Í¨° ¤²Ö ¶· ¢ÒÌ (Φ(+)†
1IFW ¨ Φ(+)

1IFW) ¨

²¥¢ÒÌ (Φ(+)†
2IFW ¨ Φ(+)

2IFW) Ô²¥±É·μ´μ¢, ¶μ²ÊÎ ¥³ −iΣ2(p) = − 2e2

E(p)

∫
d4k

(2π)4k2
×

pk + m2

[(p − k)2 − m2]
, ÎÉμ ¸μ¢¶ ¤ ¥É ¸ ÊÎ¥Éμ³ ´μ·³¨·μ¢±¨ ¸¶¨´μ·μ¢ ¢μ ¢´¥Ï´¨Ì

Ô²¥±É·μ´´ÒÌ ²¨´¨ÖÌ ¸ ¢Ò· ¦¥´¨¥³ ¤²Ö ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  ¢ ¤¨· ±μ¢¸±μ³
¶·¥¤¸É ¢²¥´¨¨.

�2.5. �μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ . „¨ £· ³³ ³ ·¨¸. 8 ¸μμÉ¢¥É¸É¢Ê¥É ¢ ¨Éμ£¥
¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶μ²Ö·¨§ Í¨μ´´μ£μ μ¶¥· Éμ· :

Πμν(q) =

= −1
2

∫
dp

(2π)3

{
Sp

1
E(p) − q0 + E(p − q)

Nμ(p;p−q)
1 − τ3

2
Nν(p−q;p)+

+ Sp
1

E(p) + q0 + E(p − q)
Nμ(p − q;p)

1 − τ3

2
Nν(p;p− q)+

+ Sp
1

E(p) − q0 + E(p − q)
Cμ(p; τ1;p− q)

1 − τ3

2
Cν(p − q; τ1;p)+

+Sp
1

E(p) + q0 + E(p − q)
Cμ(p − q; τ1;p)

1 − τ3

2
Cν(p; τ1;p− q)

}
.
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�μ¸²¥ ¢ÒÎ¨¸²¥´¨Ö Ï¶Ê·μ¢ ¢Ò· ¦¥´¨¥ ¤²Ö �μν ¸μ¢¶ ¤ ¥É ¸ £ °É²¥·μ¢-
¸±¨³ É¥´§μ·μ³ ¨´¤Ê±Í¨¨ −Lμν [11], ±μÉμ·Ò° ¢ ¸¢μÕ μÎ¥·¥¤Ó ¸μ¢¶ ¤ ¥É ¸
¶μ²Ö·¨§ Í¨μ´´Ò³ μ¶¥· Éμ·μ³ ¸É ´¤ ·É´μ° Š�„.

�2.6. � ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ Ô²¥±É·μ´μ¢ ¢μ ¢´¥Ï´¥³
¶μ²¥. �·¨ ¢ÒÎ¨¸²¥´¨¨ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¶μ ¤¨ £· ³³ ³ ·¨¸. 9, ± ± ¨ ¢
¶·¥¤Ò¤ÊÐ¨Ì ¸²ÊÎ ÖÌ, ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ Sfi, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¤¨ £· ³³ ³
¸ Ô²¥±É·μ´-¶μ§¨É·μ´´Ò³¨ ¶·μ¶ £ Éμ· ³¨, ¸μ±· Ð ÕÉ¸Ö ¸ Î ¸ÉÖ³¨ ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¡¥¸¶·μ¶ £ Éμ·´Ò³ ¤¨ £· ³³ ³ ·¨¸. 9, £, §, ³. ‚
¨Éμ£¥ ¸ ÊÎ¥Éμ³ ¶·¥¤¥²Ó´μ£μ ¶·μÍ¥¸¸  ƒ °É²¥·  ¤²Ö ¸¨´£Ê²Ö·´ÒÌ §´ ³¥´ É¥-
²¥° [11] ³ É·¨Î´Ò° Ô²¥³¥´É ¤²Ö ¨¸±μ³ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¨³¥¥É ¢¨¤

Sfi = S1fi + S2fi,

S1fi = S
(1)
1fi + S

(2)
1fi + S

(3)
1fi + S

(4)
1fi + S

(5)
1fi,

S2fi = S
(1)
2fi + S

(2)
2fi + S

(3)
2fi + S

(4)
2fi + S

(5)
2fi,

S
(1)
1fi =

1
(2π)3

Φ(+)†
1IFW(pf , sf )

{∫
d4k

(2π)4k2

∫
dε δ(ε)

p2
fε(2 + ε)

×

×
[
Cμ(pf ;pf (1 + ε) − k)

τ3E(pf ) + τ3E(pf (1 + ε))
τ3E(pf ) − k0 − τ3E(pf (1 + ε) − k)

×

× Cμ(pf (1 + ε) − k;pf (1 + ε)) + Nμ(pf ;pf (1 + ε) − k)×

× τ3E(pf ) + τ3E(pf (1 + ε))
τ3E(pf ) − k0 − τ3E(pf (1 + ε) − k)

Nμ(pf (1 + ε) − k;pf (1 + ε))
]
×

×Cν(pf ;pi)Av(q) +
∫

d4k

(2π)4k2

∫
dεδ(ε)

p2
i ε(2 + ε)

[
Cμ(pi(1 + ε);pi(1 + ε)−k)×

× τ3E(pi) + τ3E(pi(1 + ε))
τ3E(pi) − k0 − τ3E(pi(1 + ε) − k)

Cμ(pi(1 + ε) − k;pi)+

+ Nμ(pi(1 + ε);pi(1 + ε) − k)
τ3E(pi) + τ3E(pi(1 + ε))

τ3E(pi) − k0 − τ3E(pi(1 + ε) − k)
×

× Nμ(pi(1 + ε) − k;pi)
]
Cν(pf ; pi)Aν(q)−

−
∫

d4k

(2π)4k2

1
2τ3E(pf )

[
1

τ3E(pf ) − k0 + τ3E(pf − k)
×
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× Nμ(pf ;pf − k)Cμ(pf − k;pf ) +
1

τ3E(pf ) − k0 − τ3E(pf − k)
×

× Cμ(pf ;pf − k)Nμ(pf − k;pf )
]
Nν(pf ;pi)Av(q)−

−
∫

d4k

(2π)4k2

1
2τ3E(pi)

Nν(pf ;pi)Av(q)
[

1
τ3E(pi) − k0 − τ3E(pi − k)

×

× Nμ(pi;pi − k)Cμ(pi − ki;pi) +
1

τ3E(pi) − k0 + τ3E(pi − k)
×

× Cμ(pi;pi − k)Nμ(pi − ki;pi)
]
−

−
∫

d4k

(2π)4k2

[
Cμ(pf ;pf − k)

1
τ3E(pf ) − k0 − τ3E(pf − k)

×

× Cν(pf − k;pi − k)Aν(q)
1

τ3E(pi) − k0 − τ3E(pi − k)
Cμ(pi − k;pi)+

+ Nν(pf ;pf − k)
1

τ3E(pf ) − k0 + τ3E(pf − k)
Cv(pf − k;pi − k)Av(q)×

× 1
τ3E(pi) − k0 + τ3E(pi − k)

Nμ(pi − k;pi)+

+ Nμ(pf ;pf − k)
1

τ3E(pf ) − k0 + τ3E(pf − k)
Nv(pf − k;pi − k)Aν(q)×

× 1
τ3E(pi) − k0 − τ3E(pi − k)

Cμ(pi − k;pi)+

+ Cμ(pf ;pi − k)
1

τ3E(pf ) − k0 − τ3E(pf − k)
Nv(pf − k;pi − k)Av(q)×

× 1
τ3E(pi) − k0 + τ3E(pi − k)

Nμ(pi − k;pi)
]}

Φ(+)
1IFW(pi, si).

Š ± ¶μ± §Ò¢ ÕÉ ¢ÒÎ¨¸²¥´¨Ö, ¢Ò· ¦¥´¨Ö S
(2)
1fi, S

(3)
1fi, S

(4)
1fi · ¢´Ò S

(1)
1fi ¨

μÉ²¨Î ÕÉ¸Ö ¶μ ´ ¶¨¸ ´¨Õ ´ ²¨Î¨¥³ ¢ ± ¦¤μ³ ¸² £ ¥³μ³ S
(1)
1fi ¤¢ÊÌ μ¶¥· Éμ·μ¢

. . . C . . . C . . ., ²¨¡μ . . . C . . .N . . ., ²¨¡μ . . . N . . . C . . ., ²¨¡μ . . .N . . . N . . .
¸ ³ É·¨Í¥° τ1 ¢ ± ¦¤μ³ ¨§ ´¨Ì.

‚Ò· ¦¥´¨¥ S
(5)
1fi · ¢´μ

S
(5)
1fi = − 1

(2π)3
Φ(+)

1IFW(pf , sf)Cμ(pf ,pi)
Πμν(q)

q2
Av(q)Φ(+)

1IFW(pi, si).
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‚Ò· ¦¥´¨¥ S2fi · ¢´μ S1fi ¨ μÉ²¨Î ¥É¸Ö ¶μ ´ ¶¨¸ ´¨Õ ¢μ²´μ¢Ò³¨ ËÊ´±-

Í¨Ö³¨: ¢³¥¸Éμ ËÊ´±Í¨° Φ(+)
1IFW ¤²Ö ¶· ¢ÒÌ Ô²¥±É·μ´μ¢ ¨¸¶μ²Ó§ÊÕÉ¸Ö ËÊ´±Í¨¨

Φ(+)
2IFW ¤²Ö ²¥¢ÒÌ Ô²¥±É·μ´μ¢.

�μ¸²¥ ¶¥·¥´μ·³¨·μ¢±¨ ³ ¸¸Ò ¨ § ·Ö¤  Ô²¥±É·μ´  ¨Éμ£μ¢Ò° ³ É·¨Î´Ò°
Ô²¥³¥´É Sfi ¶μ§¢μ²Ö¥É ¢ÒÎ¨¸²¨ÉÓ  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É Ô²¥±É·μ´ 
¨ ²Ô³¡μ¢¸±¨° ¸¤¢¨£ Ô´¥·£¥É¨Î¥¸±¨Ì  Éμ³´ÒÌ Ê·μ¢´¥°. Šμ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ
¢ÒÎ¨¸²¥´¨° ¸μ¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨ ¢¥²¨Î¨´ ³¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É -
¢²¥´¨¨.

�2.7. �´´¨£¨²ÖÍ¨Ö Ô²¥±É·o´-¶μ§¨É·μ´´μ° ¶ ·Ò. �·μÍ¥¸¸Ê  ´´¨£¨²Ö-
Í¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸μ-
μÉ¢¥É¸É¢ÊÕÉ ¤¨ £· ³³Ò ·¨¸. 6 ¤²Ö ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö Ô²¥±É·μ´μ¢ ¸
§ ³¥´μ° ε, k → ε1,−k1, ε′, k′ → ε2, k2, pi, si → p−, s−, pf , sf → −p+, s+.

‘ ÊÎ¥Éμ³ ÔÉμ° § ³¥´Ò ³ É·¨Î´Ò° Ô²¥³¥´É ¶·μÍ¥¸¸  S± · ¢¥´

S± =
−i(2π)4δ4(p− + p+ − k1 − k2)

(2π)3
√

2k0
12k0

2

(
Φ(−)†

2IFW(−p+, s+)A1Φ
(−)
1IFW(p−, s−)×

× Φ(−)†
1IFW(−p+, s+)A1Φ

(−)
2IFW(p−, s−)

)
.

�¶¥· Éμ· A1 ¶μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ ¸ ÊÎ¥Éμ³ Ê± § ´´μ° ¢ÒÏ¥ § ³¥´Ò ¸μ-
¢¶ ¤ ¥É ¸ μ¶¥· Éμ·μ³ A ¢ ¢Ò· ¦¥´¨¨ Sfi ¤²Ö ±μ³¶Éμ´μ¢¸±μ£μ · ¸¸¥Ö´¨Ö
Ô²¥±É·μ´μ¢ §  ¨¸±²ÕÎ¥´¨¥³ · ¸¶μ²μ¦¥´¨Ö ³ É·¨Í τ1 ¢ μ¶¥· Éμ· Ì Cμ, Nμ.

‚ ¢Ò· ¦¥´¨¨ Sfi ¶¥·¢Ò¥ Î¥ÉÒ·¥ ¸² £ ¥³ÒÌ ´¥ ¸μ¤¥·¦ É ³ É·¨ÍÊ τ1,
μ¸É ²Ó´Ò¥ Î¥ÉÒ·¥ ¸² £ ¥³ÒÌ ¸μ¤¥·¦ É τ1 ¢ ± ¦¤μ³ μ¶¥· Éμ·¥ Cμ, Nμ.

‚ ´ Ï¥³ ¸²ÊÎ ¥ ¢ ¢Ò· ¦¥´¨¨ S± ¤²Ö μ¡¥¸¶¥Î¥´¨Ö ¸¢Ö§¨ ¶· ¢μ£μ Ô²¥±-
É·μ´  ¨ ¶· ¢μ£μ ¶μ§¨É·μ´  ²¨¡μ ²¥¢μ£μ Ô²¥±É·μ´  ¨ ²¥¢μ£μ ¶μ§¨É·μ´  ¢ ± -
¦¤μ³ ¨§ ¢μ¸Ó³¨ ¸² £ ¥³ÒÌ ¸μ¤¥·¦ É¸Ö ²¨ÏÓ ¶μ μ¤´μ° ³ É·¨Í¥ τ1, · ¸¶μ²μ-
¦¥´´μ° ¢ μ¶¥· Éμ· Ì Cμ, Nμ ¢μ ¢¸¥Ì ¢μ§³μ¦´ÒÌ ¸μÎ¥É ´¨ÖÌ.

ˆÉμ£μ¢μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö S± ¶μ§¢μ²Ö¥É ¶μ²ÊÎ¨ÉÓ ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ ¸¥Î¥-
´¨¥  ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò, ±μÉμ·μ¥ ¸μ¢¶ ¤ ¥É ¸ ¸¥Î¥´¨¥³
ÔÉμ£μ ¶·μÍ¥¸¸ , ¢ÒÎ¨¸²¥´´Ò³ ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± .
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