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�μ¸¸¨°¸±¨° Ë¥¤¥· ²Ó´Ò° Ö¤¥·´Ò° Í¥´É·

®‚¸¥·μ¸¸¨°¸±¨° ´ ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±¨° ¨´¸É¨ÉÊÉ

Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨¯, ‘ ·μ¢

�¡§μ· ¶μ¸¢ÖÐ¥´ Ëμ·³Ê²¨·μ¢±¥ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ (Š�„) ¨ CÉ ´¤ ·É´μ° ³μ¤¥²¨ ¢
¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  (FW). �·¨³¥´¨É¥²Ó´μ ± Ô²¥±É·μ³ £´¨É´μ³Ê ¢§ ¨³μ¤¥°¸É¢¨Õ
¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¶μ²ÊÎ¥´ £ ³¨²ÓÉμ´¨ ´ HFW ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ § ·Ö¤  e. � ¸¸³μÉ·¥´ 
±¢ ´Éμ¢ Ö Ô²¥±É·μ¤¨´ ³¨±  ¢ ´¨¦ °Ï¨Ì ¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. �·μ¢¥¤¥´Ò · ¸Î¥ÉÒ ±μ´-
±·¥É´ÒÌ ¶·μÍ¥¸¸μ¢ Š�„. „²Ö ¢´¥Ï´¨Ì Ë¥·³¨μ´´ÒÌ ²¨´¨° (p2

f = m2) ¶μ± § ´  ¢μ§³μ¦´μ¸ÉÓ

· §²μ¦¥´¨Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö ¶μ ¸É¥¶¥´Ö³ ±μ´¸É ´ÉÒ ¸¢Ö§¨ ¸ ³ É·¨Î´Ò³¨ Ô²¥³¥´É ³¨ ¡¥§ Ë¥·-
³¨μ´´ÒÌ ¶·μ¶ £ Éμ·μ¢. „²Ö ÊÎ¥É  ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í ¸  ´É¨Î ¸É¨Í ³¨ ¶·¥¤²μ¦¥´ 
³μ¤¨Ë¨± Í¨Ö FW-¶·¥¤¸É ¢²¥´¨Ö. ”¥·³¨μ´Ò ¢ ÔÉμ³ ¶·¥¤¸É ¢²¥´¨¨ ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¢ ¤¢ÊÌ ¸μ-
¸ÉμÖ´¨ÖÌ, Ì · ±É¥·¨§Ê¥³ÒÌ §´ ±μ³ É·¥ÉÓ¥° ±μ³¶μ´¥´ÉÒ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  (T 3

f ). ‡´ ± T 3
f

¸¢Ö§ ´ ¸μ §´ ±μ³ ³ ¸¸μ¢ÒÌ Î²¥´μ¢ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ £ ³¨²ÓÉμ´¨ ´¥ HFW . �¥ ²Ó´Ò¥ Ë¥·-
³¨μ´Ò (p2

f = m2
f ) ³μ£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³; ·¥ ²Ó´Ò¥  ´É¨Ë¥·³¨μ´Ò É ±¦¥ ³μ£ÊÉ

¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³, ´μ ·¥ ²Ó´Ò¥ Ë¥·³¨μ´Ò ¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f ³μ£ÊÉ ¢§ ¨-

³μ¤¥°¸É¢μ¢ ÉÓ ²¨ÏÓ ¸ ·¥ ²Ó´Ò³¨  ´É¨Ë¥·³¨μ´ ³¨ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ §´ ±μ³ T 3
f , ¨ ´ μ¡μ·μÉ.

”μ·³Ê²¨·μ¢±  CÉ ´¤ ·É´μ° ³μ¤¥²¨ ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ´¥ É·¥¡Ê¥É ¤²Ö SU(2)-¨´¢ ·¨ ´É´μ¸É¨
μ¡Ö§ É¥²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ •¨££¸  ¸ Ë¥·³¨μ´ ³¨. �·¨ É ±μ³ ¶μ¤Ìμ¤¥ ¸¥±Éμ· ¡μ§μ´μ¢
•¨££¸  ¸ÊÐ¥¸É¢¥´´μ ¸Ê¦ ¥É¸Ö: ¡μ§μ´Ò •¨££¸  μÉ¢¥É¸É¢¥´´Ò ²¨ÏÓ §  ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É-
´μ¸ÉÓ É¥μ·¨¨ ¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ²¨ÏÓ ¸ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨. Š�„ ¢ FW-¶·¥¤¸É ¢²¥´¨¨
¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ C-, P -, T -¨´¢¥·¸¨°. ‘² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ´¥ ¸μÌ· ´Ö¥É C- ¨ P -
Î¥É´μ¸ÉÓ, ´μ ¸μÌ· ´Ö¥É ±μ³¡¨´¨·μ¢ ´´ÊÕ CP -Î¥É´μ¸ÉÓ. ‚ É¥μ·¨¨ ¸ÊÐ¥¸É¢Ê¥É ¢μ§³μ¦´μ¸ÉÓ ¸¢Ö-
§ ÉÓ ´ ·ÊÏ¥´¨¥ CP -¸¨³³¥É·¨¨ ¸ ¶μ²´Ò³ ¨²¨ Î ¸É¨Î´Ò³ ´ ·ÊÏ¥´¨¥³ ¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¨
¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

This review is devoted to formulation of quantum electrodynamics (QED) and Standard Model
in FoldyÄWouthuysen representation. Hamiltonian HFW in the form of a series of charge e powers
is obtained as applied to electromagnetic interaction in FW representation. This paper considers
quantum electrodynamics in the lowest-order theory of perturbations. Computations of the certain
QED processes have been carried out. For external fermion lines (p2

f = m2
f ), the possibility of

the scattering matrix expansion in powers of the coupling constant with matrix elements containing
no terms with fermion propagators is demonstrated. To include the interaction of real particles with
antiparticles, the modiˇcation to FoldyÄWouthuysen representation has been proposed. Fermions in
the modiˇed FW representation can be present in one of the two possible states characterized by the
sign of the third component of isotopic spin (T 3

f ). The sign of T 3
f is related to the sign of mass

terms in the modiˇed Hamiltonian HFW . Real fermions (p2
f = m2

f ) can interact with each other,

real antifermions can also interact with each other, however, real fermions of a certain sign of T 3
f can

interact only with real antifermions of an opposite sign of T 3
f , and vice versa. The formulation of the

Standard Model in the FW representation doesn't require necessary interactions of Higgs bosons with
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fermions to provide SU(2) invariance. With such an approach, the sector of Higgs bosons converges
signiˇcantly: Higgs bosons are responsible for gauge invariance of the theory alone and interact only
with gauge bosons. QED in the FW representation is invariant relative to C, P, T inversions. Weak
interaction doesn't preserve C and P parity, however, it preserves the combined CP parity. The
theory has a possibility of attributing the CP symmetry violation to full or partial violation of the
isotopic symmetry in the modiˇed FoldyÄWouthuysen representation.

‚‚…„…�ˆ…

ˆ¸Éμ·¨Î¥¸±¨ ¶¥·¢Ò³ Ê· ¢´¥´¨¥³, μ¶¨¸Ò¢ ÕÐ¨³ ¢§ ¨³μ¤¥°¸É¢¨¥ ±¢ ´Éμ-
¢μ-³¥Ì ´¨Î¥¸±μ° Î ¸É¨ÍÒ ¸μ ¸¶¨´μ³ 1/2 ¸ ¢´¥Ï´¨³ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ-
²¥³, Ö¢¨²μ¸Ó ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥ Ê· ¢´¥´¨¥ � Ê²¨

p0ϕ(x) =
[
(p− eA(x))2

2m
− eσB

2m
+ eA0(x)

]
ϕ(x). (1)

‚ (1) ¨ ´¨¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í ¸ � = c = 1; x, p, A Å
4-¢¥±Éμ·Ò; ¸± ²Ö·´μ¥ ¶·μ¨§¢¥¤¥´¨¥ ¢§ÖÉμ ¢ ¢¨¤¥ xy = xμyμ = x0y0 − xkyk,

μ = 0, 1, 2, 3, k = 1, 2, 3; pμ = i
∂

∂xμ
; B = rotA; σk Å ³ É·¨ÍÒ � Ê²¨;

ϕ(x) Å ¤¢ÊÌ±μ³¶μ´¥´É´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö.
„ ²¥¥ „¨· ± ¶μ²ÊÎ¨² ¸¢μ¥ §´ ³¥´¨Éμ¥ ·¥²ÖÉ¨¢¨¸É¸±μ¥ Ê· ¢´¥´¨¥, μ¶¨¸Ò-

¢ ÕÐ¥¥ ¤¢¨¦¥´¨¥ Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2. ‚ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Ô²¥±É·μ-
³ £´¨É´Ò³ ¶μ²¥³ Ê· ¢´¥´¨¥ „¨· ±  ¨³¥¥É ¢¨¤

p0ΨD(x) = [α(p − eA(x)) + βm + eA0(x)] ΨD(x), (2)

ΨD(x) Å Î¥ÉÒ·¥Ì±μ³¶μ´¥´É´ Ö ¢μ²´μ¢ Ö ËÊ´±Í¨Ö; αi =
(

0 σi

σi 0

)
, β =(

I 0
0 − I

)
Å ³ É·¨ÍÒ „¨· ± . “· ¢´¥´¨¥ „¨· ± , ¢ μÉ²¨Î¨¥ μÉ Ê· ¢´¥-

´¨Ö (1), ²¨´¥°´μ ¶μ ±μ³¶μ´¥´É ³ ¨³¶Ê²Ó¸  pμ ¨ ²¥£±μ § ¶¨¸Ò¢ ¥É¸Ö ¢ Ö¢´μ
±μ¢ ·¨ ´É´μ³ ¢¨¤¥. “· ¢´¥´¨¥ � Ê²¨ Ö¢²Ö¥É¸Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨³ ¶·¥¤¥²μ³
Ê· ¢´¥´¨Ö „¨· ±  ¤²Ö ¢¥·Ì´¨Ì ±μ³¶μ´¥´É ¢μ²´μ¢μ° ËÊ´±Í¨¨ ΨD(x).

‚ ¶·¨´Í¨¶¥ ·¥²ÖÉ¨¢¨¸É¸±μ¥ μ¡μ¡Ð¥´¨¥ Ê· ¢´¥´¨Ö � Ê²¨ ³μ¦´μ ¡Ò²μ
¡Ò ¶·μ¨§¢μ¤¨ÉÓ ¤·Ê£¨³ μ¡· §μ³, §  μ¸´μ¢Ê ¢§Ö¢ ·¥²ÖÉ¨¢¨¸É¸±μ¥ ¸μμÉ´μÏ¥´¨¥
³¥¦¤Ê Ô´¥·£¨¥° ¨ ¨³¶Ê²Ó¸μ³ Î ¸É¨ÍÒ ¢ μÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¨Ì ¶μ²¥°. �Éμ Ë ±-
É¨Î¥¸±¨ ¡Ò²μ ¸¤¥² ´μ ”μ²¤¨ ¨ ‚ ÊÉÌ °§¥´μ³ ¢ ¨Ì ±² ¸¸¨Î¥¸±μ° · ¡μÉ¥ [1].
“· ¢´¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¤²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ¨³¥¥É ¢¨¤

p0ΨFW(x) = (H0)FWΨFW(x) = βEΨFW(x). (3)

‚ (3) μ¶¥· Éμ· E =
√

p2 + m2.
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�¥Ï¥´¨Ö³¨ Ê· ¢´¥´¨Ö (3) Ö¢²ÖÕÉ¸Ö ¶²μ¸±¨¥ ¢μ²´Ò ¸ ¶μ²μ¦¨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, p0 ≡ E = (p2 + m2)1/2.

(4)

‚ (4) Us =
(

xs

0

)
, Vs =

(
0
xs

)
, xs Å ¤¢ÊÌ±μ³¶μ´¥´É´Ò¥ ´μ·³¨·μ¢ ´´Ò¥

¸¶¨´μ¢Ò¥ ËÊ´±Í¨¨ � Ê²¨. „²Ö Us ¨ Vs ¸¶· ¢¥¤²¨¢Ò ¸²¥¤ÊÕÐ¨¥ ¸μμÉ´μÏ¥´¨Ö
μ·Éμ´μ·³¨·μ¢ ´´μ¸É¨ ¨ ¶μ²´μÉÒ:

U †
sUs′ = V †

s Vs′ = δss′ ; U †
s Vs′ = V †

s Us′ = 0,∑
s

(Us)γ(U †
s )δ =

1
2
(I + β)γδ;

∑
s

(Vs)γ(V †
s )δ =

1
2
(I − β)γδ.

(5)

‚ ¢Ò· ¦¥´¨ÖÌ (4), (5) γ, δ μÉ´μ¸ÖÉ¸Ö ± ¸¶¨´μ·´Ò³ ¨´¤¥±¸ ³, s Å ± ¸¶¨´μ-
¢Ò³ ¨´¤¥±¸ ³. „ ²¥¥ ¶·¨ ¸Ê³³¨·μ¢ ´¨¨ ¶μ ¸¶¨´μ·´Ò³ ¨´¤¥±¸ ³ §´ ± ¸Ê³³Ò
¨ ¸ ³¨ ¨´¤¥±¸Ò ´¥ Ê± §Ò¢ ÕÉ¸Ö.

ƒ ³¨²ÓÉμ´¨ ´ (H0)FW ¸¢Ö§ ´ ¸μ ¸¢μ¡μ¤´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ „¨· ± 
(H0)D Ê´¨É ·´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³. ‚ Ê· ¢´¥´¨¨ (3) ¢¨¤´  Ö¢´ Ö ´¥¸¨³³¥-
É·¨Ö ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μμ·¤¨´ É ¨ ¢·¥³¥´¨, ÌμÉÖ ¸ ³μ ¶μ ¸¥¡¥ μ´μ ²μ·¥´Í-
¨´¢ ·¨ ´É´μ.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¶·μ¨§¢μ²Ó´Ò³ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ-
²¥³ Aμ(x) ÉμÎ´μ£μ Ê´¨É ·´μ£μ ¶¥·¥μ¡· §μ¢ ´¨Ö, ¶¥·¥¢μ¤ÖÐ¥£μ Ê· ¢´¥´¨¥ „¨-
· ±  (2) ¢ ¶·¥¤¸É ¢²¥´¨¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  (FW), ´¥ ¸ÊÐ¥¸É¢Ê¥É. ”μ²¤¨ ¨
‚ ÊÉÌ °§¥´μ³ £ ³¨²ÓÉμ´¨ ´ HFW ¢ ÔÉμ³ ¸²ÊÎ ¥ ¡Ò² ´ °¤¥´ ¢ ¢¨¤¥ ·Ö¤  ¶μ
¸É¥¶¥´Ö³ 1/m [1].


²μÊ´Éμ³ [2] £ ³¨²ÓÉμ´¨ ´ HFW ´ °¤¥´ ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ ¶μ²¥°
¨ ¨Ì ¶·μ¨§¢μ¤´ÒÌ ¶μ ¢·¥³¥´¨ ¨ ¶·μ¸É· ´¸É¢Ê. Š¥°¸ [3] ¶μ²ÊÎ¨² ÉμÎ´μ¥ ¶·¥-
μ¡· §μ¢ ´¨¥ ¶·¨ ´ ²¨Î¨¨ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö B = rotA, ´¥ § ¢¨¸Ö-
Ð¥£μ μÉ ¢·¥³¥´¨. “· ¢´¥´¨¥ „¨· ±  ¢ ÔÉμ³ ¸²ÊÎ ¥ ¶·¥μ¡· §Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥

p0ΨFW(x) = HFWΨFW(x) = β
√

(p− eA)2 − eσB + m2ΨFW(x). (6)

‚ · ¡μÉ¥ [4] ¢ μ¡Ð¥³ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¢´¥Ï´¨³ Ô²¥±É·μ³ £´¨É-
´μ³ ¶μ²¥³  ¢Éμ·μ³ ¶μ²ÊÎ¥´ ·¥²ÖÉ¨¢¨¸É¸±¨° £ ³¨²ÓÉμ´¨ ´ HFW ¢ ¢¨¤¥ ·Ö¤ 
¶μ ¸É¥¶¥´Ö³ § ·Ö¤  e.

‚μ ¢¸¥Ì · ¸¸³μÉ·¥´´ÒÌ ¸²ÊÎ ÖÌ ¢ FW-¶·¥¤¸É ¢²¥´¨¨ Ê· ¢´¥´¨Ö ¤²Ö ¢μ²-
´μ¢ÒÌ ËÊ´±Í¨° ¨³¥ÕÉ ´¥±μ¢ ·¨ ´É´Ò° ¢¨¤,   ¨Ì £ ³¨²ÓÉμ´¨ ´Ò ´¥²μ± ²Ó´Ò
¨ ¤¨ £μ´ ²Ó´Ò μÉ´μ¸¨É¥²Ó´μ ¸μ¸ÉμÖ´¨° ¸ ¢¥·Ì´¨³¨ ¨ ´¨¦´¨³¨ ±μ³¶μ´¥´É ³¨
¢μ²´μ¢ÒÌ ËÊ´±Í¨°.
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‘ ¶μ²ÊÎ¥´¨¥³ ¢ [4] ·¥²ÖÉ¨¢¨¸É¸±μ£μ £ ³¨²ÓÉμ´¨ ´  HFW ¶μÖ¢¨² ¸Ó ¢μ§-
³μ¦´μ¸ÉÓ · ¸¸³μÉ·¥´¨Ö ¢ · ³± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ±¢ ´Éμ¢μ-¶μ²¥¢ÒÌ ¶·μ-
Í¥¸¸μ¢ ¢ FW-¶·¥¤¸É ¢²¥´¨¨. �μÎ¥³Ê ÔÉμ ¨´É¥·¥¸´μ, ´¥¸³μÉ·Ö ´  ´¥±μ¢ ·¨ ´É-
´μ¸ÉÓ Ê· ¢´¥´¨Ö „¨· ±  ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ , ´¥²μ± ²Ó´μ¸ÉÓ
¨ μÉ´μ¸¨É¥²Ó´ÊÕ ¸²μ¦´μ¸ÉÓ ¢Ò· ¦¥´¨° ¤²Ö £ ³¨²ÓÉμ´¨ ´ ?

‚μ-¶¥·¢ÒÌ, ¢ FW-¶·¥¤¸É ¢²¥´¨¨ · §·¥Ï ¥É¸Ö ·Ö¤ ¶ · ¤μ±¸μ¢, Ì · ±É¥·-
´ÒÌ ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö „¨· ± . ‚ FW-¶·¥¤¸É ¢²¥´¨¨ ¢ ¸¢μ¡μ¤´μ³ ¸²ÊÎ ¥ μ¶¥-
· Éμ· ¸±μ·μ¸É¨ ¨³¥¥É ¶·¨¢ÒÎ´Ò°, ¸Ìμ¤´Ò° ¸ ±² ¸¸¨Î¥¸±¨³ ¢¨¤ v = p/E
(¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ±  v = α), μÉ¸ÊÉ¸É¢Ê¥É ®¤·μ¦ ´¨¥¯ Ô²¥±É·μ´  (Zitter-
bewegung), μ¶¥· Éμ· ¸¶¨´  ¸μÌ· ´Ö¥É¸Ö ¢μ ¢·¥³¥´¨ [1].

‚μ-¢Éμ·ÒÌ, ¨§-§  Éμ£μ, ÎÉμ £ ³¨²ÓÉμ´¨ ´ HFW ¤¨ £μ´ ²¥´ μÉ´μ¸¨É¥²Ó´μ
´ Î ²Ó´ÒÌ (±μ´¥Î´ÒÌ) ¸μ¸ÉμÖ´¨° ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° ¨ ±μ´¥Î´ÒÌ (´ -
Î ²Ó´ÒÌ) ¸μ¸ÉμÖ´¨° ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥°, ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¡Ê¤ÊÉ
μÉ¸ÊÉ¸É¢μ¢ ÉÓ ¶·μÍ¥¸¸Ò ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ ¶ · Î ¸É¨Í Ä ´É¨Î ¸É¨Í .
„²Ö ÊÎ¥É  ÔÉ¨Ì ¶·μÍ¥¸¸μ¢ ´¥μ¡Ìμ¤¨³μ ¢¢¥¤¥´¨¥ ¢ £ ³¨²ÓÉμ´¨ ´ HFW ¤μ¶μ²-
´¨É¥²Ó´ÒÌ Î²¥´μ¢.

‚ ¸¢Ö§¨ ¸ ÔÉ¨³ · ¸¸³μÉ·¥´¨¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¢ FW-¶·¥¤¸É ¢²¥´¨¨
³μ¦¥É ¶·¨¢¥¸É¨ ± ´μ¢Ò³ Ë¨§¨Î¥¸±¨³ ¸²¥¤¸É¢¨Ö³ ¨ ¶¥·¥¨´É¥·¶·¥É Í¨¨ ¶·¨-
¢ÒÎ´ÒÌ É¥·³¨´μ¢ ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± .

‚ ¤ ´´μ³ μ¡§μ·¥ ¶μ¤¢μ¤¨É¸Ö ¨Éμ£ ·Ö¤a ¨¸¸²¥¤μ¢ ´¨°, ¸¢Ö§ ´´ÒÌ ¸ ¶·¨-
³¥´¥´¨¥³ FW-¶·¥¤¸É ¢²¥´¨Ö ± μ¶¨¸ ´¨Õ Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°,
  É ±¦¥ ± ²¨¡·μ¢μÎ´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢ · ³± Ì CÉ ´¤ ·É´μ° ³μ¤¥²¨. ‚
· §¤. 1 μ¶¨¸ ´  ¶·μÍ¥¤Ê·  ¶μ²ÊÎ¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±μ£μ £ ³¨²ÓÉμ´¨ ´  ¢
FW-¶·¥¤¸É ¢²¥´¨¨ ¢ ¢¨¤¥ ·Ö¤  ¶μ ¸É¥¶¥´Ö³ § ·Ö¤  e.

P §¤¥² 2 ¶μ¸¢ÖÐ¥´ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ (Š�„) ¢ ¶·¥¤¸É ¢²¥´¨¨
”μ²¤¨Ä‚ ÊÉÌ °§¥´ . ‡¤¥¸Ó μ¶·¥¤¥²ÖÕÉ¸Ö ¶· ¢¨²  ”¥°´³ ´  ¢ FW-¶·¥¤¸É ¢-
²¥´¨¨, μ¡¸Ê¦¤ ÕÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ±μ´±·¥É´ÒÌ ¶·μÍ¥¸¸μ¢ Š�„. „²Ö
¸²ÊÎ Ö, ±μ£¤  ¢´¥Ï´¨¥ Ë¥·³¨μ´´Ò¥ ²¨´¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ·¥ ²Ó´Ò³ Î ¸É¨Í ³
( ´É¨Î ¸É¨Í ³), ¶μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ¶¥·¥· §²μ¦¥´¨Ö ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö
¶μ ¸É¥¶¥´Ö³ e, ¶·¨ ±μÉμ·μ³ Ô²¥³¥´ÉÒ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö Sfi ´¥ ¸μ¤¥·¦ É
Î²¥´μ¢ ¸ Ô²¥±É·μ´-¶μ§¨É·μ´´Ò³¨ ¶·μ¶ £ Éμ· ³¨.

”μ·³Ê²Ò ¤²Ö ¢¥·Ï¨´´ÒÌ μ¶¥· Éμ·μ¢ ¶μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ μ± §Ò¢ ÕÉ¸Ö
¡²¨§±¨³¨ ± Ëμ·³Ê² ³ ®¸É ·μ°¯ ´¥±μ¢ ·¨ ´É´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, · §¢¨-
Éμ° ƒ °É²¥·μ³ [5].

‚ · §¤. 3 ¶·¥¤²μ¦¥´  ³μ¤¨Ë¨± Í¨Ö FW-¶·¥¤¸É ¢²¥´¨Ö ¤²Ö ÊÎ¥É  ¢§ ¨-
³μ¤¥°¸É¢¨Ö ¢ É¥μ·¨¨ ·¥ ²Ó´ÒÌ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ ·. „²Ö ³μ¤¨Ë¨± -
Í¨¨ ¨¸¶μ²Ó§Ê¥É¸Ö Ëμ·³ ²¨§³ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´ . ‚ ³μ¤¨Ë¨Í¨·μ¢ ´´μ°
± ·É¨´¥, ´ ·Ö¤Ê ¸ ¶· ¢¨²Ó´Ò³ ÊÎ¥Éμ³ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ
Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ ·, μ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨ Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ
¶·μÍ¥¸¸μ¢ Š�„, Ê¦¥ · ¸¸³μÉ·¥´´ÒÌ ¢μ ¢Éμ·μ³ · §¤¥²¥ · ¡μÉÒ.

”¥·³¨μ´Ò ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ FW-¶·¥¤¸É ¢²¥´¨¨ ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¢
¤¢ÊÌ ¸μ¸ÉμÖ´¨ÖÌ, Ì · ±É¥·¨§Ê¥³ÒÌ §´ ±μ³ ¸μ¡¸É¢¥´´μ£μ §´ Î¥´¨Ö É·¥ÉÓ¥°
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±μ³¶μ´¥´ÉÒ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  (T 3
f ). �¥ ²Ó´Ò¥ Ë¥·³¨μ´Ò (p2

f = m2
f )

¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f ³μ£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³; ·¥ ²Ó-

´Ò¥  ´É¨Ë¥·³¨μ´Ò ¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f É ±¦¥ ³μ£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ-

¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³; ´μ ·¥ ²Ó´Ò¥ Ë¥·³¨μ´Ò ¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f ³μ£ÊÉ

¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ²¨ÏÓ ¸ ·¥ ²Ó´Ò³¨  ´É¨Ë¥·³¨μ´ ³¨ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³
§´ ±μ³ T 3

f , ¨ ´ μ¡μ·μÉ.
‚ · §¤. 3 É ±¦¥ ¶μ± § ´μ, ÎÉμ ¶·¥¤²μ¦¥´´ Ö Ëμ·³  Š�„ ¢ ³μ¤¨Ë¨Í¨-

·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ P -,
C-, T -¶·¥μ¡· §μ¢ ´¨°.

‚ · §¤. 4 · ¸¸³ É·¨¢ ¥É¸Ö ¸É ´¤ ·É´ Ö ³μ¤¥²Ó ¢ FW-¶·¥¤¸É ¢²¥´¨¨. ”μ·-
³Ê²¨·μ¢±  É¥μ·¨¨ ¢ FWÄ¶·¥¤¸É ¢²¥´¨¨ ´¥ É·¥¡Ê¥É ¤²Ö SU(2)-¨´¢ ·¨ ´É´μ¸É¨
μ¡Ö§ É¥²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ •¨££¸  ¸ Ë¥·³¨μ´ ³¨. �·¨ É ±μ³ ¶μ¤-
Ìμ¤¥ ¸¥±Éμ· ¡μ§μ´μ¢ •¨££¸  ¸ÊÐ¥¸É¢¥´´μ ¸Ê¦ ¥É¸Ö: ¡μ§μ´Ò •¨££¸  μÉ¢¥É-
¸É¢¥´´Ò ²¨ÏÓ §  ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ É¥μ·¨¨ ¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ
²¨ÏÓ ¸ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨.

1. ��‹“—…�ˆ… �…‹Ÿ’ˆ‚ˆ‘’‘Š�ƒ� ƒ�Œˆ‹œ’��ˆ���
‚ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…��

1.1. �¶·¥¤¥²¥´¨¥ Ê´¨É ·´μ° ³ É·¨ÍÒ ¶·¥μ¡· §μ¢ ´¨Ö UFW. �μ¸±μ²Ó±Ê
ψD = (UFW)† ψFW, Éμ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ § ¢¨¸ÖÐ¥£μ μÉ ¢·¥³¥´¨ Ô²¥±É·μ³ £-
´¨É´μ£μ ¶μ²Ö Aμ (x, t) ¨¸±μ³Ò° £ ³¨²ÓÉμ´¨ ´ · ¢¥´ [1]

HFW = UFWHD (UFW)† − iUFW
∂

∂t
(UFW)† ;

HD = αp + βm + eαμAμ; eαμAμ = e (Ao − αA) .

(7)


Ê¤¥³ ¨¸± ÉÓ UFW ¢ ¢¨¤¥ · §²μ¦¥´¨Ö ¶μ ¸É¥¶¥´Ö³ § ·Ö¤  e:

UFW = (1 + δ1 + δ2 + . . .)U0, (8)

δ1 ∼ e; δ2 ∼ e2; U0 =

√
E + m

2E

(
1 +

βαp
E + m

)
Å ³ É·¨Ía FW-¶·¥μ¡· §μ¢ ´¨Ö

¶·¨ Aμ (x, t) = 0.
ˆ§ Ê¸²μ¢¨Ö Ê´¨É ·´μ¸É¨ ¶·¥μ¡· §μ¢ ´¨Ö UFW, ¶·¨· ¢´¨¢ Ö Î²¥´Ò ¸ μ¤¨-

´ ±μ¢Ò³¨ ¸É¥¶¥´Ö³¨ § ·Ö¤  e ¨ ÊÎ¨ÉÒ¢ Ö, ÎÉμ U †
0U0 = 1, ¶μ²ÊÎ ¥³

(UFW)† UFW = U †
0

(
1 + δ†1 + δ†2 + . . .

)
(1 + δ1 + δ2 + . . .)U0 = 1; (9)

δ†1 = −δ1;

δ†2 = −δ2 + δ1δ1;
. . . . . . . . . . . . . . . .

(10)
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�Î¥¢¨¤´μ, ÎÉμ ¨§ (9) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê ²Õ¡Ò³¨ δi ¨ δ†i . „ ²Ó-
´¥°Ï¨¥ ¸¢¥¤¥´¨Ö μ ¸É·Ê±ÉÊ·¥ μ¶¥· Éμ·μ¢ δi ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ ¸²¥¤ÊÕÐ¨Ì
¸μμ¡· ¦¥´¨°. �Ê¸ÉÓ ψD = U †

1ψ1, £¤¥

U †
1 =

(
1 + (p0 − eA0 − βm)−1

α (p− eA)
)

; p0 = i
∂

∂t
. (11)

”Ê´±Í¨Ö ψ1 Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ[
p0 − eA0 − βm − σ (p− eA) (p0 − eA0 + βm)−1

σ (p − eA)
]
ψ1 = 0. (12)

‚ (12), ± ± ¨ ¢ ¸²ÊÎ ¥ Ê· ¢´¥´¨° (3), (6), ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ ±μ³¶μ-
´¥´ÉÒ ËÊ´±Í¨¨ ψ1 ´¥ ¸¢Ö§ ´Ò ¤·Ê£ ¸ ¤·Ê£μ³. “· ¢´¥´¨¥ (12) ¸ β = +1 ¤²Ö
¢¥·Ì´¨Ì ±μ³¶μ´¥´É ¨ β = −1 ¤²Ö ´¨¦´¨Ì ±μ³¶μ´¥´É ψ1 ³μ¦´μ ´¥¶μ¸·¥¤-
¸É¢¥´´μ ¶μ²ÊÎ¨ÉÓ ¨§ Ê· ¢´¥´¨Ö „¨· ±  ¨¸±²ÕÎ¥´¨¥³ ¸μμÉ¢¥É¸É¢¥´´μ ´¨¦´¨Ì
¨²¨ ¢¥·Ì´¨Ì ±μ³¶μ´¥´É. �¶¥· Éμ· U+

1 ´¥Ê´¨É ·¥´, ¶μÔÉμ³Ê ¤²Ö ¸μÌ· ´¥´¨Ö
´μ·³¨·μ¢±¨ ËÊ´±Í¨Õ ψ1 ´¥μ¡Ìμ¤¨³μ ¶μ¤¢¥·£´ÊÉÓ ¤ ²Ó´¥°Ï¥³Ê ¶·¥μ¡· §μ¢ -
´¨Õ ψ1 = U+

2 ψFW, ¶·¨Î¥³ U+
2 = U2. ’ ±¨³ μ¡· §μ³, UFW = U2U1. „²Ö

¸²ÊÎ Ö Aμ = 0 U2U1 =

√
E + m

2E

(
1 +

βαp
E + m

)
≡ U0.

Š ± ¢ ¸²ÊÎ ¥ [1], ¢¢¥¤¥³ ¶μ´ÖÉ¨¥ Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ μ¶¥· Éμ·μ¢, ¸μμÉ-
¢¥É¸É¢¥´´μ ¸¢Ö§Ò¢ ÕÐ¨Ì ¨ ´¥ ¸¢Ö§Ò¢ ÕÐ¨Ì ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ ±μ³¶μ´¥´ÉÒ
¢μ²´μ¢μ° ËÊ´±Í¨¨. 
Ê¤¥³ μ¡μ§´ Î ÉÓ ¨Ì ¡Ê±¢ ³¨ e (even) ¨ o (odd). ˆ§
¸É·Ê±ÉÊ·Ò μ¶¥· Éμ·  (11) ¢¨¤´μ, ÎÉμ ¶·¨ ¢±²ÕÎ¥´¨¨ ¶μ²Ö Aμ ¤μ¶μ²´¨É¥²Ó´Ò¥
Î²¥´Ò ¶μÖ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ´¥Î¥É´ÒÌ μ¶¥· Éμ·μ¢. � μ¡μ·μÉ, ¢ ´μ·³¨·μ¢μÎ´μ°
³ É·¨Í¥ U2 ¤μ¶μ²´¨É¥²Ó´Ò¥ Î²¥´Ò ¶μÖ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ Î¥É´ÒÌ μ¶¥· Éμ·μ¢.
�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¸É·Ê±ÉÊ·  ¶·¥μ¡· §μ¢ ´¨Ö UFW ¤μ²¦´  ¨³¥ÉÓ ¸²¥¤Ê-
ÕÐ¨° ¢¨¤:

UFW =

(√
E + m

2E
+ Ae

1 + Ae
2 + . . .

)(
1 +

βαp
E + m

+ Bo
1 + Bo

2 + . . .

)
=

= (1 + δe
1 + δo

1 + δe
2 + δo

2 + . . .)U0;

δo
1 = RBo

1R; δe
1 = Ae

1

1
R

+ δo
1L

†;

δo
2 = Ae

1

1
R

δo
1 + RBo

2R; δe
2 = Ae

2

1
R

+ δo
2L

†.

(13)

‚ Ëμ·³Ê²¥ (13)

R =

√
E + m

2E
; L =

βαp
E + m

; Ae
1, Bo

1 ∼ e, Ae
2, B

o
2 ∼ e2.
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ˆ¸¶μ²Ó§ÊÖ Ô·³¨Éμ¢μ¸ÉÓ μ¶¥· Éμ·  Ae
i ¨ ¸¢Ö§¨ (10), ³μ¦´μ ¢Ò· §¨ÉÓ Î¥É-

´Ò¥ μ¶¥· Éμ·Ò δe
i ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

δe
1R + Rδe

1 = RLδo
1 − δo

1LR;

δe
2R + Rδe

2 = RLδo
2 − δo

2LR − RL (δ1δ1)
o + R (δ1δ1)

e ;
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(14)

‚ (14) (δ1δ1)
o = δe

1δ
o
1 + δo

1δ
e
1; (δ1δ1)

e = δe
1δ

e
1 + δo

1δ
o
1 .

�¥Î¥É´Ò¥ μ¶¥· Éμ·Ò δo
i μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²μ¢¨Ö · ¢¥´¸É¢  ´Ê²Õ ´¥Î¥É-

´ÒÌ Î²¥´μ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¶μ·Ö¤±  ³ ²μ¸É¨ ¶μ ¸É¥¶¥´¨ § ·Ö¤  e ¢ ¶·¥-
μ¡· §μ¢ ´´μ³ £ ³¨²ÓÉμ´¨ ´¥. �μ¤¸É ¢²ÖÖ (8) ¢ (7), ¶μ²ÊÎ ¥³

HFW = βE +
(

δ1βE − βEδ1 + i
∂δ1

∂t
+ U0eαμAμU †

0

)
+

+
(

δ2βE − βEδ2 + βEδ1δ1 − δ1βEδ1 + δ1U0eαμAμU †
0−

− U0eαμAμU †
0δ1 + i

∂δ2

∂t
− i

∂δ1

∂t
δ1

)
+ . . . (15)

‚ (15) ¨¸¶μ²Ó§μ¢ ´μ · ¢¥´¸É¢μ U0 (αp + βm) U †
0 = βE. —²¥´Ò ¢ ¶¥·¢μ°

¸±μ¡±¥ ∼ e, Î²¥´Ò ¢μ ¢Éμ·μ° ¸±μ¡±¥ ∼ e2.

�¡μ§´ Î Ö
(
U0eαμAμU †

0

)e

= C;
(
U0eαμAμU †

0

)o

= N , ¶·¨· ¢´Ö¥³ ´Ê²Õ

´¥Î¥É´Ò¥ Î²¥´Ò ¸μμÉ¢¥É¸É¢¥´´μ ¢ ¶¥·¢μ° ¨ ¢μ ¢Éμ·μ° ¸±μ¡± Ì ¢Ò· ¦¥´¨Ö (15):

δo
1βE − βEδo

1 + i
∂δo

1

∂t
+ N = 0;

δo
2βE − βEδo

2 + βE (δ1δ1)
o − (δ1βEδ1)o + δo

1C − Cδo
1+

+δe
1N − Nδe

1 + i
∂δo

2

∂t
− i

∂δo
1

∂t
δe
1 − i

∂δe
1

∂t
δo
1 = 0;

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

(16)

�¶¥· Éμ·´Ò¥ ¸μμÉ´μÏ¥´¨Ö (8), (10), (14), (16) ¶μ²´μ¸ÉÓÕ μ¶·¥¤¥²ÖÕÉ
Ê´¨É ·´ÊÕ ³ É·¨ÍÊ ¶·¥μ¡· §μ¢ ´¨Ö UFW. ƒ ³¨²ÓÉμ´¨ ´ (15) ³μ¦´μ ¶μ²Ê-
Î¨ÉÓ ¸ ²Õ¡μ° ÉμÎ´μ¸ÉÓÕ ¶μ ¸É¥¶¥´Ö³ § ·Ö¤  e. �¤´ ±μ ¶μ²ÊÎ¥´¨¥ ± ¦¤μ£μ
¶μ¸²¥¤ÊÕÐ¥£μ Î²¥´  ·Ö¤  μ¸²μ¦´Ö¥É¸Ö Ê¢¥²¨Î¥´¨¥³ £·μ³μ§¤±μ¸É¨ ¢Ò· ¦¥-
´¨°. ‚ ¤ ´´μ° · ¡μÉ¥ ¤²Ö ¸²ÊÎ Ö ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¨¸¶μ²Ó§Ê¥É¸Ö
£ ³¨²ÓÉμ´¨ ´ HFW, ¶μ²ÊÎ¥´´Ò° ¸ ÉμÎ´μ¸ÉÓÕ ¤μ É·¥ÉÓ¥£μ ¶μ·Ö¤±  ³ ²μ¸É¨ ¶μ
§ ·Ö¤Ê e

(
HFW = βE + K1 + K2 + K3; K1 ∼ e; K2 ∼ e2; K3 ∼ e3

)
. �¨¦¥

¤²Ö ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥´  ¶·μÍ¥¤Ê·  μ¶·¥¤¥²¥´¨Ö Ö¢´μ£μ ¢¨¤  Î²¥´μ¢ £ -
³¨²ÓÉμ´¨ ´  HFW ∼ e ¨ e2.
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1.2. �¶·¥¤¥²¥´¨¥ Î²¥´μ¢ £ ³¨²ÓÉμ´¨ ´ , ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ § ·Ö¤Ê e.
‘μ£² ¸´μ (14)Ä(16) ¨³¥¥³

K1 = δe
1βE − βEδe

1 + i
∂δe

1

∂t
+ C; (17)

δe
1R + Rδe

1 = RLδo
1 − δo

1LR; (18)

δo
1βE − βEδo

1 + i
∂δo

1

∂t
+ N = 0. (19)

Ÿ¢´Ò¥ ¢Ò· ¦¥´¨Ö C ¨ N :

C = eR

(
A0 +

αp
E + m

A0
αp

E + m

)
R − eβR

(
αp

E + m
αA + αA

αp
E + m

)
R,

(20)

N = eβR

(
αp

E + m
A0 − A0

αp
E + m

)
R − eR

(
αA − αp

E + m
αA

αp
E + m

)
R.

(21)
�¶¥· Éμ·´Ò¥ · ¢¥´¸É¢  (17)Ä(21) μ¶·¥¤¥²ÖÕÉ ¢¥²¨Î¨´Ê K1. „²Ö ¶μ²ÊÎ¥´¨Ö
K1 ¢ ¡μ²¥¥ Ö¢´μ³ ¢¨¤¥ ¶¥·¥°¤¥³ ± ¶·¥¤¸É ¢²¥´¨Õ, ¢ ±μÉμ·μ³ ¤¨ £μ´ ²Ó´Ò
¨³¶Ê²Ó¸´Ò¥ ¶¥·¥³¥´´Ò¥. ‚ ÔÉμ³ ¶·¥¤¸É ¢²¥´¨¨ ³ É·¨Î´Ò° Ô²¥³¥´É

〈p′ ∣∣eikx
∣∣p′′〉 = δ (p′ − p′′ − k) . (22)

� §²μ¦¨³ ¶μ²¥ Aμ (x, t) ¢ ¨´É¥£· ² ”Ê·Ó¥. „²Ö ¸²ÊÎ Ö ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨-
´ ³¨±¨ ¢ μ¡μ§´ Î¥´¨ÖÌ [6] ¨³¥¥³

Aμ (x, t) =
∑

ν=±1

∫
Aμk eiνk0t e−ikxdk, (23)

A
(ν)
μk =

{
Aμk, ν = 1;

Āμ(−k), ν = −1;
k0 = |k| .

‚ ¶·¥¤¸É ¢²¥´¨¨ (22)

〈p′ |Aμ|p′′〉 =
∑

ν=±1

A
(ν)
μ(p′′−p′) eiνk0t; k0 = |p′′ − p′| . (24)

ˆ§ (17)Ä(21), ¨¸¶μ²Ó§ÊÖ (23), (24), ¶μ²ÊÎ ¥³ ¨¸±μ³Ò¥ Î²¥´Ò £ ³¨²ÓÉμ´¨ ´ 

〈p′ |δo
1 |p′′〉 =

∑
ν=±1

1
E′ + E′′ + βνk0

β〈p′ |N |p′′〉, (25)
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〈p′ |K1|p′′〉 =
∑

ν=±1

E′′ − E′ − βνk0

R′ + R′′ ×

×
(
− 1

E′ + E′′ − βνk0
R′L′〈p′ |N |p′′〉 − 1

E′ + E′′ + βνk0
〈p′ |N |p′′〉L′′R′′

)
+

+ 〈p′ |C|p′′〉 = e
∑

ν=±1

exp (iνk0t)

{
R′

R′ + R′′
1

E′ + E′′ + βνk0
×

×
[
− E′ + m + βνk0

E′ + m
βαp′αA(ν)

(p′′−p′) − βαA(ν)
(p′′−p′)αp′′+

+ (E′ + m + βνk0)A
(ν)
0(p′′−p′) +

αp′

E′ + m
A

(ν)
0(p′′−p′)αp′′

]
+

+
R′′

R′ + R′′
1

E′ + E′′ − βνk0

[
−βαp′αA(ν)

(p′′−p′)−

− βαA(ν)
(p′′−p′)αp′′ E

′′ + m − βνk0

E′′ + m
+ A

(ν)
0(p′′−p′)(E

′′ + m − βνk0)+

+ αp′A
(ν)
0(p′′−p′)

αp′′

E′′ + m

]}
. (26)

‚ (25), (26) ¢¥²¨Î¨´Ò ¸ μ¤´¨³ ¨ ¤¢Ê³Ö ÏÉ·¨Ì ³¨ ¸μμÉ¢¥É¸É¢ÊÕÉ §´ Î¥´¨Ö³
ËÊ´±Í¨° ¸ p = p′ ¨ p = p′′ ¸μμÉ¢¥É¸É¢¥´´μ; μ¶¥· Éμ·Ò R ¨ L μ¶·¥¤¥²¥´Ò
Ëμ·³Ê² ³¨ (13).

1.3. �¶·¥¤¥²¥´¨¥ Î²¥´μ¢ £ ³¨²ÓÉμ´¨ ´ , ¶·μ¶μ·Í¨μ´ ²Ó´ÒÌ ±¢ ¤· ÉÊ
§ ·Ö¤  e. ‚ ¢Ò· ¦¥´¨ÖÌ (15), (16) Î²¥´Ò, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ e2, ³μ¦´μ
¶·¥μ¡· §μ¢ ÉÓ ± ¢¨¤Ê

K2 = δe
2βE − βEδe

2 + i
∂δe

2

∂t
− K1δ

e
1 + δe

1C + δo
1N, (27)

δo
2βE − βEδo

2 + i
∂δo

2

∂t
− K1δ

o
1 + δo

1C + δe
1N = 0. (28)

�¶¥· Éμ·Ò δe
2, δ

e
1, δ

o
2 , δ

o
1 , K1, C, N μ¶·¥¤¥²ÖÕÉ¸Ö · ¢¥´¸É¢ ³¨ (14), (17)Ä(21).

‘´μ¢  ¢μ¸¶μ²Ó§Ê¥³¸Ö ¶·¥¤¸É ¢²¥´¨¥³, ¢ ±μÉμ·μ³ ¤¨ £μ´ ²Ó´Ò ¨³¶Ê²Ó¸-
´Ò¥ ¶¥·¥³¥´´Ò¥. ’μ£¤  ±¢ ¤· É¨Î´Ò¥ ¢Ò· ¦¥´¨Ö AμAλ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢
¢¨¤¥

〈p′ |AμAλ|p′′〉 =
∫

dp′′′〈p′ |Aμ|p′′′〉〈p′′′ |Aλ|p′′〉 =

=
∑

ν,ν′=±1

∫
dp′′′A

(ν)
μ(p′′′−p′)A

(ν′)
λ(p′′−p′′′) exp [i (νk0 + ν′k′

0) t],

k0 = |p′′′ − p′| ; k′
0 = |p′′ − p′′′| .

(29)
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‘ ÊÎ¥Éμ³ (29) ¶μ²ÊÎ ¥³

〈p′ |δo
2 |p′′〉 =

∑
ν,ν′=±1

1
E′′ + E′ + β (νk0 + ν′k′

0)
×

× β〈p′ |−K1δ
o
1 + δo

1C + δe
1N |p′′〉, (30)

〈p′ |K2|p′′〉 =
∑

ν,ν′=±1

∫
dp′′′

{
βE′′ − βE′ − νk0 − ν′k′

0

R′ + R′′ ×

×
[

1
(βE′+βE′′′−νk0)(βE′′−βE′′′−ν′k′

0)
〈p′ |R(C + ξ)|p′′′〉〈p′′′ |K1|p′′〉+

+
1

(βE′′+βE′′′+ν′k′
0)(βE′′′−βE′−νk0)

〈p′ |K1|p′′′〉〈p′′′ ∣∣(C+ξ†)R
∣∣p′′〉−

− 1
(βE′′+βE′−νk0−ν′k′

0)(βE′′+βE′′′−ν′k′
0)
〈p′ |R(N+ϕ)|p′′′〉〈p′′′ |N |p′′〉+

+
1

(βE′′+βE′+νk0+ν′k′
0)(βE′′′+βE′+νk0)

〈p′ |N |p′′′〉〈p′′′ ∣∣(N+ϕ†)R
∣∣p′′〉−

− 1
(βE′′+βE′−νk0−ν′k′

0)(βE′′−βE′′′−ν′k′
0)
〈p′ |R(C+ξ)|p′′′〉〈p′′′ |C|p′′〉−

− 1
(βE′′+βE′+νk0+ν′k′

0)(βE′′′−βE′−νk0)
〈p′ |C|p′′′〉〈p′′′ ∣∣(C+ξ†)R

∣∣p′′〉
]
+

+
1

R′+R′′

[
− βE′′−βE′−νk0−ν′k′

0

(βE′′′−βE′−νk0) (βE′′−βE′′′−ν′k′
0)
〈p′ |RC|p′′′〉〈p′′′ |K1|p′′〉+

+
βE′′ − βE′ − νk0 − ν′k′

0

(βE′′′ − βE′ − νk0) (βE′′ − βE′′′ − ν′k′
0)
〈p′ |K1|p′′′〉〈p′′′ |CR|p′′〉+

+
1

βE′′′ − βE′ − νk0
〈p′ |RK1|p′′′〉〈p′′′ |K1|p′′〉−

− 1
βE′′ − βE′′′ − ν′k′

0

〈p′ |K1|p′′′〉〈p′′′ |K1R|p′′〉+

+
1

βE′′ − βE′′′ − ν′k′
0

〈p′ |RC|p′′′〉〈p′′′ |C|p′′〉−

− 1
βE′′′ − βE′ − νk0

〈p′ |C|p′′′〉〈p′′′ |CR|p′′〉+

+
1

βE′′ + βE′′′ − ν′k′
0

〈p′ |RN |p′′′〉〈p′′′ |N |p′′〉+

+
1

βE′′′ + βE′ + νk0
〈p′ |N |p′′′〉〈p′′′ |NR|p′′〉

]}
. (31)
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‚ ¢Ò· ¦¥´¨¨ (31) ξ = − 1
R

(
A0 + αA

βαp
E + m

)
R,

ϕ =
1
R

(
A0

βαp
E + m

+ αA
)

R,

ξ†, ϕ† Å μ¶¥· Éμ·Ò, Ô·³¨Éμ¢μ-¸μ¶·Ö¦¥´´Ò¥ ξ, ϕ.
1.4. �·¥¤¥²Ó´Ò¥ ¸²ÊÎ ¨. � §²μ¦¥´¨¥ £ ³¨²ÓÉμ´¨ ´  HFW ¸ ÉμÎ´μ-

¸ÉÓÕ 1/ ∼ m3 ¨ e2 ¢ ¸²ÊÎ ¥ ¸É É¨Î¥¸±¨Ì ¢´¥Ï´¨Ì ¶μ²¥° Aμ (x). ‚
¸²ÊÎ ¥ ¸É É¨Î¥¸±¨Ì ¢´¥Ï´¨Ì ¶μ²¥° Ëμ·³Ê²  (23) ¶¥·¥Ìμ¤¨É ¢ ¢Ò· ¦¥´¨¥
Aμ (x) =

∫
Aμx e−ikxdk; ¢ Ëμ·³Ê² Ì (26), (31) ¨¸Î¥§ ¥É ¸Ê³³¨·μ¢ ´¨¥ ¶μ ν,

ν′ ¨ k0, k
′
0 = 0.

� §² £ Ö (15), (26), (31) ¶μ ¸É¥¶¥´Ö³ 1/m ¢¶²μÉÓ ¤μ Î²¥´μ¢ ∼ 1/m3

¢±²ÕÎ¨É¥²Ó´μ, ¶μ²ÊÎ ¥³

HFW = βm +
β

2m
p2 − β

8m3
p4 + e

[
− β

2m
(αAαp + αpαA)+

+
β

8m3

(
p2 (αAαp + αpαA) + (αAαp + αpαA)p2

)
+

+ A0 +
1

8m2

(
2αpA0αp − p2A0 − A0p2 + iαpαȦ − iαȦαp

)
+

+
β

16m3

(
p2iȦ0 − iȦ0p2 + αpαÄ + αÄαp

)]
+

e2

[
β

2m
A2− β

8m3

(
A2p2 + p2A2 + (αpαA + αAαp)2

)
+

+
1

8m2
(αAαp − αpαA)A0 − A0 (αAαp− αpαA)−

− β

16m3

(
i (αAαp + αpαA) Ȧ0 − iȦ0 (αAαp + αpαA) + 2AÄ

)]
. (32)

‚ (32) ÉμÎ±¨ ´ ¤ Aμ μ§´ Î ÕÉ ¤¨ËË¥·¥´Í¨·μ¢ ´¨¥ ¶μ ¢·¥³¥´¨.
ƒ ³¨²ÓÉμ´¨ ´ (32) ¢¶²μÉÓ ¤μ Î²¥´μ¢ ∼ 1/m2 ¢±²ÕÎ¨É¥²Ó´μ ¸μ¢¶ ¤ ¥É

¸ £ ³¨²ÓÉμ´¨ ´μ³ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ , ¶·¨¢¥¤¥´´Ò³ ¢ [1]. …¸²¨ ¸ ¶μ³μÐÓÕ
¶·μÍ¥¤Ê·Ò, μ¶¨¸ ´´μ° ¢ [1], ¶μ²ÊÎ¨ÉÓ £ ³¨²ÓÉμ´¨ ´ ¢¶²μÉÓ ¤μ Î²¥´μ¢ ∼ 1/m3

¢±²ÕÎ¨É¥²Ó´μ, Éμ ¢ ¢Ò· ¦¥´¨ÖÌ ∼ 1/m3 μ¡´ ·Ê¦¨É¸Ö · §´¨Í  ¸ (32). ‚³¥¸Éμ
¶μ¸²¥¤´¨Ì Î²¥´μ¢ ¢ ±¢ ¤· É´ÒÌ ¸±μ¡± Ì ∼ e ¨ e2 ¢ (32), ±μÉμ·Ò¥ ³μ¦´μ

±μ³¶ ±É´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥ − β

16m3
(απαε̇ + αε̇απ), £¤¥ π = p − eA; ε =

−∇A0 − Ȧ Å Ô²¥±É·¨Î¥¸±μ¥ ¶μ²¥, ¶μÖ¢²Ö¥É¸Ö ¢Ò· ¦¥´¨¥
β

8m3
ε2.
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’ ± Ö · §´¨Í  § ±μ´μ³¥·´  ¨§-§  ¸¶μ¸μ¡μ¢ ¶μ²ÊÎ¥´¨Ö £ ³¨²ÓÉμ´¨ ´  ¢ [1]
¨ ¢ ¤ ´´μ° · ¡μÉ¥. ‚ [1]  ¢Éμ·Ò ¶μÔÉ ¶´μ ¸ ¢μ§· ¸É ´¨¥³ ¸É¥¶¥´¨ 1/m ¨§¡ -
¢²ÖÕÉ¸Ö μÉ ´¥Î¥É´ÒÌ Î²¥´μ¢ ¢ ¶·¥μ¡· §μ¢ ´´μ³ £ ³¨²ÓÉμ´¨ ´¥. ‘ ÉμÎ´μ¸ÉÓÕ
¤μ Î²¥´μ¢ ∼ 1/m3

H ′
FW = eiS3

(
eiS2

(
eiS1

(
HD − i

∂

∂t

)
e−iS1 − i

∂

∂t

)
e−iS2 − i

∂

∂t

)
e−iS3 ;

S1 ∼ 1
m

; S2 ∼ 1
m2

; S3 ∼ 1
m3

.

(33)
‚ ¤ ´´μ° · ¡μÉ¥ ¸μ£² ¸´μ (7), (8)

HFW = exp (. . . + iS3 + iS2 + iS1)
(
HD − i

∂

∂t

)
exp (−iS1−iS2−iS3− . . .) .

(34)
�μ¸±μ²Ó±Ê Si ´¥ ±μ³³ÊÉ¨·ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³, Éμ exp (iS3 + iS2 + iS1) �=
exp (iS3) exp (iS2) exp (iS1), ¨ ¢ μ¡Ð¥³ ¸²ÊÎ ¥ HFW �= H ′

FW. �μ²ÊÎ¥´¨¥
HFW ¢ ¤ ´´μ° · ¡μÉ¥ ¶·¥¤¸É ¢²Ö¥É¸Ö ¡μ²¥¥ ¶μ¸²¥¤μ¢ É¥²Ó´Ò³, Î¥³ ¢ [1].

ƒ ³¨²ÓÉμ´¨ ´ HFW ¶·¨ ´ ²¨Î¨¨ ³ £´¨É´μ£μ ¶μ²Ö, ´¥ § ¢¨¸ÖÐ¥£μ
μÉ ¢·¥³¥´¨ (A0 = 0). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¨§ (15), (26), (31) ¶μ²ÊÎ ¥³

〈p′ |HFW|p′′〉=βE′δ (p′−p′′)−e
β

E′+E′′ (αp′′αAp′′−p′+αAp′′−p′αp′′)+

+ e2β

∫
dp′′′

(
Ap′′′−p′Ap′′−p′′′

E′ + E′′ −

− (αp′αAp′′′−p′ + αAp′′′−p′αp′′′) (αp′′′αAp′′−p′′′ + αAp′′−p′′′αp′′)
(E′ + E′′) (E′ + E′′′) (E′′ + E′′′)

)
;

(35)

Ap′′−p′ =
1

(2π)3

∫
dxA (x) ei(p′′−p′)x ¨ É. ¤.

ƒ ³¨²ÓÉμ´¨ ´ (35) ¸μ¢¶ ¤ ¥É ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³ · §²μ¦¥´¨¥³ £ ³¨²ÓÉμ-
´¨ ´  ¢ Ê· ¢´¥´¨¨ (6) ¢ ¶·¥¤¸É ¢²¥´¨¨ (22). ‚ ÔÉμ³ ¸²ÊÎ ¥ HFW = H ′

FW

¨§-§  ¸¶μ¸μ¡  ¶μ²ÊÎ¥´¨Ö H ′
FW ¢ [3]

(
H ′

FW = eiSHD e−iS
)
.

2. Š‚��’�‚�Ÿ �‹…Š’��„ˆ��ŒˆŠ�
‚ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…�� [7Ä9]

2.1. �· ¢¨²  ”¥°´³ ´  ¢ FW-¶·¥¤¸É ¢²¥´¨¨. “· ¢´¥´¨¥ „¨· ±  ¤²Ö
Ô²¥±É·μ´-¶μ§¨É·μ´´μ£μ ¶μ²Ö ¢ FW -¶·¥¤¸É ¢²¥´¨¨ § ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥

p0ΨFW(x) = HFWΨFW(x) = (βE + K1 + K2 + K3 + . . .)ΨFW(x);

K1 ∼ e, K2 ∼ e2, K3 ∼ e3.
(36)
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‚ (36) μ¶¥· Éμ·Ò K1, K2 μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨ (15), (26); Ö¢´μ¥ ¢Ò-
· ¦¥´¨¥ μ¶¥· Éμ·  K3 ¶·¨¢¥¤¥´μ ¢ · ¡μÉ¥ [8].

”¥°´³ ´μ¢¸±¨° ¶·μ¶ £ Éμ· Ê· ¢´¥´¨Ö „¨· ±  ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  · ¢¥´

SFW(x−y)=
1

(2π)4

∫
d4p

e−ip(x−y)

p0−βE
=

1
(2π)4

∫
d4p e−ip(x−y) p0 + βE

p2 − m2 + iε
=

= −iθ(x0 − y0)
∫

dp
∑

s

Ψ(+)
FW (x, s)

(
Ψ(+)

FW (y, s)
)†

+

+ iθ(y0 − x0)
∫

dp
∑

s

Ψ(−)
FW (x, s)

(
Ψ(−)

FW (y, s)
)†

. (37)

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

θ(x0) =
{

1, x0 > 0
0, x0 < 0 ; ËÊ´±Í¨¨ Ψ(+)

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

³Ê² ³¨ (4).
ˆ´É¥£· ²Ó´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ΨFW(x) ¨³¥¥É ¢¨¤

ΨFW (x) = Ψ0 (x) +
∫

d4y SFW (x − y) (K1 + K2 + . . .)ΨFW (y). (38)

‚ (38) Ψ0(x) Å ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „¨· ±  ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¶·¨
μÉ¸ÊÉ¸É¢¨¨ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö (Aμ = 0).

‚Ò· ¦¥´¨Ö (37), (38) ¶μ§¢μ²ÖÕÉ cËμ·³Ê²¨·μ¢ ÉÓ ¶· ¢¨²  ”¥°´³ ´  ¤²Ö
§ ¶¨¸¨ Ô²¥³¥´Éμ¢ ³ É·¨ÍÒ · ¸¸¥Ö´¨Ö Sfi ¨ · ¸Î¥Éμ¢ ¶·μÍ¥¸¸μ¢ Š�„ [10].
‚ μÉ²¨Î¨¥ μÉ ¤¨· ±μ¢¸±μ£μ ¶·¥¤¸É ¢²¥´¨Ö ¢ FW-¶·¥¤¸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¢Ê¥É Ë ±Éμ· (−iK1μ), ¢¥·Ï¨´¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ¤¢Ê³Ö
ËμÉμ´ ³¨ ¸μμÉ¢¥É¸É¢Ê¥É Ë ±Éμ· (−iK2μν) ¨ É. ¤. „²Ö Ê¤μ¡¸É¢  ¢¥²¨Î¨´ ³¨
K1μ, K2μν , . . . μ¡μ§´ Î¥´Ò ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Î ¸É¨ Î²¥´μ¢ £ ³¨²ÓÉμ´¨ ´  ¢§ -
¨³μ¤¥°¸É¢¨Ö K1, K2, . . . ¡¥§ 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¨° (4).
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¥´¨¨.

2.2. � ¸Î¥ÉÒ ¶·μÍ¥¸¸μ¢ Š�„ ¢ FW-¶·¥¤¸É ¢²¥´¨¨. ‘o ¸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¢, ³¥²²¥·μ¢¸±μ£μ · ¸¸¥Ö´¨Ö, ±μ³¶Éμ´-ÔËË¥±É , ¸μ¡¸É¢¥´-
´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ , ¶μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ ,  ´μ³ ²Ó´Ò° ³ £´¨É´Ò° ³μ³¥´É



Š ’…��ˆˆ ‚‡�ˆŒ�„…‰‘’‚“	™ˆ• ��‹…‰ 165

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¦¥´¨¨.

�¨¸. 1. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢ ¢ ±Ê-
²μ´μ¢¸±μ³ ¶μ²¥

�¨¸. 2. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´  ´  ¤¨· ±o¢-
¸±μ³ ¶·μÉμ´¥ (· ¸¸¥Ö´¨¥ Œ¥²²¥· )

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

�¨¸. 4. ‘μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ 

�¨¸. 5. �μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ 

Šμ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¶·μÍ¥¸-
¸μ¢ Š�„, ¤¨ £· ³³Ò ±μÉμ·ÒÌ ¶·¨¢¥¤¥´Ò ´ 
·¨¸. 1Ä5, ¸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¥ (·¨¸. 6) ¶·¨ ¶·μ¢¥¤¥´¨¨ ¶¥·¥´μ·-
³¨·μ¢±¨ ³ ¸¸Ò ¨ § ·Ö¤  ¤ ÕÉ ¶· ¢¨²Ó´μ¥ §´ Î¥-
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�¨¸. 6. � ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ ± · ¸¸¥Ö´¨Õ Ô²¥±É·μ´μ¢ ¢μ ¢´¥Ï´¥³ ¶μ²¥

´¨¥  ´μ³ ²Ó´μ£μ ³ £´¨É´μ£μ ³μ³¥´É  Ô²¥±É·μ´  ¨ ²Ô³¡μ¢¸±μ£μ ¸¤¢¨£  Ô´¥·-
£¥É¨Î¥¸±¨Ì Ê·μ¢´¥°.

�¸μ¡¥´´μ¸ÉÓÕ É¥μ·¨¨ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¢ Î²¥´ Ì £ ³¨²ÓÉμ´¨ ´  ¢§ ¨-
³μ¤¥°¸É¢¨Ö Kn (§  ¨¸±²ÕÎ¥´¨¥³ K1) Î¥É´μ£μ Î¨¸²  ´¥Î¥É´ÒÌ μ¶¥· Éμ·μ¢ N ,
¶μ§¢μ²ÖÕÐ¨Ì μ¸ÊÐ¥¸É¢²ÖÉÓ ¸¢Ö§Ó ´ Î ²Ó´ÒÌ ¨ ±μ´¥Î´ÒÌ ¸μ¸ÉμÖ´¨° ¸ ¶μ²μ¦¨-
É¥²Ó´μ° Ô´¥·£¨¥° ¸ ¶·μ³¥¦ÊÉμÎ´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨ ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥°,
¨ ´ μ¡μ·μÉ. 
² £μ¤ ·Ö ÔÉμ³Ê, ´ ¶·¨³¥·, ¶μÖ¢²Ö¥É¸Ö ¤¨ £· ³³  ·¨¸. 5, ¸¢Ö§ ´-
´ Ö ¸ ¶μ²Ö·¨§ Í¨¥° Ô²¥±É·μ´-¶μ§¨É·μ´´μ£μ ¢ ±ÊÊ³ . �·¨¢ÒÎ´ Ö ¤¨ £· ³³ 
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¤²Ö ¶μ²Ö·¨§ Í¨¨ ¢ ±ÊÊ³  ¸ ¤¢Ê³Ö ¢¥·Ï¨´ ³¨ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ e ¢ ¤ ´´μ°
É¥μ·¨¨ μÉ¸ÊÉ¸É¢Ê¥É ¨§-§  Î¥É´μ¸É¨ μ¶¥· Éμ·  K1.

ˆ´É¥·¥¸´μ° μ¸μ¡¥´´μ¸ÉÓÕ É¥μ·¨¨ ¢ ¸²ÊÎ ÖÌ, ±μ£¤  · ¸¸³ É·¨¢ ÕÉ¸Ö ¤¨ -
£· ³³Ò ¸ ¢´¥Ï´¨³¨ Ë¥·³¨μ´´Ò³¨ ²¨´¨Ö³¨ (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. ’ ±, ´  ·¨¸. 3 ¢±² ¤ ¤¨ £· ³³   ¨ ¢ ±μ³¶¥´¸¨·Ê¥É¸Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨
Î ¸ÉÖ³¨ ¢±² ¤  ¤¨ £· ³³ ¡ ¨ £; ¢±² ¤ ¤¨ £· ³³Ò   ´  ·¨¸. 4 ¸μ±· Ð ¥É¸Ö ¸
¢±² ¤μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ ¤¨ £· ³³Ò ¡; ´  ·¨¸. 6 ¢±² ¤ ¤¨ £· ³³  , ¡,
¢ ¸μ±· Ð ¥É¸Ö ¸ ¢±² ¤μ³ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸É¨ ¤¨ £· ³³Ò £,  ´ ²μ£¨Î´ Ö
±μ³¶¥´¸ Í¨Ö ¶·μ¨¸Ìμ¤¨É ¤²Ö ¤, e, ¦ ¨ §; ¨, ±, ² ¨ ³ ¤¨ £· ³³ ¸μμÉ¢¥É¸É¢¥´´μ.
�·¨ ÔÉμ³ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ·¥ ²Ó´ÒÌ ¢´¥Ï´¨Ì Ë¥·³¨μ´μ¢ ¢¥·Ï¨´-
´Ò¥ μ¶¥· Éμ·Ò Kn ¨§-§  § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  §´ Î¨É¥²Ó´μ
Ê¶·μÐ ÕÉ¸Ö (¸³., ´ ¶·¨³¥·, (26), (31)).

“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 É·¨Î´Ò¥
Ô²¥³¥´ÉÒ ¢¥·Ï¨´´ÒÌ μ¶¥· Éμ·μ¢ ¢¨¤μ¨§³¥´ÖÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

〈p′ |K1| p′′〉 → 〈p′ |C|p′′〉, (39)

〈p′ |K2| p′′〉 →
∑

ν2=±1

∫
dp′′′

{
1

βE′′ − βE′′′ − ν2k0
2

〈p′ |C| p′′′〉〈p′′′ |C|p′′〉+

+
1

βE′′+βE′′′−ν2k0
2

〈p′ |N |p′′′〉〈p′′′ |N |p′′〉
}

, (40)

〈p′ |K3|p′′〉 →

→
∑

ν1,ν2=±1

∫
dp′′′dpIV 1

(βEIV −βE′−ν1k0
1−ν2k0

2)(βE′′′−βE′−ν1k0
1)
×

× 〈p′ |C|p′′′〉〈p′′′ |C|pIV 〉〈pIV |C|p′′〉−

− 1
(βEIV + βE′ + ν1k0

1 + ν2k0
2)(βE′′′ − βE′ − ν1k0

1)
×

× 〈p′ |C|p′′′〉〈p′′′ |N |pIV 〉〈pIV |N |p′′〉+

+
1

(βEIV + βE′ + ν1k0
1 + ν2k0

2)(βE′′′ + βE′ + ν1k0
1)
×

× 〈p′ |N |p′′′〉〈p′′′ |C|pIV 〉〈pIV |N |p′′〉−
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− 1
(βEIV − βE′ − ν1k0

1 − ν2k0
2)(βE′′′ + βE′ + ν1k0

1)
×

× 〈p′ |N |p′′′〉〈p′′′ |N |pIV 〉〈pIV |C|p′′〉. (41)

‚ (39)Ä(41) μ¶¥· Éμ·Ò C ¨ N μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·³Ê² ³¨ (20), (21).
”μ·³Ê²Ò (40), (41) ¶μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ ¡²¨§±¨ ± Ëμ·³Ê² ³ ®¸É ·μ°¯ ´¥-

±μ¢ ·¨ ´É´μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, · §¢¨Éμ° ƒ °É²¥·μ³ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤-
¸É ¢²¥´¨¨ [5]. ‚Ò· ¦¥´¨Ö (40), (41) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ Ëμ·³Ê² É¥μ·¨¨
¢μ§³ÊÐ¥´¨° ƒ °É²¥· , ¥¸²¨ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì £ °É²¥·μ¢¸±¨Ì ¢¥²¨Î¨´
(Kn)H ¶·μ¢¥¸É¨ FW-¶·¥μ¡· §μ¢ ´¨¥ ¤²Ö ¸¢μ¡μ¤´μ£μ ¸²ÊÎ Ö Aμ(x) = 0
(¶·¨ ÔÉμ³ αμAμ(x) → (C + N)) ¨ ¢ ¢μ§´¨±Ï¨Ì ¶·μ¨§¢¥¤¥´¨ÖÌ
〈AFW|(C + N) (C + N) . . . |BFW〉 μ¸É ¢¨ÉÓ ´¥´Ê²¥¢Ò¥ (Î¥É´Ò¥ ¶μ ¢¥·Ì´¨³
¨ ´¨¦´¨³ ±μ³¶μ´¥´É ³ ¸μ¸ÉμÖ´¨° 〈AFW| ¨ |BFW〉) Î²¥´Ò. �μ-¢¨¤¨³μ³Ê,
ÔÉμ ¶· ¢¨²μ ³μ¦´μ · ¸¶·μ¸É· ´¨ÉÓ ¨ ´  ¢Ò¸Ï¨¥ Î²¥´Ò · §²μ¦¥´¨Ö ¶μ e.

‘ÊÐ¥¸É¢¥´´Ò³ μÉ²¨Î¨¥³ ¢Ò· ¦¥´¨° (40), (41) ¨ É. ¤. μÉ Ëμ·³Ê² [5]
Ö¢²Ö¥É¸Ö μÉ¸ÊÉ¸É¢¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ³¥¦¤Ê ·¥ ²Ó´Ò³¨ Ô²¥±É·μ´ ³¨ ¨ ¶μ-
§¨É·μ´ ³¨ ¨§-§  Î¥É´μ¸É¨ £ ³¨²ÓÉμ´¨ ´  ¢ FW-¶·¥¤¸É ¢²¥´¨¨. �²¥±É·μ´-
¶μ§¨É·μ´´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢ ÔÉμ³ ¶·¥¤¸É ¢²¥´¨¨ ³μ¦¥É μ¸ÊÐ¥¸É¢²ÖÉÓ¸Ö
Éμ²Ó±μ ³¥¦¤Ê ·¥ ²Ó´Ò³¨ ¨ ¶·μ³¥¦ÊÉμÎ´Ò³¨ ¢¨·ÉÊ ²Ó´Ò³¨ ¸μ¸ÉμÖ´¨Ö³¨.

3. Œ�„ˆ”ˆ–ˆ��‚����… ��…„‘’�‚‹…�ˆ…
”�‹„ˆÄ‚�“’•�‰‡…��

„²Ö ¢μ¸¸É ´μ¢²¥´¨Ö ¢ É¥μ·¨¨ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ ¶ ·
Î ¸É¨Í Ä ´É¨Î ¸É¨Í  ´¥μ¡Ìμ¤¨³μ ¢¢¥¤¥´¨¥ ¢ £ ³¨²ÓÉμ´¨ ´ HFW ¤μ¶μ²´¨-
É¥²Ó´ÒÌ Î²¥´μ¢.

‚¸¶μ³´¨³, ÎÉμ ¶·¨  ´ ²¨§¥ ¸¶¥Í¨ ²Ó´μ° É¥μ·¨¨ μÉ´μ¸¨É¥²Ó´μ¸É¨ ¨ Ê¸²μ-
¢¨° μ¡· É¨³μ¸É¨ ®Î ¸É¨Í ↔  ´É¨Î ¸É¨Í ¯ �¥± ³¨ ¨ ‡¨´μ [11] ¸¤¥² ²¨ ¢Ò¢μ¤
μ ¶·μÉ¨¢μ¶μ²μ¦´μ¸É¨ §´ ±μ¢ ³ ¸¸ Ê Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ, ¨ · ¸¸³μÉ·¨³ ¢
ÔÉμ° ¸¢Ö§¨ Ê· ¢´¥´¨Ö „¨· ± , μÉ²¨Î ÕÐ¨¥¸Ö §´ ±μ³ ¶¥·¥¤ ³ ¸¸μ¢Ò³ Î²¥´μ³:

p0ΨD(x) = (αρ + βm + eαμAμ(x))ΨD (x) , (42)

p0Ψ1D(x) = (αρ − βm + eαμAμ(x))Ψ1D (x) . (43)

‚ Ëμ·³Ê² Ì (42), (43) αμ =
{

1, k, μ = 0;
αk, μ = k; k = 1, 2, 3.

�μ ¸¢μ¨³ Ë¨§¨Î¥¸±¨³ ¸²¥¤¸É¢¨Ö³ Ê· ¢´¥´¨Ö (42) ¨ (43) ¨¤¥´É¨Î´Ò ¤·Ê£
¤·Ê£Ê.

ˆ¸¶μ²Ó§ÊÖ Ëμ·³ ²¨§³ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´ , ³μ¦´μ ´ ¶¨¸ ÉÓ μ¡μ¡Ð¥´-
´μ¥ Ê· ¢´¥´¨¥ „¨· ± 

p0ΦD (x) =
(

αp + τ3βm +
1
2

(I + τ1γ5) eαμAμ

)
ΦD (x) . (44)
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‚ (44) τ3 =
(

I 0
0 − I

)
, τ1 =

(
0 I
I 0

)
Å ³ É·¨ÍÒ ¨§μÉμ¶¨Î¥¸±μ£μ

¸¶¨´ ; ΦD(x) Å Ë ±É¨Î¥¸±¨ ¢μ¸Ó³¨±μ³¶μ´¥´É´μ¥ ¶μ²¥; ¢ ¸²ÊÎ ¥ μÉ¸ÊÉ¸É¢¨Ö
¢´¥Ï´¨Ì ¶μ²¥° Aμ(x) ¶·¨ §´ Î¥´¨¨ É·¥ÉÓ¥° ±μ³¶μ´¥´ÉÒ ¨§μÉμ¶¨Î¥¸±μ£μ

¸¶¨´  T 3 = +
1
2

ΦD(x) Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (42),   ¶·¨ T 3 = −1
2

ΦD(x) Ê¤μ¢²¥É¢μ·Ö¥É Ê· ¢´¥´¨Õ (43); ¢ (44) ¢¢¥¤¥´  ¸¢Ö§Ó
1
2

(I + τ1γ5), ¶μ-

§¢μ²ÖÕÐ Ö μ¸ÊÐ¥¸É¢²ÖÉÓ ¢§ ¨³μ¤¥°¸É¢¨¥ ³¥¦¤Ê ·¥Ï¥´¨Ö³¨ (42), (43), ÎÉμ ´¥
³¥´Ö¥É ±μ´¥Î´ÒÌ Ë¨§¨Î¥¸±¨Ì ·¥§Ê²ÓÉ Éμ¢ ¢ ¶·¥¤¸É ¢²¥´¨¨ „¨· ± . ˆ¸¶μ²Ó-
§ÊÖ μ¡μ¡Ð¥´´ÊÕ ³ É·¨ÍÊ ¶·¥μ¡· §μ¢ ´¨Ö UFW, ³μ¦´μ ¶¥·¥°É¨ μÉ Ê· ¢´¥-
´¨Ö (44) ± Ê· ¢´¥´¨Õ „¨· ±  ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´ . �¡μ¡Ð¥´¨¥ ³ É·¨ÍÒ UFW ¸μ¸Éμ¨É ¢ § ³¥´¥ m → τ3m ¨ ¢¢¥¤¥-

´¨¨ μ±μ²μ ¶μ²¥° Aμ(x) ³´μ¦¨É¥²Ö
1
2

(I + τ1γ5).
ˆ¸±μ³μ¥ Ê· ¢´¥´¨¥ ¶μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

ρ0ΦFW(x) =

[
βE + K1

(
τ3m,

1
2

(I + τ1γ5) , τ3m

)
+

+ K2

(
τ3m,

1
2

(I + τ1γ5) , τ3m; τ3m,
1
2

(I + τ1γ5) , τ3m

)
+

+ K3

(
τ3m,

1
2

(I + τ1γ5) , τ3m; τ3m,
1
2

(I + τ1γ5) , τ3m;

τ3m,
1
2

(I + τ1γ5) , τ3m

)
+ . . .

]
ΦFW(x). (45)

„²Ö ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (45) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°
¢μ¸Ó³¨³¥·´μ¥ μ¡μ¡Ð¥´¨¥ Ëμ·³Ê² (4):

Φ(+)
FW

(
x, s, T 3 = +

1
2

)
=

1
(2π)3/2

(
Us

0

)
e−ipx, (46a)

Φ(+)
FW

(
x, s, T 3 = −1

2

)
=

1
(2π)3/2

(
0
Us

)
e−ipx, (46¡)

Φ(−)
FW

(
x, s, T 3 = +

1
2

)
=

1
(2π)3/2

(
Vs

0

)
eipx, (46¢)

Φ(−)
FW

(
x, s, T 3 = −1

2

)
=

1
(2π)3/2

(
0
Vs

)
eipx. (46£)

�¡μ¡Ð¥´¨¥ ¸μμÉ´μÏ¥´¨° μ·Éμ´μ·³¨·μ¢ ´´μ¸É¨ ¨ ¶μ²´μÉÒ (5) ´  ¢μ¸Ó-
³¨³¥·´Ò° ¸²ÊÎ ° ¢¶μ²´¥ μÎ¥¢¨¤´μ.
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‚§ ¨³μ¤¥°¸É¢¨¥
1
2

(I + τ3γ5)Aμ(x) ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 

¶μ§¢μ²Ö¥É μ¸ÊÐ¥¸É¢¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê ·¥Ï¥´¨Ö³¨ (46a) ¨ (46£), (46¡) ¨ (46¢), ¢
Éμ ¢·¥³Ö ± ± ¸¢Ö§Ó ³¥¦¤Ê ¤·Ê£¨³¨ ¶ · ³¨ ·¥Ï¥´¨° Å (46a) ¨ (46¢), (46¡) ¨
(46£),   É ±¦¥ (46a) ¨ (46¡), (46¢) ¨ (46£) Å ¶μ-¶·¥¦´¥³Ê μÉ¸ÊÉ¸É¢Ê¥É.

�´ ²¨§ ¶μ± §Ò¢ ¥É, ÎÉμ ¸¢Ö§Ó
1
2

(I + τ3γ5) Aμ(x) ´ ·Ö¤Ê ¸ ¶· ¢¨²Ó´Ò³

ÊÎ¥Éμ³ ¶·μÍ¥¸¸μ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ ¶ · μ¸É -
¢²Ö¥É ´¥¨§³¥´´Ò³¨ Ë¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ¶·μÍ¥¸¸μ¢ Š�„, · ¸¸³μÉ·¥´´ÒÌ
¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥.

„²Ö ¨²²Õ¸É· Í¨¨ ¢ ¶·¨²μ¦¥´¨¨ ¶·¨¢μ¤¨É¸Ö · ¸Î¥É ¸¥Î¥´¨Ö  ´´¨£¨²ÖÍ¨¨
Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸ ÊÎ¥Éμ³
³μ¤¨Ë¨± Í¨¨ ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

’ ±¨³ μ¡· §μ³, Ë¥·³¨μ´Ò ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¢ ¤¢ÊÌ ¸μ¸ÉμÖ´¨ÖÌ, Ì · ±É¥·¨§Ê¥³ÒÌ §´ ±μ³
É·¥ÉÓ¥° ±μ³¶μ´¥´ÉÒ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  (T 3

f ), ¨²¨, ¤·Ê£¨³¨ ¸²μ¢ ³¨, §´ -
±μ³ ¶¥·¥¤ ³ ¸¸ ³¨ ¢ Ê· ¢´¥´¨¨ (45).

�¥ ²Ó´Ò¥ Ë¥·³¨μ´Ò (p2
f = m2

f ) ¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f ³μ£ÊÉ ¢§ ¨³μ-

¤¥°¸É¢μ¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³; ·¥ ²Ó´Ò¥  ´É¨Ë¥·³¨μ´Ò ¸ μ¶·¥¤¥²¥´´Ò³ §´ ±μ³
T 3

f É ±¦¥ ³μ£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¤·Ê£ ¸ ¤·Ê£μ³; ´μ ·¥ ²Ó´Ò¥ Ë¥·³¨μ´Ò ¸

μ¶·¥¤¥²¥´´Ò³ §´ ±μ³ T 3
f ³μ£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ²¨ÏÓ ¸ ·¥ ²Ó´Ò³¨  ´É¨-

Ë¥·³¨μ´ ³¨ ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³ §´ ±μ³ T 3
f , ¨ ´ μ¡μ·μÉ.

ƒ ³¨²ÓÉμ´¨ ´ Ê· ¢´¥´¨Ö (45) ¨´¢ ·¨ ´É¥´ ¶·¨ ¶·μ¸É· ´¸É¢¥´´ÒÌ μÉ· -
¦¥´¨ÖÌ x → x′ = −x. ‘²¥¤μ¢ É¥²Ó´μ, ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö (45) ¸μÌ· ´ÖÕÉ¸Ö
¶·¨ P -¨´¢¥·¸¨¨ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ Ë §μ¢μ£μ ³´μ¦¨É¥²Ö ¨ ³ É·¨Í, ±μ³³ÊÉ¨·ÊÕ-
Ð¨Ì ¸ μ¶¥· Éμ·μ³ p0 ¨ μ¡μ¡Ð¥´´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ HFW.

� ¸¸³μÉ·¨³ ¤¢  ¸²ÊÎ Ö.

1. Φ′
FW(x′, t) = PΦFW(x, t) = eiϕτ3βΦFW(x, t). (47)

B ÔÉμ³ ¸²ÊÎ ¥, ± ± ¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨, Î ¸É¨ÍÒ ¨  ´É¨Î ¸É¨ÍÒ
¨³¥ÕÉ ¶·μÉ¨¢μ¶μ²μ¦´ÊÕ ¢´ÊÉ·¥´´ÕÕ Î¥É´μ¸ÉÓ, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¸ÊÐ¥¸É¢Ê-
ÕÐ¨³ Ô±¸¶¥·¨³¥´É ²Ó´Ò³ ¤ ´´Ò³.

2. Φ′
FW(x′, t) = PΦFW(x, t) = eiϕΦFW(x, t). (48)

„²Ö ÔÉμ£μ ¸²ÊÎ Ö, ±μÉμ·Ò° É ±¦¥ ¤μ¶Ê¸± ¥É¸Ö ¤ ´´μ° É¥μ·¨¥°, Î ¸É¨ÍÒ
¨  ´É¨Î ¸É¨ÍÒ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ FW-¶·¥¤¸É ¢²¥´¨¨ ¨³¥ÕÉ μ¤¨´ ±μ¢ÊÕ
¢´ÊÉ·¥´´ÕÕ Î¥É´μ¸ÉÓ.

�·¨ C-¸μ¶·Ö¦¥´¨¨ Ê· ¢´¥´¨¥ (45) ¶·¥μ¡· §Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥ ¤²Ö § ·Ö¤μ¢μ-
¸μ¶·Ö¦¥´´μ£μ ¸¶¨´μ·  ΦC

FW ¸ ¨§³¥´¥´´Ò³¨ §´ ± ³¨ § ·Ö¤  ¨ ³ ¸¸Ò:
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P0ΦC
FW(x) =

[
βE − K1

(
−τ3m; A0; Ak

)
+

+ K2

(
−τ3m; A0; Ak

)
− K3

(
−τ3m; A0; Ak

)
+ . . .

]
ΦC

FW(x). (49)

�¥É·Ê¤´μ ¶μ± § ÉÓ, ¨¸¶μ²Ó§ÊÖ (30), (31), (45), ÎÉμ É¥μ·¨Ö C-¨´¢ ·¨ ´É´ ,
¥¸²¨

ΦC
FW (x) = CΦ∗

FW(x) = τ1γ5σ
(2)Φ∗

FW(x). (50)

� ¸¸³μÉ·¨³ É¥¶¥·Ó ¢·¥³¥´´ÊÕ ¨´¢¥·¸¨Õ: t → t′ = −t. “· ¢´¥´¨¥ (45)
¶·¥μ¡· §Ê¥É¸Ö ¢ Ê· ¢´¥´¨¥ ¤²Ö ËÊ´±Í¨¨ Φ′

FW(t′) ¸ ¨§³¥´¥´´Ò³ §´ ±μ³ Ê
¢¥±Éμ·-¶μÉ¥´Í¨ ²μ¢ Ak:

P ′
0Φ

′
FW(t′) =

[
βE + K1

(
τ3m; A0;−Ak

)
+K2

(
τ3m; A0;−Ak

)
+ . . .

]
Φ′

FW(t′).

(51)
Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ ¤²Ö T -¨´¢ ·¨ ´É´μ¸É¨ ´¥μ¡Ìμ¤¨³μ, ÎÉμ¡Ò

Φ′
FW(t′) = TΦ∗

FW(t) = σ(2)Φ∗
FW(t′). (52)

‘μμÉ´μÏ¥´¨Ö (47)Ä(52) ¶μ± §Ò¢ ÕÉ, ÎÉμ, ± ± ¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥-
´¨¨, ±¢ ´Éμ¢ Ö Ô²¥±É·μ¤¨´ ³¨±  ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä
‚ ÊÉÌ °§¥´  ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ P -, C-, T -¶·¥μ¡· §μ¢ ´¨°.

4. ‘’��„��’��Ÿ Œ�„…‹œ ˆ ��‹œ 	�‡���‚ •ˆƒƒ‘�
‚ ��…„‘’�‚‹…�ˆˆ ”�‹„ˆÄ‚�“’•�‰‡…��

�¥·¢μ´ Î ²Ó´μ ¤²Ö ¨²²Õ¸É· Í¨¨ · ¸¸³μÉ·¨³ ¸² ¡μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢
V −A-Ëμ·³¥ Éμ±-Éμ±μ¢μ£μ Î¥ÉÒ·¥ÌË¥·³¨μ´´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¢ ´¨¦ °Ï¥³
¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.

Š ± ¢¨¤´μ ¨§ · ¸¸³μÉ·¥´¨Ö ³¥²²¥·μ¢¸±μ£μ · ¸¸¥Ö´¨Ö (·¨¸. 2) ¸ ÊÎ¥Éμ³
(39), ¤²Ö ¢´¥Ï´¨Ì ²¨´¨°, ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ·¥ ²Ó´Ò³ Ë¥·³¨μ´ ³, Ô²¥±É·μ-
³ £´¨É´Ò° ¢¥±Éμ·´Ò° Éμ± ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¢ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ e · ¢¥´(

jV
FW

)μ
= Φ†

FW (x) Cμ
Ô² ΦFW (x). (53)

‚ (53) ¸μ£² ¸´μ (45) Cμ
Ô² ¨³¥¥É ¸É·Ê±ÉÊ·Ê: Cμ

Ô²

(
τ3m,

1
2
(I + τ1γ5), τ3m

)
.

’ ±¨³ μ¡· §μ³, ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ e(
jV
D

)μ
= Ψ†

D (x)eαμΨD(x) →
(
jV
FW

)μ
= Φ†

FW (x) Cμ
Ô² ΦFW(x).

�´ ²μ£¨Î´μ ¸ Éμ° ¦¥ ÉμÎ´μ¸ÉÓÕ ³¥Éμ¤ ³¨ ¨§ · §¤. 1 ³μ¦´μ ¶μ²ÊÎ¨ÉÓ
 ±¸¨ ²Ó´Ò° Éμ± ¢ FW-¶·¥¤¸É ¢²¥´¨¨:(

jA
D

)μ
= Ψ†

D(x)eαμγ5 ΨD (x) →
(
jA
FW

)μ
= Φ†

FW (x) (N ′
Ô²)

μ ΦFW(x). (54)
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‚ (54) (N ′
Ô²)

μ μÉ²¨Î ¥É¸Ö μÉ ¢¥±Éμ·  Nμ ¢μ¸Ó³¨³¥·´Ò³ μ¡μ¡Ð¥´¨¥³ ¨ ³ -

É·¨Í¥° 8× 8 γ5 =
(

γ5 0
0 γ5

)
, · ¸¶μ²μ¦¥´´μ° ·Ö¤μ³ ¸ ³ É·¨Í¥°

1
2

(I + τ1γ5):

(N ′
Ô²)

0 = eR

(
L

1
2

(I + τ1γ5) γ5 −
1
2

(I + τ1γ5) γ5L

)
R,

(N ′
Ô²)

k = − eR

(
αk 1

2
(I + τ1γ5) γ5 − Lαk 1

2
(I + τ1γ5) γ5L

)
R.

(55)

‘ ÊÎ¥Éμ³ (53), (54) ¸² ¡Ò° V −A-Éμ± ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

(j¸²
FW)μ = Φ†

FW (x)
(
Cμ

¸² − (N ′
¸²)

μ)
ΦFW(x) (56)

¸ § ³¥´μ° ¢ Cμ
Ô² ¨ (N ′

Ô²)
μ e → (G/

√
2)1/2, £¤¥ G Å ±μ´¸É ´É  ”¥·³¨ ¸² ¡μ£μ

¢§ ¨³μ¤¥°¸É¢¨Ö.
�³¶²¨ÉÊ¤Ò ¶·μÍ¥¸¸μ¢ ¸μ ¸² ¡Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨ ¢ FW-¶·¥¤¸É ¢²¥´¨¨

¨³¥ÕÉ ¢¨¤
M = (j¸²

FW)μ (j¸²
FW)†μ . (57)

Œμ¦´μ ¶μ± § ÉÓ, ÎÉμ  ³¶²¨ÉÊ¤  M ´¥¨´¢ ·¨ ´É´  ¶μ μÉ¤¥²Ó´μ¸É¨ μÉ´μ-
¸¨É¥²Ó´μ P - ¨ C-μÉ· ¦¥´¨Ö, ´μ ¨´¢ ·¨ ´É´  μÉ´μ¸¨É¥²Ó´μ ±μ³¡¨´¨·μ¢ ´´μ°
CP -¨´¢¥·¸¨¨.

‚Ò· ¦¥´¨Ö (56), (57) ¶μ§¢μ²ÖÕÉ · ¸¸Î¨ÉÒ¢ ÉÓ  ³¶²¨ÉÊ¤Ò ±μ´±·¥É´ÒÌ
¶·μÍ¥¸¸μ¢ ¸μ ¸² ¡Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö³¨ ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
¢ ´¨¦ °Ï¥³ ¶μ·Ö¤±¥ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°. Šμ´¥Î´Ò¥ ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¸μ-
¢¶ ¤ ÕÉ ¸  ´ ²μ£¨Î´Ò³¨ ·¥§Ê²ÓÉ É ³¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨.

�³¶²¨ÉÊ¤Ò ¸² ¡ÒÌ ¶·μÍ¥¸¸μ¢ ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¢ Ëμ·³¥ (57) ¢Ò·μ-
¦¤¥´Ò μÉ´μ¸¨É¥²Ó´μ §´ ±  É·¥ÉÓ¥° ±μ³¶μ´¥´ÉÒ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´ . — -
¸É¨ÍÒ ¸ T 3

f = +1/2 ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³ ¨  ´É¨Î ¸É¨Í ³¨ ¸
T 3

f = −1/2. � μ¡μ·μÉ, Î ¸É¨ÍÒ ¸ T 3
f = −1/2 ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³

¨ ¸  ´É¨Î ¸É¨Í ³¨ ¸ T 3
f = +1/2.

’¥¶¥·Ó μ¡· É¨³¸Ö ± CÉ ´¤ ·É´μ° ³μ¤¥²¨ ¨ ¶¥·¢μ´ Î ²Ó´μ ¢Ò¶¨Ï¥³ Ë¥·-
³¨μ´´Ò° ¨ Ë¥·³¨μ´´μ-¡μ§μ´´Ò° £ ³¨²ÓÉμ´¨ ´ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥-
´¨¨, μÉ¢¥Î ÕÐ¨° §  ¸¢μ¡μ¤´μ¥ ¤¢¨¦¥´¨¥ Ë¥·³¨μ´μ¢ ¨ §  ¢§ ¨³μ¤¥°¸É¢¨Ö
±¢ ·±μ¢ ¨ ²¥¶Éμ´μ¢ ¸ ËμÉμ´ ³¨, W±- ¨ Z0-Î ¸É¨Í ³¨, £²Õμ´ ³¨ ¨ ¡μ§μ´ ³¨
•¨££¸ :

HD =
∑

f=νe,e,u,d

{
(ΨD)†f (αp + β mf ) (ΨD)f + eQf (ΨD)†f αμ (ΨD)f ·Aμ+

+
g2

cos θW

[
(ΨD)†f αμ

(
I − γ5

2

)
(ΨD)f

(
T̃ 3

f − Qf sin2 θW

)
+

+ (ΨD)†f αμ

(
I + γ5

2

)
(ΨD)f

(
−Qf sin2 θW

) ]
Zμ

}
+



Š ’…��ˆˆ ‚‡�ˆŒ�„…‰‘’‚“	™ˆ• ��‹…‰ 173

+
g2√
2

{[
(ΨD)†uαμ

(
I − γ5

2

)
(ΨD)d + (ΨD)†νe

αμ

(
I − γ5

2

)
(ΨD)e

]
W+

μ +

+Ô·³¨É. ¸μ¶·.

}
+

g3

2

∑
f=u,d

(ΨDf )†ααμλa
αβ(ΨDf )βGa

μ−
∑

f=e,u,d

mf

v
(ΨD)†fβ(ΨD)fh.

(58)

‚ (58) (ΨD)f Å ¤¨· ±μ¢¸±μ¥ Ë¥·³¨μ´´μ¥ ¶μ²¥; Aμ Å Ô²¥±É·μ³ £´¨É´μ¥
¶μ²¥; Zμ, W±

μ Å ¶μ²Ö ± ²¨¡·μ¢μÎ´ÒÌ ¡μ§μ´μ¢; Gα
μ Å £²Õμ´´Ò¥ ¶μ²Ö; h Å

¶μ²¥ ´¥°É· ²Ó´μ£μ Ì¨££¸μ¢¸±μ£μ ¡μ§μ´ ; Qf Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ Ë¥·³¨μ´ 

¢ ¥¤¨´¨Í Ì e; T̃ 3
f = 1/2 ¤²Ö f = ν, u; T̃ 3

f = −1/2 ¤²Ö f = e, d; θW Å
Ê£μ² Ô²¥±É·μ¸² ¡μ£μ ¸³¥Ï¨¢ ´¨Ö; g2 = e/(sin θW ); g3 Å ±μ´¸É ´É  ¸¢Ö§¨
±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨; λa Å £¥´¥· Éμ·Ò £·Ê¶¶Ò SU(3); mf Å ³ ¸¸ 
Ë¥·³¨μ´  f (¢ (58) ¶·¥¤¶μ² £ ¥É¸Ö mνe = 0); v Å Ì¨££¸μ¢¸±μ¥ ¢ ±ÊÊ³´μ¥
¸·¥¤´¥¥.

ƒ ³¨²ÓÉμ´¨ ´ ¢ (58) ¢Ò¶¨¸ ´ ²¨ÏÓ ¤²Ö ¶¥·¢μ£μ ¸¥³¥°¸É¢  ²¥¶Éμ´μ¢ ¨
±¢ ·±μ¢. „²Ö ¢Éμ·μ£μ ¨ É·¥ÉÓ¥£μ ¸¥³¥°¸É¢a ´ ¤μ ¢ (58) ¶·μ¢¥¸É¨ ¸μμÉ¢¥É-
¸É¢¥´´μ § ³¥´Ò (νe, e, u, d)→(νμ, μ, c, s) ¨ (ντ , τ, t, b) ¨ ¢¢¥¸É¨ ±¢ ·±μ¢μ¥ ¸³¥-
Ï¨¢ ´¨¥.

�¥·¥Ìμ¤ ± ¶·¥¤¸É ¢²¥´¨Õ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢ ¡μ²¥¥ μ¡Ð¥³ ¸²ÊÎ ¥ £ -
³¨²ÓÉμ´¨ ´  (58) ³μ¦´μ É ±¦¥ μ¸ÊÐ¥¸É¢¨ÉÓ ³¥Éμ¤ ³¨, · §¢¨ÉÒ³¨ ¢ ¸²ÊÎ ¥
±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¨ ¸ ¢μ¸Ó³¨³¥·´Ò³ μ¡μ¡Ð¥´¨¥³ ³ É·¨Í „¨· ± .
‚ ·¥§Ê²ÓÉ É¥ ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  £ ³¨²ÓÉμ´¨ ´ (58) ³μ¦´μ
§ ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

HFW =
∑

f=νe,e,u,d

(ΦFW)†f {βEf + K ′
1 + K ′

2 + . . .} (ΦFW)f . (59)

‚ (59) Ef = (p2
f + m2

f )1/2 Å μ¶¥· Éμ· Ô´¥·£¨¨ ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö Ë¥·³¨-
μ´  f . � §²μ¦¥´¨¥ (59) ¶·μ¢¥¤¥´μ ¶μ ¸É¥¶¥´Ö³ ±μ´¸É ´É ¸¢Ö§¨ e, g2, g3, mf/v
¨ ¨Ì ¢§ ¨³´ÒÌ ¶·μ¨§¢¥¤¥´¨°.

�μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ μ¶¥· Éμ·Ò K ′
1, K

′
2 . . . ¸Ìμ¤´Ò ¸ μ¶¥· Éμ· ³¨

K1, K2 . . . ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥ ¸ § ³¥´μ° eαμAμ ´ 

eQfαμAμ +
g2

cos θW

[(
T̃ 3

f − Qf sin2 θW

)
αμ

(
I − γ5

2

)
−

− Qf sin2 θW αμ

(
I + γ5

2

) ]
Zμ +

g2√
2

{[
(f = u) αμ

(
I − γ5

2

)
(f = d)+

+ (f = νe) αμ

(
I − γ5

2

)
(f = e)

]
W+

μ + Ô·³¨É. ¸μ¶·.

}
+

+
g3

2

[
(f = u, d)ααμλa

αβ(f = u, d)βGa
μ

]
− mf

v
βh. (60)
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Š·μ³¥ Éμ£μ, ¶·¨ ´ ²¨Î¨¨ ¢ ¤¨· ±μ¢¸±μ³ £ ³¨²ÓÉμ´¨ ´¥ ¢Ò· ¦¥´¨° ¸ μ¶¥· -
Éμ· ³¨ (I ± γ5)/2 ´¥μ¡Ìμ¤¨³μ ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¶μ ¸· ¢´¥´¨Õ ¸ ±¢ ´Éμ-
¢o-Ô²¥±É·μ¤¨´ ³¨Î¥¸±¨³ ¸²ÊÎ ¥³ § ³¥´¨ÉÓ ¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¢Ò· ¦¥´¨ÖÌ
Î¥É´Ò¥ μ¶¥· Éμ·Ò Cμ ´  μ¶¥· Éμ·Ò Cμ ± (N ′)μ ¨ ´¥Î¥É´Ò¥ μ¶¥· Éμ·Ò Nμ

´  μ¶¥· Éμ·Ò Nμ ± (C′)μ.
‚ (60) (f = u), (f = d) ¨ É. ¤. μ¡μ§´ Î ÕÉ, ÎÉμ ¢ £ ³¨²ÓÉμ´¨ ´¥ ´ 

Ê± § ´´ÒÌ ³¥¸É Ì ¡Ê¤ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¸¶¨´μ·´Ò¥ FW-¶μ²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì
Ë¥·³¨μ´μ¢.

ƒ ³¨²ÓÉμ´¨ ´Ò (58) ¨ (59) ¶μ ¸¢μ¥³Ê ¶μ¸É·μ¥´¨Õ ¨´¢ ·¨ ´É´Ò μÉ´μ¸¨-
É¥²Ó´μ SU(3)×SU(2)×U(1)-¶·¥μ¡· §μ¢ ´¨°. �¡· É¨³ ¢´¨³ ´¨¥, ÎÉμ ¢ (59)
£ ³¨²ÓÉμ´¨ ´ ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ¨´¢ ·¨ ´É¥´ μÉ´μ¸¨É¥²Ó´μ SU(2)-¸¨³-
³¥É·¨¨ ¢ μÉ²¨Î¨¥ μÉ ¤¨· ±μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´  ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö.

�μ ¸¢μ¥° ¸É·Ê±ÉÊ·¥ ¢ ¤¨· ±μ¢¸±μ³ ¸¢μ¡μ¤´μ³ £ ³¨²ÓÉμ´¨ ´¥ Î²¥´Ò ∼ αp
¨ ∼ βm ¶·¥μ¡· §ÊÕÉ¸Ö ¶μ-· §´μ³Ê ¶·¨ SU(2)-¶·¥μ¡· §μ¢ ´¨ÖÌ, ¢ Éμ ¢·¥³Ö

± ± ¢ ¸¢μ¡μ¤´μ³ £ ³¨²ÓÉμ´¨ ´¥ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ∼ β
√

p2
f + m2

f μ¡  ¸² -

£ ¥³ÒÌ ¶μ¤ §´ ±μ³ ±¢ ¤· É´μ£μ ±μ·´Ö ¶·¥μ¡· §ÊÕÉ¸Ö μ¤¨´ ±μ¢μ ¶·¨ SU(2)-
¶·¥μ¡· §μ¢ ´¨ÖÌ. Œμ¦´μ ¶μ± § ÉÓ ÔÉμ ´¥¶μ¸·¥¤¸É¢¥´´μ.

„¥°¸É¢¨É¥²Ó´μ, ¢ ¸²ÊÎ ¥ ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ²¥¢Ò° ¶·μ¥±Í¨μ´´Ò° μ¶¥-
· Éμ· (PD)L = (I − γ5)/2 ¢ FW-¶·¥¤¸É ¢²¥´¨¨ · ¢¥´ (PFW)L =
1
2

(
I − βσp

E
−τ3m

E
γ5

)
; Î¥É´ Ö Î ¸ÉÓ μ¶¥· Éμ·  (PFW)e

L =
1
2

(
I−βσp

E

)
;

 ´ ²μ£¨Î´μ ¶· ¢Ò° ¶·μ¥±Í¨μ´´Ò° μ¶¥· Éμ· (PFW)R =
1
2

(
I+

βσp
E

+
τ3m

E
γ5

)
.

ƒ ³¨²ÓÉμ´¨ ´ ¸¢μ¡μ¤´μ£μ ¤¢¨¦¥´¨Ö ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ¨³¥¥É ¢¨¤

Ψ†
FWβEΨFW =

= Ψ†
FW

[
(PFW)L

E2

p2
βE (PFW)L + (PFW)R

E2

p2
βE (PFW)R

]
ΨFW =

= (Ψ†
FW)L

E2

p2
βE(ΨFW)L + (Ψ†

FW)R
E2

p2
βE(ΨFW)R. (61)

‚ (61) (ΨFW)L = (PFW)LΨFW; (ΨFW)R = (PFW)RΨFW. ˆ§ (61) ¢¨¤´ 
¨¸±μ³ Ö ¨´¢ ·¨ ´É´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´ .

�·¨ ´ ²¨Î¨¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶μ²¥° £ ³¨²ÓÉμ´¨ ´ (59) ³μ¦´μ É ±¦¥
§ ¶¨¸ ÉÓ ¢ μ¡±² ¤± Ì ²¥¢ÒÌ ¨ ¶· ¢ÒÌ ±μ³¶μ´¥´É ¶μ²¥° ΨFW(x). ‚ ÔÉμ³
¸²ÊÎ ¥ ¸μ£² ¸´μ (8) UFW = (I + δ1 + δ2 + . . .)U0. ‘ ÉμÎ´μ¸ÉÓÕ, ´ ¶·¨³¥·,
¤μ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ ±μ´¸É ´É¥ ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ²¥¢Ò° ¨
¶· ¢Ò° ¶·μ¥±Í¨μ´´Ò¥ μ¶¥· Éμ·Ò ¢ FW-¶·¥¤¸É ¢²¥´¨¨ · ¢´Ò

(PL,R)FW = UFW (PL,R)D U †
FW =

1
2

(1 ∓ A ∓ A1) , (62)

£¤¥ A =
βσp
E

+
τ3m

E
γ5; A1 = δ1A − Aδ1.
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’μ£¤  ¸ ÉμÎ´μ¸ÉÓÕ ¤μ ¶¥·¢μ£μ ¶μ·Ö¤±  ¶μ ±μ´¸É ´É ³ ¢§ ¨³μ¤¥°¸É¢¨Ö
£ ³¨²ÓÉμ´¨ ´ (59) ³μ¦´μ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

HFW = (Ψ†
FW)L

E2

p2
βE(ΨFW)L + (Ψ†

FW)R
E2

p2
βE(ΨFW)R+

+ (Ψ†
FW)LB(ΨFW)L + (Ψ†

FW)RB(ΨFW)R. (63)

‚ (63) μ¶¥· Éμ· B μ¶·¥¤¥²Ö¥É¸Ö ¨§ ¸μμÉ´μÏ¥´¨Ö

1
2
(B + ABA) = K ′

1 −
1
2

(
A

E2

p2
βEA1 + A1

E2

p2
βEA

)
. (64)

�Î¥¢¨¤´μ, ÎÉμ μ¡μ¡Ð¥´¨¥ (62)Ä(64) ³μ¦´μ ¶·μ¢¥¸É¨ ¤²Ö ²Õ¡μ° ¸É¥¶¥´¨
· §²μ¦¥´¨Ö ¶μ ±μ´¸É ´É ³ ¢§ ¨³μ¤¥°¸É¢¨Ö.

“Î¨ÉÒ¢ Ö ¢ÒÏ¥¸± § ´´μ¥, ³μ¦´μ ¸¤¥² ÉÓ ¨´É¥·¥¸´μ¥ ´ ¡²Õ¤¥´¨¥. Œ ¸-
¸μ¢Ò° Î²¥´ ¢ ¶¥·¢μ³ ¸² £ ¥³μ³ £ ³¨²ÓÉμ´¨ ´a (58) ¨ ¶μ¸²¥¤´¥¥ ¸² £ ¥³μ¥
¢ (58) ¶μÖ¢¨²¨¸Ó ¢ ·¥§Ê²ÓÉ É¥ ·¥ ²¨§ Í¨¨ ³¥Ì ´¨§³  •¨££¸  ¸¶μ´É ´´μ£μ ´ -
·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨. ‚¢¥¤¥´¨¥ ³ ¸¸μ¢μ£μ Î²¥´  ¢ (58) ¡¥§ ³¥Ì ´¨§³  •¨££¸ 
´ ·ÊÏ¨²μ ¡Ò SU(2)-¸¨³³¥É·¨Õ CÉ ´¤ ·É´μ° ³μ¤¥²¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É -
¢²¥´¨¨.

’¥³ ´¥ ³¥´¥¥, ´¥¢§¨· Ö ´  ´ ·ÊÏ¥´¨¥ SU(2)-¸¨³³¥É·¨¨, ¢¢¥¤¥³ ³ ¸¸μ-
¢Ò° Î²¥´ ¢ (58) ¡¥§ ³¥Ì ´¨§³  •¨££¸  ¨ ¶¥·¥°¤¥³ § É¥³ ¢ FW-¶·¥¤¸É ¢²¥´¨¥.
‚ ·¥§Ê²ÓÉ É¥ ³Ò ¶μ²ÊÎ¨³ £ ³¨²ÓÉμ´¨ ´ (59), ¨´¢ ·¨ ´É´Ò° μÉ´μ¸¨É¥²Ó´μ
SU(3)× SU(2)×U(1)-¶·¥μ¡· §μ¢ ´¨°, ´μ ¡¥§ Î²¥´μ¢, μÉ¢¥É¸É¢¥´´ÒÌ §  ¢§ -
¨³μ¤¥°¸É¢¨¥ Ë¥·³¨μ´μ¢ ¸μ ¸± ²Ö·´Ò³¨ ¡μ§μ´ ³¨ •¨££¸ . ’ ±¨³ μ¡· §μ³,
Ëμ·³Ê²¨·μ¢±  CÉ ´¤ ·É´μ° ³μ¤¥²¨ ¢ FW-¶·¥¤¸É ¢²¥´¨¨ ´¥ É·¥¡Ê¥É ¤²Ö Í¥²¥°
SU(2)-¨´¢ ·¨ ´É´μ¸É¨ É¥μ·¨¨ μ¡Ö§ É¥²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ •¨££¸ 
¸ Ë¥·³¨μ´ ³¨. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¸¥±Éμ· ¡μ§μ´μ¢ •¨££¸  ¸ÊÐ¥¸É¢¥´´μ ¸Ê¦ ¥É¸Ö:
¡μ§μ´Ò •¨££¸  μÉ¢¥É¸É¢¥´´Ò ²¨ÏÓ §  ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ É¥μ·¨¨
¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ²¨ÏÓ ¸ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨ W±

μ , Zμ ¨ £²Õμ´ ³¨.

‡�Š‹
—…�ˆ…

� ¸¸³μÉ·¥´¨¥ ¢ ·¨ ´Éμ¢ É¥μ·¨¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨Ì ¶μ²¥° ¢ ¶·¥¤¸É ¢²¥-
´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¶μ§¢μ²Ö¥É ¨§¢²¥ÎÓ ´μ¢Ò¥ Ë¨§¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö ¶μ
¸· ¢´¥´¨Õ ¸  ´ ²μ£¨Î´Ò³¨ ¢ ·¨ ´É ³¨ É¥μ·¨¨ ¢ ¤¨· ±μ¢¸±μ³ ¶·¥¤¸É ¢²¥´¨¨.

�·¨ ÊÎ¥É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í ¸  ´É¨Î ¸É¨Í ³¨ ¨ ¸¢Ö§ ´´μ°
¸ ÔÉ¨³ ³μ¤¨Ë¨± Í¨¨ ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¢ É¥μ·¨¨ ¶μÖ¢²Ö-
¥É¸Ö ¸¨³³¥É·¨Ö, ¨¤¥´É¨Î´ Ö ¸¨³³¥É·¨¨ ¨§μÉμ¶¨Î¥¸±μ£μ ¸¶¨´  ¨ μ¡Ö§ ´´ Ö
¨´¢ ·¨ ´É´μ¸É¨ £ ³¨²ÓÉμ´¨ ´  HFW μÉ´μ¸¨É¥²Ó´μ § ³¥´Ò §´ ±μ¢ ¢ ³ ¸¸μ-
¢ÒÌ Î²¥´ Ì. ”¥·³¨μ´Ò ¨  ´É¨Ë¥·³¨μ´Ò ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö ¢ ¸μ¸ÉμÖ´¨ÖÌ ¸μ
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§´ Î¥´¨Ö³¨ T 3
f = ±1/2, ´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¨¥ ¤·Ê£ ¸ ¤·Ê£μ³ Ë¥·³¨μ´Ò ¨

 ´É¨Ë¥·³¨μ´Ò ¤μ²¦´Ò ¨³¥ÉÓ ¢§ ¨³´μ ¶·μÉ¨¢μ¶μ²μ¦´Ò¥ §´ Î¥´¨Ö T 3
f .

” ±É¨Î¥¸±¨ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ FW-¶·¥¤¸É ¢²¥´¨¥ μ¶¨¸Ò¢ ¥É ¶·¨¢ÒÎ´Ò¥
¸μ¸ÉμÖ´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ Î ¸É¨Í ³¨ ¨  ´É¨Î ¸É¨Í ³¨, ±μÉμ·Ò¥ ¢§ -
¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³ ¸ μ£· ´¨Î¨É¥²Ó´Ò³¨ Ê¸²μ¢¨Ö³¨, ¶·¨¢¥¤¥´´Ò³¨
¢ÒÏ¥.

�¡ÒÎ´μ¥ FW-¶·¥¤¸É ¢²¥´¨¥ μ¶¨¸Ò¢ ¥É ´¥±¨¥ ±¢ §¨±² ¸¸¨Î¥¸±¨¥ ¸μ¸Éμ-
Ö´¨Ö ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö. ‚ ÔÉ¨Ì ¸μ¸ÉμÖ´¨ÖÌ ¶·¨¸ÊÉ¸É¢ÊÕÉ Î ¸É¨ÍÒ ¨
 ´É¨Î ¸É¨ÍÒ. — ¸É¨ÍÒ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³. �´É¨Î ¸É¨ÍÒ É ±¦¥
¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³, ´μ ¢§ ¨³μ¤¥°¸É¢¨¥ ·¥ ²Ó´ÒÌ Î ¸É¨Í ¸  ´É¨-
Î ¸É¨Í ³¨ μÉ¸ÊÉ¸É¢Ê¥É, ÔÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ ¢μ§³μ¦´μ ²¨ÏÓ ¢ ¶·μ³¥¦ÊÉμÎ´ÒÌ
(¢¨·ÉÊ ²Ó´ÒÌ) ¸μ¸ÉμÖ´¨ÖÌ.

‚ É¥μ·¨¨ ¢μ§³μ¦´μ ·¥ ²¨§μ¢ ÉÓ ²Õ¡ÊÕ ¸É¥¶¥´Ó ¶μ¤ ¢²¥´¨Ö ¢§ ¨³μ¤¥°-
¸É¢¨Ö ·¥ ²Ó´ÒÌ Î ¸É¨Í ¸  ´É¨Î ¸É¨Í ³¨. „²Ö ÔÉμ£μ ³μ¦´μ ¢¢¥¸É¨ ¢ £ ³¨²ÓÉμ-

´¨ ´ ¢³¥¸Éμ ¸¢Ö§¨
1
2

(I + τ3γ5) ¸¢Ö§Ó
1
2

(I + ετ3γ5), £¤¥ 1 � ε � 0.

�·¨ ε = 0 ·¥ ²¨§Ê¥É¸Ö μ¡ÒÎ´μ¥ FW-¶·¥¤¸É ¢²¥´¨¥; ¶·¨ ε = 1 ·¥ ²¨§Ê¥É¸Ö
³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ FW-¶·¥¤¸É ¢²¥´¨¥.

‚ É¥μ·¨¨ ¨³¥¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¸¢Ö§ ÉÓ ´ ·ÊÏ¥´¨¥ CP -¸¨³³¥É·¨¨ ¸ ´ ·Ê-
Ï¥´¨¥³ ¢¢¥¤¥´´μ° ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´ 
¨§μÉμ¶¨Î¥¸±μ° ¸¨³³¥É·¨¥°. „²Ö ÔÉμ£μ ³μ¦´μ ¢¢¥¸É¨ ¢ £ ³¨²ÓÉμ´¨ ´ HFW

μ±μ²μ ± ¦¤μ° ¸¢Ö§¨
1
2

(I + τ1γ5) ³´μ¦¨É¥²Ó (I + ε1τ3); 1 � ε1 � 0. ‚¢¥-

¤¥´´Ò° ³´μ¦¨É¥²Ó ´ ·ÊÏ ¥É ¨§μÉμ¶¨Î¥¸±ÊÕ ¸¨³³¥É·¨Õ É¥μ·¨¨ ¶·¨ ±μ´¥Î-
´μ³ ε1 ¨§-§   ´É¨±μ³³ÊÉ Í¨¨ τ3 ¨ τ1. ˆ§-§  ÔÉμ£μ ¶·μ¨¸Ìμ¤¨É ´ ·ÊÏ¥´¨¥
CP -¸¨³³¥É·¨¨ É¥μ·¨¨; ¸É¥¶¥´Ó ´ ·ÊÏ¥´¨Ö μ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´μ° ε1. ‚¥-
²¨Î¨´  ε1 μ¶·¥¤¥²Ö¥É É ±¦¥ ¢¥²¨Î¨´Ê ¨§³¥´¥´¨Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ±μ´¸É ´ÉÒ
¢§ ¨³μ¤¥°¸É¢¨Ö.

� ±μ´¥Í, ¸É ´¤ ·É´ Ö ³μ¤¥²Ó ¢ ¶·¥¤¸É ¢²¥´¨¨ ”μ²¤¨Ä‚ ÊÉÌ °§¥´  ¶·¨
¸μÌ· ´¥´¨¨ SU(3)×SU(2)×U(1)-¨´¢ ·¨ ´É´μ¸É¨ ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ-
¢ ´  ¡¥§ É·¥¡μ¢ ´¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö ¡μ§μ´μ¢ •¨££¸  ¸ Ë¥·³¨μ´ ³¨. ‚ ÔÉμ³
¸²ÊÎ ¥ ¡μ§μ´Ò •¨££¸  μÉ¢¥É¸É¢¥´´Ò ²¨ÏÓ §  ± ²¨¡·μ¢μÎ´ÊÕ ¨´¢ ·¨ ´É´μ¸ÉÓ
É¥μ·¨¨ ¨ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ²¨ÏÓ ¸ ± ²¨¡·μ¢μÎ´Ò³¨ ¡μ§μ´ ³¨ W±

μ , Zμ ¨ £²Õ-
μ´ ³¨.

�·¥¤¸É ¢²¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ¶μ-¢¨¤¨³μ³Ê, ³μ£ÊÉ ¸²Ê¦¨ÉÓ ¸É¨³Ê²μ³ ¤²Ö
¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤μ¢ ´¨° ¶·¥¤¸É ¢²¥´¨Ö ”μ²¤¨Ä‚ ÊÉÌ °§¥´ .

	² £μ¤ ·´μ¸É¨. �¢Éμ· ¢Ò· ¦ ¥É ¡² £μ¤ ·´μ¸ÉÓ 
.�.Šμ¸Ö±μ¢Ê §  ³´μ-
£μÎ¨¸²¥´´Ò¥ ¨ ¶μ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨ ¶μ ·¥§Ê²ÓÉ É ³ ¤ ´´μ° · ¡μÉÒ. �¢Éμ·
¡² £μ¤ ·¥´ ÊÎ ¸É´¨± ³ ¸¥³¨´ ·  ‹’” �ˆŸˆ §  ¤μ¡·μ¦¥² É¥²Ó´μ¥ μÉ´μÏ¥-
´¨¥ ¨ ¶μ²¥§´Ò¥ ¤¨¸±Ê¸¸¨¨,   É ±¦¥ ‘. �.˜´¥¶μ¢μ° §  ¡μ²ÓÏÊÕ É¥Ì´¨Î¥¸±ÊÕ
¶μ³μÐÓ ¶·¨ ¶μ¤£μÉμ¢±¥ μ¡§μ· .
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�·¨²μ¦¥´¨¥
��‘—…’› ���–…‘‘�‚ Š�„ ‚ FW-��…„‘’�‚‹…�ˆˆ

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

4π |x|

Sfi = −i

∫
d4x

(
Ψ(+)

FW(x, pf , sf )
)†

K0
1A0Ψ

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

= − iδ(Ef − Ei)
(2π)2

U †
sf
〈pf |C0A0|pi〉Usi =

= i
Ze2

q2

δ(Ef − Ei)
(2π)2

U †
sf

1
2Ei

(
Ei + m +

1
Ei + m

σpfσpi

)
Usi , q = pf−pi.

‡ ¶¨¸Ó K0
1A0, ¢Ò¶μ²´¥´´ Ö ¤²Ö Ê¤μ¡¸É¢ , Ë ±É¨Î¥¸±¨ μ§´ Î ¥É K0

1A0 ≡
K1 ¶·¨ A(x) = 0, É. ¥. A0(x) ¸É ´μ¢¨É¸Ö ´  ³¥¸É , μ¶·¥¤¥²Ö¥³Ò¥ ¢Ò· ¦¥-
´¨¥³ (26). �Éμ ¦¥ μÉ´μ¸¨É¸Ö ¨ ± § ¶¨¸¨ C0A0. �¥·¥Ìμ¤ μÉ K0

1A0 ± C0A0

μ¸ÊÐ¥¸É¢²¥´ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸ (39).
„ 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. � ¸¸¥Ö´¨¥ Ô²¥±É·μ´  ´  ¤¨· ±μ¢¸±μ³ ¶·μÉμ´¥ (· ¸¸¥Ö´¨¥ Œ¥²²¥· )

Sfi = −i

∫
d4xd4y

(
Ψ(+)

FW(x, pf , sf )
)†

Kα
1 Ψ(+)

FW(x, pi, si)DF (x − y) ×

×
(
Ψ(+)

FW(y, Pf , Sf )
)†

(−K1)αΨ(+)
FW(y, Pi, Si) =

= − iδ4(Pf − Pi + pf − pi)
(pf − pi)2

2π(U †
sf
〈pf |Cα|pi〉Usi)(U

†
Sf
〈Pf |Cα|Pi〉USi).

Œ É·¨Î´Ò° Ô²¥³¥´É Sfi ¶μ§¢μ²Ö¥É μ¶·¥¤¥²¨ÉÓ ³¥²²¥·μ¢¸±μ¥ ¸¥Î¥´¨¥ · ¸-
¸¥Ö´¨Ö Ô²¥±É·μ´ .

3. Šμ³¶Éμ´μ¢¸±μ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·μ´μ¢

Sfi = −i(χ†
sf

0)

{∫
d4zd4yd4p1

(2π)7
√

2k′
02k0

(
eipf yK1με′μeik′y e−ip1y

p0
1 − βE(p1)

eip1z×

× K1νενe−ikzeipiz + eipf yK1μεμe−iky e−ip1y

p0
1 − βE(p1)

eip1zK1νε′νeik′ze−ipiz

)
+

+
∫

d4y
1

(2π)3
√

2k′
02k0

(
eipf yK2μνε′μeik′yενe−ikye−ipiy+

+ eipf yK2μνεμe−ikyε′νeik′y

)} (
xsi

0

)
.
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‚ ¶¥·¢Ò° ¨´É¥£· ² μ¡Ñ¥¤¨´¥´Ò ¢±² ¤ ¤¨ £· ³³ ·¨¸. 3, a ¨ ¢, ¢μ ¢Éμ·μ° Å
¢±² ¤ ¤¨ £· ³³ ·¨¸. 3, ¡ ¨ £.

‡ ¶¨¸Ó K1μεμe−iky , K2μνεμe−ikyε′νeik′y ¨ É. ¤. ¶μ´¨³ ¥É¸Ö ¢ Éμ³ ¦¥
¸³Ò¸²¥, ± ± ÔÉμ Ê± § ´μ ¢ÒÏ¥ ¢ ¶. 1.

ˆ§-§  § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨-¨³¶Ê²Ó¸  ¢±² ¤ Î²¥´μ¢ ¢ ¶¥·¢μ° ±¢ -
¤· É´μ° ¸±μ¡±¥ ¢Ò· ¦¥´¨Ö (31) ¤²Ö K2 ¢ ³ É·¨Î´Ò° Ô²¥³¥´É Sfi · ¢¥´ ´Ê²Õ.
�μ ÔÉμ° ¦¥ ¶·¨Î¨´¥ § ´Ê²Ö¥É¸Ö ¢±² ¤ ¤¢ÊÌ ¶¥·¢ÒÌ ¸² £ ¥³ÒÌ ¢μ ¢Éμ·μ° ±¢ -
¤· É´μ° ¸±μ¡±¥. „ ²¥¥, É·¥ÉÓ¥ ¨ Î¥É¢¥·Éμ¥ ¸² £ ¥³Ò¥ ¢μ ¢Éμ·μ° ±¢ ¤· É´μ°
¸±μ¡±¥ ±μ³¶¥´¸¨·ÊÕÉ¸Ö ¸² £ ¥³Ò³¨ ¢ ¶¥·¢μ³ ¨´É¥£· ²¥ ¢ ¢Ò· ¦¥´¨¨ ¤²Ö
Sfi, ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ¢±² ¤Ê ¤¨ £· ³³ a ¨ ¢ ´  ·¨¸. 3. ’ ±¨³ μ¡· §μ³,
¢±² ¤ ¢ ³ É·¨Î´Ò° Ô²¥³¥´É Sfi ¤ ÕÉ ²¨ÏÓ ¶μ¸²¥¤´¨¥ Î¥ÉÒ·¥ ¸² £ ¥³ÒÌ ¢
¢Ò· ¦¥´¨¨ (31). “± § ´´Ò¥ μ¡¸ÉμÖÉ¥²Ó¸É¢  Ö¢²ÖÕÉ¸Ö μ¡Ð¨³¨ ¶·¨ · ¸Î¥É Ì
¶·μÍ¥¸¸μ¢ ¢Éμ·μ£μ ¶μ·Ö¤±  É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸ Î ¸É¨Í ³¨, ´ Ìμ¤ÖÐ¨³¨¸Ö
´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨. ‘ ÊÎ¥Éμ³ ¢ÒÏ¥¸± § ´´μ£μ

Sfi =
−i(2π)4δ4(pi + k − pf − k′)

(2π)3
√

2k02k′
0

(χ†
sf

0)A
(

xsi

0

)
,

£¤¥

A = Cμ(pf ; pi + k)ε′μ
(1 + β)/2

βE(pi) + k0 − E(pi + k)
Cμ(pi + k; pi)εμ+

+ Nμ(pf ; pi + k)ε′μ
(1 − β)/2

−βE(pi) + k0 + E(pi + k)
Nμ(pi + k; pi)εμ+

+ Cμ(pf ; pi − k′)εμ (1 + β)/2
βE(pi) − k′

0 − E(pi − k′)
Cμ(pi − k′; pi)ε′μ+

+Nμ(pf ; pi − k′)εμ (1 − β)/2
−βE(pi) − k′

0 + E(pi − k′)
Nμ(pi − k′; pi)ε′μ,

Cμ(pf ; pi + k) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
eRfR1

(
1 +

αpf

E(pf ) + m

α(pi + k)
E(pi + k) + m

)
; μ = 0,

−eRfR1β

(
αpf

E(pf ) + m
αk + αk α(pi + k)

E(pi + k) + m

)
;

μ = k; k = 1, 2, 3,

Nμ(pf ; pi + k) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
eRfR1β

(
αpf

E(pf ) + m
− α(pi + k)

E(pi + k) + m

)
; μ = 0,

−RfR1

(
αk − αpf

E(pf ) + m
αk α(pi + k)

E(pi + k) + m

)
;

μ = k; k = 1, 2, 3,

Rf ≡ Rpf
, R1 ≡ Rpi+k ¨ É. ¤. �·¨ ¶o²ÊÎ¥´¨¨ Sfi ¢ ¨³¶Ê²Ó¸´μ³ ¶·¥¤¸É ¢²¥-

´¨¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ËÊ´±Í¨¨ (4) ¸ ¸μμÉ´μÏ¥´¨Ö³¨ (5).
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…¸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 Sfi Ê¶·μÐ ¥É¸Ö:

A =
e2

m
Rf (εε′ +

σ(k − k′)σε′σkσε

2k0(2m + k0 − k0′)
+

σ(k − k′)σεσk′σε′

2k0′(2m + k0 − k0′)
.

„ 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.

4. ‘μ¡¸É¢¥´´ Ö Ô´¥·£¨Ö Ô²¥±É·μ´ 

−i
∑

(2)(p) = −
∫

d4k

(2π)4k2

[
Kμ

1 (p; p−k; ν = −1)
1

p0 − k0 − βE(p − k)
×

× K1μ(p− k; p; ν′ = 1) − Kμ
1 (p; p − k; ν = −1)

(1 + β)/2
βE(p) − k0 − E(p − k)

×

×K1μ (p−k; p; ν′ = 1)+Cμ(p; p−k)
(1 + β)/2

βE(p) − k0 − E(p− k)
Cμ(p−k;p)+

+ Nμ(p; p − k)
(1 − β)/2

− βE(p) − k0 + E(p − k)
Nμ(p − k; p)

]
.

„²Ö ¸²ÊÎ Ö p2 = m2 ¨ ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥, ÎÉμ ¤²Ö Ô²¥±É·μ´μ¢ βψ
(+)
FW =

ψ
(+)
FW, ¶μ²ÊÎ ¥³ −i

∑
(2)(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¥´¨¨.

5. �μ²Ö·¨§ Í¨Ö ¢ ±ÊÊ³ 
„¨ £· ³³¥ ·¨¸. 5 ¸μμÉ¢¥É¸É¢Ê¥É ¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶μ²Ö·¨§ Í¨μ´-

´μ£μ μ¶¥· Éμ· :

Πμν(q) = i

∫
dp

(2π)3

{
Sp

1
E(p)−q0+E(p−q)

Nμ(p−q;p)
1+β

2
Nν(p;p−q)+

+ Sp
1

E(p) + q0 + E(p − q)
Nμ(p − q; p)

1 − β

2
Nν(p; p− q)

}
.

�μ¸²¥ ¢ÒÎ¨¸²¥´¨Ö Ï¶Ê·μ¢ ¢Ò· ¦¥´¨¥ ¤²Ö (−i)Πμν ¸μ¢¶ ¤ ¥É ¸ £ °É²¥·μ¢¸±¨³
É¥´§μ·μ³ ¨´¤Ê±Í¨¨ Lμν [5].

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 ·¨¸. 6 μ± §Ò¢ -

¥É¸Ö, ÎÉμ 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 ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ Î ¸ÉÖ³¨ ³ -
É·¨Î´ÒÌ Ô²¥³¥´Éμ¢, ¤²Ö ¡¥¸¶·μ¶ £ Éμ·´ÒÌ ¤¨ £· ³³ ·¨¸. 6, £, §, ³. ‚ ¨Éμ£¥
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¸ ÊÎ¥Éμ³ ¶·¥¤¥²Ó´μ£μ ¶·μÍ¥¸¸  ƒ °É²¥·  ¤²Ö ¸¨´£Ê²Ö·´ÒÌ §´ ³¥´ É¥²¥° [5]
³ É·¨Î´Ò° Ô²¥³¥´É ¤²Ö ¨¸±μ³ÒÌ · ¤¨ Í¨μ´´ÒÌ ¶μ¶· ¢μ± ¨³¥¥É ¢¨¤

Sfi =
1

(2π)3
(χ†

Sf
0)

{ ∫
d4k

(2π)4k2

∫
dεδ(ε)

p2
fε (2 + ε)

[
Cμ(pf ;pf (1 + ε) − k)×

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

Cμ(pf (1 + ε) − k;pf (1 + ε))+

+ Nμ(pf ;pf (1 + ε) − k)×

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

Nμ(pf (1+ε)−k;pf (1+ε))

]
Cν(pf ;pi)Aν(q)+

+
∫

d4k

(2π)4k2

∫
dεδ(ε)

p2
i ε(2 + ε)

[
Cμ(pi(1 + ε);pi(1 + ε) − k)×

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

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

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

Nμ(pi(1 + ε) − k;pi)

]
Cν(pf ;pi)Aν(q)−

−
∫

d4k

(2π)4k2

1
2E(pf )

[
1

E(pf )−k0+E(pf−k)
Nμ(pf ;pf−k)Cμ(pf−k;pf )+

+
1

E(pf )−k0 − E(pf−k)
Cμ(pf ;pf − k)Nμ(pf − k;pf )

]
Nν(pf ;pi)Aν(q)−

−
∫

d4k

(2π)4k2

1
2E(pi)

Nν(pf ;pi)Aν(q)

[
1

E(pi) − k0 − E(pi − k)
×

× Nμ(pi;pi − k)Cμ(pi − ki;pi) +
1

E(pi) − k0 + E(pi − k)
×

× Cμ(pi;pi − k)Nμ(pi − ki; p
i
)

]
−

−
∫

d4k

(2π)4k2

[
Cμ(pf ;pf−k)

1
E(pf )−k0−E(pf−k)

Cν(pf−k;pi−k)Aν(q)×

× 1
E(pi) − k0 − E(pi − k)

Cμ(pi − k;pi)+
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+ Nμ(pf ;pf − k)
1

E(pf ) − k0 + E(pf − k)
Cν(pf − k;pi − k)Aν(q)×

× 1
E(pi) − k0 + E(pi − k)

Nμ(pi − k;pi)+

+ Nμ(pf ;pf − k)
1

E(pf ) − k0 + E(pf − k)
Nν(pf − k;pi − k)Aν (q)×

× 1
E(pi) − k0 − E(pi − k)

Cμ(pi − k;pi)+

+ Cμ(pf ;pi − k)
1

E(pf ) − k0 − E(pf − k)
Nν(pf − k;pi − k)Aν (q)×

× 1
E(pi)−k0+E(pi−k)

Nμ(pi−k;pi)

]
−Cμ(pf ;pi)

Πμν(q)
q2

Aν(q)

} (
χsi

0

)
.

�μ¸²¥ ¶¥·¥´μ·³¨·μ¢±¨ ³ ¸¸Ò ¨ § ·Ö¤  Ô²¥±É·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¥´¨¨.

7. �´´¨£¨²ÖÍ¨Ö Ô²¥±É·o´-¶μ§¨É·μ´´μ° ¶ ·Ò
�·μÍ¥¸¸Ê  ´´¨£¨²ÖÍ¨¨ Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶ ·Ò ¢μ ¢Éμ·μ³ ¶μ·Ö¤±¥

É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¸μμÉ¢¥É¸É¢ÊÕÉ ¤¨ £· ³³Ò ·¨¸. 3 ¸ § ³¥´μ° ε, k → ε1,−k1;
ε′, k′ → ε2, k2; pi, si → p−, s−; pf , sf → −p+, s+.

‘ ÊÎ¥Éμ³ ¢μ¸Ó³¨³¥·´μ£μ μ¡μ¡Ð¥´¨Ö ³ É·¨Î´Ò° Ô²¥³¥´É ¶·μÍ¥¸¸ 

S+− =
−i(2π)4δ4(p− + p+ − k1 − k2)

(2π)3
√

2k0
12k0

2

(0 V †
s+

) 1
2
A1

(
Us−

0

)
.

�¶¥· 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¢. �·¨ ÔÉμ³ Cμ → Cμ

1 , Nμ → Nμ
1 ,

Cμ
1 (−p+; p−−k1) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eRp+

(
1
2
(I + τ1γ5) −

βα(−p+)
E(−p+) + τ3m

1
2
(I + τ1γ5)×

× βα(p− − k1)
E(p− − k1) + τ3m

)
Rp−−k1 ; μ = 0,

−eRp+

(
βα(−p+)

E(−p+) + τ3m
αK 1

2
(I + τ1γ5)−

−1
2
(I + τ1γ5)αk βα(p− − k1)

E(p− − k1) + τ3m

)
Rp−−k1 ;

μ = k, k = 1, 2, 3,
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Nμ
1 (−p+; p−−k1) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

eRp+

(
βα(−p+)

E(−p+) + τ3m

1
2
(I + τ1γ5)−

−1
2
(I + τ1γ5)

βα(p− − k1)
E(p− − k1) + τ3m

)
Rp−−k1 ; μ = 0,

−eRp+

(
αk 1

2
(I + τ1γ5) −

βα(−p+)
E(−p+) + τ3m

×

×1
2
(I + τ1γ5)αk βα(p− − k1)

E(p− − k1) + τ3m

)
Rp−−k1 ;

μ = k, k = 1, 2, 3.

‚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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