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ˆ´¸É¨ÉÊÉ ¤¨´ ³¨±¨ ¸¨¸É¥³ ¨ É¥μ·¨¨ Ê¶· ¢²¥´¨Ö, ‘¨¡¨·¸±μ¥ μÉ¤¥²¥´¨¥
�μ¸¸¨°¸±μ°  ± ¤¥³¨¨ ´ Ê±, ˆ·±ÊÉ¸±, �μ¸¸¨Ö

ˆ¸Ìμ¤Ö ¨§ μ¡Ð¨Ì ¶·¨´Í¨¶μ¢ ¢¥Ð¥¸É¢¥´´μ¸É¨, ± ²¨¡·μ¢μÎ´μ° ¨ ·¥¶ · ³¥É·¨§ Í¨μ´´μ° ¨´-
¢ ·¨ ´É´μ¸É¨ ² £· ´¦¨ ´  ¶μ¸É·μ¥´μ ¤¥°¸É¢¨¥, μ¶¨¸Ò¢ ÕÐ¥¥ ¤¨´ ³¨±Ê ±² ¸¸¨Î¥¸±μ° Í¢¥Éμ§ ·Ö-
¦¥´´μ° Î ¸É¨ÍÒ, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ ¢´¥Ï´¨³¨ ´¥ ¡¥²¥¢Ò³¨ ¡μ§μ´´Ò³ ¨ Ë¥·³¨μ´´Ò³ ¶μ²Ö³¨.
� ¸¸³μÉ·¥´Ò ¸²ÊÎ ¨ ²¨´¥°´μ° ¨ ±¢ ¤· É¨Î´μ° § ¢¨¸¨³μ¸É¨ ² £· ´¦¨ ´  μÉ ¢´¥Ï´¥£μ Ë¥·³¨μ´´μ£μ
¶μ²Ö. �μ± § ´μ, ÎÉμ ¢ μ¡μ¨Ì ¸²ÊÎ ÖÌ ³μ¦¥É ¸ÊÐ¥¸É¢μ¢ ÉÓ ´¥μ£· ´¨Î¥´´μ¥ ±μ²¨Î¥¸É¢μ Î²¥´μ¢
¢§ ¨³μ¤¥°¸É¢¨Ö. �·¨ ¶μ³μÐ¨ ¨É¥· Í¨μ´´μ° ¸Ì¥³Ò ¶μ¸É·μ¥´μ ´¥¸±μ²Ó±μ Éμ±μ¢ ¨ ¨¸ÉμÎ´¨±μ¢,
´ ¢μ¤¨³ÒÌ ¢ ¸·¥¤¥ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨Í¥° ¸ ´¥ ¡¥²¥¢Ò³ § ·Ö¤μ³. �μ± § ´μ, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´´μ³
¢Ò¡μ·¥ ´¥±μÉμ·ÒÌ ¶ · ³¥É·μ¢ ÔÉ¨ ¢¥²¨Î¨´Ò ¸μ¢¶ ¤ ÕÉ ¸ ¶μ²ÊÎ¥´´Ò³¨ · ´¥¥ ¢ · ¡μÉ¥ [1] ¨§
Ô¢·¨¸É¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°.

Based on principles of gauge and reparametrization invariance of real valued Lagrangian, construc-
tion of the action describing dynamics of a classical color-charged particle interacting with background
non-Abelian gauge and fermion ˇelds is considered. The cases of the linear and quadratic dependence
of a Lagrangian on background fermion ˇeld are discussed. It is shown that in both cases there exists
an inˇnite number of interaction terms. From an iteration scheme, examples of construction of the ˇrst
few currents and sources induced by a moving particle with non-Abelian charge are given. It is shown
that by a suitable choice of parameters these quantities exactly reproduce additional currents and sources
obtained previously in [1] on the basis of heuristic considerations.
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”μ·³Ê²¨·μ¢±  ² £· ´¦¥¢  ¨ £ ³¨²ÓÉμ´μ¢  μ¶¨¸ ´¨Ö ¤¨´ ³¨±¨ (¶¸¥¢¤μ)±² ¸¸¨Î¥¸±μ°
Í¢¥É´μ° Î ¸É¨ÍÒ, ¢§ ¨³μ¤¥°¸É¢ÊÕÐ¥° ¸ ¢´¥Ï´¨³ ¶μ²¥³ Ÿ´£ ÄŒ¨²²¸ , ¡Ò²  ¶·¥¤²μ¦¥´ 
¢ ¤¢ÊÌ ËÊ´¤ ³¥´É ²Ó´ÒÌ · ¡μÉ Ì: A. 	a·¤ÊÎÎ¨ ¨ ¤·. [2] ¨ A.�. 	 ² Î ´¤· ´a ¨ ¤·. [3].
‚ ¤ ´´μ° · ¡μÉ¥ ³Ò ¶ÒÉ ¥³¸Ö · ¸Ï¨·¨ÉÓ ¶μ¤Ìμ¤, ¶·¥¤²μ¦¥´´Ò° ¢ [2,3], ´  ¸²ÊÎ ° ¶·¨-
¸ÊÉ¸É¢¨Ö ´¥ ¡¥²¥¢  Ë¥·³¨μ´´μ£μ ¶μ²Ö ´ ·Ö¤Ê ¸ ¢´¥Ï´¨³ ± ²¨¡·μ¢μÎ´Ò³ ¶μ²¥³. Š ±
μ¸´μ¢Ê ³Ò ¨¸¶μ²Ó§Ê¥³ μ¡Ð¨¥ ¶·¨´Í¨¶Ò, ¢¶¥·¢Ò¥ ¸Ëμ·³Ê²¨·μ¢ ´´Ò¥ ¢ · ¡μÉ¥ [3]. †¥-
² ¥³μ¥ ¤¥°¸É¢¨¥, ¸μ£² ¸´μ ¨³, ¤μ²¦´μ Ê¤μ¢²¥É¢μ·ÖÉÓ ¸²¥¤ÊÕÐ¨³ Ê¸²μ¢¨Ö³:

1E-mail: markov@icc.ru
2E-mail: a.a.shishmarev@mail.ru
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1) ¢¥Ð¥¸É¢¥´´μ¸É¨ ¢¶²μÉÓ ¤μ ¶μ²´μ° ¶·μ¨§¢μ¤´μ° ¶μ ¢·¥³¥´¨;
2) ·¥¶ · ³¥É·¨§ Í¨μ´´μ° ¨´¢ ·¨ ´É´μ¸É¨, É.à¥. ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ § ³¥´Ò

τ → τ ′ = f(τ);
3) ¨´¢ ·¨ ´É´μ¸É¨ μÉ´μ¸¨É¥²Ó´μ ± ²¨¡·μ¢μÎ´ÒÌ ¶·¥μ¡· §μ¢ ´¨°.
Š·μ³¥ Éμ£μ, ± ÔÉ¨³ Ê¸²μ¢¨Ö³ ¢ · ¡μÉ¥ [3] ¡Ò²μ ¤μ¡ ¢²¥´μ Ê¸²μ¢¨¥ ¸μ£² ¸μ¢ ´´μ¸É¨ ¸

Ê· ¢´¥´¨¥³ ‚μ´£  [4]:

dQa(t)
dt

+ igυμAb
μ(t, vt) (T b)ac Qc(t) = 0.

�¢Éμ· ³¨ [2,3] ¡Ò²μ ´¥§ ¢¨¸¨³μ ¶·¥¤²μ¦¥´μ ¤¥°¸É¢¨¥, Ê¤μ¢²¥É¢μ·ÖÕÐ¥¥ ¢¸¥³ ¢ÒÏ¥-
¶·¨¢¥¤¥´´Ò³ Ê¸²μ¢¨Ö³, ¤²Ö Î ¸É¨ÍÒ, ¤¢¨¦ÊÐ¥°¸Ö ¢μ ¢´¥Ï´¥³ ± ²¨¡·μ¢μÎ´μ³ ¶μ²¥:

S =
∫

L dτ ; L = −m
√

ẋμẋμ + iθ†iDijθj .

‡¤¥¸Ó Dij = δij∂/∂τ + igẋμAa
μ(ta)ij Å ±μ¢ ·¨ ´É´ Ö ¶·μ¨§¢μ¤´ Ö ¢¤μ²Ó É· ¥±Éμ·¨¨

¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ; θ†i ¨ θi Å ´ ¡μ· £· ¸¸³ ´μ¢ÒÌ ¶¥·¥³¥´´ÒÌ, ¶·¨´ ¤²¥¦ Ð¨Ì ± ËÊ´-
¤ ³¥´É ²Ó´μ³Ê ¶·¥¤¸É ¢²¥´¨Õ £·Ê¶¶Ò SU(Nc), i = 1, . . . , Nc. �·¨ ÔÉμ³, ¨¸¶μ²Ó§ÊÖ ¶·¥¤-
¸É ¢²¥´¨¥ Qa = θ†i(ta)ijθj , ¶μ²ÊÎ ¥³ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö ¤²Ö £· ¸¸³ ´μ¢ÒÌ Í¢¥Éμ¢ÒÌ
§ ·Ö¤μ¢ θi:

dθi(τ)
dτ

+ igẋμAa
μ(x)(ta)ijθj(τ) = 0,

dθ†i(τ)
dτ

− igẋμAa
μ(x)θ†j(τ)(ta)ji = 0.

’¥³ ´¥ ³¥´¥¥ ¢ · ¡μÉ¥ [1] ¡Ò²μ ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ, ÎÉμ Ê· ¢´¥´¨Ö ¤²Ö £· ¸¸³ ´μ¢ÒÌ
§ ·Ö¤μ¢ ¨ Ê· ¢´¥´¨¥ ‚μ´£  ¢ Éμ³ ¢¨¤¥, ¢ ±μÉμ·μ³ μ´¨ ¡Ò²¨ ¶·¥¤¸É ¢²¥´Ò ¢ μ·¨£¨´ ²Ó-
´ÒÌ · ¡μÉ Ì [2Ä4], ´¥ ¤ ÕÉ ¢μ§³μ¦´μ¸É¨ ¶μ²ÊÎ¨ÉÓ ¶μ²´Ò¥ ¨ ± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´Ò¥
¢Ò· ¦¥´¨Ö ¤²Ö ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ´¥±μÉμ·ÒÌ ¶·μÍ¥¸¸μ¢ · ¸¸¥Ö´¨Ö. �·¨Î¨´  ÔÉμ£μ
¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¤ ´´Ò¥ Ê· ¢´¥´¨Ö ¶μ²ÊÎ¥´Ò ¢ ¶·¨¡²¨¦¥´¨¨ ´ ²¨Î¨Ö ¢ ¸¨¸É¥³¥ Éμ²Ó±μ
(·¥£Ê²Ö·´μ£μ ¨/¨²¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ) ¢´¥Ï´¥£μ ± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö. ’ ±¨³ μ¡· §μ³,
¨¸¶μ²Ó§μ¢ ´¨¥ Ê¶μ³Ö´ÊÉμ£μ ¢ÒÏ¥ · §²μ¦¥´¨Ö Qa = θ†i(ta)ijθj ¶·¨¢μ¤¨É Éμ²Ó±μ ± ¢μ§-
³μ¦´μ¸É¨ ¶μ²ÊÎ¥´¨Ö Ô²¥£ ´É´μ° ² £· ´¦¥¢μ° (£ ³¨²ÓÉμ´μ¢μ°) Ëμ·³Ê²¨·μ¢±¨, ´μ ·¥ ²Ó-
´ Ö ¤¨´ ³¨±  ¸ ³¨Ì £· ¸¸³ ´μ¢ÒÌ § ·Ö¤μ¢ θ†i ¨ θi ¢ ÔÉμ³ ¸²ÊÎ ¥ ´¥ μÉ¸²¥¦¨¢ ¥É¸Ö. �Éμ
¶·μ¨¸Ìμ¤¨É ¨§-§  Éμ£μ, ÎÉμ Ë ±É¨Î¥¸±¨ Éμ²Ó±μ ±¢ ¤· É¨Î´ Ö ±μ³¡¨´ Í¨Ö £· ¸¸³ ´μ¢ÒÌ
Í¢¥Éμ¢ÒÌ § ·Ö¤μ¢ θ†taθ ¢Ìμ¤¨É ¢ ¢Ò· ¦¥´¨Ö ¤²Ö ±μμ·¤¨´ ÉÒ xμ ¨ Éμ±  ja

μ, ´ ¢μ¤¨³μ£μ
¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨Í¥° ¢ ¸·¥¤¥. ‘¨ÉÊ Í¨Ö, μ¤´ ±μ, ± Î¥¸É¢¥´´μ ³¥´Ö¥É¸Ö, ±μ£¤  ¢ ¸¨¸É¥³¥
¶μÖ¢²Ö¥É¸Ö ¢´¥Ï´¥¥ Ë¥·³¨μ´´μ¥ ¶μ²¥, · §¤¥²ÖÕÐ¥¥ ¤ ´´ÊÕ ±μ³¡¨´ Í¨Õ ´  ¶ ·Ê μÉ-
¤¥²Ó´ÒÌ £· ¸¸³ ´μ¢ÒÌ § ·Ö¤μ¢ Å θ† i ¨ θi. ‚ · ¡μÉ¥ [1] ¡Ò²¨ ¶·¥¤²μ¦¥´Ò ³¨´¨³ ²Ó´μ¥
· ¸Ï¨·¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° ´  ¸²ÊÎ ° ¶·¨¸ÊÉ¸É¢¨Ö ¢ ¸¨¸É¥³¥ ³Ö£±¨Ì (´¥ ¡¥²¥¢ÒÌ) Ë¥·-
³¨μ´´ÒÌ ¶μ²¥° Ψi

α(x) ¨ Ψ̄i
α(x):

dθi(τ)
dτ

+ igẋμAa
μ(x)(ta)ijθj(τ) + ig(ψ̄αΨi

α(x)) = 0,

(1)
dθ†i(τ)

dτ
− igẋμAa

μ(x)θ†j(τ)(ta)ji − ig(Ψ̄i
α(x)ψα) = 0,
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dQa(τ)
dτ

+ igẋμAb
μ(x)(T b)acQc(τ)+

+ ig
{

θ†j(τ)(ta)ji
(
ψ̄αΨi

α(x)
)
−

(
Ψ̄i

α(x)ψα

)
(ta)ijθj(t)

}
= 0. (2)

�¥É·Ê¤´μ ¶μ¸É·μ¨ÉÓ ² £· ´¦¨ ´, ¢ ·¨ Í¨¨ ±μÉμ·μ£μ ¡Ê¤ÊÉ ¶μ·μ¦¤ ÉÓ É·¥¡Ê¥³Ò¥ · ¸Ï¨-
·¥´´Ò¥ Ê· ¢´¥´¨Ö ¤¢¨¦¥´¨Ö:

L = iθ†iDijθj − g{θ†i(χ̄αΨi
α) + (Ψ̄i

αχα)θi}.

� ·Ö¤Ê ¸ μ¡μ¡Ð¥´´Ò³¨ Ê· ¢´¥´¨Ö³¨ ¤¢¨¦¥´¨Ö, ¢ · ¡μÉ Ì [1,5] ¶μ²ÊÎ¥´Ò ´ ¢μ¤¨³Ò¥
¢ ¸·¥¤¥ ¤¢¨¦ÊÐ¥°¸Ö Î ¸É¨Í¥° ¤μ¶μ²´¨É¥²Ó´Ò¥ ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´Ò¥ Í¢¥É´Ò¥ Éμ±¨
¨ ¨¸ÉμÎ´¨±¨, ±μÉμ·Ò¥ ¤μ²¦´Ò ¡ÒÉÓ ¤μ¡ ¢²¥´Ò ¢ ¶· ¢Ò¥ Î ¸É¨ Ê· ¢´¥´¨° Ÿ´£ ÄŒ¨²²¸ 
¨ „¨· ± , É ± ± ± Éμ²Ó±μ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¢μ§³μ¦´μ ¢ÒÎ¨¸²¥´¨¥ ¶μ²´ÒÌ ¨ ± ²¨¡·μ¢μÎ´μ-
±μ¢ ·¨ ´É´ÒÌ ¢Ò· ¦¥´¨° Éμ±μ¢ ¨ ¨¸ÉμÎ´¨±μ¢, ´ ¢μ¤¨³ÒÌ ¦¥¸É±¨³¨ É¥·³ ²Ó´Ò³¨ Î ¸É¨-
Í ³¨ ¢ ¶·μÍ¥¸¸ Ì · ¸¸¥Ö´¨Ö ¢ ±¢ ·±-£²Õμ´´μ° ¶² §³¥.

�¤´ ±μ ¶μ¸É·μ¥´´Ò° ¢ÒÏ¥ ² £· ´¦¨ ´ ¢¸¥ ¥Ð¥ ´¥ ¶μ§¢μ²Ö¥É ¢μ¸¶·μ¨§¢¥¸É¨ ¶μ²ÊÎ¥´-
´Ò¥ · ´¥¥ ¢ · ¡μÉ¥ [1] ´ ¢μ¤¨³Ò¥ Î ¸É¨Í¥° Éμ±¨ ¨ ¨¸ÉμÎ´¨±¨. �·¥¤²μ¦¥´μ ¸²¥¤ÊÕÐ¥¥
¥£μ μ¡μ¡Ð¥´¨¥ [6]:

L = − 1
2e

ẋμẋμ − e

2
m2 + iθ†iDijθj − e√

2
g{θ†i(ψ̄αΨi

α) + (Ψ̄i
αψα)θi}+

+
e√
2

ig Qa{θ†j(ta)ji(ψ̄αΨi
α) − (Ψ̄i

αψα)(ta)ijθj},

£¤¥ e Å μ¤´μ³¥·´ Ö ³¥É·¨± , ¶·¥μ¡· §ÊÕÐ Ö¸Ö ¶μ § ±μ´Ê e → e′ = e (dτ ′/dτ). ƒ² ¢´μ¥
μÉ²¨Î¨¥ ¤ ´´μ£μ ² £· ´¦¨ ´  μÉ ¶·¥¤Ò¤ÊÐ¥£μ ¸μ¸Éμ¨É ¢ ´ ²¨Î¨¨ ¶μ¸²¥¤´¥£μ ¸² £ ¥³μ£μ,
±μÉμ·μ¥ ¶μ§¢μ²Ö¥É ¶μ¸É·μ¨ÉÓ ´ ¢μ¤¨³Ò¥ ¢ ¸·¥¤¥ ¤μ¶μ²´¨É¥²Ó´Ò¥ Éμ±¨ ¨ ¨¸ÉμÎ´¨±¨. ’¥³
´¥ ³¥´¥¥ ÔÉμÉ ² £· ´¦¨ ´ ´¥ Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ μ¡Ð¨³, Ê¤μ¢²¥É¢μ·ÖÕÐ¨³ ¢ÒÏ¥μ¶¨¸ ´-
´Ò³ Ê¸²μ¢¨Ö³. ‚ · ¡μÉ¥ [6] ¡Ò²  ¶·¥¤²μ¦¥´  ´¥¸²μ¦´ Ö ¸Ì¥³  ¶μ¸É·μ¥´¨Ö ´ ¨¡μ²¥¥
μ¡Ð¥£μ ¢Ò· ¦¥´¨Ö ¤²Ö É ±μ£μ ² £· ´¦¨ ´ .

�¸´μ¢´ Ö ¨¤¥Ö ¸Ì¥³Ò ¶μ¸É·μ¥´¨Ö ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ, §´ Ö μ¡Ð¨° ¢¨¤ ¨´Ë¨´¨É¥§¨-
³ ²Ó´ÒÌ ¢ ·¨ Í¨° · §²¨Î´ÒÌ ¶¥·¥³¥´´ÒÌ ¶·¨ ± ²¨¡·μ¢μÎ´μ³ ¶·¥μ¡· §μ¢ ´¨¨ ¨ É·¥¡ÊÖ
μ¡· Ð¥´¨Ö ¶μ²´μ° ¢ ·¨ Í¨¨ ² £· ´¦¨ ´  ¢ ´Ê²Ó, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ Ê· ¢´¥´¨¥, ·¥Ï¥´¨¥
±μÉμ·μ£μ ¡Ê¤¥É Ö¢²ÖÉÓ¸Ö · ¸Ï¨·¥´´μ° Ëμ·³μ° ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´μ£μ ² £· ´¦¨-
 ´ . ‚ ´ Ï¥° · ¡μÉ¥ ² £· ´¦¨ ´ Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ¸²¥¤ÊÕÐ¨Ì ¶¥·¥³¥´´ÒÌ:

L = L(ẋ, θ, θ†, (Ψ̄i
αχα), (χ̄αΨi

α), Aa
μ, Aa

μ,ν).

„²Ö ¶·μ¸ÉμÉÒ §¤¥¸Ó ³Ò ´¥ ¢±²ÕÎ ¥³ ¢ · ¸¸³μÉ·¥´¨¥ ¸¶¨´μ¢ÊÕ ¤¨´ ³¨±Ê Î ¸É¨ÍÒ, É. ¥.
¶·¥´¥¡·¥£ ¥³ Î²¥´ ³¨, ¸μ¤¥·¦ Ð¨³¨ χ̇α ¨ ˙̄χα. ˆ¸¶μ²Ó§ÊÖ ¸²¥¤ÊÕÐ¨°, ¢Ò¡· ´´Ò° ´ ³¨
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´ ¡μ· ± ²¨¡·μ¢μÎ´ÒÌ ¨´Ë¨´¨É¥§¨³ ²Ó´ÒÌ ¢ ·¨ Í¨°

Ψi
α → Ψi

α + igΛa(ta)ijΨj
α,

Ψ̄i
α → Ψ̄i

α − igΛaΨ̄j
α(ta)ji,

θi → θi + igΛa(ta)ijθj ,

θ†i → θ†i − igΛaθ†j(ta)ji,

Qa → Qa − gfabcΛbQc,

Aa
μ → Aa

μ − gfabcΛbAc
μ − ∂μΛa

¨ ¶·¨· ¢´¨¢ Ö ´Ê²Õ ¶μ²´ÊÕ ¢ ·¨ Í¨Õ ² £· ´¦¨ ´ , ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¥¥ Ê· ¢´¥´¨¥:

δL = igΛa

(−−→
∂L

∂θi
(ta)ijθj − θ†j(ta)ji

←−−
∂L

∂θ†i
+
−−−→
∂L

∂Ψi
α

(ta)ijΨj
α − Ψ̄j

α(ta)ji

←−−−
∂L

∂Ψ̄i
α

)
−

− ∂L

∂Aa
μ

(gfabcΛbAc
μ + ∂μΛa) = 0. (3)

‚ [6] · ¸¸³μÉ·¥´Ò ¸²ÊÎ ¨ ²¨´¥°´μ° ¨ ±¢ ¤· É¨Î´μ° § ¢¨¸¨³μ¸É¥° L μÉ ¶μ²¥° Ψi
α ¨

Ψ̄i
α. �É³¥Î¥´μ, ÎÉμ ¸É·Ê±ÉÊ·  ² £· ´¦¨ ´  ¢ ¸²ÊÎ ¥ ±¢ ¤· É¨Î´μ° § ¢¨¸¨³μ¸É¨ ´ ³´μ£μ

¡μ£ Î¥, Î¥³ ¢ ¸²ÊÎ ¥ ²¨´¥°´μ°, ´μ ¤ ¦¥ ¢ ÔÉ¨Ì ¶·μ¸É¥°Ï¨Ì ¸²ÊÎ ÖÌ Î¨¸²μ Î²¥´μ¢ ¢§ ¨³μ-
¤¥°¸É¢¨Ö, ±μÉμ·Ò¥ Ê¤μ¢²¥É¢μ·ÖÕÉ ¶μ²ÊÎ¥´´μ³Ê Ê· ¢´¥´¨Õ, ´¥μ£· ´¨Î¥´μ. ’¥³ ´¥ ³¥´¥¥
Ëμ·³ ²Ó´μ ¢¸¥ μ´¨ ¤μ²¦´Ò ¡ÒÉÓ ¤μ¡ ¢²¥´Ò ¢ ¢Ò· ¦¥´¨¥ ¤²Ö ² £· ´¦¨ ´ .

„μ¶μ²´¨É¥²Ó´Ò¥ Éμ±¨ ¨ ¨¸ÉμÎ´¨±¨, ¶·¨¢¥¤¥´´Ò¥ ¢ [1], ¶μ²ÊÎ¥´Ò ¶· ±É¨Î¥¸±¨ ¶μ²-
´μ¸ÉÓÕ ¨§ Ô¢·¨¸É¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°, ¡¥§ ± ±μ°-²¨¡μ ¸¢Ö§¨ ¸ ¤¨´ ³¨Î¥¸±¨³¨ Ê· ¢´¥-
´¨Ö³¨ (1) ¨ (2). ‚ ¤ ´´μ° · ¡μÉ¥ ¶·¥¤²μ¦¥´  ²£μ·¨É³ ¢ÒÎ¨¸²¥´¨Ö ¤μ¡ ¢μÎ´ÒÌ Éμ±μ¢
¨ ¨¸ÉμÎ´¨±μ¢, μ¸´μ¢ ´´Ò° ¨¸±²ÕÎ¨É¥²Ó´μ ´  Ê· ¢´¥´¨ÖÌ ¤¢¨¦¥´¨Ö £· ¸¸³ ´μ¢ÒÌ Í¢¥É-
´ÒÌ § ·Ö¤μ¢ ¨ ´ Î ²Ó´ÒÌ §´ Î¥´¨ÖÌ £· ¸¸³ ´μ¢ÒÌ ¨ ±² ¸¸¨Î¥¸±μ£μ Í¢¥É´ÒÌ § ·Ö¤μ¢, ¶μ-
§¢μ²ÖÕÐ¨° ¢ÒÎ¨¸²ÖÉÓ ¢¸¥ ¢μ§³μ¦´Ò¥ ± ²¨¡·μ¢μÎ´μ-±μ¢ ·¨ ´É´Ò¥ ¢Ò· ¦¥´¨Ö ¢ ²Õ¡μ³
¶μ·Ö¤±¥ ¶μ ±μ´¸É ´É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. �¸´μ¢´ Ö ¨¤¥Ö  ²£μ·¨É³  ¸μ¸Éμ¨É ¢ μ¶·¥¤¥²¥´¨¨
·¥Ï¥´¨° Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö £· ¸¸³ ´μ¢ÒÌ Í¢¥Éμ¢ÒÌ § ·Ö¤μ¢ ¢ ¢¨¤¥ · §²μ¦¥´¨°

θi(t) = θ(0)i(t) + εθ(1)i(t) + ε2θ(2)i(t) + ε3θ(3)i(t) + . . . ,

θ†i(t) = θ†(0)i(t) + εθ†(1)i(t) + ε2θ
†(2)i
2 (t) + ε3θ†(3)i(t) + . . . ,

Qa(t) = Q(0)a(t) + εQ(1)a(t) + ε2Q(2)a(t) + ε3Q(3)a(t) + . . . ,

£¤¥

Q(0)a(t) = θ†(0)(t) taθ(0)(t),

Q(1)a(t) = θ†(0)(t) taθ(1)(t) + θ†(1)(t) taθ(0)(t)

¨ É. ¤. ‚ ÔÉ¨Ì ¢Ò· ¦¥´¨ÖÌ ε Å ¢¢¥¤¥´´Ò° ´ ³¨ ´¥±μÉμ·Ò° ÔËË¥±É¨¢´Ò° ¶ · ³¥É·, Ë ±-
É¨Î¥¸±¨ Ê± §Ò¢ ÕÐ¨° ¸É¥¶¥´Ó ´¥²¨´¥°´μ¸É¨ ¶μ £· ¸¸³ ´μ¢Ê Í¢¥Éμ¢μ³Ê § ·Ö¤Ê, ±μÉμ·Ò°
¢ ±μ´Í¥ ¢ÒÎ¨¸²¥´¨° ³Ò ¶μ² £ ¥³ · ¢´Ò³ ¥¤¨´¨Í¥. ’¥¶¥·Ó, ¶μ¤¸É ¢²ÖÖ ÔÉμ · §²μ¦¥´¨¥
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¢ Ê· ¢´¥´¨¥

dθi(t)
dt

+ igvμAa
μ(t,vt)(ta)ijθj(t) + ig

(
χ̄αΨi

α(t,vt)
)
−

− igεf0 Qa(t)(ta)ij
(
χ̄αΨj

α(t,vt)
)
− igε(ta)ijθj(t)×

×
{
f0 θ†l(t)(ta)lk

(
χ̄αΨk

α(t,vt)
)

+ f∗
0

(
Ψ̄k

α(t,vt)χα

)
(ta)klθl(t)

}
= 0, (4)

¶μ²ÊÎ ¥³ ¸¨¸É¥³Ê Ê· ¢´¥´¨° ¶·¨ · §´ÒÌ ¸É¥¶¥´ÖÌ ε. ˆ¸¶μ²Ó§ÊÖ Ö¢´Ò° ¢¨¤ Éμ±μ¢ ¨
¨¸ÉμÎ´¨±μ¢

jaμ(x) = g

∫
dτδ(4)(x − x(τ))Qa(τ)ẋμ + gΨ̄(x)γμtaΨ(x),

ηi
α(x) = g

∫
dτδ(4)(x − x(τ))

(
ψαθi + iψαQa(ta)ijθj

)

¨ ¶μ¤¸É ¢²ÖÖ ¢ ´¨Ì ´ °¤¥´´Ò¥ ·¥Ï¥´¨Ö, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¢Ò· ¦¥´¨Ö ¤²Ö ´ ¢μ¤¨³ÒÌ
Î ¸É¨Í¥° ¢ ¸·¥¤¥ Éμ±μ¢ ¨ ¨¸ÉμÎ´¨±μ¢ ¢ ²Õ¡μ³ ¶μ·Ö¤±¥ ¶μ ±μ´¸É ´É¥ ¢§ ¨³μ¤¥°¸É¢¨Ö.
�·¨ μ¶·¥¤¥²¥´´μ³ ¢Ò¡μ·¥ ¶·μ¨§¢μ²Ó´μ£μ ¶ · ³¥É·  f0 ¶¥·¢Ò¥ ¨§ ¶μ²ÊÎ¥´´ÒÌ É ±¨³
μ¡· §μ³ Éμ±μ¢ ¨ ¨¸ÉμÎ´¨±μ¢ ¸μ¢¶ ¤ ÕÉ ¸ ´ °¤¥´´Ò³¨ · ´¥¥ Ô¢·¨¸É¨Î¥¸±¨³ ¶ÊÉ¥³ ¢
· ¡μÉ¥ [1]. �Éμ ¸²¥¤Ê¥É ¸Î¨É ÉÓ ¸¨²Ó´Ò³ ¶μ¤É¢¥·¦¤¥´¨¥³ ¶·¥¤²μ¦¥´´μ° ¨É¥· Í¨μ´´μ°
¸Ì¥³Ò ·¥Ï¥´¨Ö Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö ¤²Ö Í¢¥É´ÒÌ £· ¸¸³ ´μ¢ÒÌ § ·Ö¤μ¢.

Œμ¦´μ ´ ¤¥ÖÉÓ¸Ö, ÎÉμ § ¤ Î  ¤¢¨¦¥´¨Ö ÉμÎ¥Î´μ° ¸¶¨´μ¢μ° Í¢¥Éμ§Ö·Ö¦¥´´μ° Î ¸É¨ÍÒ
(±μÉμ· Ö ³μ¦¥É ¡ÒÉÓ · ¸¸³μÉ·¥´  ± ± ¸É·Ê´  ¢ ¶·¥¤¥²¥ ´Ê²¥¢μ° ¤²¨´Ò) ¢μ ¢´¥Ï´¥³
Ë¥·³¨μ´´μ³ ¶μ²¥ ¤ ¸É ¢μ§³μ¦´μ¸ÉÓ ¤²Ö ²ÊÎÏ¥£μ ¶μ´¨³ ´¨Ö, ¶μ ±· °´¥° ³¥·¥ ´  ± Î¥-
¸É¢¥´´μ³ Ê·μ¢´¥,  ´ ²μ£¨Î´μ£μ ¤¢¨¦¥´¨Ö §´ Î¨É¥²Ó´μ ¡μ²¥¥ ¸²μ¦´μ£μ μ¡Ñ¥±É , É ±μ£μ
± ± ¸¶¨´μ¢ Ö ¸É·Ê´  ¨²¨ ¸Ê¶¥·¸É·Ê´ . �¸μ¡Ò° ¨´É¥·¥¸ ± ÔÉμ³Ê ¸ÊÐ¥¸É¢Ê¥É ¢ É¥Î¥´¨¥ Ê¦¥
¡μ²¥¥ ¤¢ ¤Í É¨ ²¥É.

� ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ £· ´É  �””ˆ º09-02-00749 ¨ Î ¸É¨Î´μ° ¶μ¤-
¤¥·¦±¥ £· ´É  �·¥§¨¤¥´É  �” �˜-3810.2010.2, �‚–� ®� §¢¨É¨¥ ´ ÊÎ´μ£μ ¶μÉ¥´Í¨-
 ²  ¢Ò¸Ï¥° Ï±μ²Ò: ¶·μ¥±ÉÒ ���.2.2.1.1/1483, 2.1.1/1539¯; ”–� ®� ÊÎ´Ò¥ ¨ ´ ÊÎ´μ-
¶¥¤ £μ£¨Î¥¸±¨¥ ± ¤·Ò ¨´´μ¢ Í¨μ´´μ° �μ¸¸¨¨¯ ´  2009Ä2013 ££.: ƒŠ 02.740.11.5154, ƒŠ
16.740.11.0154.
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