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� ÊÎ´μ-¨¸¸²¥¤μ¢ É¥²Ó¸±μ¥ ÊÎ·¥¦¤¥´¨¥ ˆ´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¶·μ¡²¥³ 	¥²μ·Ê¸¸±μ£μ
£μ¸Ê¤ ·¸É¢¥´´μ£μ Ê´¨¢¥·¸¨É¥É , Œ¨´¸±

„μ± § ´μ, ÎÉμ ¤²Ö ¸²ÊÎ Ö, ±μ£¤  ¢Ò¶μ²´Ö¥É¸Ö · ´¥¥ ´ °¤¥´´μ¥ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ ÉμÎ´μ£μ
¶¥·¥Ìμ¤  ± ¶·¥¤¸É ¢²¥´¨Õ ”μ²¤¨Ä‚ ÊÉÌμ°§¥´  (”‚), ³¥Éμ¤ �·¨±¸¥´  ¤ ¥É ¶· ¢¨²Ó´Ò° ¨ ÉμÎ´Ò°
·¥§Ê²ÓÉ É. ’ ±¨³ μ¡· §μ³, ¶μ¤É¢¥·¦¤¥´  ±μ··¥±É´μ¸ÉÓ ³¥Éμ¤  �·¨±¸¥´ . �Éμ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ
Ê¸É ´μ¢²¥´¨Ö £· ´¨Í ¶·¨³¥´¨³μ¸É¨ ¶·¨¡²¨¦¥´´ÒÌ ³¥Éμ¤μ¢ ®Ï £ §  Ï £μ³¯ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ¶μ-
²ÊÎ¥´´ÒÌ ¸ ¨Ì ¶μ³μÐÓÕ ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ëμ·³Ê² ¤²Ö μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´  ¢ ¶·¥¤¸É ¢²¥´¨¨ ”‚
¸ ¨§¢¥¸É´Ò³ ¢Ò· ¦¥´¨¥³ ¤²Ö ´ °¤¥´´ÒÌ ³¥Éμ¤μ³ �·¨±¸¥´  ¶¥·¢ÒÌ Î²¥´μ¢ ·Ö¤ , μ¶·¥¤¥²ÖÕÐ¥£μ
· §²μ¦¥´¨¥ ÔÉμ£μ μ¶¥· Éμ·  ¶μ ¸É¥¶¥´Ö³ v/c.

It is proved that the Eriksen method gives the correct and exact result in the case that the previously
found sufˇcient condition of the exact transformation to the FoldyÄWouthuysen (FW) representation is
satisˇed. Thus, the validity of the Eriksen method is conˇrmed. This gives a possibility to determine
limits of validity of approximate ®step-by-step¯ methods by comparison of relativistic formulas for
the Hamilton operator in the FW representation obtained using them with the known expression for
ˇrst terms of the series found by the Eriksen method and deˇning an expansion of this operator in
v/c powers.

PACS: 03.65.Pm; 11.10.Ef

�¥·¥Ìμ¤ ± ¶·¥¤¸É ¢²¥´¨Õ ”‚ (¶·¥μ¡· §μ¢ ´¨¥ ”‚), ¢Ò¶μ²´¥´´Ò° ¢ §´ ³¥´¨Éμ° · -
¡μÉ¥ [1], Ö¢²Ö¥É¸Ö Ê´¨É ·´Ò³ ¶·¥μ¡· §μ¢ ´¨¥³, ¶·¨¢μ¤ÖÐ¨³ μ¶¥· Éμ· ƒ ³¨²ÓÉμ´  ±
Î¥É´μ³Ê ¢¨¤Ê, Ì · ±É¥·¨§ÊÕÐ¥³Ê ¶·¥¤¸É ¢²¥´¨¥ ”‚. �¶¥· Éμ· ƒ ³¨²ÓÉμ´  ¢ ¤ ´´μ³
¶·¥¤¸É ¢²¥´¨¨ ¡²μ±-¤¨ £μ´ ²¥´, É. ¥. ¤¨ £μ´ ²¥´ ¶μ ¤¢Ê³ ¸¶¨´μ· ³ ¨²¨ ¨Ì  ´ ²μ£ ³ ¤²Ö
Î ¸É¨Í ¸μ ¸¶¨´ ³¨ S �= 1/2. �·¥¤¸É ¢²¥´¨¥ ”‚ μ¡² ¤ ¥É Ê´¨± ²Ó´Ò³¨ ¸¢μ°¸É¢ ³¨,
¡² £μ¤ ·Ö ±μÉμ·Ò³ μ´μ § ´¨³ ¥É μ¸μ¡μ¥ ³¥¸Éμ ¢ ±¢ ´Éμ¢μ° ³¥Ì ´¨±¥. ‚ ÔÉμ³ ¶·¥¤¸É -
¢²¥´¨¨ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨¥ μ¶¥· Éμ·Ò ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¢μ ¢´¥Ï´¥³ ¶μ²¥
¨³¥ÕÉ É ±μ° ¦¥ ¢¨¤, ± ± ¨ ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨. ‘μμÉ´μÏ¥´¨Ö ³¥¦¤Ê
μ¶¥· Éμ· ³¨  ´ ²μ£¨Î´Ò ¸μμÉ´μÏ¥´¨Ö³ ³¥¦¤Ê ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ ±² ¸¸¨Î¥¸±¨³¨ ¢¥²¨-
Î¨´ ³¨. “± § ´´Ò¥ ¸¢μ°¸É¢  ¶·¥¤¸É ¢²¥´¨Ö ”‚ Ê¸É· ´ÖÕÉ ¢μ§³μ¦´μ¸ÉÓ ¶μÖ¢²¥´¨Ö ´¥μ¤-
´μ§´ Î´μ¸É¥° ¶·¨ ¥£μ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤²Ö ¶¥·¥Ìμ¤  ± ±¢ §¨±² ¸¸¨Î¥¸±μ³Ê ¶·¨¡²¨¦¥´¨Õ
¨ ±² ¸¸¨Î¥¸±μ³Ê ¶·¥¤¥²Ê ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° ³¥Ì ´¨±¨ [1,2].

1E-mail: silenko@inp.minsk.by
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’¥³ ´¥ ³¥´¥¥ ¸· ¢´¨É¥²Ó´μ ¤ ¢´μ ¡Ò²μ § ³¥Î¥´μ, ÎÉμ ¡²μ±-¤¨ £μ´ ²¨§ Í¨Ö £ ³¨²Ó-
Éμ´¨ ´  μÉ´Õ¤Ó ´¥ Éμ¦¤¥¸É¢¥´´  ¶¥·¥Ìμ¤Ê ± ¶·¥¤¸É ¢²¥´¨Õ ”‚ (¸³. [3] ¨ ¶·¨¢¥¤¥´´Ò¥
É ³ ¸¸Ò²±¨). 	μ²¥¥ Éμ£μ, ¤ ¦¥ ³¥Éμ¤, · §· ¡μÉ ´´Ò° ”μ²¤¨ ¨ ‚ ÊÉÌμ°§¥´μ³ [1], ¸É·μ£μ
£μ¢μ·Ö, ´¥ ¢¥¤¥É ± ÔÉμ³Ê ¶·¥¤¸É ¢²¥´¨Õ [4]. �´ ¶·¨´ ¤²¥¦¨É ± ³¥Éμ¤ ³ ®Ï £ §  Ï £μ³¯.
�·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ É ±¨Ì ³¥Éμ¤μ¢ ¶¥·¥Ìμ¤ ± ¡²μ±-¤¨ £μ´ ²Ó´μ³Ê ¢¨¤Ê £ ³¨²ÓÉμ´¨ ´  ¤μ-
¸É¨£ ¥É¸Ö ¶ÊÉ¥³ ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ ¨É¥· Í¨°, ¢ ·¥§Ê²ÓÉ É¥ ± ¦¤μ° ¨§ ±μÉμ·ÒÌ Ê¤ ²ÖÕÉ¸Ö
´¥Î¥É´Ò¥ (´¥¤¨ £μ´ ²Ó´Ò¥) ¸² £ ¥³Ò¥ ´ ¨¡μ²ÓÏ¥£μ ¶μ·Ö¤± . �¤´ ±μ μ¶¥· Éμ· ÉμÎ´μ£μ
¶·¥μ¡· §μ¢ ´¨Ö ”‚ UFW (ΨFW = UFWΨ) ¤²Ö Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ¤μ²¦¥´ Ê¤μ¢²¥É¢μ-
·ÖÉÓ Ê¸²μ¢¨Õ �·¨±¸¥´  [5]

βUFW = U †
FWβ, (1)

£¤¥ β Å ³ É·¨Í  „¨· ± . �·¨ ¶·¥¤¸É ¢²¥´¨¨ μ¶¥· Éμ·  UFW ¢ Ô±¸¶μ´¥´Í¨ ²Ó´μ° Ëμ·³¥

UFW = exp (iS) (2)

Ê¸²μ¢¨¥ (1) Ô±¢¨¢ ²¥´É´μ É·¥¡μ¢ ´¨Õ, ÎÉμ¡Ò ¶μ± § É¥²Ó Ô±¸¶μ´¥´ÉÒ S ¡Ò² Ô·³¨Éμ¢¸±¨³
¨ ´¥Î¥É´Ò³ μ¶¥· Éμ·μ³ [4]. ‚ ¸¨²Ê É¥μ·¥³Ò • Ê¸¤μ·Ë  [6] ³¥Éμ¤Ò ®Ï £ §  Ï £μ³¯, ± ±
¶μ± § ´μ ¢ [4], Ê¸²μ¢¨Õ ´¥Î¥É´μ¸É¨ μ¶¥· Éμ·  S ´¥ Ê¤μ¢²¥É¢μ·ÖÕÉ. ‘²¥¤μ¢ É¥²Ó´μ, μ´¨
³μ£ÊÉ μ¡¥¸¶¥Î¨ÉÓ Éμ²Ó±μ ¶·¨¡²¨¦¥´´Ò° ¶¥·¥Ìμ¤ ± ¶·¥¤¸É ¢²¥´¨Õ ”‚.

ˆ¸Ìμ¤´Ò° £ ³¨²ÓÉμ´¨ ´ ¤²Ö Î ¸É¨Í ¸μ ¸¶¨´μ³ 1/2 ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¸²¥¤Ê-
ÕÐ¥³ μ¡Ð¥³ ¢¨¤¥:

HD = βm + E + O, βE = Eβ, βO = −Oβ, (3)

£¤¥ E ¨ O Å Î¥É´Ò° ¨ ´¥Î¥É´Ò° μ¶¥· Éμ·Ò ¸μμÉ¢¥É¸É¢¥´´μ.
�¡Ð¨° ¢¨¤ μ¶¥· Éμ·  ÉμÎ´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”‚ ¡Ò² ´ °¤¥´ �·¨±¸¥´μ³ [5]:

UFW =
1
2
(1 + βλ)

[
1 +

1
4
(βλ + λβ − 2)

]−1/2

, λ =
HD√
H2

D

, (4)

£¤¥ λ = +1 ¨ −1 ¤²Ö ·¥Ï¥´¨° ¸ ¶μ²μ¦¨É¥²Ó´μ° ¨ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ¸μμÉ¢¥É-
¸É¢¥´´μ. ‚ ¦´μ, ÎÉμ [5]

λ2 = 1, [βλ, λβ] = 0 (5)

¨ μ¶¥· Éμ· βλ + λβ Å Î¥É´Ò°:

[β, (βλ + λβ)] = 0. (6)

—¥É´Ò¥ μ¶¥· Éμ·Ò ¡²μ±-¤¨ £μ´ ²Ó´Ò ¨ ´¥ ¸³¥Ï¨¢ ÕÉ ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ ¸¶¨´μ·Ò. ”μ·-
³Ê²  (4) ³μ¦¥É ¡ÒÉÓ É ±¦¥ ¶·¥¤¸É ¢²¥´  ¢ ¢¨¤¥ [3]

UFW =
1 + βλ√

(1 + βλ)†(1 + βλ)
. (7)

„¢  μ¶¥· Éμ·´ÒÌ ³´μ¦¨É¥²Ö ¶μ¤ §´ ±μ³ ±¢ ¤· É´μ£μ ±μ·´Ö ±μ³³ÊÉ¨·ÊÕÉ.
Šμ··¥±É´μ¸ÉÓ ¶·¥μ¡· §μ¢ ´¨Ö �·¨±¸¥´  ¡Ò²   ·£Ê³¥´É¨·μ¢ ´  ¢ [7]. �¶¥· Éμ· UFW

¶·¥¢· Ð ¥É ¢ ´Ê²Ó ¨²¨ ´¨¦´¨°, ¨²¨ ¢¥·Ì´¨° ¸¶¨´μ· ²Õ¡μ° ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¨ ¤¨· -
±μ¢¸±μ£μ £ ³¨²ÓÉμ´¨ ´ . �Éμ ¶·¥μ¡· §μ¢ ´¨¥ ¸μ¢¥·Ï ¥É¸Ö ¢ μ¤¨´ Ï £. �¤´ ±μ ÔËË¥±-
É¨¢´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤ �·¨±¸¥´  ¤²Ö ´ Ìμ¦¤¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ëμ·³Ê² ¤²Ö Î ¸É¨Í
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¢μ ¢´¥Ï´¥³ ¶μ²¥ ´¥ Ê¤ ¥É¸Ö, ¶μ¸±μ²Ó±Ê μ¡Ð Ö Ëμ·³Ê²  (4) μÎ¥´Ó £·μ³μ§¤±  ¨ ¸μ¤¥·-
¦¨É ±¢ ¤· É´Ò¥ ±μ·´¨ ¨§ ¤¨· ±μ¢¸±¨Ì ³ É·¨Í. ‚Ò· ¦¥´¨¥ ¤²Ö μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´ 
¢ ¶·¥¤¸É ¢²¥´¨¨ ”‚ ¡Ò²μ ´ °¤¥´μ [7] Éμ²Ó±μ ¢ ¢¨¤¥ ·Ö¤  ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¶μ¶· ¢μ± ¶μ
¸É¥¶¥´Ö³ E/m, O/m. ’ ±¨³ μ¡· §μ³, ³¥Éμ¤ �·¨±¸¥´  ´¥ μ¡¥¸¶¥Î¨¢ ¥É ·¥Ï¥´¨¥ § ¤ Î¨
´ Ìμ¦¤¥´¨Ö ±μ³¶ ±É´ÒÌ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¢Ò· ¦¥´¨° ¤²Ö μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´  ¢ ¤ ´´μ³
¶·¥¤¸É ¢²¥´¨¨.

�¥±μÉμ·Ò¥ ¨§ ³¥Éμ¤μ¢ ®Ï £ §  Ï £μ³¯ ¤ ÕÉ ¨¸±μ³Ò¥ ·¥²ÖÉ¨¢¨¸É¸±¨¥ ¢Ò· ¦¥-
´¨Ö [8Ä15]. �É³¥É¨³, ÎÉμ · §· ¡μÉ ´´Ò° ¢ [11] ³¥Éμ¤ ¶·¨³¥´¨³ ¤²Ö Î ¸É¨Í ¸ ²Õ-
¡Ò³ ¸¶¨´μ³. �μ¸±μ²Ó±Ê ¢¸¥ Ê± § ´´Ò¥ ³¥Éμ¤Ò Ö¢²ÖÕÉ¸Ö ¶·¨¡²¨¦¥´´Ò³¨, Éμ ´¥μ¡Ìμ¤¨³μ
μ¶·¥¤¥²¨ÉÓ £· ´¨ÍÒ ¨Ì ¶·¨³¥´¨³μ¸É¨. �Î¥¢¨¤´μ, ÎÉμ ´ ¨¡μ²¥¥ ¶·μ¸Éμ° ¨ ´ ¤¥¦´Ò°
¸¶μ¸μ¡ É ±μ£μ μ¶·¥¤¥²¥´¨Ö Å ÔÉμ ¸· ¢´¥´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì £ ³¨²ÓÉμ´¨ ´μ¢ ¢ ¶·¥¤-
¸É ¢²¥´¨¨ ”‚, ¶μ²ÊÎ ¥³ÒÌ ³¥Éμ¤ ³¨ ®Ï £ §  Ï £μ³¯, ¸ ÉμÎ´Ò³ · §²μ¦¥´¨¥³ ¢ ·Ö¤,
¶·¨¢¥¤¥´´Ò³ ¢ [7].

�¤´ ±μ ¶·¥¦¤¥ ´¥μ¡Ìμ¤¨³μ ¶·μ¨§¢¥¸É¨ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´ÊÕ ¶·μ¢¥·±Ê Ëμ·³Ê²Ò
�·¨±¸¥´  (4) ¨²¨ Ô±¢¨¢ ²¥´É´μ° Ëμ·³Ê²Ò (7), ¶μ¸±μ²Ó±Ê ¶·¨¢¥¤¥´´μ¥ ¢ [4] μ¡μ¸´μ¢ -
´¨¥ ´¥Î¥É´μ¸É¨ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ μ¶¥· Éμ·  S, ¢Ìμ¤ÖÐ¥£μ ¢ Ëμ·³Ê²Ê (2), ´¥ Ö¢²Ö¥É¸Ö
¸É·μ£¨³ ³ É¥³ É¨Î¥¸±¨³ ¤μ± § É¥²Ó¸É¢μ³. ’μÉ Ë ±É, ÎÉμ Ëμ·³Ê²  �·¨±¸¥´  ¤ ¥É ¶· -
¢¨²Ó´Ò° ·¥§Ê²ÓÉ É ¤²Ö ¸²ÊÎ Ö ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í [5], É ±¦¥ Ö¢²Ö¥É¸Ö ´¥¤μ¸É ÉμÎ´Ò³ ¤²Ö
¤μ± § É¥²Ó¸É¢  ¥¥ ¶· ¢¨²Ó´μ¸É¨.

‚ 2003 £. ¢ [10] ¡Ò²μ ´ °¤¥´μ ¤μ¸É ÉμÎ´μ¥ Ê¸²μ¢¨¥ ÉμÎ´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”‚.
„ ´´μ¥ ¶·¥μ¡· §μ¢ ´¨¥ Ö¢²Ö¥É¸Ö ÉμÎ´Ò³, ¥¸²¨ ¢´¥Ï´¥¥ ¶μ²¥ ¸É Í¨μ´ ·´μ ¨ μ¶¥· Éμ·Ò E
¨ O ±μ³³ÊÉ¨·ÊÕÉ:

[E ,O] = 0. (8)

‚ ÔÉμ³ ¸²ÊÎ ¥

HFW = βε + E , ε =
√

m2 + O2. (9)

‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò μ¶·¥¤¥²Ö¥³, ¸μ£² ¸Ê¥É¸Ö ²¨ Ëμ·³Ê²  �·¨±¸¥´  ¸ ÔÉ¨³ ÉμÎ´Ò³
¶·¥μ¡· §μ¢ ´¨¥³.

‘²¥¤Ê¥É Ê± § ÉÓ, ÎÉμ ¶·¨ μ¶·¥¤¥²¥´¨¨ ±¢ ¤· É´μ£μ ±μ·´Ö ¨§ μ¶¥· Éμ·μ¢ μÎ¥¢¨¤´μ¥

Ê¸²μ¢¨¥ (
√

A)
2

= A ¤μ²¦´μ ¡ÒÉÓ ¤μ¶μ²´¥´μ Ê¸²μ¢¨¥³ · ¢¥´¸É¢  ±¢ ¤· É´μ£μ ±μ·´Ö ¨§
¥¤¨´¨Î´μ° ³ É·¨ÍÒ ¥¤¨´¨Î´μ° ³ É·¨Í¥ [10]. ’ ±, ¤²Ö ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í E = 0, O = α·p
¨ λ = (βm + α · p)/

√
m2 + p2.

‘ ÊÎ¥Éμ³ ÔÉμ£μ μ¡¸ÉμÖÉ¥²Ó¸É¢  ¨ ±μ³³ÊÉ Í¨¨ μ¶¥· Éμ·μ¢ E ¨ O ±¢ ¤· É´Ò° ±μ·¥´Ó
³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´ ¢ ¢¨¤¥

√
H2

D = ε +
(βm + O)E

ε
= ε

[
1 +

(βm + O)E
ε2

]
. (10)

�μ¸±μ²Ó±Ê ¸¶· ¢¥¤²¨¢μ · ¢¥´¸É¢μ

HD = (βm + O)
[
1 +

(βm + O)E
ε2

]
,

§´ ±μ¢Ò° μ¶¥· Éμ· λ ¶·¨μ¡·¥É ¥É ¢¨¤

λ =
βm + O

ε
. (11)

‚¥¸Ó³  ¢ ¦´μ, ÎÉμ ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ μ´ ´¥ § ¢¨¸¨É μÉ E .
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�¶¥· Éμ· ÉμÎ´μ£μ ¶·¥μ¡· §μ¢ ´¨Ö ”‚ ¨³¥¥É ¢¨¤

UFW =
ε + m + βO√

2ε(ε + m)
. (12)

”μ·³Ê²  (12) ¨³¥¥É É ±μ° ¦¥ ¢¨¤, ± ± ¨ ¸μμÉ¢¥É¸É¢ÊÕÐ Ö Ëμ·³Ê² , ´ °¤¥´´ Ö ¢ [10].
…¸É¥¸É¢¥´´μ, ¨ ¢Ò· ¦¥´¨¥ ¤²Ö μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´  ¢ ¶·¥¤¸É ¢²¥´¨¨ ”‚, ¶μ²ÊÎ¥´´μ¥
³¥Éμ¤μ³ �·¨±¸¥´ , ¸μ¢¶ ¤ ¥É ¸ ·¥§Ê²ÓÉ Éμ³ ¢ [10] ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö (8)

HFW = βε + E . (13)

’ ±¨³ μ¡· §μ³, ¢ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥ ³¥Éμ¤ �·¨±¸¥´  ¤ ¥É ¶· ¢¨²Ó´Ò° ¨ ÉμÎ´Ò°
·¥§Ê²ÓÉ É. …¸É¥¸É¢¥´´μ, ¨¸Ìμ¤´Ò° ¤¨· ±μ¢¸±¨° £ ³¨²ÓÉμ´¨ ´ (3) ¶·¨ ¤μ¶μ²´¨É¥²Ó´μ³
Ê¸²μ¢¨¨ (8) ¨³¥¥É £μ· §¤μ ¡μ²¥¥ μ¡Ð¨° ¢¨¤, Î¥³ £ ³¨²ÓÉμ´¨ ´ ¤²Ö ¸¢μ¡μ¤´ÒÌ Î ¸É¨Í,
¨ μ¶¨¸Ò¢ ¥É Í¥²Ò° ·Ö¤ ¶· ±É¨Î¥¸±¨ ¢ ¦´ÒÌ ¸²ÊÎ ¥¢ (¸³. [11, 16]). �μÔÉμ³Ê ¤ ´´μ¥
¶μ¤É¢¥·¦¤¥´¨¥ ¶· ¢¨²Ó´μ¸É¨ ³¥Éμ¤  �·¨±¸¥´  ¸ÊÐ¥¸É¢¥´´μ Ê²ÊÎÏ ¥É ¸¨ÉÊ Í¨Õ ¸ ¥£μ
μ¡μ¸´μ¢ ´¨¥³.

� ¸¸³μÉ·¥´´μ¥ ¢ÒÏ¥ ¶·¥μ¡· §μ¢ ´¨¥, Ô±¢¨¢ ²¥´É´μ¥ μ¶¥· Éμ·´μ³Ê ¨§¢²¥Î¥´¨Õ ±¢ -
¤· É´μ£μ ±μ·´Ö, ¢ ¶·¨´Í¨¶¥ ³μ¦¥É ¡ÒÉÓ ¶·μ¨§¢¥¤¥´μ ¢ μ¡Ð¥³ ¸²ÊÎ ¥. …¸²¨ μ¶¥· Éμ·Ò E
¨ O ´¥ ±μ³³ÊÉ¨·ÊÕÉ, Éμ ¢ ¶·¨¡²¨¦¥´¨¨ ¸² ¡μ£μ ¶μ²Ö (|E| � m) ¨ ¶·¨ ÊÎ¥É¥ Éμ²Ó±μ
μ¤¨´ ·´ÒÌ ¨ ¤¢μ°´ÒÌ ±μ³³ÊÉ Éμ·μ¢

√
H2

D = ε +
1
4

{
1
ε
, {(βm + O), E}

}
− 1

8

{
βm + O

ε
, [ε, [ε, E ]]

}
. (14)

„ ¦¥ ¢ Ê± § ´´μ³ ¸²ÊÎ ¥ ¶μ¸²¥¤ÊÕÐ¨¥ ¢ÒÎ¨¸²¥´¨Ö ¸É ´μ¢ÖÉ¸Ö μÎ¥´Ó £·μ³μ§¤±¨³¨,
ÌμÉÖ μ´¨ ³μ£ÊÉ ¡ÒÉÓ ¶·μ¢¥¤¥´Ò  ´ ²¨É¨Î¥¸±¨ ¤²Ö ´¥±μÉμ·ÒÌ ±μ´±·¥É´ÒÌ § ¤ Î. �·¨
μÉ± §¥ μÉ ¶·¨¡²¨¦¥´¨Ö ¸² ¡μ£μ ¶μ²Ö ¢¥¸Ó³  £·μ³μ§¤±¨³ ¸É ´μ¢¨É¸Ö Ê¦¥ ¸ ³μ ¢Ò· ¦¥´¨¥
¤²Ö

√
H2

D.
‚ ¦´Ò³ ¤μ¸Éμ¨´¸É¢μ³ ³¥Éμ¤μ¢ ®Ï £ §  Ï £μ³¯ Ö¢²Ö¥É¸Ö Éμ, ÎÉμ μ´¨ É·¥¡ÊÕÉ §´ Î¨-

É¥²Ó´μ ³¥´ÓÏ¥£μ ±μ²¨Î¥¸É¢  ¢ÒÎ¨¸²¥´¨°. Š ± ¸²¥¤¸É¢¨¥, ÔÉ¨ ³¥Éμ¤Ò Ê¸¶¥Ï´μ ¨¸¶μ²Ó-
§μ¢ ²¨¸Ó ¤²Ö ¶·¥μ¡· §μ¢ ´¨Ö ”‚ ¶·¨ μ¶¨¸ ´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í
¸ ¢´¥Ï´¨³¨ ¶μ²Ö³¨ (¸³. [10, 17] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨). �μ²ÊÎ¥´¨¥ ¢ ´ ¸ÉμÖÐ¥°
· ¡μÉ¥ ¶· ¢¨²Ó´μ£μ ¨ ÉμÎ´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´  ¶·¨ ¶μ³μÐ¨ ³¥Éμ¤ 
�·¨±¸¥´  ¢ ¸²ÊÎ ¥ ¢Ò¶μ²´¥´¨Ö Ê¸²μ¢¨Ö (8) ¤ ¥É ¸¥·Ó¥§´Ò¥ μ¸´μ¢ ´¨Ö ¤²Ö · ¸¸³μÉ·¥-
´¨Ö ¶μ²ÊÎ¥´´ÒÌ ¸ ¥£μ ¶μ³μÐÓÕ ·¥§Ê²ÓÉ Éμ¢ [7] ¢ ± Î¥¸É¢¥ ÉμÎ´ÒÌ ¨, É ±¨³ μ¡· §μ³,
μÉ±·Ò¢ ¥É ¢μ§³μ¦´μ¸ÉÓ Ê¸É ´μ¢²¥´¨Ö £· ´¨Í ¶·¨³¥´¨³μ¸É¨ ³¥Éμ¤μ¢ ®Ï £ §  Ï £μ³¯.
’ ±μ¥ Ê¸É ´μ¢²¥´¨¥ ³μ¦¥É ¡ÒÉÓ ¶·μ¢¥¤¥´μ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ëμ·³Ê² ¤²Ö
μ¶¥· Éμ·  ƒ ³¨²ÓÉμ´  ¢ ¶·¥¤¸É ¢²¥´¨¨ ”‚, ¶μ²ÊÎ¥´´ÒÌ ³¥Éμ¤ ³¨ ®Ï £ §  Ï £μ³¯, ¸
¢Ò· ¦¥´¨¥³ ¤²Ö ¶¥·¢ÒÌ Î²¥´μ¢ ·Ö¤ , μ¶·¥¤¥²ÖÕÐ¥£μ · §²μ¦¥´¨¥ ÔÉμ£μ μ¶¥· Éμ·  ¶μ
¸É¥¶¥´Ö³ v/c, ¢Ò¢¥¤¥´´Ò³ ¢ [7] ³¥Éμ¤μ³ �·¨±¸¥´ .

� ¡μÉ  ¶μ¤¤¥·¦ ´  £· ´Éμ³ 	¥²μ·Ê¸¸±μ£μ ·¥¸¶Ê¡²¨± ´¸±μ£μ Ëμ´¤  ËÊ´¤ ³¥´É ²Ó´ÒÌ
¨¸¸²¥¤μ¢ ´¨° º”12„-002.
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