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�·¥¤¸É ¢²¥´ µ¡§µ· ´ Ï¨Ì ´¥¤ ¢´¨Ì ¨¸¸²¥¤µ¢ ´¨° Š�„-¶·µÍ¥¸¸µ¢ ¢ ³ £´¨É´µ³ ¶µ²¥ ¡¥¸±µ-
´¥Î´µ Éµ´±µ£µ ¨ ¤²¨´´µ£µ ¸µ²¥´µ¨¤  (³ £´¨É´µ° ¸É·Ê´Ò). ˆ¸¶µ²Ó§ÊÕÉ¸Ö ÉµÎ´Ò¥ Ô²¥±É·µ´´Ò¥ ¨
¶µ§¨É·µ´´Ò¥ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¢ ¶µÉ¥´Í¨ ²¥ � ·µ´µ¢ Ä�µ³  ¤²Ö ¢ÒÎ¨¸²¥´¨Ö ³ É·¨Î-
´ÒÌ Ô²¥³¥´Éµ¢ ¨ ´ Ìµ¦¤¥´¨Ö ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¢¥·µÖÉ´µ¸É¥° ¶·µÍ¥¸¸µ¢ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö
Ô²¥±É·µ´ , ¶·µ²¥É ÕÐ¥£µ µ±µ²µ ³ £´¨É´µ° ¸É·Ê´Ò, ¨ ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò
µ¤¨´µÎ´Ò³ ËµÉµ´µ³. �µ²ÊÎ¥´  § ¢¨¸¨³µ¸ÉÓ ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° ¶·µÍ¥¸¸µ¢ µÉ Ô´¥·£¨°, Ê£²µ¢
¢Ò²¥É  ¨ ¶µ²Ö·¨§ Í¨° ·µ¦¤¥´´ÒÌ Î ¸É¨Í ¤²Ö · §²¨Î´ÒÌ Ô´¥·£¨° ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ.

We present here a review of our recent results obtained for QED processes in the presence of
an inˇnitely thin and inˇnitely long straight magnetic ux tube (the magnetic string). Based on the
exact electron and positron solutions to the Dirac equation in the external AharonovÄBohm potential
we evaluate matrix elements and differential probabilities of the bremsstrahlung from an electron
passing by the magnetic string, and of the electron-positron pair production by a single photon.
The dependence of the resulting cross sections on energies, directions and polarizations of involved
particles is analysed at different energy regimes.

1. ‚‚…„…�ˆ…

‚²¨Ö´¨¥ ³ £´¨É´µ£µ ¶µÉµ±  ´  § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ Å ÔËË¥±É � ·µ´µ¢ Ä
�µ³  (A�) [1] (¸³. É ±¦¥ [2, 3]) ¶µ¤·µ¡´µ ¨¸¸²¥¤µ¢ ´ É¥µ·¥É¨Î¥¸±¨ ¨ Ê¡¥¤¨-
É¥²Ó´µ ¶µ¤É¢¥·¦¤¥´ ·Ö¤µ³ ¨´É¥·Ë¥·¥´Í¨µ´´ÒÌ Ô±¸¶¥·¨³¥´Éµ¢ (¶µ¤·µ¡´¥¥
¸³. [4Ä6]).

�¤´ ±µ ¤²Ö ¤¥É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ��-ÔËË¥±É  ¨ ¥£µ Ë¨§¨Î¥¸±¨Ì ¸²¥¤-
¸É¢¨° ¢ ¦´µ · ¸¸³µÉ·¥ÉÓ ´¥ Éµ²Ó±µ · ¸¸¥Ö´¨¥ § ·Ö¦¥´´ÒÌ Î ¸É¨Í, ÎÉµ ¡Ò²µ
¸¤¥² ´µ · ´¥¥, ´µ ¨ ¤·Ê£¨¥ ·µ¤¸É¢¥´´Ò¥ ÔËË¥±ÉÒ. � ¨¡µ²¥¥ µÎ¥¢¨¤´Ò³ ¸·¥¤¨
´¨Ì Ö¢²Ö¥É¸Ö Éµ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥, ±µÉµ·µ¥ ¸µ¶·µ¢µ¦¤ ¥É · ¸¸¥Ö´¨¥. ‚¶¥·-
¢Ò¥ µ´µ µ¡¸Ê¦¤ ²µ¸Ó ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í ¢ ¤¨¶µ²Ó´µ³ ¶·¨¡²¨¦¥´¨¨
¢ [7], £¤¥ ¡Ò²¨ · ¸¸Î¨É ´Ò Ô´¥·£¥É¨Î¥¸±¨¥ ¨ Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö. �µ²Ö·¨-
§ Í¨µ´´Ò¥ ¸¢µ°¸É¢  ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸± ²Ö·´ÒÌ Î ¸É¨Í · ¸¸³ É·¨¢ ²¨¸Ó
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¢ [8]. ’µ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥ ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í ¶µ¤·µ¡´µ ¨¸¸²¥¤µ¢ ´µ ¢ ´¥-
¤ ¢´¥° · ¡µÉ¥ [9]. �·µÍ¥¸¸ ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò µ¤¨´µÎ-
´Ò³ ËµÉµ´µ³ ¢ ��-¶µ²¥ [10] ¶·¥¤¸É ¢²Ö¥É¸Ö ´¥¸±µ²Ó±µ ¡µ²¥¥ É ¨´¸É¢¥´´Ò³,
É ± ± ± Éµ²Ó±µ ·µ¦¤¥´´Ò¥ Î ¸É¨ÍÒ,   ´¥ ¶ ¤ ÕÐ¨° ËµÉµ´, ¢§ ¨³µ¤¥°¸É¢ÊÕÉ
´¥¶µ¸·¥¤¸É¢¥´´µ ¸ ³ £´¨É´Ò³ ¶µ²¥³.

�É¨ ±¢ ´Éµ¢Ò¥ ¶·µÍ¥¸¸Ò ¢ µÉ¸ÊÉ¸É¢¨¥ ± ±µ£µ-²¨¡µ ¢´¥Ï´¥£µ ¶µ²Ö ¡¥§-
Ê¸²µ¢´µ § ¶·¥Ð¥´Ò § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨ ¨ ¨³¶Ê²Ó¸ . ‚´¥Ï´¥¥ ¶µ²¥
¢µ¸¶·¨´¨³ ¥É ¨§¡ÒÉµ± ¨³¶Ê²Ó¸ , ± ± ÔÉµ ¶·µ¨¸Ìµ¤¨É ¢ ±Ê²µ´µ¢¸±µ³ ¶µ²¥ [11]
¨²¨ ¢ µ¤´µ·µ¤´µ³ ³ £´¨É´µ³ ¶µ²¥ [12Ä14], ±µ£¤  ´  § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¤¥°-
¸É¢Ê¥É ¢´¥Ï´ÖÖ ²µ± ²Ó´ Ö ¸¨² . ‚ ��-¶µ²¥ ¶·µÍ¥¸¸Ò ¶·µ¨¸Ìµ¤ÖÉ ¸±µ·¥¥ ¶µ
Éµ¶µ²µ£¨Î¥¸±¨³ ¶·¨Î¨´ ³ ¨ ¢ ÔÉµ³ µÉ´µÏ¥´¨¨ ´ ¶µ³¨´ ÕÉ ±¢ ´Éµ¢Ò¥ ¶·µ-
Í¥¸¸Ò ¢¡²¨§¨ ±µ¸³¨Î¥¸±¨Ì ¸É·Ê´ [15,16].

–¥²ÓÕ ´ ¸ÉµÖÐ¥£µ µ¡§µ·  Ö¢²Ö¥É¸Ö ¶µ¤·µ¡´µ¥ µ¡¸Ê¦¤¥´¨¥ ¶·µÍ¥¸¸µ¢ Éµ·-
³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨ ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò ¢ ��-¶µÉ¥´Í¨ -
²¥. ‚µ§³µ¦´µ, µ´¨ ¶·¥¤¸É ¢²ÖÕÉ ´¥±µÉµ·Ò° ¨´É¥·¥¸ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ
¨¸¸²¥¤µ¢ ´¨Ö ¢ ¶µ²Ö·¨§µ¢ ´´ÒÌ Ô²¥±É·µ´´ÒÌ ¨ ËµÉµ´´ÒÌ ¶ÊÎ± Ì.

„²Ö ¶·µ¸ÉµÉÒ ³Ò · ¸¸³ É·¨¢ ¥³ ¨¤¥ ²¨§¨·µ¢ ´´ÊÕ ¸¨ÉÊ Í¨Õ ¸ ¸¨´£Ê²Ö·-
´Ò³ ³ £´¨É´Ò³ ¶µ²¥³ ¢ ¡¥¸±µ´¥Î´µ ¤²¨´´µ³ ¨ Éµ´±µ³ ¶·Ö³µ³ ¸µ²¥´µ¨¤¥,
· ¸¶µ²µ¦¥´´µ³ ¢¤µ²Ó µ¸¨ z. ‡  ÔÉµ ¶·¨Ìµ¤¨É¸Ö · ¸¶² Î¨¢ ÉÓ¸Ö ¶µÖ¢²¥´¨¥³
´¥±µÉµ·µ° ¶·µ¡²¥³Ò, ± ± ±µ··¥±É´µ µ¶¨¸ ÉÓ ¶µ¢¥¤¥´¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢¡²¨§¨ ¸É·Ê´Ò. Œ É¥³ É¨Î¥¸±¨ ÔÉµ ¸²¥¤¸É¢¨¥ Éµ£µ Ë ±É , ÎÉµ µ¶¥· Éµ· „¨-
· ±  ¶¥·¥¸É ¥É ¡ÒÉÓ ¸ ³µ¸µ¶·Ö¦¥´´Ò³ ¶·¨ É ±µ° ¨¤¥ ²¨§ Í¨¨ [17Ä20]. ŒÒ
²¨ÏÓ ±µ¸´¥³¸Ö ÔÉµ° ¶·µ¡²¥³Ò ¶·¨ µ¡¸Ê¦¤¥´¨¨ ÉµÎ´ÒÌ ·¥Ï¥´¨° Ê· ¢´¥´¨Ö
„¨· ±  ¸ ��-¶µÉ¥´Í¨ ²µ³ ¢ · §¤. 2, ¸²¥¤ÊÖ ¶·¥¤¶¨¸ ´¨Ö³ · ¡µÉ [17, 18, 20].
‡ ³¥É¨³, ÎÉµ ¢§ ¨³µ¤¥°¸É¢¨¥ ³ £´¨É´µ£µ ³µ³¥´É  Î ¸É¨Í ¸ ³ £´¨É´Ò³ ¶µ-
²¥³ ¸É·Ê´Ò ¶·¨¢µ¤¨É ± ¢µ²´µ¢Ò³ ËÊ´±Í¨Ö³, ±µÉµ·Ò¥ ´¥ ¨¸Î¥§ ÕÉ ´  ¸É·Ê´¥,
²¨Ï Ö É¥³ ¸ ³Ò³ ��-ÔËË¥±É ¥£µ ´¥²µ± ²Ó´µ° Î¨¸ÉµÉÒ. ‚ · §¤. 3 ¢ÒÎ¨¸²Ö-
ÕÉ¸Ö ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨ ÔËË¥±É¨¢´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢ Éµ·³µ§´µ£µ ¨§-
²ÊÎ¥´¨Ö, ¨¸¶Ê¸± ¥³µ£µ Ô²¥±É·µ´µ³, ¶·µ²¥É ÕÐ¨³ µ±µ²µ ¸É·Ê´Ò, ¨ ·µ¦¤¥´¨Ö
Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò µ¤¨´µÎ´Ò³ ËµÉµ´µ³. ‚ · §¤. 4 ¨ 5 ¨¸¸²¥¤Ê¥É¸Ö
¶µ¢¥¤¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¨ ¶µ²´ÒÌ ÔËË¥±É¨¢´ÒÌ ¸¥Î¥´¨° ¢ · §²¨Î´ÒÌ
Ô´¥·£¥É¨Î¥¸±¨Ì ·¥¦¨³ Ì ¨ µ¡¸Ê¦¤ ÕÉ¸Ö µ¸µ¡¥´´µ¸É¨ ÔÉ¨Ì ¶·µÍ¥¸¸µ¢ ¤²Ö ¤¨-
· ±µ¢¸±¨Ì Î ¸É¨Í. ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨·ÊÕÉ¸Ö ¶µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ.

ŒÒ ¨¸¶µ²Ó§Ê¥³ ¥¤¨´¨ÍÒ, ¢ ±µÉµ·ÒÌ h̄ = c = 1,   § ·Ö¤ Ô²¥±É·µ´  µÉ·¨-
Í É¥²¥´: e < 0.

2. �‹…Š’����›… ˆ ��‡ˆ’����›… �…˜…�ˆŸ
“��‚�…�ˆŸ „ˆ��Š� ‚ ��’…�–ˆ�‹… ������‚� Å ��Œ�

“· ¢´¥´¨¥ „¨· ±  ¢µ ¢´¥Ï´¥³ ³ £´¨É´µ³ ¶µ²¥ ¢ Í¨²¨´¤·¨Î¥¸±¨Ì ±µµ·-
¤¨´ É Ì (ρ, ϕ, z) ¨³¥¥É ¢¨¤

i∂tψ = Hψ, H = αi(pi − eAi) + βM, (1)



688 �“„�…— �., ‘Š��†ˆ�‘Šˆ‰ ‚.„.

£¤¥ ±¨´¥É¨Î¥¸±¨¥ ¨³¶Ê²Ó¸Ò · ¢´Ò

πρ = pρ = −i∂ρ, πϕ = pϕ − eAϕ = − i
ρ
∂ϕ − eAϕ, p3 = −i∂z,

  ³ É·¨ÍÒ α ¨ β µ¶·¥¤¥²¥´Ò ± ± ¢ [11] Î¥·¥§ Í¨²¨´¤·¨Î¥¸±¨¥ ³ É·¨ÍÒ � Ê²¨:

σρ = σ1 cosϕ+ σ2 sinϕ, σϕ = −σ1 sinϕ+ σ2 cosϕ.

‚¥±Éµ·-¶µÉ¥´Í¨ ² ¤²Ö ³ £´¨É´µ° ¸É·Ê´Ò [1] ¨³¥¥É ´¥´Ê²¥¢ÊÕ Ê£²µ¢ÊÕ ±µ³-
¶µ´¥´ÉÊ

eAϕ =
eΦ

2πρ
= − Φ

Φ0ρ
=
φ

ρ
, (2)

£¤¥ Φ Å ³ £´¨É´Ò° ¶µÉµ± ¢ ¸É·Ê´¥,   Φ0 = 2πh̄c/|e| Å ±¢ ´É ³ £´¨É´µ£µ
¶µÉµ± . �µÉ¥´Í¨ ² (2) µ¶¨¸Ò¢ ¥É ³ £´¨É´µ¥ ¶µ²¥, ¸µ¸·¥¤µÉµÎ¥´´µ¥ ´  µ¸¨ z:

Bz =
φ

eρ
δ(ρ) (3)

¨ ´ ¶· ¢²¥´´µ¥ ¶µ (¶·µÉ¨¢) µ¸¨ z ¤²Ö φ < 0 (φ > 0). ˆ§¢¥¸É´µ, ÎÉµ Í¥²µ¥
Î¨¸²µ N ³ £´¨É´ÒÌ ±¢ ´Éµ¢ ´¥ ¶·¨¢µ¤¨É ± ± ±¨³-²¨¡µ Ë¨§¨Î¥¸±¨³ ÔËË¥±-
É ³ ¨ ¶µÖ¢²Ö¥É¸Ö ¢ ·¥Ï¥´¨ÖÌ Ê· ¢´¥´¨Ö „¨· ±  ¢ ¢¨¤¥ Ë §µ¢µ£µ ³´µ¦¨É¥²Ö
exp(iNϕ). ’µ²Ó±µ ¤·µ¡´ Ö Î ¸ÉÓ δ ³ £´¨É´µ£µ ¶µÉµ±  φ = N + δ, 0 < δ < 1
¢²¨Ö¥É ´  ¶µ¢¥¤¥´¨¥ ±¢ ´Éµ¢ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í.

‹Õ¡µ¥ ÉµÎ´µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö „¨· ±  ¢µ ¢´¥Ï´¥³ ��-¶µ²¥ ³µ¦´µ
¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥ ¸Ê¶¥·¶µ§¨Í¨¨ Í¨²¨´¤·¨Î¥¸±¨Ì ³µ¤ Å ¸µ¡¸É¢¥´´ÒÌ ËÊ´±-
Í¨° ¸²¥¤ÊÕÐ¥£µ ¶µ²´µ£µ ´ ¡µ·  ±µ³³ÊÉ¨·ÊÕÐ¨Ì µ¶¥· Éµ·µ¢:

Ĥψ = Eψ ,

p̂3ψ = p3ψ ,

Ĵ3ψ = (L3 +
1

2
Σ3)ψ = (−i∂ϕ +

1

2
Σ3)ψ = j3ψ , j3 = l +N +

1

2
,

Ŝ3ψ = sψ , Ŝ3 = βΣ3 + γ
p3

M
, γ =

(
0 1
1 0

)
, (4)

£¤¥ E =
√
p2
⊥ + p2

3 +M2 Å Ô´¥·£¨Ö Î ¸É¨ÍÒ, p3 ¨ j3 Å z-±µ³¶µ´¥´ÉÒ
²¨´¥°´µ£µ ¨³¶Ê²Ó¸  ¨ ¶µ²´µ£µ Ê£²µ¢µ£µ ³µ³¥´É , p⊥ Å · ¤¨ ²Ó´Ò° ¨³-
¶Ê²Ó¸. ‚³¥¸Éµ ¶µ²ÊÍ¥²µ£µ ±¢ ´Éµ¢µ£µ Î¨¸²  j3 Ê¤µ¡´µ ¨¸¶µ²Ó§µ¢ ÉÓ Í¥²µ¥
Î¨¸²µ l, ¤µ¡ ¢²ÖÖ ± ´¥³Ê Í¥²µ¥ Î¨¸²µ ³ £´¨É´ÒÌ ±¢ ´Éµ¢ N. Š¢ ´Éµ¢µ¥ Î¨¸²µ
s = s3

√
1 + p2

3/M
2, s3 = ±1, µ¶¨¸Ò¢ ¥É ¶µ²Ö·¨§ Í¨Õ ¸¶¨´  Ô²¥±É·µ´  ¢

³ £´¨É´µ³ ¶µ²¥ Å ¢ ´¥·¥²ÖÉ¨¢¨¸É¸±µ³ ¶·¥¤¥²¥ ÔÉµ z-±µ³¶µ´¥´É  ¸¶¨´ .
�¥Ï¥´¨¥ ÔÉ¨Ì Ê· ¢´¥´¨° ¶·¨¢µ¤¨É ± · ¤¨ ²Ó´Ò³ ËÊ´±Í¨Ö³, ¸µ¤¥·¦ Ð¨³

²¨´¥°´Ò¥ ±µ³¡¨´ Í¨¨ ¸ ¶·µ¨§¢µ²Ó´Ò³¨ ±µÔËË¨Í¨¥´É ³¨ ËÊ´±Í¨° �¥¸¸¥²Ö
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¶¥·¢µ£µ ·µ¤  ¸ ¶µ²µ¦¨É¥²Ó´Ò³¨ ¨ µÉ·¨Í É¥²Ó´Ò³¨ ¨´¤¥±¸ ³¨. “¸²µ¢¨¥ ´µ·-
³¨·µ¢±¨ ¤²Ö ¶ ·Í¨ ²Ó´ÒÌ ³µ¤ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ j = (p⊥, p3, l, s)∫

dxψ†(j, x)ψ(j′, x) = δj,j′ = δs,s′ δl,l′ δ(p3 − p3′)
δ(p⊥ − p′⊥)√

p⊥p′⊥

¶µ§¢µ²Ö¥É Ë¨±¸¨·µ¢ ÉÓ ·¥Ï¥´¨Ö (Ô²¥±É·µ´´Ò¥ ¸µ¸ÉµÖ´¨Ö ¸ ¶µ²µ¦¨É¥²Ó´µ°
Ô´¥·£¨¥° E > 0) ¤²Ö §´ Î¥´¨° l ¢´¥ ¨´É¥·¢ ²  −1 < l − δ < 0, É ± ÎÉµ
´µ·³¨·µ¢ ´´Ò¥ ·¥Ï¥´¨Ö ¸ l 6= 0 ¸µ¤¥·¦ É Éµ²Ó±µ ·¥£Ê²Ö·´Ò¥ ËÊ´±Í¨¨ �¥¸-
¸¥²Ö ¸ ¶µ²µ¦¨É¥²Ó´Ò³¨ ¨´¤¥±¸ ³¨. �µ²´Ò³ ·¥Ï¥´¨¥³ ¤²Ö l = 0 Ö¢²Ö¥É¸Ö
¸Ê³³  ·¥£Ê²Ö·´µ° ËÊ´±Í¨¨ �¥¸¸¥²Ö ¨ ¸¨´£Ê²Ö·´µ°, ´µ ±¢ ¤· É¨Î´µ ¨´É¥£·¨-
·Ê¥³µ° ËÊ´±Í¨¨ �¥¸¸¥²Ö ¸ ¨´¤¥±¸ ³¨ −δ ¨²¨ −1 + δ. �¥¢µ§³µ¦´µ Ê¸É· ´¨ÉÓ
¸¨´£Ê²Ö·´ÊÕ ±µ³¶µ´¥´ÉÊ ¶·¨ ²Õ¡µ³ ¢Ò¡µ·¥ ±µÔËË¨Í¨¥´Éµ¢. …¥ ¶µÖ¢²¥´¨¥
¸¢Ö§ ´µ ¸ ¤µ¶µ²´¨É¥²Ó´Ò³ ¶·¨ÉÖ¦¥´¨¥³, ¢Ò§¢ ´´Ò³ ¢§ ¨³µ¤¥°¸É¢¨¥³ ¸¶¨´ 
¸ ³ £´¨É´Ò³ ¶µ²¥³, ¨ Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ µ¡Ð¥° ¶·µ¡²¥³Ò ¶µ¸É·µ¥´¨Ö ¸ ³µ-
¸µ¶·Ö¦¥´´µ£µ · ¸Ï¨·¥´¨Ö µ¶¥· Éµ·  „¨· ±  ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨´£Ê²Ö·´µ£µ
��-¶µÉ¥´Í¨ ² , ±µÉµ· Ö ¶µ¤·µ¡´µ µ¡¸Ê¦¤¥´  ¢ [20]. Šµ··¥±É´Ò° ¢Ò¡µ·
³µ¤Ò ¸ l = 0 ³µ¦´µ ¸¤¥² ÉÓ ¸ ¶µ³µÐÓÕ ¶·¥¤¥²Ó´µ£µ ¶¥·¥Ìµ¤  µÉ ¡µ²¥¥
·¥ ²¨¸É¨Î¥¸±µ° ³µ¤¥²¨ ¸ ·¥£Ê²Ö·´Ò³ ¶µÉ¥´Í¨ ²µ³ [9,17,18].

“Î¨ÉÒ¢ Ö µ·¨¥´É Í¨Õ ³ £´¨É´µ£µ ¶µ²Ö (3), ³Ò ¶µ²ÊÎ ¥³

ψe(j, x) =
1

2π

1√
2Ep

e−iEpt+ip3z eiNϕ ei
π
2 |l|

(
u
v

)
, (5)

£¤¥

u =
1√
2s

( √
Ep + sM

√
s+ 1 Jν1(p⊥ρ) eilϕ

iε3εl
√
Ep − sM

√
s− 1 Jν2(p⊥ρ) ei(l+1)ϕ

)
,

v =
1√
2s

(
ε3
√
Ep + sM

√
s− 1 Jν1(p⊥ρ) eilϕ

iεl
√
Ep − sM

√
s+ 1 Jν2(p⊥ρ) ei(l+1)ϕ

)
¨

p⊥ =
√
p2 − p2

3 =
√
E2
p −M2 − p2

3 , s = ±
√

1 +
p2

3

M2
, ε3 = sign(sp3),

ν1 =

{
l − δ
−l+ δ

, ν2 =

{
l+ 1− δ
−l− 1 + δ

, εl =

{
1 ¶·¨ l ≥ 0
−1 ¶·¨ l < 0

.

�µ²´Ò° ´ ¡µ· ·¥Ï¥´¨° Ê· ¢´¥´¨Ö „¨· ±  ¢±²ÕÎ ¥É Ô²¥±É·µ´´Ò¥ ¸µ¸Éµ-
Ö´¨Ö ¸ µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥° E < 0. ‚³¥¸Éµ ´¨Ì ³Ò ¢¢¥¤¥³ ¶µ§¨É·µ´´Ò¥
¸µ¸ÉµÖ´¨Ö ¸ ¶µ²µ¦¨É¥²Ó´µ° Ô´¥·£¨¥° ψp, E > 0. �´¨ ¶µ²ÊÎ ÕÉ¸Ö ¨§ Ô²¥±-
É·µ´´ÒÌ ¸µ¸ÉµÖ´¨° ¸ µÉ·¨Í É¥²Ó´µ° Ô´¥·£¨¥° µ¶¥· Í¨¥° § ·Ö¤µ¢µ£µ ¸µ¶·Ö-
¦¥´¨Ö

ψ → ψc = Cψ̄transp , C = α2.
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ψc Ê¤µ¢²¥É¢µ·Ö¥É É ±µ³Ê ¦¥ Ê· ¢´¥´¨Õ „¨· ± , ÎÉµ ¨ ψ, ´µ ¸ ¶·µÉ¨¢µ¶µ²µ¦-
´Ò³ §´ ±µ³ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ , Ö¢²Ö¥É¸Ö ¸µ¡¸É¢¥´´µ° ËÊ´±Í¨¥° Éµ£µ ¦¥
´ ¡µ·  µ¶¥· Éµ·µ¢ ¨ ¨³¥¥É ±¢ ´Éµ¢Ò¥ Î¨¸²  E,−p3,−j3, s. „²Ö Éµ£µ ÎÉµ¡Ò
¶µ²ÊÎ¨ÉÓ ¶µ§¨É·µ´´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ E, p3, j3, s, ´Ê¦´µ
¶·µ¨§¢¥¸É¨ § ³¥´Ê p3 → −p3, j3 → −j3 ¢ Ô²¥±É·µ´´µ³ ¸µ¸ÉµÖ´¨¨ ¸ µÉ·¨Í -
É¥²Ó´µ° Ô´¥·£¨¥°.

’µ£¤  µ¶¥· Éµ· Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ£µ ¶µ²Ö ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

ψ(x, t) =

∫
dµj [ψe(j, x)aj + ψcp(j, x)b†j ],

£¤¥ aj ¨ bj Å µ¶¥· Éµ·Ò Ê´¨ÎÉµ¦¥´¨Ö Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  ¸ ¤ ´´Ò³¨ ±¢ ´-
Éµ¢Ò³¨ Î¨¸² ³¨. �´ ¸µ¤¥·¦¨É ¶µ²µ¦¨É¥²Ó´µ-Î ¸ÉµÉ´ÊÕ ËÊ´±Í¨Õ ψe (Ô²¥±-
É·µ´´µ¥ ¸µ¸ÉµÖ´¨¥) ¨ µÉ·¨Í É¥²Ó´µ-Î ¸ÉµÉ´ÊÕ ËÊ´±Í¨Õ ψcp (¶µ§¨É·µ´´µ¥ ¸µ-
¸ÉµÖ´¨¥):

ψcp(j, x) =
1

2π

1√
2Ep

eiEt−ip3z eiNϕ ei
π
2 |l|
(
y
w

)
, (6)

£¤¥

y =
1√
2s

(
iεl
√
Ep − sM

√
s+ 1 Jν′

2
(p⊥ρ) e−i(l+1)ϕ

ε3
√
Ep + sM

√
s− 1 Jν′1(p⊥ρ) e−ilϕ

)
,

w = − 1√
2s

(
iε3εl

√
Ep − sM

√
s− 1 Jν′2(p⊥ρ) e−i(l+1)ϕ√

Ep + sM
√
s+ 1 Jν′1(p⊥ρ) e−ilϕ

)
¸

ν′1 =

{
l + δ
−l− δ , ν′2 =

{
l + 1 + δ,
−l− 1− δ,

¶·¨ l ≥ 0
¶·¨ l < 0

.

”Ê´±Í¨¨ (5) ¨ (6) ¶·¥¤¸É ¢²ÖÕÉ ¶ ·Í¨ ²Ó´Ò¥ Í¨²¨´¤·¨Î¥¸±¨¥ ³µ¤Ò ¢µ²-
´µ¢ÒÌ ËÊ´±Í¨° Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ . �É¨ ¸µ¸ÉµÖ´¨Ö ´¥ µ¶¨¸Ò¢ ÕÉ ¶ ¤ -
ÕÐ¨¥ ¨ ÊÌµ¤ÖÐ¨¥ Î ¸É¨ÍÒ ¸ µ¶·¥¤¥²¥´´Ò³ ¨³¶Ê²Ó¸µ³ ´  ¡¥¸±µ´¥Î´µ¸É¨.
„²Ö · ¸Î¥É  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¸¥Î¥´¨° ¶·µÍ¥¸¸µ¢ ´Ê¦´µ ´ °É¨
Ô²¥±É·µ´´ÊÕ ¨ ¶µ§¨É·µ´´ÊÕ ËÊ´±Í¨¨ · ¸¸¥Ö´¨Ö. ˆ³¥ÕÉ¸Ö ¤¢  ´¥§ ¢¨¸¨³ÒÌ
ÉµÎ´ÒÌ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¢µ ¢´¥Ï´¥³ ¶µ²¥ Ψ(∓)(J, x), ±µÉµ·Ò¥
 ¸¨³¶ÉµÉ¨Î¥¸±¨ ¶¥·¥Ìµ¤ÖÉ ¢ ¶²µ¸±ÊÕ ¢µ²´Ê, · ¸¶·µ¸É· ´ÖÕÐÊÕ¸Ö ¢ ´ ¶· ¢-
²¥´¨¨ ¢¥±Éµ·  ~p c px = p⊥ cosϕp, py = p⊥ sinϕp, pz = p3, ¨ ¶ ¤ ÕÐÊÕ
¨²¨ ÊÌµ¤ÖÐÊÕ Í¨²¨´¤·¨Î¥¸±¨¥ ¢µ²´Ò. �´¨ ³µ£ÊÉ ¡ÒÉÓ ¶µ²ÊÎ¥´Ò ¸Ê¶¥·¶µ-
§¨Í¨¥° Í¨²¨´¤·¨Î¥¸±¨Ì ³µ¤. „²Ö ¶ ¤ ÕÐ¨Ì Î ¸É¨Í ´Ê¦´µ ¢§ÖÉÓ ËÊ´±Í¨Õ
Ψ(+)(J, x),   ¤²Ö ÊÌµ¤ÖÐ¨Ì Î ¸É¨Í Ψ(−)(J, x) [11]. „²Ö ·µ¦¤¥´´ÒÌ Ô²¥±É·µ´ 
¨ ¶µ§¨É·µ´  ³Ò ¨³¥¥³

Ψ(−)
e (J, x) =

∑
l

c
(− e)
l ψe(jp, x) (7)
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¨

Ψ(−) c
p (J, x) =

∑
n

c(− p)n ψcp(jq, x) (8)

¸ ±µÔËË¨Í¨¥´É ³¨

c
(− e)
l = e−ilϕp e−i

π
2 εlδ , c(− p)n = ei(n+1)(ϕq+π) ei

π
2 εnδ. (9)

‚µ²´µ¢ Ö ËÊ´±Í¨Ö · ¸¸¥Ö´¨Ö ¤²Ö ¶ ¤ ÕÐ¥£µ Ô²¥±É·µ´ 

Ψ(+)
e (J, x) =

∑
l

c
(+ e)
l ψe(jp, x) (10)

¸µ¤¥·¦¨É ±µÔËË¨Í¨¥´É

c
(+ e)
l = e−ilϕp ei

π
2 εlδ . (11)

J Å ±µ²²¥±É¨¢´Ò° ¨´¤¥±¸ ¸µ¸ÉµÖ´¨Ö ¸ ²¨´¥°´Ò³ ¨³¶Ê²Ó¸µ³ ´  ¡¥¸±µ´¥Î-
´µ¸É¨ ¨ s.

‚µ²´µ¢ Ö ËÊ´±Í¨Ö ËµÉµ´ 

Aλµ(~k, x) =
e

(λ)
µ√
2ωk

e−iωkt+ik3zeik⊥ρ cos(ϕ−ϕk) (12)

¸µ¤¥·¦¨É ¶µ¶¥·¥Î´Ò¥ ¢¥±Éµ·Ò ²¨´¥°´µ° ¶µ²Ö·¨§ Í¨¨

~e(σ) = (0, − sinϕk, cosϕk, 0) , ~e(π) =
1

ωk
(0, −k3 cosϕk, −k3 sinϕk, k⊥) .

‚ ¸¨¸É¥³¥ ±µµ·¤¨´ É ¸ k3 = 0 ¢¥±Éµ· ¶µ²Ö·¨§ Í¨¨ ~e(π) ´ ¶· ¢²¥´ ¢¤µ²Ó µ¸¨
z,   ~e(σ) ¶¥·¶¥´¤¨±Ê²Ö·¥´ ³ £´¨É´µ° ¸É·Ê´¥.

3. Œ�’�ˆ—�›… �‹…Œ…�’› ’��Œ�‡��ƒ� ˆ‡‹“—…�ˆŸ
ˆ ��†„…�ˆŸ ���›

„¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¶µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö µ¶·¥¤¥²ÖÕÉ¸Ö ¶µÉµ± ³¨ Î ¸É¨Í
´  ¡¥¸±µ´¥Î´µ¸É¨ ¨ ¶µÔÉµ³Ê ¸¢Ö§ ´Ò ¸ ¸µ¸ÉµÖ´¨Ö³¨ · ¸¸¥Ö´¨Ö (7), (8) ¨ (10).
–¨²¨´¤·¨Î¥¸±¨¥ ³µ¤Ò ¨³¥ÕÉ ¨¸Î¥§ ÕÐ¨¥ · ¤¨ ²Ó´Ò¥ ¶µÉµ±¨ ¨ ´¥ µ¶¨¸Ò¢ ÕÉ
¶ ¤ ÕÐ¨¥ ¨ ÊÌµ¤ÖÐ¨¥ Î ¸É¨ÍÒ. �´¨, µ¤´ ±µ, µÎ¥´Ó Ê¤µ¡´Ò ¶·¨ · ¸Î¥É¥
³ É·¨Î´ÒÌ Ô²¥³¥´Éµ¢, ¨ ³Ò ¡Ê¤¥³ ¨¸¶µ²Ó§µ¢ ÉÓ ¨Ì ± ± ¨¸Ìµ¤´ÊÕ ¶µ§¨Í¨Õ
¶·¨ · ¸Î¥É¥ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ ¶µ¶¥·¥Î´ÒÌ ¸¥Î¥´¨°.
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3.1. Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö Í¨²¨´¤·¨Î¥¸±¨Ì ³µ¤. Œ É·¨Î´Ò° Ô²¥-
³¥´É ¶·µÍ¥¸¸  Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¶ ¤ ÕÐ¨³ Ô²¥±É·µ´µ³ ¸ ±¢ ´Éµ¢Ò³¨
Î¨¸² ³¨ jp = (p⊥, p3, l, s), ±µÉµ·Ò° ¶¥·¥Ìµ¤¨É ¢ ÊÌµ¤ÖÐ¨° Ô²¥±É·µ´ ¸ ±¢ ´-
Éµ¢Ò³¨ Î¨¸² ³¨ jq = (q⊥, q3, n, r), ¨§²ÊÎ Ö ËµÉµ´ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨

(~k, λ), ¨³¥¥É µ¡ÒÎ´Ò° ¢¨¤

M̃λ(jq, ~k, λ; jp) = −e
∫
d4xψ̄e(jq, x) A∗λµ (~k, x)γµ ψe(jp, x) , (13)

£¤¥ ³ É·¨ÍÒ γµ µ¶·¥¤¥²¥´Ò ¸µ£² ¸´µ [11].
Œ É·¨Î´Ò° Ô²¥³¥´É ·µ¦¤¥´¨Ö Ô²¥±É·µ´  ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ jp =

(p⊥, p3, l, s) ¨ ¶µ§¨É·µ´  ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ jq = (q⊥, q3, n, r) µ¤¨´µÎ´Ò³

ËµÉµ´µ³ ¸ ±¢ ´Éµ¢Ò³¨ Î¨¸² ³¨ (~k, λ) ¤²Ö Ë¨§¨Î¥¸±¨Ì ¸µ¸ÉµÖ´¨° λ = σ, π,
· ¢¥´

M̃λ(jp, jq;~k, λ) = −e
∫
d4xψ̄e(jp, x) Aλµ(~k, x)γµ ψ

c
p(jq , x) . (14)

�É¨ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¢ [9] ¨ [10]. ‡¤¥¸Ó ³Ò ÌµÉ¨³
µ¡· É¨ÉÓ ¢´¨³ ´¨¥ Éµ²Ó±µ ´  ·Ö¤ ¸¶¥Í¨Ë¨Î¥¸±¨Ì ³µ³¥´Éµ¢ ÔÉµ£µ · ¸Î¥É .
Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¸µ¤¥·¦ É ¤¢¥ δ-ËÊ´±Í¨¨, ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ § ±µ´ ³ ¸µ-
Ì· ´¥´¨Ö Ô´¥·£¨¨ ¨ z-±µ³¶µ´¥´ÉÒ ¨³¶Ê²Ó¸ . J3-±µ³¶µ´¥´É  ¶µ²´µ£µ Ê£²µ¢µ£µ
³µ³¥´É  É ±¦¥ ¸µÌ· ´Ö¥É¸Ö. � ¶·µÉ¨¢, ¨³¶Ê²Ó¸ ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·-
´µ° ³ £´¨É´µ° ¸É·Ê´¥ (· ¤¨ ²Ó´Ò° ¨³¶Ê²Ó¸), ´¥ ¸µÌ· ´Ö¥É¸Ö. �µ²¥¥ Éµ£µ,
¶·µÍ¥¸¸Ò ¶·µ¨¸Ìµ¤ÖÉ, ±µ£¤  · ¤¨ ²Ó´Ò° ¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ ¶·¥¢Ò-
Ï ¥É ¸Ê³³Ê · ¤¨ ²Ó´ÒÌ ¨³¶Ê²Ó¸µ¢ ÊÌµ¤ÖÐ¨Ì Î ¸É¨Í, ÎÉµ ¸²¥¤Ê¥É ¨§ § ±µ´ 
¸µÌ· ´¥´¨Ö Ô´¥·£¨¨. ˆ§¡ÒÉµ± · ¤¨ ²Ó´µ£µ ¨³¶Ê²Ó¸  ¶·¨´¨³ ¥É ¸É·Ê´ .

‚ É ±µ³ ¸²ÊÎ ¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢Ò· ¦ ÕÉ¸Ö  ´ ²¨É¨Î¥¸±¨ Î¥·¥§
É ¡²¨Î´Ò¥ ¨´É¥£· ²Ò É¨¶  6.578(3), 6.522(14) [21]:

J(α, β) =

∫ ∞
0

ρdρJα(xρ sinA cosB)Jβ(xρ cosA sinB)Jβ−α(xρ) =

=
2 sinπα

πx2 cos(A+B) cos(A−B)

(
sinA

cosB

)α(
sinB

cosA

)β
,

±µÉµ·Ò¥ ¢µ§´¨± ÕÉ ¶µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ ϕ ¨ ρ. (‡¤¥¸Ó x µ¡µ§´ Î ¥É
¨³¶Ê²Ó¸ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ).

� ·Í¨ ²Ó´Ò°  ´ ²¨§ ¢ÒÖ¢¨² ¤µ¢µ²Ó´µ ´¥µ¦¨¤ ´´ÊÕ µ¸µ¡¥´´µ¸ÉÓ ÔÉ¨Ì
¶·µÍ¥¸¸µ¢: µ´¨ µ± §Ò¢ ÕÉ¸Ö § ¶·¥Ð¥´´Ò³¨, ¥¸²¨ µ·¡¨É ²Ó´Ò¥ ±¢ ´Éµ¢Ò¥
Î¨¸²  l ¨ n § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¨³¥ÕÉ µ¤¨´ ±µ¢Ò¥ §´ ±¨. �Éµ, ¢ ¸¢µÕ µÎ¥-
·¥¤Ó, ¶·¥¤¶µ² £ ¥É, ÎÉµ µ¦¨¤ ¥³Ò¥ §´ Î¥´¨Ö ¶·µ¥±Í¨° ±¨´¥É¨Î¥¸±¨Ì Ê£²µ¢ÒÌ
³µ³¥´Éµ¢ Î ¸É¨Í, < −i∂ϕ − φ >, ¨³¥ÕÉ ¶·µÉ¨¢µ¶µ²µ¦´Ò¥ §´ ±¨ ¤²Ö ¢¸¥Ì
§´ Î¥´¨° l, n 6= 0. ‚ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±µ£µ µ¶¨¸ ´¨Ö ÔÉµ µ§´ Î ¥É,
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ÎÉµ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ¤µ²¦´Ò µ¡µ°É¨ ¸É·Ê´Ê ¸ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ ¸Éµ·µ´,
µÌ¢ ÉÒ¢ Ö ³ £´¨É´Ò° ¶µÉµ±. ’µ²Ó±µ ¢ ÔÉµ³ ¸²ÊÎ ¥ ��-ÔËË¥±É ¨ ·µ¤¸É¢¥´´Ò¥
¥³Ê ÔËË¥±ÉÒ ¶·µÖ¢²ÖÕÉ ¸¥¡Ö. �Î¥¢¨¤´µ, ÔÉµ ´¥µ¡Ìµ¤¨³µ ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶ -
¤ ÕÐ Ö Î ¸É¨Í  ³µ£²  ¶¥·¥¤ ÉÓ ¨§¡ÒÉµ± ¸¢µ¥£µ · ¤¨ ²Ó´µ£µ ¨³¶Ê²Ó¸  ¸É·Ê´¥
¨ ·µ¤¨ÉÓ ·¥ ²Ó´Ò¥ ÊÌµ¤ÖÐ¨¥ Î ¸É¨ÍÒ ¨§ ¢ ±ÊÊ³´ÒÌ Ë²Ê±ÉÊ Í¨°. �É³¥É¨³
É ±¦¥ ¶µÖ¢²¥´¨¥ ¢ ³ É·¨Î´ÒÌ Ô²¥³¥´É Ì Ì · ±É¥·´µ£µ ³´µ¦¨É¥²Ö sinπδ.

3.2. Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö ¸µ¸ÉµÖ´¨° · ¸¸¥Ö´¨Ö ¨ ¤¨ËË¥·¥´Í¨ ²Ó-
´Ò¥ ¶µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö. Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¤²Ö ¸µ¸ÉµÖ´¨° · ¸¸¥Ö´¨Ö
(7), (8) ¨ (10) ´¥É·Ê¤´µ ¢Ò· §¨ÉÓ Î¥·¥§ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ (13), (14) ¤²Ö
Í¨²¨´¤·¨Î¥¸±¨Ì ³µ¤ ¨ § É¥³ ´ °É¨ ¶µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢.

„²Ö Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö Ô²¥±É·µ´  ¸ ¨³¶Ê²Ó¸µ³ ~p ¨ ¸¶¨´µ¢Ò³ Î¨¸²µ³
s, ±µÉµ·Ò° ¶·¨ · ¸¸¥Ö´¨¨ ´  ¸É·Ê´¥ ¨¸¶Ê¸± ¥É ËµÉµ´ ¸ ¨³¶Ê²Ó¸µ³ ~k ¨ ¶µ-
²Ö·¨§ Í¨¥° λ, ¶¥·¥Ìµ¤Ö ¢ ¸µ¸ÉµÖ´¨¥ ¸ ¨³¶Ê²Ó¸µ³ ~q ¨ ¸¶¨´µ¢Ò³ Î¨¸²µ³ r,
³ É·¨Î´Ò° Ô²¥³¥´É ¨³¥¥É ¢¨¤

Mλ = −i 〈~q, r;~k, λ)|S(1)|~p, s〉 =
∑
l,n

c
(+ e)
l c(− e)n

∗
M̃λ(jq, ~k, λ; jp).

‚ÒÎ¨¸²ÖÖ ¶ ·Í¨ ²Ó´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É, ³Ò ¶µ²ÊÎ ¥³ ÔËË¥±É¨¢´µ¥
¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ ´  ¥¤¨´¨ÍÊ ¤²¨´Ò ¸É·Ê´Ò:

dσλ

dωkdΩkdϕq
=
e2 sin2 πδ

64π4ωE2
p

×

× P
(+)
λ a2δ + P

(−)
λ a−2δ + P

(0)
λ

(1− v2x2)(1− vx cosϕpk) (1 − ωvx2 − vx
√

1− 2ωv + ω2x2 cosϕqk)
, (15)

£¤¥ dΩk = d cosϑkdϕk, v Å ¸±µ·µ¸ÉÓ ¶ ¤ ÕÐ¥£µ Ô²¥±É·µ´ , P (±,0)
λ Å ´¥±µ-

Éµ·Ò¥ ËÊ´±Í¨¨ ω, x, s, r, ¶·¨Î¥³ P
(±)
λ § ¢¨¸¨É É ±¦¥ µÉ Ê£²µ¢ ϕ, ¨ ¢¢¥¤¥´Ò

µ¡µ§´ Î¥´¨Ö

ω =
ωk

p⊥
=

p2
⊥ − q2

⊥ + k2
⊥

2p⊥
√
p2
⊥ +M2

, x = sinϑk =
2k⊥

√
p2
⊥ + M2

p2
⊥ − q2

⊥ + k2
⊥
,

a =
1− ω

v −
ω
v

√
1− v2x2√

1− 2ωv + ω2x2
.

“· ¢´¥´¨¥ „¨· ±  ¢µ ¢´¥Ï´¥³ ��-¶µ²¥ (1) ±µ¢ ·¨ ´É´µ ¶·¨ ¡Ê¸É¥ ¢¤µ²Ó
¸É·Ê´Ò. �µÔÉµ³Ê ¤µ¸É ÉµÎ´µ · ¸¸³µÉ·¥ÉÓ ¸²ÊÎ ° ´µ·³ ²Ó´µ£µ ¶ ¤¥´¨Ö Ô²¥±-
É·µ´  ´  ³ £´¨É´ÊÕ ¸É·Ê´Ê, p3 = 0. �·¨ ÔÉµ³ ´¨± ±µ° ¨´Ëµ·³ Í¨¨ ´¥ ¡Ê¤¥É
¶µÉ¥·Ö´µ,   · ¸Î¥ÉÒ ¸É ´µ¢ÖÉ¸Ö ´ ³´µ£µ ¶·µÐ¥. ‚ ÔÉµ³ ¸²ÊÎ ¥ ω · ¢´  ¡¥§-
· §³¥·´µ° Ô´¥·£¨¨ ËµÉµ´ ,   ϑk Å Ê£²Ê ³¥¦¤Ê ¨³¶Ê²Ó¸µ³ ËµÉµ´  ¨ ¸É·Ê´µ°.
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‚ ·¥ ²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì ´ ¡²Õ¤ ÕÉ · ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´´µ£µ Ô²¥±-
É·µ´  ¨ ¨§²ÊÎ¥´´µ£µ ËµÉµ´  ¶µ Ô´¥·£¨¨, ¨³¶Ê²Ó¸ ³ ¨ ¶µ²Ö·¨§ Í¨Ö³. �ËË¥±-
É¨¢´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ (15) ¸µ¤¥·¦¨É ¶µ²´ÊÕ ¨´Ëµ·³ Í¨Õ µ¡
ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨ÖÌ.

„²Ö ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò ¸ ¨³¶Ê²Ó¸ ³¨ ~p, ~q ¨ ¸¶¨´µ-
¢Ò³¨ Î¨¸² ³¨ s, r, ¶ ¤ ÕÐ¨³ ËµÉµ´µ³ ¸ ¨³¶Ê²Ó¸µ³ ~k ¨ ¶µ²Ö·¨§ Í¨¥° λ ³Ò
´ Ìµ¤¨³

Mλ = −i 〈~q, r; ~p, s)|S(1)|~k, λ) 〉 =
∑
l,n

c
(− e)∗
l c(− p)n M̃λ(jp, jq;~k, λ).

’µ£¤  ÔËË¥±É¨¢´µ¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö ¶ ·Ò § ¶¨¸Ò-
¢ ¥É¸Ö ¢ ¸¨¸É¥³¥ ±µµ·¤¨´ É k3 = 0 (¡¥§ ¶µÉ¥·¨ ¨´Ëµ·³ Í¨¨) ¢ ¢¨¤¥

dσλ

dEqdϕqdϕpdq3
=
e2 sin2 πδ

128π4

cδS
(+)
λ + c−δS

(−)
λ + S

(0)
λ

ω3
k(q2

3 +M2)(Ep − p⊥ cosϕpk)(Eq − q⊥ cosϕqk)
,

(16)
£¤¥ S(±,0)

λ Å ´¥±µÉµ·Ò¥ ËÊ´±Í¨¨ Ep, Eq , q3, s, r, ¶·¨Î¥³ S
(±)
λ § ¢¨¸¨É É ±¦¥

µÉ Ê£²µ¢ ϕ, ¨

c =
(Ep −

√
q2
3 +M2)(Eq −

√
q2
3 +M2)

(Ep +
√
q2
3 +M2)(Eq +

√
q2
3 +M2)

,

„¨ËË¥·¥´Í¨ ²Ó´µ¥ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ (16) ¸µ¤¥·¦¨É ¶µ²´ÊÕ ¨´Ëµ·³ -
Í¨Õ µ¡ Ô´¥·£¥É¨Î¥¸±¨Ì, Ê£²µ¢ÒÌ ¨ ¶µ²Ö·¨§ Í¨µ´´ÒÌ · ¸¶·¥¤¥²¥´¨ÖÌ ·µ¦¤¥´-
´ÒÌ Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢, ±µÉµ·Ò¥ ³µ¦´µ Ô±¸¶¥·¨³¥´É ²Ó´µ ´ ¡²Õ¤ ÉÓ.
�É¨ · ¸¶·¥¤¥²¥´¨Ö, µÎ¥¢¨¤´µ, ¸¢Ö§ ´Ò § ±µ´ ³¨ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨, ¨ ±µ³-
¶µ´¥´ÉÒ ¨³¶Ê²Ó¸ : Ep + Eq = ωk, p3 + q3 = 0.

4. „ˆ””…�…�–ˆ�‹œ�›… ‘…—…�ˆŸ
��ˆ Œ�‹›• ˆ ‚›‘�Šˆ• ��…�ƒˆŸ•

‚ ÔÉµ³ · §¤¥²¥ ³Ò · ¸¸³µÉ·¨³ Ê£²µ¢Ò¥ ¨ ¶µ²Ö·¨§ Í¨µ´´Ò¥ · ¸¶·¥¤¥²¥-
´¨Ö ÊÌµ¤ÖÐ¨Ì Î ¸É¨Í ¶·¨ · §²¨Î´ÒÌ Ô´¥·£¨ÖÌ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ.

4.1. ’µ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥. �·¨ ³ ²µ° Ô´¥·£¨¨ ËµÉµ´  ω → 0 ¢ ¸¥Î¥´¨¨
¶·µÍ¥¸¸  Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨³¥¥É¸Ö ¨´Ë· ±· ¸´ Ö ¸¨´£Ê²Ö·´µ¸ÉÓ. �·¨-
Î¨´  ¥¥ ¶µÖ¢²¥´¨Ö µ¡Ð Ö ¤²Ö ¢¸¥Ì ¶·µÍ¥¸¸µ¢ · ¸¸¥Ö´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í Ä
´¥¶·¨³¥´¨³µ¸ÉÓ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¤²Ö ¨§²ÊÎ¥´¨Ö ³Ö£±¨Ì ËµÉµ´µ¢.

„²Ö Ô²¥±É·µ´  ³ ²µ° Ô´¥·£¨¨, v � 1, ³Ò ¨³¥¥³ ω ≤ v
2 , a

2 ≈ 1−ωk/(Ep−
M) ¨ s, r = ±1. ’µ£¤ 

P (±)
σ = 2Θ(sr)

(
1− ω

v
∓ sω

v

)
, P (±)

π = cos2 ϑkP
(±)
σ ,
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P (0)
σ = 2Θ(sr)a cos(ϕpk + ϕqk) , P (0)

π = − cos2 ϑkP
(0)
σ ,

¨ ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ ¶·¨´¨³ ¥É ¢¨¤

dσλ

dωkdΩkdϕq
=

e2 sin2 πδ

32π4 M ωk
v Θ(sr) S(s)

(
1

cos2 ϑk

)
¤²Ö

{
λ = σ
λ = π

, (17)

¸

S(s) =

(
1− ωk

Ep −M

)1+sδ

+

(
1− ωk

Ep −M

)−sδ
+

+2ελ

(
1− ωk

Ep −M

) 1
2

cos(ϕpk + ϕqk) ,

£¤¥ ελ = 1 ¤²Ö λ = σ ¨ ελ = −1 ¤²Ö λ = π.
‘¥Î¥´¨¥ ¶·µÍ¥¸¸  Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¶·µ¶µ·Í¨µ´ ²Ó´µ ±² ¸¸¨Î¥¸±µ³Ê

· ¤¨Ê¸Ê Ô²¥±É·µ´  r0 = e2/4πM ¨ ¸±µ·µ¸É¨ ¶ ¤ ÕÐ¥£µ Ô²¥±É·µ´  v.
�É³¥É¨³ µ¸µ¡¥´´µ¸É¨ ¶·µÍ¥¸¸  Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö, Ì · ±É¥·´Ò¥ ¤²Ö

¤¨· ±µ¢¸±¨Ì Î ¸É¨Í, ±µÉµ·Ò¥ ³µ¦´µ Ê¢¨¤¥ÉÓ ¨§ ¢Ò· ¦¥´¨Ö (17).
Å �·¨ ³ ²ÒÌ Ô´¥·£¨ÖÌ Ô²¥±É·µ´  ¸µÌ· ´Ö¥É¸Ö ¶·µ¥±Í¨Ö ¸¶¨´  ´  ´ ¶· -

¢²¥´¨¥ ¸É·Ê´Ò; ¶·¨ ¨§²ÊÎ¥´¨¨ ³Ö£±¨Ì ËµÉµ´µ¢ µ´  ¸µÌ· ´Ö¥É¸Ö ¶·¨ ²Õ¡ÒÌ
Ô´¥·£¨ÖÌ.

Å �µÖ¢²¥´¨¥ ¤µ¶µ²´¨É¥²Ó´µ£µ ³´µ¦¨É¥²Ö cos2 ϑk ¤²Ö πÄ¶µ²Ö·¨§µ¢ ´´µ£µ
ËµÉµ´  É¨¶¨Î´µ ¤²Ö ¨§²ÊÎ¥´¨Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì Î ¸É¨Í. �¤´ ±µ Ê£²µ¢Ò¥
· ¸¶·¥¤¥²¥´¨Ö · ¸¸¥Ö´´µ£µ Ô²¥±É·µ´  ¨ ¨§²ÊÎ¥´´µ£µ ËµÉµ´  § ¢¨¸ÖÉ µÉ  §¨-
³ÊÉ ²Ó´ÒÌ Ê£²µ¢ ϕq ¨ ϕk ¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ¸É·Ê´¥, ¢ µÉ²¨Î¨¥
µÉ ¨§²ÊÎ¥´¨Ö ¸± ²Ö·´ÒÌ Î ¸É¨Í. �É   ¸¨³³¥É·¨Ö ¢µ§´¨± ¥É ¨§-§  ¢§ ¨³µ¤¥°-
¸É¢¨Ö ³ £´¨É´µ£µ ³µ³¥´É  Ô²¥±É·µ´  ¸ ³ £´¨É´µ° ¸É·Ê´µ°.

Å �µ¸²¥ ¨´É¥£·¨·µ¢ ´¨Ö ¶µ Ê£²Ê ϕq ÊÌµ¤ÖÐ¥£µ Ô²¥±É·µ´  ¶µ¸²¥¤´¨°
Î²¥´ ¢ S(s) ¨¸Î¥§ ¥É ¨ ³Ò ¶µ²ÊÎ ¥³

S(s) = 2π

{(
1− ωk

Ep −M

)1+sδ

+

(
1− ωk

Ep −M

)−sδ}
.

�Éµ ¸¥Î¥´¨¥ ¶·¨ s = −1 ¸µ¢¶ ¤ ¥É ¸ ¸¥Î¥´¨¥³ ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¡¥¸¸¶¨-
´µ¢ÒÌ Î ¸É¨Í [7]. ‚ ÔÉµ³ ¸²ÊÎ ¥ µ´µ ¨´¢ ·¨ ´É´µ ¶·¨ § ³¥´¥ δ → 1−δ ¨ ¶·¨
Φ→ −Φ. �¤´ ±µ ¤²Ö ¶µ²Ö·¨§ Í¨¨ s = 1 ¶·¨ÉÖ¦¥´¨¥ §  ¸Î¥É ¢§ ¨³µ¤¥°¸É¢¨Ö
¸¶¨´  ¸ ³ £´¨É´Ò³ ¶µ²¥³ ¶·¨¢µ¤¨É ± Ê¸¨²¥´¨Õ ¢µ²´µ¢µ° ËÊ´±Í¨¨ ¢¡²¨§¨
¸É·Ê´Ò ¨ ¨§³¥´Ö¥É ¸¥Î¥´¨¥.

Å ˆ§²ÊÎ¥´¨¥ ËµÉµ´  ¸ ¶¥·¥¢µ·µÉµ³ ¸¶¨´  Ô²¥±É·µ´  ¶·µ¨¸Ìµ¤¨É ¶·¨
¡µ²¥¥ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ. ‚ ·¥§Ê²ÓÉ É¥ · ¸¸¥Ö´¨Ö ¸¶¨´ Ô²¥±É·µ´  µ·¨¥´É¨-
·Ê¥É¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ ¶·µÉ¨¢ ´ ¶· ¢²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¸É·Ê´Ò, ÎÉµ
¶·¨¢µ¤¨É ± ¸² ¡µ³Ê ÔËË¥±ÉÊ ¸ ³µ¶µ²Ö·¨§ Í¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± , Ìµ·µÏµ
¨§¢¥¸É´µ³Ê ¢ ¸²ÊÎ ¥ ¸¨´Ì·µÉ·µ´´µ£µ ¨§²ÊÎ¥´¨Ö [22].
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� ¸¸³µÉ·¨³ Ê£²µ¢µ¥ · ¸¶·¥¤¥²¥´¨¥ ¤²Ö Ô²¥±É·µ´  ¢Ò¸µ±µ° Ô´¥·£¨¨, ±µ£¤ 
γ = 1/

√
1− v2 � 1. �² £µ¤ ·Ö ³´µ¦¨É¥²Ö³

(1 − vx cosϕpk) ∼ Epωk − ~p~k

¨

(1− ωvx2 − vx
√

1− 2
ω

v
+ ω2x2 cosϕqk) ∼ Eqωk − ~q~k

¢ §´ ³¥´ É¥²¥ (15) ¸¥Î¥´¨¥ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¨³¥¥É µ¸É·Ò° ³ ±¸¨³Ê³
¢ ´ ¶· ¢²¥´¨¨ ¢¶¥·¥¤, ¨ ¨§²ÊÎ¥´¨¥ ¶·µ¨¸Ìµ¤¨É ¢ Ê§±µ³ ±µ´Ê¸¥ ¸  ¶¥·ÉÊ·µ°
¶µ·Ö¤±  ∼ 1/γ. ‚ Éµ³ ¦¥ ±µ´Ê¸¥ · ¸¶·µ¸É· ´Ö¥É¸Ö · ¸¸¥Ö´´Ò° Ô²¥±É·µ´. ‚´¥
±µ´Ê¸  ¢¥·µÖÉ´µ¸ÉÓ ¶·µÍ¥¸¸  ¡Ò¸É·µ Ê¡Ò¢ ¥É.

4.2. �µ¦¤¥´¨¥ ¶ ·Ò. “£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ·µ¦¤¥´´ÒÌ Ô²¥±É·µ´  ¨ ¶µ-
§¨É·µ´  ¨³¥ÕÉ µÎ¥´Ó ¸²µ¦´Ò° ¢¨¤. �´¨ ¸ÊÐ¥¸É¢¥´´µ Ê¶·µÐ ÕÉ¸Ö ¤²Ö ³ ²ÒÌ
¨ ¢Ò¸µ±¨Ì Ô´¥·£¨°.

�·¨ ´¥¡µ²ÓÏµ° Ô´¥·£¨¨ ËµÉµ´ , ¸²¥£±  ¶·¥¢ÒÏ ÕÐ¥° ¶µ·µ£ ·µ¦¤¥´¨Ö
¶ ·Ò ωk − 2M �M, ³Ò ¨³¥¥³

p⊥ ∼ q⊥ ∼ q3 �M, c� 1

¨
S(∓,0)
σ ∼ S(0)

π � S(∓)
π ≈ 4M4(1− s3r3)(1 ± s3).

�É¸Õ¤  ¢¨¤´µ, ÎÉµ ¶ ·Ò ³ ²µ° Ô´¥·£¨¨ ·µ¦¤ ÕÉ¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ µÉ π-
¶µ²Ö·¨§µ¢ ´´ÒÌ ËµÉµ´µ¢,   ¤¨ËË¥·¥´Í¨ ²Ó´µ¥ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö
¶ · ´ ¤ ¶µ·µ£µ³ · ¢´µ

dσπ

dEqdϕqdϕpdq3
≈ e2 sin2 πδ

256π4
(1− s3r3)

c−δ(1 + s3) + cδ(1− s3)

M3
. (18)

“£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ ³ ²µ° Ô´¥·£¨¨ µ¤´µ·µ¤´Ò
¢ ¶²µ¸±µ¸É¨, ¶¥·¶¥´¤¨±Ê²Ö·´µ° ³ £´¨É´µ° ¸É·Ê´¥, ´µ ¨Ì § ¢¨¸¨³µ¸ÉÓ µÉ ¶µ-
²Ö·´µ£µ Ê£²  ϑ ¤µ¢µ²Ó´µ ¸²µ¦´ Ö.

�µ²Ö·¨§ Í¨Ö Ô²¥±É·µ´µ¢ ¨ ¶µ§¨É·µ´µ¢ ¸¨²Ó´µ § ¢¨¸¨É µÉ ¶µ²Ö·¨§ Í¨¨
ËµÉµ´ . �µ¦¤¥´´Ò¥ Î ¸É¨ÍÒ ¨³¥ÕÉ ¶·µ¥±Í¨¨ ¸¶¨´µ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÒÌ §´ -
±µ¢, ¨ Ô²¥±É·µ´Ò ¸ ¶µ²µ¦¨É¥²Ó´µ° ¶·µ¥±Í¨¥° (¶·µÉ¨¢ ¶µ²Ö) ·µ¦¤ ÕÉ¸Ö ¶·¥¨-
³ÊÐ¥¸É¢¥´´µ πÄ¶µ²Ö·¨§µ¢ ´´Ò³¨ ËµÉµ´ ³¨, É ± ± ± c � 1. ˆÌ ¤µ²Ö · ¸É¥É
¸ Ê¢¥²¨Î¥´¨¥³ ¶ · ³¥É·  ³ £´¨É´µ£µ ¶µÉµ±  δ. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¢§ ¨³µ¤¥°¸É¢¨¥
³ £´¨É´ÒÌ ³µ³¥´Éµ¢ ¸ ³ £´¨É´Ò³ ¶µ²¥³ ¸É·Ê´Ò ¶·¨¢µ¤¨É ± ¶·¨ÉÖ¦¥´¨Õ ±
¸É·Ê´¥ ± ± Ô²¥±É·µ´ , É ± ¨ ¶µ§¨É·µ´ . ˆÌ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ²µ± ²¨§µ¢ ´Ò
¢¡²¨§¨ ¸É·Ê´Ò, ÎÉµ Ê¸¨²¨¢ ¥É ÔËË¥±É. σ-¶µ²Ö·¨§µ¢ ´´Ò¥ ËµÉµ´Ò ¸ ¢¥±Éµ-
· ³¨ ¶µ²Ö·¨§ Í¨¨, ¶¥·¶¥´¤¨±Ê²Ö·´Ò³¨ ¸É·Ê´¥, ·µ¦¤ ÕÉ Î ¸É¨ÍÒ c ¶·µ¥±-
Í¨Ö³¨ s3 ¨ r3 µ¤¨´ ±µ¢ÒÌ §´ ±µ¢, É ± ÎÉµ ¨Ì ³ £´¨É´Ò¥ ³µ³¥´ÉÒ ¨³¥ÕÉ



Š�„-���–…‘‘› ‚� ‚�…˜�…Œ ��‹… ������‚�Ä��Œ� 697

¶·µÉ¨¢µ¶µ²µ¦´Ò¥ ´ ¶· ¢²¥´¨Ö. �µÔÉµ³Ê ¢§ ¨³µ¤¥°¸É¢¨¥ ¸µ ¸É·Ê´µ° ¶·¨¢µ-
¤¨É ± ²µ± ²¨§ Í¨¨ ¢¡²¨§¨ ¸É·Ê´Ò Éµ²Ó±µ µ¤´µ° ¨§ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°, É ±
ÎÉµ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ ¸² ¡µ ¶¥·¥±·Ò¢ ÕÉ¸Ö, ¨ ¶·µÍ¥¸¸ ·µ¦¤¥´¨Ö ¶ ·Ò ¶µ-
¤ ¢²¥´. ‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ ËµÉµ´  ÔÉ  ±µ··¥²ÖÍ¨Ö µ¸² ¡²Ö¥É¸Ö, É ± ± ±
¡µ²¥¥ ¢Ò¸µ±¨¥ µ·¡¨É ²Ó´Ò¥ ³µ³¥´ÉÒ ¤ ÕÉ ¢±² ¤ ¢ ¸¥Î¥´¨¥.

�·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ËµÉµ´ , ωk � M, Ê£²µ¢Ò¥ · ¸¶·¥¤¥²¥´¨Ö ¸É -
´µ¢ÖÉ¸Ö ¶·µ¸ÉÒ³¨ Å Ô²¥±É·µ´ ¨ ¶µ§¨É·µ´ ¨¸¶Ê¸± ÕÉ¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´µ
¢¶¥·¥¤ ¢ ´ ¶· ¢²¥´¨¨ (ϕpk ∼ ϕqk ∼ 0, ϑ ∼ π/2) ¢ Ê§±µ³ ±µ´Ê¸¥ ¸  ¶¥·ÉÊ-
·µ° ¶µ·Ö¤±  M/ωk. �ÉµÉ ¢Ò¢µ¤ ¸²¥¤Ê¥É ¨§ ¶·¨¸ÊÉ¸É¢¨Ö ³´µ¦¨É¥²¥° Ep −
p⊥ cosϕpk, Eq − q⊥ cosϕqk ¨ q2

3 + M2 ∼ E2
q cos2 ϑ ¢ §´ ³¥´ É¥²¥ ¢Ò· -

¦¥´¨Ö (16).

5. ��‹�›… ���…�…—�›… ‘…—…�ˆŸ
��ˆ ��‡‹ˆ—�›• ��…�ƒˆŸ•

5.1. ’µ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥. „²Ö Éµ£µ, ÎÉµ¡Ò ´ °É¨ ¶µ²´µ¥ ¶µ¶¥·¥Î´µ¥
¸¥Î¥´¨¥ Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö, ´Ê¦´µ ¶·µ¨´É¥£·¨·µ¢ ÉÓ ¢Ò· ¦¥´¨¥ (15) ¶µ

±µ´¥Î´Ò³ ¸µ¸ÉµÖ´¨Ö³. �·¨ ¨´É¥£·¨·µ¢ ´¨¨ ¶µ Ê£²Ê ϕq Î²¥´ ¸ P (0)
λ ¨¸Î¥§ ¥É,

¨, ¸Ê³³¨·ÊÖ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ÊÌµ¤ÖÐ¥£µ Ô²¥±É·µ´  (µÉ³¥Î¥´µ Î¥·Éµ°), ³Ò
´ Ìµ¤¨³

dσλ

dωkdΩk
=
e2 sin2 πδ

32π3 ωk

v

Ep

P
(+)
λ a2δ + P

(−)
λ a−2δ

(1 − v2x2)
3
2 (1 − vx cosϕpk)

,

£¤¥ P (±)
λ Å Ê¸·¥¤´¥´´Ò¥ ¶µ ¶µ²Ö·¨§ Í¨Ö³ ËÊ´±Í¨¨ P (±)

λ . ˆ´É¥£·¨·µ¢ ´¨¥ ¶µ

Ê£²Ê ϕk ¨§²ÊÎ¥´´µ£µ ËµÉµ´  ¤ ¥É ¤µ¶µ²´¨É¥²Ó´µ ³´µ¦¨É¥²Ó 2π(1− v2x2)−
1
2 ,

¨ ³Ò ¶µ²ÊÎ ¥³

dσλ

dωkd cosϑk
=
e2 sin2 πδ

16π2 ωk

v

Ep

P
(+)
λ a2δ + P

(−)
λ a−2δ

(1− v2x2)2
.

�¸É ÕÐ¨¥¸Ö ¨´É¥£· ²Ò ¶µ dωk ¨ dϑk ´¥²Ó§Ö ´ °É¨ ¢  ´ ²¨É¨Î¥¸±µ³ ¢¨¤¥ ¶·¨
¶·µ¨§¢µ²Ó´µ° Ô´¥·£¨¨ Ô²¥±É·µ´ .

�·¨ ³ ²µ° Ô´¥·£¨¨ Ô²¥±É·µ´  ³Ò ¨³¥¥³

dσσ

dωk
= 3

dσπ

dωk
=
r0 sin2 πδ

π

v

ωk

[(
1− ωk

Ep −M

)1+sδ

+

(
1− ωk

Ep −M

)−sδ]
.

�·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨, γ = (1−v2)−
1
2 � 1, µ¸´µ¢´µ° ¢±² ¤ ¢ ¶µ¶¥·¥Î´µ¥

¸¥Î¥´¨¥ ¢µ§´¨± ¥É µÉ §´ Î¥´¨° ϑk ∼ π
2 , ¨²¨ x ∼ 1. ‚ ÔÉµ³ ¸²ÊÎ ¥ a ≈ 1,
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¥¸²¨ Éµ·³µ§´µ° ËµÉµ´ ´¥ ¸²¨Ï±µ³ ¦¥¸É±¨°, ω < ωmax, ¨ ³Ò ¶µ²ÊÎ ¥³ ¤²Ö
¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö

dσλ

dωk
∼ r0 sin2 πδ

ωk
fλ(ωk) ,

£¤¥ fλ(ωk) Å ´¥±µÉµ· Ö ËÊ´±Í¨Ö Ô´¥·£¨¨ ËµÉµ´ . �Éµ µ§´ Î ¥É, ÎÉµ Ëµ·³ 
Ô´¥·£¥É¨Î¥¸±µ£µ ¸¶¥±É·  Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ´¥ § ¢¨¸¨É µÉ Ô´¥·£¨¨ ¨ ¶µ-
²Ö·¨§ Í¨¨ ¶ ¤ ÕÐ¥£µ Ô²¥±É·µ´ . „²Ö ¦¥¸É±¨Ì ËµÉµ´µ¢, ω ∼ ωmax, ¶ · ³¥É·
a2 ∼ (ωmax − ω)/2

√
1− v2x2, ¨ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ · ¢´µ  ¸¨³¶ÉµÉ¨Î¥¸±¨

dσλ

dωk
∼ r0 sin2 πδ

ωk
γδ
(

1− ωk

Ep

)δ
(a∓ bs) ,

£¤¥ a ¨ b Å ´¥±µÉµ·Ò¥ ±µÔËË¨Í¨¥´ÉÒ,   §´ ±¨ ∓ ¸µµÉ¢¥É¸É¢ÊÕÉ ¶µ²Ö·¨§ Í¨¨
λ = σ ¨ π ¸µµÉ¢¥É¸É¢¥´´µ. �Éµ µ§´ Î ¥É, ÎÉµ ¤µ²Ö ¦¥¸É±¨Ì ËµÉµ´µ¢ ¢ ¸¶¥±É·¥
· ¸É¥É ¸ Ô´¥·£¨¥° ¶ ¤ ÕÐ¥£µ Ô²¥±É·µ´ , É.¥. Éµ·³µ§´µ° ¸¶¥±É· ¸É ´µ¢¨É¸Ö
¡µ²¥¥ ¦¥¸É±¨³. �É³¥É¨³ É ±¦¥ ´ ²¨Î¨¥ ´¥±µÉµ·µ° ±µ··¥²ÖÍ¨¨ ³¥¦¤Ê ¸¶¨´µ³
Ô²¥±É·µ´  ¨ ¶µ²Ö·¨§ Í¨¥° ËµÉµ´ .

5.2. �µ¦¤¥´¨¥ ¶ ·Ò. �·µ ´ ²¨§¨·Ê¥³ Ô´¥·£¥É¨Î¥¸±µ¥ ¶µ¢¥¤¥´¨¥ ¶µ¶¥-
·¥Î´µ£µ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò. ˆ´É¥£·¨·µ¢ ´¨¥
¤¨ËË¥·¥´Í¨ ²Ó´µ£µ ¸¥Î¥´¨Ö (16) ¶µ  §¨³ÊÉ ²Ó´Ò³ Ê£² ³ ϕp, ϕq ¤ ¥É ¤µ¶µ²-

´¨É¥²Ó´Ò° ³´µ¦¨É¥²Ó 4π2/(q2
3 + M2) ¨ Ê¸É· ´Ö¥É Î²¥´ ¸ S(0)

λ . ‘Ê³³¨·ÊÖ ¶µ
¶µ²Ö·¨§ Í¨Ö³ ·µ¦¤¥´´ÒÌ Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´ , ³Ò ¶µ²ÊÎ ¥³

dσλ

dEqdq3
=
e2 sin2 πδ

32π2

cδ + c−δ

ω3
k(q2

3 +M2)2
Sλ ,

£¤¥ Sλ = Σs,rS
±
λ . ’ ± ± ± ¶¥·¥³¥´´Ò¥ p⊥ ¨ q⊥ µ¡¥ ¶µ²µ¦¨É¥²Ó´Ò, ¶¥·¥³¥´-

´ Ö q3 ³¥´Ö¥É¸Ö ¢ ¶·¥¤¥² Ì µÉ −qmax
3 ¤µ qmax

3 , £¤¥ qmax
3 = min

(√
E2
q −M2,√

E2
p −M2

)
. ‚¢µ¤Ö ´µ¢Ò¥ ¶¥·¥³¥´´Ò¥ ε = |Ep − Eq| ¨ x =

√
q2
3 +M2,

³Ò ¶µ²ÊÎ ¥³ µ¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ²´µ£µ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ·µ¦¤¥´¨Ö
Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò ËµÉµ´µ³ ¸ Ô´¥·£¨¥° ωk ¨ ¶µ²Ö·¨§ Í¨¥° λ:

σλ =
e2 sin2 πδ

16π2

1

ω3
k

∫ ωk
2

M

dx
1

x3
√
x2 −M2

∫ ωk−2x

0

dε (c−δ + cδ) Sλ(ε, x)

(19)
£¤¥

c =
(ωk − 2x)2 − ε2

(ωk + 2x)2 − ε2
.

�¸É ÕÐ¨¥¸Ö ¨´É¥£· ²Ò ¶µ ε ¨ x ´¥²Ó§Ö ´ °É¨  ´ ²¨É¨Î¥¸±¨.
�Éµ µ¡Ð¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶µ²´µ£µ ¶µ¶¥·¥Î´µ£µ ¸¥Î¥´¨Ö ¸ÊÐ¥¸É¢¥´´µ

Ê¶·µÐ ¥É¸Ö ¶·¨ ´ ¤¶µ·µ£µ¢µ° ¨ ¢Ò¸µ±µ° Ô´¥·£¨ÖÌ ËµÉµ´ .
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�·¨ ´ ¤¶µ·µ£µ¢µ° Ô´¥·£¨¨, ωk−2M �M , ¢¥²¨Î¨´Ò Sσ � Sπ ≈ 4M2 ¨
c� 1. �¶Ê¸± Ö ¢ (19) Î²¥´ cδ � c−δ ¨ ¢¢µ¤Ö ´µ¢Ò¥ ¡¥§· §³¥·´Ò¥ ¶¥·¥³¥´´Ò¥
t ¨ y:

ε = (ωk − 2x)t, x = M +
ωk − 2M

2
y,

³Ò ¶µ²ÊÎ ¥³

σπ =
r0 sin2 πδ√

2π

(
ωk − 2M

2M

) 3
2−2δ

B(δ),

£¤¥ B(δ) Å ´¥±µÉµ· Ö ¶µ¸ÉµÖ´´ Ö ∼1. ˆ´É¥£·¨·ÊÖ ¶µ ³ ²µ³Ê ¨´É¥·¢ ²Ê
Ô´¥·£¨° ∆ ´ ¤ ¶µ·µ£µ³, 2M ≥ ωk ≤ 2M(1 + ∆), ³Ò ´ Ìµ¤¨³ ¨´É¥£· ²Ó´µ¥
¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥

I =

∫ 2M(1+∆)

2M

σπ(ωk) dωk ≈
e2 sin2 πδ

2
√

2π

∆
5
2−2δ

5
2 − 2δ

B(δ).

�É  ¢¥²¨Î¨´  µ¶·¥¤¥²Ö¥É ¢ÒÌµ¤ Ô²¥±É·µ´´µ-¶µ§¨É·µ´´ÒÌ ¶ ·, ·µ¦¤¥´´ÒÌ
ËµÉµ´µ³ ´  ¥¤¨´¨Í¥ ¤²¨´Ò ¸É·Ê´Ò ¢ ¥¤¨´¨ÍÊ ¢·¥³¥´¨ ¢ ¤ ´´µ³ ¨´É¥·¢ ²¥
Ô´¥·£¨°. �·¨ δ = 1

2 ³Ò ¶µ²ÊÎ ¥³

I =
e2
√

2

3π
∆

3
2 .

�·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ËµÉµ´ , ωk �M, µ¸´µ¢´µ° ¢±² ¤ ¢ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥-
´¨¥ ¢µ§´¨± ¥É µÉ §´ Î¥´¨° x ∼M. ‚ ÔÉµ³ ¸²ÊÎ ¥ ¶ · ³¥É· c ∼ 1. ˆ´É¥£·¨·ÊÖ
¶µ ε ¨ x, ³Ò ´ Ìµ¤¨³

σλ ∼
e2 sin2 πδ

4πM
aλ = r0 aλ sin2 πδ

¸ aσ = 2
3 ¨ aπ = 1.

�·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ ËµÉµ´  ¶µ²´µ¥ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥ ·µ¦¤¥´¨Ö ¶ ·
¸É·¥³¨É¸Ö  ¸¨³¶ÉµÉ¨Î¥¸±¨ ± ¶µ¸ÉµÖ´´Ò³ §´ Î¥´¨Ö³ ¶·¨ ²Õ¡µ° ¶µ²Ö·¨§ Í¨¨
ËµÉµ´ . �É  Ô´¥·£¥É¨Î¥¸± Ö § ¢¨¸¨³µ¸ÉÓ ¸µ¢³¥¸É¨³  ¸ Ê´¨É ·´µ¸ÉÓÕ (³µ¦´µ
¡Ò²µ µ¦¨¤ ÉÓ, ÎÉµ ¸¨´£Ê²Ö·´Ò° ��-¶µÉ¥´Í¨ ² ¶·¨¢¥¤¥É ± · ¸ÉÊÐ¥³Ê ¸¥Î¥´¨Õ
¨ ´ ·ÊÏ¥´¨Õ É¥µ·¨¨ ¢µ§³ÊÐ¥´¨° ¶·¨ ¢Ò¸µ±¨Ì Ô´¥·£¨ÖÌ, ± ± ÔÉµ ¶·µ¨¸Ìµ¤¨É
¢ ¸²ÊÎ ¥ ¡¥¸±µ´¥Î´µ Éµ´±µ° ±µ¸³¨Î¥¸±µ° ¸É·Ê´Ò [15]).

�¤´ ±µ ³Ò ´¥ · ¸¸³ É·¨¢ ¥³ ·µ¦¤¥´¨¥ ¶ · ¶·¨ ¢Ò¸µ±µ° Ô´¥·£¨¨ ËµÉµ´ 
± ± ÔËË¥±É, ¶µ¤Ìµ¤ÖÐ¨° ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö. „²Ö É ±µ£µ
¨¸¸²¥¤µ¢ ´¨Ö ¶µÉ·¥¡µ¢ ²µ¸Ó ¡Ò ¸µ§¤ ÉÓ ±µ£¥·¥´É´Ò° ¶ÊÎµ± ËµÉµ´µ¢ ¢Ò¸µ±µ°
Ô´¥·£¨¨.

„²Ö ÔÉµ° Í¥²¨ ¡µ²¥¥ ¨´É¥·¥¸¥´ ¸²ÊÎ ° ´ ¤¶µ·µ£µ¢µ£µ ·µ¦¤¥´¨Ö ¶ ·Ò.
ˆ§¢¥¸É´µ [12], ÎÉµ ¶·µÍ¥¸¸ ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò ¢ µ¤-
´µ·µ¤´µ³ ³ £´¨É´µ³ ¶µ²¥ B ³µ¦¥É ¶·µ¨¸Ìµ¤¨ÉÓ ¸ § ³¥É´µ° ¢¥·µÖÉ´µ¸ÉÓÕ
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Éµ²Ó±µ ¤²Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨° ¨²¨ ¢ ¨´É¥´¸¨¢´ÒÌ ³ £´¨É´ÒÌ ¶µ-
²ÖÌ, ±µ£¤  Ì · ±É¥·´Ò° ¶ · ³¥É· [23,24]:

B

B0

E

Mc2
∼ 1, B0 =

M2c3

eh̄
.

’ ±¨Ì µ£· ´¨Î¥´¨° ´¥É ¤²Ö ·µ¦¤¥´¨Ö ¶ ·Ò ¢ ��-¶µ²¥, ´ ¶·Ö¦¥´´µ¸ÉÓ ±µÉµ-
·µ£µ Ëµ·³ ²Ó´µ ¡¥¸±µ´¥Î´ . �¸´µ¢´µ° ¶·µ¡²¥³µ° §¤¥¸Ó Ö¢²Ö¥É¸Ö ¢ÒÖ¸´¥´¨¥
Ê¸²µ¢¨°, ¶·¨ ±µÉµ·ÒÌ ��-·¥¦¨³ ³µ¦¥É ¡ÒÉÓ ·¥ ²¨§µ¢ ´ ´  ¶· ±É¨±¥. „²Ö
ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ · ¸¸³µÉ·¥ÉÓ ·¥ ²¨¸É¨Î¥¸±ÊÕ ³µ¤¥²Ó ³ £´¨É´µ° ¸É·Ê´Ò ¢
¢¨¤¥ ¸µ²¥´µ¨¤  ±µ´¥Î´µ£µ · ¤¨Ê¸ . ’µ£¤  µÎ¥¢¨¤´µ, ÎÉµ ¤²¨´  ¢µ²´Ò ·µ¦-
¤¥´´ÒÌ Ô²¥±É·µ´  ¨ ¶µ§¨É·µ´  ¤µ²¦´  ¶·¥¢ÒÏ ÉÓ · ¤¨Ê¸ ¸µ²¥´µ¨¤ , ÎÉµ¡Ò
·¥ ²¨§µ¢ ²¸Ö ��-·¥¦¨³. �´¥·£¨Ö ËµÉµ´  ¶·¨ ÔÉµ³ ¤µ²¦´  ¡ÒÉÓ ¡²¨§±  ±
¶µ·µ£µ¢µ° Ô´¥·£¨¨ 2M.

6. ‡�Š‹�—…�ˆ…

ŒÒ ¶·µ ´ ²¨§¨·µ¢ ²¨ Š�„-¶·µÍ¥¸¸Ò ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³ £´¨É´µ° ¸É·Ê´Ò,
±µÉµ·Ò¥ ·µ¤¸É¢¥´´Ò ��-ÔËË¥±ÉÊ ¨ µ¡¸Ê¤¨²¨ Ì · ±É¥·´Ò¥ µ¸µ¡¥´´µ¸É¨ ÔÉ¨Ì
¶·µÍ¥¸¸µ¢ ¤²Ö ¤¨· ±µ¢¸±¨Ì Î ¸É¨Í. ’µ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥ Ô²¥±É·µ´  ´  ¸É·Ê´¥
¶·¥¤¸É ¢²Ö¥É¸Ö ¸µ¢¸¥³ ¥¸É¥¸É¢¥´´Ò³, É ± ± ± ²Õ¡µ¥ · ¸¸¥Ö´¨¥ Ô²¥±É·µ´µ¢ ´¥-
¨§¡¥¦´µ ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¨§²ÊÎ¥´¨¥³ ËµÉµ´µ¢. �µ¦¤¥´¨¥ Ô²¥±É·µ´´µ-¶µ§¨É-
·µ´´µ° ¶ ·Ò µ¤¨´µÎ´Ò³ ËµÉµ´µ³ ± ¦¥É¸Ö ¤µ¢µ²Ó´µ ´¥µ¦¨¤ ´´Ò³, É ± ± ±
Éµ²Ó±µ ·µ¦¤¥´´Ò¥ § ·Ö¦¥´´Ò¥ Î ¸É¨ÍÒ ÎÊ¢¸É¢ÊÕÉ ¢´¥Ï´¥¥ ³ £´¨É´µ¥ ¶µ²¥.
‚ ²Õ¡µ³ ¸²ÊÎ ¥ ÔÉ¨ ¶·µÍ¥¸¸Ò ¶·µ¨¸Ìµ¤ÖÉ ¨§-§  ¢µ§¡Ê¦¤¥´¨Ö ¢ ±ÊÊ³  ³ £´¨É-
´µ° ¸É·Ê´µ°. �´¨ ·µ¤¸É¢¥´´Ò ��-ÔËË¥±ÉÊ ¢ Éµ³ µÉ´µÏ¥´¨¨, ÎÉµ ¶·µ¨¸Ìµ¤ÖÉ
Éµ²Ó±µ ¢ ¸²ÊÎ ¥, ¥¸²¨ ¢µ²´µ¢Ò¥ ËÊ´±Í¨¨ § ·Ö¦¥´´ÒÌ Î ¸É¨Í µÌ¢ ÉÒ¢ ÕÉ ³ £-
´¨É´Ò° ¶µÉµ±.

Š·µ³¥ µ¡ÒÎ´µ£µ ��-¢§ ¨³µ¤¥°¸É¢¨Ö, ±µÉµ·µ¥ ¨¸¶ÒÉÒ¢ ÕÉ ¢¸¥ § ·Ö¦¥´-
´Ò¥ Î ¸É¨ÍÒ ¨§-§  ¶µÖ¢²¥´¨Ö ´¥¨´É¥£·¨·Ê¥³µ£µ Ë §µ¢µ£µ ³´µ¦¨É¥²Ö [25], ¤¨-
· ±µ¢¸±¨¥ Î ¸É¨ÍÒ ¢§ ¨³µ¤¥°¸É¢ÊÕÉ ¸ ³ £´¨É´µ° ¸É·Ê´µ° Î¥·¥§ ¸¢µ¨ ³ £´¨É-
´Ò¥ ³µ³¥´ÉÒ. �Éµ ¢§ ¨³µ¤¥°¸É¢¨¥ ¢²¨Ö¥É ´  ¶µ¢¥¤¥´¨¥ ¢µ²´µ¢ÒÌ ËÊ´±Í¨°
¢¡²¨§¨ ¸É·Ê´Ò ¨ É¥³ ¸ ³Ò³ ´  ¶µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö ¶·µÍ¥¸¸µ¢. Š·µ³¥ Éµ£µ,
´¥²µ± ²Ó´Ò° Ì · ±É¥· ��-ÔËË¥±É  ¸²¥£±  ÊÉ· Î¨¢ ¥É¸Ö, É ± ± ± ¢µ²´µ¢Ò¥
ËÊ´±Í¨¨ ´¥ ¨¸Î¥§ ÕÉ ´  ¸É·Ê´¥.

ŒÒ ¢ÒÎ¨¸²¨²¨ ¤¨ËË¥·¥´Í¨ ²Ó´Ò¥ ¨ ¶µ²´Ò¥ ¶µ¶¥·¥Î´Ò¥ ¸¥Î¥´¨Ö ¶·µ-
Í¥¸¸µ¢, ±µÉµ·Ò¥ µ± § ²¨¸Ó ´¥µ¦¨¤ ´´µ ¡µ²ÓÏ¨³¨. �µ-¢¨¤¨³µ³Ê, ÔÉµ Ö¢²Ö¥É¸Ö
¸²¥¤¸É¢¨¥³ Î·¥§³¥·´µ° ¨¤¥ ²¨§ Í¨¨ ³µ¤¥²¨ ¸É·Ê´Ò ¨ É·¥¡Ê¥É ¤µ¶µ²´¨É¥²Ó-
´µ£µ ¨¸¸²¥¤µ¢ ´¨Ö, ±µÉµ·µ¥ ¸¥°Î ¸ ¶·µ¢µ¤¨É¸Ö. ‚ ÔÉµ³ µÉ´µÏ¥´¨¨ µ¸µ¡¥´´µ
¨´É¥·¥¸¥´ ¶·µÍ¥¸¸ ´ ¤¶µ·µ£µ¢µ£µ ·µ¦¤¥´¨Ö Ô²¥±É·µ´´µ-¶µ§¨É·µ´´µ° ¶ ·Ò
ËµÉµ´µ³, É ± ± ± ¢ µ¤´µ·µ¤´µ³ ¶µ²¥ ¥£µ ¸¥Î¥´¨¥ Ô±¸É·¥³ ²Ó´µ ³ ²µ. �µ²Ê-
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Î¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ³µ£ÊÉ ¶·¥¤¸É ¢²ÖÉÓ µ¶·¥¤¥²¥´´Ò° ¨´É¥·¥¸ ¤²Ö ¢µ§³µ¦´µ°
Ô±¸¶¥·¨³¥´É ²Ó´µ° ¶·µ¢¥·±¨ ÔËË¥±É .

ŒÒ ¶µ¸¢ÖÐ ¥³ ÔÉÊ · ¡µÉÊ ¶ ³ÖÉ¨ Œµ¨¸¥Ö �²¥±¸ ´¤·µ¢¨Î  Œ ·±µ¢ , ±µ-
Éµ·Ò° ¢ ¸¢µ¥ ¢·¥³Ö ¨´É¥·¥¸µ¢ ²¸Ö ¶·µ¡²¥³µ° ³µ´µ¶µ²Ö „¨· ±  ¨ ¸¢Ö§ ´´Ò³
¸ ´¥° ��-ÔËË¥±Éµ³. ˆ³¥´´µ µ´ ¸É¨³Ê²¨·µ¢ ² ´ Ï ¨´É¥·¥¸ ± ÔÉµ³Ê ÔËË¥±ÉÊ.

� ¡µÉ  ¢Ò¶µ²´¥´  ¢ · ³± Ì ¶·µ¥±É  (96-02-16053-a) �µ¸¸¨°¸±µ£µ Ëµ´¤ 
ËÊ´¤ ³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° ¨ ¶·¨ ¶µ¤¤¥·¦±¥ �¥³¥Í±µ£µ ´ ÊÎ´µ-É¥Ì´¨-
Î¥¸±µ£µ µ¡Ð¥¸É¢  (Deutsche Forschungsgemeinschaft).

‘�ˆ‘�Š ‹ˆ’…��’“�›

1. Aharonov Y., Bohm D. Å Phys. Rev., 1959, v. 119, p.485.

2. Franz W. Å Verh. Deutsch. Physik. Ges., 1939, v. 20, p.65.

3. Ehrenberg W., Siday R.E. Å In: Proc. Phys. Soc. London B, 1949, v. 62, p. 8.

4. Olariu S., Popescu I.I. Å Rev. Mod. Phys., 1985, v. 47, p.339.

5. ‘± ·¦¨´¸±¨° ‚.„. Å �ËË¥±É � ·µ´µ¢ Ä�µ³ : ’¥µ·¥É¨Î¥¸±¨¥ · ¸Î¥ÉÒ ¨ ¨´É¥·¶·¥É Í¨Ö. Ä
‚ ±´.: ’·Ê¤Ò ”ˆ�� ‘‘‘�, Œ.: � Ê± , 1985, É.167, ¸.139.

6. Peshkin M., Tonomura A. Å The Aharonov-Bohm effect, Springer-Verlag, Berlin, 1989.

7. ‘¥·¥¡·Ö´Ò° ….Œ., ‘± ·¦¨´¸±¨° ‚.„. Å Š· É±¨¥ ¸µµ¡Ð¥´¨Ö ¶µ Ë¨§¨±¥ ”ˆ��, 1988, É.6,
¸.45.; ’µ·³µ§´µ¥ ¨§²ÊÎ¥´¨¥ ¶·¨ · ¸¸¥Ö´¨¨ � ·µ´µ¢ Ä�µ³ . ‚ ±´.: ’·Ê¤Ò ”ˆ�� ‘‘‘�, Œ.:
� Ê± , 1989, É.197, c.181.

8. ƒ ²ÓÍµ¢ „.‚., ‚µ·µ¶ ¥¢ ‘.�. Å Ÿ¤¥·´ Ö Ë¨§¨± , 1990, É.51, c.1811.

9. Audretsch J., Jasper U., Skarzhinsky V.D. Å Phys. Rev. D, 1996, v. 53, p. 2178.

10. Skarzhinsky V.D., Audretsch J., Jasper U. Å Phys. Rev. D, 1996, v.53, p.2190.

11. �Ì¨¥§¥· �.ˆ., �¥·¥¸É¥Í±¨° ‚.�. Å Š¢ ´Éµ¢ Ö Ô²¥±É·µ¤¨´ ³¨± . Œ.: � Ê± , 1969.

12. Š²¥¶¨±µ¢ �.�. Å †�’”, 1954, É. 26, c.19.

13. ƒ¨´§¡Ê·£ ‚.‹., † ·±µ¢ ƒ.”. Å †�’”, 1965, É. 20, c.1525.

14. † ·±µ¢ ƒ.”. Å Ÿ¤¥·´ Ö Ë¨§¨± , 1965, É.1, c.173.

15. Skarzhinsky V.D., Harari D., Jasper U. Å Phys.Rev. D, 1994, v. 49, p.755.

16. Audretsch J., Jasper U., Skarzhinsky V.D. Å Phys.Rev. D, 1994, v. 49, p.6576.

17. Hagen C.R. Å Phys. Rev. Lett., 1990, v.64, p.503.

18. Hagen C.R. Å Int. J. Mod. Phys. A, 1991, v.6, p.3119.

19. Gerbert Ph.S. Å Phys. Rev. D., 1989, v.40, p.1346.

20. Audretsch J., Jasper U., Skarzhinsky V.D. Å J. Phys. A, 1995, v. 28, p.2359.

21. ƒ· ¤ÏÉ¥°´ ˆ.‘., �Ò¦¨± ˆ.Œ. Å ’ ¡²¨ÍÒ ¨´É¥£· ²µ¢. Œ.: ”¨§³ É£¨§, 1963.

22. Sokolov �.�., Ternov I.M. Å Synchrotron radiation. Akademie-Verlag, Berlin, 1968.

23. Schwinger J. Å Phys.Rev., 1951, v.82, p.664.

24. �¨ÉÊ¸ ‚.ˆ. Å Š¢ ´Éµ¢Ò¥ ÔËË¥±ÉÒ ¢§ ¨³µ¤¥°¸É¢¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¸ ¨´É¥´¸¨¢´Ò³
Ô²¥±É·µ³ £´¨É´Ò³ ¶µ²¥³. ‚ ±´.: ’·Ê¤Ò ”ˆ�� ‘‘‘�, 1963, É.111, ¸.5.

25. Wu T.T., Yang C.N. Å Phys. Rev. D, 1975, v.12, p.3864.


