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�·¥¤¸É ¢²¥´ μ¡§μ· ¸μ¢·¥³¥´´μ£μ ¸μ¸ÉμÖ´¨Ö É¥μ·¨¨ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³ ¸¸¨¢´μ£μ ´¥°-
É·¨´μ. � §¢¨¢ Ö ¢Ò¶μ²´¥´´Ò¥ ´ ³¨ · ´¥¥ ¨¸¸²¥¤μ¢ ´¨Ö, ³Ò ¶·μ¢μ¤¨³ ¢¸¥¸Éμ·μ´´¨°  ´ ²¨§ ¶·μ-
Í¥¸¸  · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³ ¸¸¨¢´μ£μ ¤¨· ±μ¢¸±μ£μ ´¥°É·¨´μ ¢ ¨´É¥´¸¨¢´μ³ ¢´¥Ï´¥³ ³ £-
´¨É´μ³ ¶μ²¥ H � H0 = m2

ec3/e� = 4,41 · 1013 ƒ¸ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸·¥¤Ò Å ¢Ò·μ¦¤¥´´μ£μ
Ô²¥±É·μ´´μ£μ £ § . ‚ÒÎ¨¸²¥´  ¢¥·μÖÉ´μ¸ÉÓ Ê± § ´´μ£μ ¶·μÍ¥¸¸ . �μ± § ´μ, ÎÉμ ´ ²¨Î¨¥ ¸·¥¤Ò
¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ¶μ ¸· ¢´¥´¨Õ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ · ¸¶ ¤  ¢ ³ £´¨É´μ³
¶μ²¥ ± ± ¢ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì, É ± ¨ ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ´¥°É·¨´μ. � ¸¸³ É·¨¢ ÕÉ¸Ö ¢μ§³μ¦-
´Ò¥  ¸É·μË¨§¨Î¥¸±¨¥ ¶·¨²μ¦¥´¨Ö ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

A review of the current status of the theory of massive neutrino radiative decay is presented.
We further develop our previous studies and perform the detailed analysis of the process of radiative
decay of a massive Dirac neutrino in an intense external magnetic ˇeld H � H0 = m2

ec3/e� =
4.41 · 1013 G in the presence of medium (a degenerate electron gas). The probability of the above-
mentioned process is calculated. It is found out that the presence of a dense medium essentially
increases the rate of decay as compared to the rate of decay in magnetic ˇeld, both in cases of rel-
ativistic and nonrelativistic neutrinos. Possible astrophysical applications of the obtained results
are considered.

PACS: 13.15.+g; 13.35.Hb; 14.60.Pq; 11.10.-z

1. ‚‚…„…�ˆ…

‚ ¦´¥°Ï¨³ μÉ±·ÒÉ¨¥³ ¢ ¸μ¢·¥³¥´´μ° ´¥°É·¨´´μ° Ë¨§¨±¥ ¸É ²μ Ô±¸¶¥-
·¨³¥´É ²Ó´μ¥ μ¡´ ·Ê¦¥´¨¥ μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ, ¶·¥¤¸± § ´´ÒÌ 	.�μ´É¥±μ-
·¢μ ¥Ð¥ ¢ 50-¥ £μ¤Ò ¶·μÏ²μ£μ ¸Éμ²¥É¨Ö [1,2]. �¸Í¨²²ÖÍ¨¨ ´¥°É·¨´μ ´ ¡²Õ-
¤ ²¨¸Ó ¢ Í¥²μ³ ·Ö¤¥ Ô±¸¶¥·¨³¥´Éμ¢ (¸³., ´ ¶·¨³¥·, [3, 4]), ¨ ÔÉ¨ ´ ¡²Õ¤¥´¨Ö
Ê¢¥·¥´´μ ¶μ¤É¢¥·¦¤ ÕÉ ± ± ¸ÊÐ¥¸É¢μ¢ ´¨¥ ³ ¸¸ Ê ´¥°É·¨´μ, É ± ¨ ´ ²¨Î¨¥
¸³¥Ï¨¢ ´¨Ö ¢ ´¥°É·¨´´μ³ ¸¥±Éμ·¥ É¥μ·¨¨ Ô²¥±É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°.
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‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¨¤¥¥° ¸³¥Ï¨¢ ´¨Ö ´¥°É·¨´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ μ¶·¥¤¥²¥´-
´Ò³¨  ·μ³ É ³¨ (Ë²¥°¢μ·´Ò¥ ´¥°É·¨´μ, É. ¥. νe, νμ, ντ ) ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ°
²¨´¥°´Ò¥ ¸Ê¶¥·¶μ§¨Í¨¨ ¸μ¸ÉμÖ´¨° ´¥°É·¨´μ ¸ μ¶·¥¤¥²¥´´Ò³¨ ³ ¸¸ ³¨ (ν1,
ν2, ν3):

να =
∑

i

Uαiνi,

£¤¥ Uαi Å Ê´¨É ·´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö ´¥°É·¨´μ (³ É·¨Í  �μ´É¥±μ·¢μÄ
Œ ±¨Ä� ± £ ¢ÒÄ‘ ± ÉÒ, ¸³. [5]). ’ ±¨³ μ¡· §μ³, ¸É ´¤ ·É´ Ö ³μ¤¥²Ó Ô²¥±-
É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸μ ¸³¥Ï¨¢ ´¨¥³ ´¥°É·¨´μ ¶·¥¤¶μ² £ ¥É ¸ÊÐ¥¸É¢μ-
¢ ´¨¥ É·¥Ì É¨¶μ¢  ±É¨¢´ÒÌ ´¥°É·¨´μ, ´¥¶μ¸·¥¤¸É¢¥´´μ ÊÎ ¸É¢ÊÕÐ¨Ì ¢ ¸² -
¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ, Å Ô²¥±É·μ´´μ£μ, ³Õμ´´μ£μ ¨ τ -´¥°É·¨´μ. �Éμ Ìμ·μÏμ
¸μ£² ¸Ê¥É¸Ö ¸ ¨§¢¥¸É´Ò³ ·¥§Ê²ÓÉ Éμ³, ¶μ²ÊÎ¥´´Ò³ ´  Ô²¥±É·μ´-¶μ§¨É·μ´´ÒÌ
±μ²² °¤¥· Ì SLC ¨ LEP ¢ ¶·¥Í¨§¨μ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶μ  ´ ²¨§Ê ®´¥¢¨-
¤¨³ÒÌ¯ · ¸¶ ¤μ¢ Z-¡μ§μ´μ¢ [6]. ˆ§ ÔÉ¨Ì Ô±¸¶¥·¨³¥´Éμ¢ ¸²¥¤Ê¥É, ÎÉμ Î¨¸²μ
 ·μ³ Éμ¢ ²¥£±¨Ì  ±É¨¢´ÒÌ ´¥°É·¨´μ · ¢´μ Nν = 2,9840±0,0082, É. ¥. ´¥ ¶·¥-
¢μ¸Ìμ¤¨É É·¥Ì. ’¥³ ´¥ ³¥´¥¥, ¤ ´´Ò° ·¥§Ê²ÓÉ É ´¥ ¤ ¥É ´¨± ±¨Ì μ£· ´¨Î¥´¨°
´  ¢μ§³μ¦´μ¥ Î¨¸²μ ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´μ.

‘É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ¶·¥¤¸É ¢²ÖÕÉ ¸μ¡μ° ´¥°É· ²Ó´Ò¥ ²¥¶Éμ´Ò, ´¥ ÊÎ -
¸É¢ÊÕÐ¨¥ ´¥¶μ¸·¥¤¸É¢¥´´μ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ [7Ä9]. �¤´ ±μ μ´¨ ³μ-
£ÊÉ ¸³¥Ï¨¢ ÉÓ¸Ö ¸ μ¡ÒÎ´Ò³¨  ±É¨¢´Ò³¨ ´¥°É·¨´μ ¨, ¡² £μ¤ ·Ö ÔÉμ³Ê, ¶·¨-
´¨³ ÉÓ ÊÎ ¸É¨¥ ¢ μ¸Í¨²²ÖÍ¨ÖÌ [10], ¢ · §²¨Î´ÒÌ ´¥°É·¨´´ÒÌ ¶·μÍ¥¸¸ Ì ¢
 ¸É·μË¨§¨±¥ [11], μ¡· §μ¢Ò¢ ÉÓ Î ¸ÉÓ É¥³´μ° ³ É¥·¨¨ [7] ¨ É. ¶. ‘É¥·¨²Ó´Ò¥
´¥°É·¨´μ ³μ£ÊÉ μ¡² ¤ ÉÓ ³ ¸¸ ³¨, ¶·¨Î¥³ ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ μÉ¸ÊÉ¸É¢ÊÕÉ
± ±¨¥-²¨¡μ μ¡Ð¨¥ μ£· ´¨Î¥´¨Ö ´  ³ ¸¸Ò ÔÉ¨Ì Î ¸É¨Í. �μÔÉμ³Ê ³´μ£¨¥ ¸μ-
¢·¥³¥´´Ò¥ É¥μ·¥É¨Î¥¸±¨¥ ³μ¤¥²¨, ¨¸¸²¥¤ÊÕÐ¨¥ ¶·μÖ¢²¥´¨Ö ®´μ¢μ° Ë¨§¨±¨¯
§  ¶·¥¤¥² ³¨ ¸É ´¤ ·É´μ° ³μ¤¥²¨, ¶·¥¤¸± §Ò¢ ÕÉ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¸É¥·¨²Ó´ÒÌ
´¥°É·¨´μ ¸ ¸ ³Ò³¨ · §²¨Î´Ò³¨ ³ ¸¸ ³¨: ´ Î¨´ Ö ¸ ²¥£±¨Ì ¨ § ± ´Î¨¢ Ö
μÎ¥´Ó ÉÖ¦¥²Ò³¨ ´¥°É·¨´μ, ³ ¸¸Ò ±μÉμ·ÒÌ ¶· ±É¨Î¥¸±¨ ´ Ìμ¤ÖÉ¸Ö §  ¶·¥¤¥-
² ³¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¢μ§³μ¦´μ¸É¥° ¶μ ¨Ì ´ ¡²Õ¤¥´¨Õ [12,13].

�·¨ ´ ²¨Î¨¨ ¸³¥Ï¨¢ ´¨Ö ÉÖ¦¥²μ¥ ³ ¸¸¨¢´μ¥ ´¥°É·¨´μ ³μ¦¥É · ¸¶ -
¤ ÉÓ¸Ö ¸ μ¡· §μ¢ ´¨¥³ ¡μ²¥¥ ²¥£±μ£μ ´¥°É·¨´μ [14, 15]. ‚ § ¢¨¸¨³μ¸É¨ μÉ
³ ¸¸Ò ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¤ ´´Ò° · ¸¶ ¤ ³μ¦¥É ¨¤É¨ ¶μ · §²¨Î´Ò³ ± -
´ ² ³. � ¨¡μ²¥¥ Î ¸Éμ μ¡¸Ê¦¤ ÕÉ¸Ö ¸²¥¤ÊÕÐ¨¥ ± ´ ²Ò · ¸¶ ¤  ³ ¸¸¨¢´ÒÌ
´¥°É·¨´μ:

 ) νi → νj + e+ + e−, ¡) νi → νj + γ,

¢) νi → νj + ν + ν̄, £) νi → νj + χ,

¶·¨Î¥³ §¤¥¸Ó νi ¨ νj μ¶¨¸Ò¢ ÕÉ ´¥°É·¨´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ μ¶·¥¤¥²¥´´Ò³¨ ³ ¸-
¸ ³¨ (mi > mj). ‚ ¸²ÊÎ ¥ £) · ¸¶ ¤ ¨¤¥É ¸ ·μ¦¤¥´¨¥³ ³ °μ·μ´  χ Å £μ²¤¸Éμ-
Ê´μ¢¸±μ£μ ¡μ§μ´ , ´ ·ÊÏ ÕÐ¥£μ § ±μ´ ¸μÌ· ´¥´¨Ö ²¥¶Éμ´´μ£μ § ·Ö¤  [16,17].
‚ ¸¢Ö§¨ ¸ ´¥¤¥É¥±É¨·Ê¥³μ¸ÉÓÕ ³ °μ·μ´  ¨ ¸ÊÐ¥¸É¢¥´´Ò³¨ É·Ê¤´μ¸ÉÖ³¨ ¶·¨
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·¥£¨¸É· Í¨¨ É·¥Ì ´¥°É·¨´μ ¢ ±μ´¥Î´μ³ ¸μ¸ÉμÖ´¨¨ [18] · ¸¶ ¤Ò, ¨¤ÊÐ¨¥
¶μ ± ´ ² ³ ¢) ¨ £), Î ¸Éμ ´ §Ò¢ ÕÉ ®´¥¢¨¤¨³Ò³¨ · ¸¶ ¤ ³¨¯. � ¸¶ ¤ ÉÖ-
¦¥²μ£μ ´¥°É·¨´μ ¶μ ± ´ ²Ê  ) ³μ¦¥É ·¥ ²¨§μ¢ ÉÓ¸Ö ¢ ¢ ±ÊÊ³¥ ¢ Éμ³ ¸²Ê-
Î ¥, ¥¸²¨ ³ ¸¸  ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¶·¥¢ÒÏ ¥É ¶μ·μ£ ·μ¦¤¥´¨Ö Ô²¥±É·μ´-
¶μ§¨É·μ´´μ° ¶ ·Ò (mi > 2me � 1 ŒÔ‚) [19].

� ¸¶ ¤ ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ, ¨¤ÊÐ¨° ¶μ ± ´ ²Ê ¡), ´ §Ò¢ ¥É¸Ö · ¤¨ -
Í¨μ´´Ò³ · ¸¶ ¤μ³ ´¥°É·¨´μ ¨ ¢Ò§Ò¢ ¥É ´¥¨§³¥´´Ò° ¨´É¥·¥¸ ¸μ ¸Éμ·μ´Ò
¨¸¸²¥¤μ¢ É¥²¥° Å ± ± É¥μ·¥É¨±μ¢, É ± ¨ Ô±¸¶¥·¨³¥´É Éμ·μ¢ [12, 15]. „ ´-
´Ò° · ¸¶ ¤  ±É¨¢´μ μ¡¸Ê¦¤ ¥É¸Ö ¨ ¢ ¸¢Ö§¨ ¸ · §²¨Î´Ò³¨  ¸É·μË¨§¨Î¥¸±¨³¨
¶·μ¡²¥³ ³¨ [7,11]. Š·μ³¥ Éμ£μ, ¥¸²¨ ÉÖ¦¥²μ¥ ´¥°É·¨´μ ¨³¥¥É ³ ¸¸Ê, ´¥ ¶·¥-
¢ÒÏ ÕÐÊÕ ¶μ·μ£ ·μ¦¤¥´¨Ö e+e−-¶ ·Ò, Éμ · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ νi → νj +γ
Ö¢²Ö¥É¸Ö ¶μ ¸ÊÐ¥¸É¢Ê ¥¤¨´¸É¢¥´´Ò³ ¶·μÍ¥¸¸μ³ · ¸¶ ¤ , ´  ¶·Ö³μ¥ Ô±¸¶¥·¨-
³¥´É ²Ó´μ¥ μ¡´ ·Ê¦¥´¨¥ ±μÉμ·μ£μ ³μ¦´μ · ¸¸Î¨ÉÒ¢ ÉÓ [14,20,21].

� ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ´¥°É·¨´μ ¢ ¢ ±ÊÊ³¥ · ¸¸³ É·¨¢ ²¸Ö ¢ Í¥²μ³ ·Ö¤¥
· ¡μÉ (¸³. [22] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨). ‚ · ¡μÉ¥ [22] (¸³. É ±¦¥ [24])
¡Ò²μ ¶μ²ÊÎ¥´μ, ÎÉμ  ³¶²¨ÉÊ¤  · ¸¶ ¤ , ¢ÒÎ¨¸²¥´´ Ö ¢ · ³± Ì ¸É ´¤ ·É´μ°
³μ¤¥²¨, ¸μ¤¥·¦¨É ³´μ¦¨É¥²Ó∑

α

UiαU∗
jαF (rα),

£¤¥ F (rα) Å £² ¤± Ö ËÊ´±Í¨Ö ¶¥·¥³¥´´μ° rα = (mα/mW )2; mα Å ³ ¸¸Ò
§ ·Ö¦¥´´ÒÌ ²¥¶Éμ´μ¢ (e, μ ¨ τ ); mW Å ³ ¸¸  W -¡μ§μ´ , ¸Ê³³¨·μ¢ ´¨¥
¶·μ¨§¢μ¤¨É¸Ö ¶μ ¢¸¥³ § ·Ö¦¥´´Ò³ ²¥¶Éμ´ ³. �·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ  ·£Ê³¥´É 
¤²Ö ËÊ´±Í¨¨ F (rα) ¸¶· ¢¥¤²¨¢μ · §²μ¦¥´¨¥

F (rα) � −3
2

+
3
4
rα. (1.1)

‚¸²¥¤¸É¢¨¥ Ê´¨É ·´μ¸É¨ ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö ¶μ¸ÉμÖ´´Ò° Î²¥´ ¢ ¶· ¢μ° Î -
¸É¨ Ëμ·³Ê²Ò (1.1) ´¥ ¤ ¥É ¢±² ¤  ¢ ¢¥·μÖÉ´μ¸ÉÓ, ¨ ¢ ¨Éμ£¥ ¢¥·μÖÉ´μ¸ÉÓ · -
¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¢ ¢ ±ÊÊ³¥, ¢ÒÎ¨¸²¥´´ Ö ¢ · ³± Ì ¸É ´¤ ·É´μ° ³μ¤¥²¨,
μ± §Ò¢ ¥É¸Ö ¶μ¤ ¢²¥´  ³ ²Ò³ ³´μ¦¨É¥²¥³ ¶μ·Ö¤±  (mα/mW )4 (³¥Ì ´¨§³
¶μ¤ ¢²¥´¨Ö ƒ²ÔÏμÊÄˆ²²¨μ¶Ê²μ¸ ÄŒ ° ´¨ (GIM) [23]):

ΓV � α

2

(
3GF

32π

)2

m5
i

∣∣∣∣∣∑
α

UiαU∗
jα

(
mα

mW

)2
∣∣∣∣∣
2

�

�
( mi

30 Ô‚

)5 ∣∣UiτU∗
jτ

∣∣2 · 1029 ²¥É−1, (1.2)

£¤¥ GF Å ±μ´¸É ´É  ”¥·³¨; α Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò. ‡¤¥¸Ó É ±¦¥
¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢ ¸Ê³³¥ ¢ (1.2) ¤μ³¨´¨·Ê¥É ¢±² ¤ τ -²¥¶Éμ´ ,   ³ ¸¸ 
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±μ´¥Î´μ£μ ´¥°É·¨´μ ¶·¥´¥¡·¥¦¨³μ ³ ²  ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸¸μ° ´ Î ²Ó´μ£μ
(mi � mj). ‚ ·¥§Ê²ÓÉ É¥ ¢·¥³Ö ¦¨§´¨ ¤²Ö É ±μ£μ ¶·μÍ¥¸¸  μ± §Ò¢ ¥É¸Ö μÎ¥´Ó
¢¥²¨±μ: ¶μ·Ö¤±  1029 ²¥É. 	Ò²¨ ¶·¥¤²μ¦¥´Ò · §²¨Î´Ò¥ ¸¶μ¸μ¡Ò ¶·¥μ¤μ²¥-
´¨Ö ¤ ´´μ° É·Ê¤´μ¸É¨, ±μÉμ·Ò¥ É ± ¨²¨ ¨´ Î¥ ¶·¥¤¶μ² £ ²¨ ¢ÒÌμ¤ §  · ³±¨
¸É ´¤ ·É´μ° ³μ¤¥²¨ (¸³. [22]).

�¤´ ±μ μ± § ²μ¸Ó, ÎÉμ ¸ÊÐ¥¸É¢Ê¥É ¡μ²¥¥ Ô²¥£ ´É´Ò° ¨ ¡μ²¥¥ ¥¸É¥¸É¢¥´-
´Ò° ¸¶μ¸μ¡ ·¥Ï¥´¨Ö ¶·μ¡²¥³Ò GIM-¶μ¤ ¢²¥´¨Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤ . �¥μ¡-
Ìμ¤¨³μ ÊÎ¥¸ÉÓ ± É ²¨§¨·ÊÕÐ¥¥ ¢²¨Ö´¨¥ ¸¨²Ó´μ£μ ¢´¥Ï´¥£μ ¶μ²Ö ¨ ¢´¥Ï´¥°
¸·¥¤Ò ´  · ¸¶ ¤ ´¥°É·¨´μ.

„¥°¸É¢¨É¥²Ó´μ, ¢ ·¥ ²Ó´ÒÌ  ¸É·μË¨§¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ ¨§²ÊÎ¥´¨¥, ¶μ£²μ-
Ð¥´¨¥ ¨ · ¸¶·μ¸É· ´¥´¨¥ ´¥°É·¨´μ Î ¸Éμ ¶·μ¨¸Ìμ¤¨É ¢ ¸·¥¤¥ ¨ μ¤´μ¢·¥³¥´´μ
¢ ¶·¨¸ÊÉ¸É¢¨¨ ¸¨²Ó´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥°. � ¶·¨³¥·, ¢ ¸μ¢·¥³¥´´ÒÌ ³μ¤¥²ÖÌ
´¥°É·μ´´ÒÌ §¢¥§¤ [25] ±μ·  §¢¥§¤Ò (¨³¥ÕÐ Ö Éμ²Ð¨´Ê ¶μ·Ö¤±  0,1 ¥¥ · ¤¨Ê¸ )
¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¢¨¤¥ ±·¨¸É ²²¨Î¥¸±μ° ·¥Ï¥É±¨ ¨μ´μ¢ ( Éμ³´ÒÌ Ö¤¥·), ®¶μ-
£·Ê¦¥´´μ°¯ ¢ ¸¨²Ó´μ ¢Ò·μ¦¤¥´´Ò° £ § ·¥²ÖÉ¨¢¨¸É¸±¨Ì Ô²¥±É·μ´μ¢: ¶²μÉ´μ¸ÉÓ
Ô²¥±É·μ´μ¢ n � 1038 ¸³−3, É¥³¶¥· ÉÊ·  T ∼ 106−109 K,   ´ ¶·Ö¦¥´´μ¸ÉÓ
³ £´¨É´μ£μ ¶μ²Ö H ∼ 1012−1014 ƒ¸.

�¥·¢Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö ¢²¨Ö´¨Ö ¨´É¥´¸¨¢´μ£μ ¢´¥Ï´¥£μ ¶μ²Ö ´  · ¸¶ ¤Ò
´¥°É·¨´μ ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ 1972 £. „. ‚. ƒ ²ÓÍμ¢Ò³ ¨ �.‘.�¨±¨É¨´μ° [26]
¨ ¢ 1976 £. ‚. ‚. ‘±μ¡¥²¥¢Ò³ [27] ¢ · ³± Ì Î¥ÉÒ·¥ÌË¥·³¨μ´´μ° É¥μ·¨¨ ”¥·³¨.
‚ ÔÉ¨Ì · ¡μÉ Ì ´¥°É·¨´μ ¸Î¨É ²μ¸Ó ¡¥§³ ¸¸μ¢Ò³ ¨ ¸³¥Ï¨¢ ´¨¥ ´¥°É·¨´μ
´¥ ÊÎ¨ÉÒ¢ ²μ¸Ó. ‚ ± Î¥¸É¢¥ ³μ¤¥²¨ ¢´¥Ï´¥£μ Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö ¢ [26]
¡Ò²μ ¢Ò¡· ´μ ¶μ¸ÉμÖ´´μ¥ ¸±·¥Ð¥´´μ¥ ¶μ²¥ ((EH) = H2−E2 = 0),   ¢ [27] Å
¶μ¸ÉμÖ´´μ¥ μ¤´μ·μ¤´μ¥ ³ £´¨É´μ¥ ¶μ²¥. ‡ ³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · -
¡μÉ ¸μ£² ¸ÊÕÉ¸Ö ³¥¦¤Ê ¸μ¡μ° ¨ ´¥μ¤´μ±· É´μ ¢μ¸¶·μ¨§¢μ¤¨²¨¸Ó ¢¶μ¸²¥¤¸É¢¨¨
¤·Ê£¨³¨  ¢Éμ· ³¨.

‘ÊÐ¥¸É¢¥´´Ò° ¶·μ£·¥¸¸ ¢ ¨¸¸²¥¤μ¢ ´¨¨ ¢μ§¤¥°¸É¢¨Ö ¢´¥Ï´¨Ì ¶μ²¥° ´ 
· ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ³ ¸¸¨¢´ÒÌ ´¥°É·¨´μ (¡¥§ ÊÎ¥É  ¢²¨Ö´¨Ö ¸·¥¤Ò) ¡Ò²
¤μ¸É¨£´ÊÉ ¢ 1990-¥ ££. ¢ · ¡μÉ Ì [28Ä33],   É ±¦¥ ¢ [34]. ‚ ÔÉ¨Ì · ¡μÉ Ì ¡Ò²
¸¤¥² ´ μ¡Ð¨° ¢Ò¢μ¤ μ Éμ³, ÎÉμ ÊÎ¥É ¢²¨Ö´¨Ö ¨´É¥´¸¨¢´ÒÌ ¢´¥Ï´¨Ì ¶μ²¥°
(¢ Éμ³ Î¨¸²¥ ¨ ³ £´¨É´μ£μ ¶μ²Ö ¸ ´ ¶·Ö¦¥´´μ¸ÉÓÕ H � H0 = m2

e/e =
4,41 · 1013 ƒ¸, £¤¥ me Å ³ ¸¸  Ô²¥±É·μ´ , e Å ³μ¤Ê²Ó ¥£μ § ·Ö¤ ) ³μ¦¥É
¶·¨¢¥¸É¨ ± ¸ÊÐ¥¸É¢¥´´μ³Ê Ê¢¥²¨Î¥´¨Õ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¶μ ¸· ¢´¥´¨Õ
¸ ¢¥·μÖÉ´μ¸ÉÓÕ ¤ ´´μ£μ ¶·μÍ¥¸¸  ¢ ¢ ±ÊÊ³¥. � ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó ¢ · ³± Ì
¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸μ ¸³¥Ï¨¢ ´¨¥³ ´¥°É·¨´μ ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö ¢´¥Ï´¨Ì
¶μ²¥° ¸ ³ÒÌ · §²¨Î´ÒÌ ±μ´Ë¨£Ê· Í¨°, ¢ μ¸´μ¢´μ³ ¢ μ¡² ¸É¨ É ± ´ §Ò¢ ¥³ÒÌ
Ê³¥·¥´´ÒÌ Ô´¥·£¨° · ¸¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ q0 < 2me � 1 ŒÔ‚ (q0 Å
Ô´¥·£¨Ö ´ Î ²Ó´μ£μ ´¥°É·¨´μ).

‚ · ¡μÉ¥ [32] ¢¶¥·¢Ò¥ ¡Ò² ¸¤¥² ´ ¶·¨´Í¨¶¨ ²Ó´Ò° ¢Ò¢μ¤ μ ¶μ²Ö·¨§ -
Í¨¨ ¨§²ÊÎ ÕÐ¨Ì¸Ö ËμÉμ´μ¢. ‚ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ §´ Î¥´¨° ´ ¶·Ö¦¥´´μ-
¸É¨ ¢´¥Ï´¥£μ ¶μ²Ö ¨ Ô´¥·£¨¨ ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¨§²ÊÎ¥´¨¥ ²¨´¥°´μ ¶μ²Ö-
·¨§μ¢ ´μ: ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¨¸¶Ê¸± ÕÉ¸Ö ËμÉμ´Ò, ¨³¥ÕÐ¨¥ π-¶μ²Ö·¨§ Í¨Õ
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(¸μ£² ¸´μ É¥·³¨´μ²μ£¨¨, ¨¸¶μ²Ó§Ê¥³μ° ¢ É¥μ·¨¨ ¸¨´Ì·μÉ·μ´´μ£μ ¨§²ÊÎ¥-
´¨Ö [35]) ∗. ‘É¥¶¥´Ó ¶μ²Ö·¨§ Í¨¨ Ê¢¥²¨Î¨¢ ¥É¸Ö ¸ ·μ¸Éμ³ ´ ¶·Ö¦¥´´μ¸É¨
¶μ²Ö ¨ Ô´¥·£¨¨ ´¥°É·¨´μ, ¨ ¶·¨ Ê¸²μ¢¨¨, ÎÉμ

mi

me
� χe =

1
meH0

√
−(Fμνqν)2,

¶μ²Ö·¨§ Í¨Ö ¸É ´μ¢¨É¸Ö ¶μ²´μ° (§¤¥¸Ó χe Å ¨´¢ ·¨ ´É´Ò° ¤¨´ ³¨Î¥¸±¨°
¶μ²¥¢μ° ¶ · ³¥É·; Fμν Å É¥´§μ· ´ ¶·Ö¦¥´´μ¸É¨ ¢´¥Ï´¥£μ ¶μ²Ö; qν Å
4-¨³¶Ê²Ó¸ ´ Î ²Ó´μ£μ ´¥°É·¨´μ). ‚ · ¡μÉ¥ [34] ¡Ò² · ¸¸³μÉ·¥´ ¶·μÍ¥¸¸ Î¥-
·¥´±μ¢¸±μ£μ ¨§²ÊÎ¥´¨Ö ¡¥§³ ¸¸μ¢Ò³ ´¥°É·¨´μ ¢ ¸¨²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥, ¨
 ¢Éμ·Ò ¤¥É ²Ó´μ μ¶¨¸ ²¨ Ê¸²μ¢¨Ö, ¶·¨ ±μÉμ·ÒÌ ¶μ²ÊÎ¥´´Ò° ¨³¨ ·¥§Ê²ÓÉ É
¶¥·¥Ìμ¤¨É ¢ ¨§¢¥¸É´Ò¥ ·¥§Ê²ÓÉ ÉÒ [28,33].

�·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ´ Î ²Ó´μ£μ ´¥°É·¨´μ q0 > 2me ´¥μ¡Ìμ¤¨³μ ÊÎ¨-
ÉÒ¢ ÉÓ ¤¨¸¶¥·¸¨Õ ¨§²ÊÎ ÕÐ¥£μ¸Ö ËμÉμ´  ¢ ¸¨²Ó´μ³ ¢´¥Ï´¥³ ¶μ²¥, ±μÉμ· Ö
μÉ²¨Î ¥É¸Ö μÉ ¢ ±ÊÊ³´μ° (k2 = 0) [37]. ‚ ·¥§Ê²ÓÉ É¥ μ± §Ò¢ ¥É¸Ö, ÎÉμ ¢ μ¡² -
¸É¨ Ô´¥·£¨° ¨¸Ìμ¤´μ£μ ´¥°É·¨´μ q0 > 2me ·¥ ²¨§Ê¥É¸Ö Éμ²Ó±μ ¤¨ £μ´ ²Ó´Ò°
´¥°É·¨´´Ò° ¶¥·¥Ìμ¤ να → να + γ (α = e, μ, τ ), ¨§ÊÎ ¢Ï¨°¸Ö ¢ · ¡μÉ¥ [38]
¨ ´ §¢ ´´Ò° ¥¥  ¢Éμ· ³¨ ·¥§μ´ ´¸´Ò³ Éμ·³μ§´Ò³ ¨§²ÊÎ¥´¨¥³ ´¥°É·¨´μ ¢
³ £´¨É´μ³ ¶μ²¥ (¸³. É ±¦¥ [39]).

Š·μ³¥ Éμ£μ, ¶·¨ Ê¸²μ¢¨¨ q0 > 2me μ± §Ò¢ ¥É¸Ö · §·¥Ï¥´´Ò³ · ¸¶ ¤
νi → νj + e+ + e−, ±μÉμ·Ò° ¶·μ¨¸Ìμ¤¨É ¸ ·μ¦¤¥´¨¥³ Ô²¥±É·μ´-¶μ§¨É·μ´´μ°
¶ ·Ò. ‚ ¸¢μ¡μ¤´μ³ ¸²ÊÎ ¥ É ±μ° ¶·μÍ¥¸¸ ¢μ§³μ¦¥´ ¶·¨ Ê¸²μ¢¨¨, ÎÉμ ³ ¸¸ 
· ¸¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ ¡μ²ÓÏ¥ ¶μ·μ£  ·μ¦¤¥´¨Ö Ô²¥±É·μ´-¶μ§¨É·μ´´μ°
¶ ·Ò (mi > 2me), ¢ Éμ ¢·¥³Ö ± ± ¢ ³ £´¨É´μ³ ¶μ²¥ É ±μ¥ μ£· ´¨Î¥´¨¥ ´ 
³ ¸¸Ê ´ Î ²Ó´μ£μ ´¥°É·¨´μ ´¥ É·¥¡Ê¥É¸Ö, ¨ ¶·μÍ¥¸¸ μ± §Ò¢ ¥É¸Ö · §·¥Ï¥´-
´Ò³, ±μ£¤  ¢Ò¶μ²´Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥ q0 > 2me. �·¨ ÔÉμ³ ¶μ ³¥·¥ ·μ¸É 
Ô´¥·£¨¨ ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¶·μÍ¥¸¸ νi → νj + e+ + e− ¸É ´μ¢¨É¸Ö ¤μ³¨´¨-
·ÊÕÐ¥° ³μ¤μ° · ¸¶ ¤  ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ [40Ä42].

‚ · ³± Ì ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸μ ¸³¥Ï¨¢ ´¨¥³ ²¥¶Éμ´μ¢ ¢¥·μÖÉ´μ¸ÉÓ · -
¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ ¢ Ô²¥±É·μ´´μ³ £ §¥ (¡¥§ ÊÎ¥É  ¢²¨-
Ö´¨Ö ¢´¥Ï´¥£μ ¶μ²Ö) ¡Ò²  ¢ÒÎ¨¸²¥´  ¢ [43,44] (¸³. É ±¦¥ [45,46]). �·¨ ´ ²¨-
Î¨¨ ¢´¥Ï´¥° ¸·¥¤Ò ³¥Ì ´¨§³ ¶μ¤ ¢²¥´¨Ö GIM ´¥ ¤¥°¸É¢Ê¥É, ¨ ¶·¨¢¥¤¥´´Ò¥
¢ [43, 44] μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤²Ö μÉ´μ¸¨É¥²Ó´μ ³ ²ÒÌ ³ ¸¸ ´¥°É·¨´μ ¨
¡μ²ÓÏμ° ¶²μÉ´μ¸É¨ ¸·¥¤Ò,   É ±¦¥ ¶·¨ ±μ´¥Î´μ° É¥³¶¥· ÉÊ·¥ ¨³¥¥É ³¥¸Éμ
§´ Î¨É¥²Ó´μ¥ Ê¢¥²¨Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  ¶μ ¸· ¢´¥´¨Õ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ
· ¸¶ ¤  ¢ ¢ ±ÊÊ³¥. � ¶·¨³¥·, ¢±² ¤ § ·Ö¦¥´´μ£μ ¸² ¡μ£μ Éμ±  ¢ ¢¥·μÖÉ´μ¸ÉÓ

∗�²¥±É·¨Î¥¸±¨° ¢¥±Éμ· É ±¨Ì ËμÉμ´μ¢ ²¥¦¨É ¢ ¶²μ¸±μ¸É¨, μ¡· §μ¢ ´´μ° ¢¥±Éμ·μ³ ´ -
¶·Ö¦¥´´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ¨ ¨³¶Ê²Ó¸μ³ ËμÉμ´ , É ±¨³ μ¡· §μ³, ¨§²ÊÎ¥´´Ò¥ ËμÉμ´Ò Ö¢²Ö-
ÕÉ¸Ö ËμÉμ´ ³¨ ³μ¤Ò ⊥ ¢ É¥·³¨´μ²μ£¨¨ �¤²¥·  [36] ¨²¨ ËμÉμ´ ³¨ ³μ¤Ò 2 ¢ É¥·³¨´μ²μ£¨¨
�. ….˜ ¡ ¤  [37].
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· ¸¶ ¤  ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ ¸ ¨§²ÊÎ¥´¨¥³ ¶μ¶¥·¥Î´μ£μ ¶² §³μ´  μ¶¨¸Ò¢ -
¥É¸Ö ¢ ¸²ÊÎ ¥ ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ ¢Ò·μ¦¤¥´´μ£μ £ §  (T � me) Ëμ·³Ê²μ°
(¸³. [43Ä45])

ΓNR = αG2
F

min
2

2m2
e

F (v)|U∗
ieUje|2. (1.3)

‡¤¥¸Ó n Å ¶²μÉ´μ¸ÉÓ Ô²¥±É·μ´μ¢; F (v) =
√

1 − v2[(2/v) ln |(1+ v)/(1− v)|−
3] Å ËÊ´±Í¨Ö ¸±μ·μ¸É¨ ´ Î ²Ó´μ£μ ´¥°É·¨´μ (v = q/q0), ¨³¥ÕÐ Ö ¶μ·Ö¤μ±
¥¤¨´¨ÍÒ ¢ Ï¨·μ±μ³ ¤¨ ¶ §μ´¥ ¨§³¥´¥´¨Ö ³ ¸¸Ò mi ¨ Ô´¥·£¨¨ q0 ´¥°É·¨´μ.
‚ Ëμ·³Ê²¥ (1.3), ± ± ¨ ¢ (1.2), ¸Î¨É ¥É¸Ö, ÎÉμ ³ ¸¸  ±μ´¥Î´μ£μ ´¥°É·¨´μ
¶·¥´¥¡·¥¦¨³μ ³ ²  ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸¸μ° ´ Î ²Ó´μ£μ (mi � mj).

‡ ³¥É¨³, ÎÉμ Ëμ·³Ê²  (1.3) ¤²Ö ¢¥·μÖÉ´μ¸É¨ ¡Ò²  ¶μ²ÊÎ¥´  ¸ ¨¸¶μ²Ó-
§μ¢ ´¨¥³ ¢ ±ÊÊ³´μ£μ § ±μ´  ¤¨¸¶¥·¸¨¨ ¤²Ö ¨§²ÊÎ¥´´μ£μ ËμÉμ´  (k2 = 0).
“Î¥É ¶² §³¥´´μ£μ § ±μ´  ¤¨¸¶¥·¸¨¨ ¶·¨´Í¨¶¨ ²Ó´μ ´¥ ³¥´Ö¥É ·¥§Ê²ÓÉ É ¶·¨
Ê¸²μ¢¨¨, ÎÉμ

mi � ωL
p =

√
4παn/me, (1.4)

£¤¥ ωL
p Å ¶² §³¥´´ Ö (²¥´£³Õ·μ¢¸± Ö) Î ¸ÉμÉ  [45,46], ¸³. É ±¦¥ ¶. 3.4.

‚ ¨Éμ£¥ ¤²Ö μÉ´μÏ¥´¨Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ´¥°É·¨´μ ¢ ¸·¥¤¥ (´¥·¥²ÖÉ¨-
¢¨¸É¸± Ö ¶² §³  §¢¥§¤) ± ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢ ¢ ±ÊÊ³¥ (¸³. (1.2)) ¶μ²ÊÎ ¥É¸Ö
¸²¥¤ÊÕÐ¨° ·¥§Ê²ÓÉ É [43]:

ΓNR

ΓV
� 1,3 · 1019F (v)

(
1 Ô‚

mi

)4 ( n

1024 ¸³−3

)2

, (1.5)

±μÉμ·Ò° ¨ ¶μ¤É¢¥·¦¤ ¥É ´ ²¨Î¨¥ ¸ÊÐ¥¸É¢¥´´μ£μ ·μ¸É  ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢
¸·¥¤¥. �¤´ ±μ, ± ± Ê± §Ò¢ ²μ¸Ó ¢ [44], Ê¢¥²¨Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨ · ¤¨ Í¨μ´´μ£μ
· ¸¶ ¤  ¡Ê¤¥É ³¥´¥¥ §´ Î¨É¥²Ó´Ò³ ¢ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ´¥°É·¨´μ, ¶μÉμ³Ê
ÎÉμ ËÊ´±Í¨Ö F (v) (¸³. (1.3)) ¡Ò¸É·μ Ê¡Ò¢ ¥É ¸ ·μ¸Éμ³ Ô´¥·£¨¨ ´¥°É·¨´μ:
F (v)|v→1 ∼ 4mi/q0 → 0.

‚ ¶·¨¸ÊÉ¸É¢¨¨ ¶²μÉ´μ° ¸·¥¤Ò μÉ±·Ò¢ ÕÉ¸Ö ´μ¢Ò¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö ·¥-
 ²¨§ Í¨¨ · ¤¨ Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ¸ ÊÎ ¸É¨¥³ ³ ¸¸¨¢´ÒÌ ´¥°É·¨´μ. � ¶·¨-
³¥·, μ± §Ò¢ ¥É¸Ö ¢μ§³μ¦´Ò³ É ±μ¥ § ³¥Î É¥²Ó´μ¥ Ö¢²¥´¨¥, ± ± ¸¶¨´μ¢Ò° ¸¢¥É
´¥°É·¨´μ (SLν) [47], ¶·¥¤¸É ¢²ÖÕÐ¨° ¸μ¡μ° ¨§²ÊÎ¥´¨¥ ³ £´¨É´μ£μ ³μ³¥´É 
´¥°É·¨´μ ¢ ¢¥Ð¥¸É¢¥. Š¢ ´Éμ¢ Ö É¥μ·¨Ö ¤ ´´μ£μ Ö¢²¥´¨Ö ¡Ò²  ¤¥É ²Ó´μ ¨¸-
¸²¥¤μ¢ ´  ¢ [48Ä51].

Š ± Ê± §Ò¢ ²μ¸Ó ¢ μ¡§μ·¥ [52], ¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ··¥±É´μ£μ  ´ ²¨§  Ë¨-
§¨Î¥¸±¨Ì Ö¢²¥´¨°, ¶·μ¨¸Ìμ¤ÖÐ¨Ì ¢ · §²¨Î´ÒÌ  ¸É·μË¨§¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ,
¶·¨´Í¨¶¨ ²Ó´μ¥ §´ Î¥´¨¥ ¶·¨μ¡·¥É ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ μ¤´μ¢·¥³¥´´μ£μ ÊÎ¥É 
¢²¨Ö´¨Ö ¢´¥Ï´¥£μ ¶μ²Ö [53Ä55] ¨ ¶²μÉ´μ¸É¨ ¸·¥¤Ò. ’ ±μ° ¶μ¤Ìμ¤ ¡Ò² ¶·¥¤-
¶·¨´ÖÉ ´ ³¨ ¢ [56], μ¤´ ±μ É ³ ¡Ò² ¢ÒÎ¨¸²¥´ Éμ²Ó±μ ¶² §³¥´´Ò° ¢±² ¤ ¢
¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ´¥°É·¨´μ ¢μ ¢´¥Ï´¥³ ¶μ²¥. �¤´μ¢·¥³¥´-
´Ò° ÊÎ¥É ¢²¨Ö´¨Ö ¨´É¥´¸¨¢´μ£μ ³ £´¨É´μ£μ ¶μ²Ö ¨ ¢´¥Ï´¥° ¸·¥¤Ò ´  ¢¥·μÖÉ-
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´μ¸ÉÓ ¶·μÍ¥¸¸  να → να+γ (Éμ·³μ§´μ¥ ¨§²ÊÎ¥´¨¥ ´¥°É·¨´μ ¢ ¸·¥¤¥) ¶·μ¨§¢μ-
¤¨²¸Ö ¢ [57] ¢ ¸²ÊÎ ¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ´ Î ²Ó´ÒÌ ´¥°É·¨´μ q0 > 2me. �¸´μ¢-
´μ° ¢Ò¢μ¤, ¸¤¥² ´´Ò°  ¢Éμ· ³¨ ÔÉμ° · ¡μÉÒ, ¸μ¸ÉμÖ² ¢ Éμ³, ÎÉμ ¶·¨¸ÊÉ¸É¢¨¥
¶²μÉ´μ° ¸·¥¤Ò Ê³¥´ÓÏ ¥É ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¶μ ¸· ¢´¥´¨Õ ¸ ¢¥·μÖÉ´μ¸ÉÓÕ
· ¸¶ ¤  ¢ ³ £´¨É´μ³ ¶μ²¥. ‡ ³¥É¨³, ÎÉμ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ (¸³. ¶. 3.3 ´ ¸Éμ-
ÖÐ¥° · ¡μÉÒ) Ê± §Ò¢ ÕÉ ´  Éμ, ÎÉμ ¢ μ¡² ¸É¨ Ê³¥·¥´´ÒÌ Ô´¥·£¨° ´¥°É·¨´μ
(q0 < 2me) ·¥ ²¨§Ê¥É¸Ö μ¡· É´ Ö ¸¨ÉÊ Í¨Ö: ´ ²¨Î¨¥ ¸·¥¤Ò (¢Ò·μ¦¤¥´´μ£μ
Ô²¥±É·μ´´μ£μ £ § ) ¸ÊÐ¥¸É¢¥´´μ Ê¢¥²¨Î¨¢ ¥É ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ´¥°É·¨´μ ¢
³ £´¨É´μ³ ¶μ²¥.

� §¢¨¢ Ö ´ Ï¨ ¶·¥¤Ò¤ÊÐ¨¥ ¨¸¸²¥¤μ¢ ´¨Ö [32, 56], ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥
³Ò ¶·μ¢μ¤¨³ ¢ÒÎ¨¸²¥´¨¥ ¢¥·μÖÉ´μ¸É¨ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³ ¸¸¨¢´μ£μ
´¥°É·¨´μ ¢ § ³ £´¨Î¥´´μ³ Ô²¥±É·μ´-¶μ§¨É·μ´´μ³ £ §¥, ¨¸¶μ²Ó§ÊÖ É¥μ·¨Õ · -
¤¨ Í¨μ´´ÒÌ ÔËË¥±Éμ¢ ¢ £μ·ÖÎ¥° ¨ ¶²μÉ´μ° ¸·¥¤¥ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£μ
± ²¨¡·μ¢μÎ´μ£μ ¶μ²Ö. ‚ ¤ ²Ó´¥°Ï¥³ ¡Ê¤¥³ ¶·¥¤¶μ² £ ÉÓ, ÎÉμ Ô²¥±É·μ´-
¶μ§¨É·μ´´Ò° £ § ¶μ²´μ¸ÉÓÕ ¢Ò·μ¦¤¥´ ¨ ´ ¶·Ö¦¥´´μ¸ÉÓ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ
¶μ²Ö Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Õ

2eH > μ2 − m2
e, (1.6)

£¤¥ μ Å Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² Ô²¥±É·μ´´μ£μ £ § . �·¨ ÔÉμ³ Ô²¥±É·μ´Ò ¸·¥¤Ò
§ ´¨³ ÕÉ Éμ²Ó±μ μ¸´μ¢´μ° Ê·μ¢¥´Ó ‹ ´¤ Ê ¸ £² ¢´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³
n = 0. “¸²μ¢¨¥ (1.6) Ô±¢¨¢ ²¥´É´μ ¸²¥¤ÊÕÐ¥³Ê μ£· ´¨Î¥´¨Õ ´  ¶²μÉ´μ¸ÉÓ
Ô²¥±É·μ´μ¢:

n <

√
2

π2
m3

e

(
H

H0

)3/2

. (1.7)

�É¸Õ¤  ¸²¥¤Ê¥É, ÎÉμ ¤²Ö ¶μ²¥° ¸ ´ ¶·Ö¦¥´´μ¸ÉÓÕ H ∼ (10−6−102)H0 Ô²¥±-
É·μ´Ò § ¶μ²´ÖÕÉ Éμ²Ó±μ μ¸´μ¢´μ° Ê·μ¢¥´Ó, ¥¸²¨ ¨Ì ¶²μÉ´μ¸ÉÓ n < 1019 −
1031 ¸³−3.

Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, Ê¸²μ¢¨Ö (1.6), (1.7) Ö¢²ÖÕÉ¸Ö, ¸ μ¤´μ° ¸Éμ·μ´Ò,
¢¶μ²´¥ ·¥ ²Ó´Ò³¨ ¶·¨ ´ ¡²Õ¤¥´¨¨ Ë¨§¨Î¥¸±¨Ì ¶·μÍ¥¸¸μ¢ ¢ ±μ³¶ ±É´ÒÌ
§¢¥§¤´ÒÌ μ¡· §μ¢ ´¨ÖÌ, É ±¨Ì ± ± ´¥°É·μ´´Ò¥ §¢¥§¤Ò,   ¸ ¤·Ê£μ° ¸Éμ·μ´Ò,
É·¥¡ÊÕÉ μ¤´μ¢·¥³¥´´μ£μ ÊÎ¥É  ¢²¨Ö´¨Ö ¢´¥Ï´¥£μ ¶μ²Ö, ±μ´¥Î´μ° É¥³¶¥· -
ÉÊ·Ò ¨ ¶²μÉ´μ¸É¨ ¸·¥¤Ò ´  · ¸¶·μ¸É· ´¥´¨¥ ËμÉμ´μ¢ ¨ Ô²¥±É·μ´μ¢.

‚ ¤ ´´μ° · ¡μÉ¥ ¢ · ³± Ì ¸É ´¤ ·É´μ° ³μ¤¥²¨ ¸μ ¸³¥Ï¨¢ ´¨¥³ ²¥¶Éμ´μ¢
³Ò ¢ÒÎ¨¸²Ö¥³ ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ³ ¸¸¨¢´μ£μ ¤¨· ±μ¢¸±μ£μ
´¥°É·¨´μ ¢ § ³ £´¨Î¥´´μ³ Ô²¥±É·μ´-¶μ§¨É·μ´´μ³ £ §¥ (· §¤. 2). � ¸Î¥É ¶·μ-
¨§¢μ¤¨É¸Ö ´  μ¸´μ¢¥ ¶μ²ÊÎ¥´´ÒÌ ¢ [52, 58, 59] ÉμÎ´ÒÌ ¢·¥³¥´´ÒÌ ËÊ´±Í¨°
ƒ·¨´  Ë¥·³¨μ´μ¢ ¶·¨ ±μ´¥Î´μ° É¥³¶¥· ÉÊ·¥ ¢ ¶μ¸ÉμÖ´´μ³ ¢´¥Ï´¥³ ¶μ²¥.
‚ · §¤. 3 ¨¸¸²¥¤Ê¥É¸Ö § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  μÉ ¶²μÉ´μ¸É¨ ¸·¥¤Ò,
Ô´¥·£¨¨ ¨ ´ ¶· ¢²¥´¨Ö ¤¢¨¦¥´¨Ö ´¥°É·¨´μ. ‚ · §¤. 4 μ¡¸Ê¦¤ ÕÉ¸Ö ¢μ§³μ¦-
´Ò¥  ¸É·μË¨§¨Î¥¸±¨¥ ¶·¨²μ¦¥´¨Ö ·¥§Ê²ÓÉ Éμ¢. ‚ § ±²ÕÎ¥´¨¨ Ëμ·³Ê²¨·ÊÕÉ¸Ö
¢Ò¢μ¤Ò · ¡μÉÒ.
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2. ‚…��Ÿ’��‘’œ ��„ˆ�–ˆ����ƒ� ��‘��„� �…‰’�ˆ��

‚ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¸É ´¤ ·É´μ° ³μ¤¥²¨ ‚ °´¡¥·£ Ä‘ ² ³ Ä
ƒ²ÔÏμÊ ¸μ ¸³¥Ï¨¢ ´¨¥³ ²¥¶Éμ´μ¢ ¶·¨ Ê¸²μ¢¨ÖÌ (ma/MW )2 � 1, ¸¶· ¢¥¤-
²¨¢ÒÌ ¤²Ö ¢¸¥Ì ¨§¢¥¸É´ÒÌ ´  ¸¥£μ¤´Ö ²¥¶Éμ´μ¢ (a = e, μ, τ), £² ¢´Ò° ¢±² ¤
¢  ³¶²¨ÉÊ¤Ê ¶·μÍ¥¸¸  νi → νj + γ ¡Ê¤¥É ¤ ¢ ÉÓ ¤¨ £· ³³  ¸ ¢¨·ÉÊ ²Ó´Ò³
W -¡μ§μ´μ³. �μ² £ Ö ¢Ò¶μ²´¥´´Ò³¨ Ê¸²μ¢¨Ö

T � MW , H � H0

(
MW

me

)2

� 1,1 · 1024 ƒ¸, (2.1)

³Ò ³μ¦¥³ ¶·¥´¥¡·¥ÎÓ É¥³¶¥· ÉÊ·´μ° Î ¸ÉÓÕ ¢·¥³¥´´μ° ËÊ´±Í¨¨ ƒ·¨´  W -
¡μ§μ´  ¨ §´ Î¨É¥²Ó´μ Ê¶·μ¸É¨ÉÓ ¶·¨Î¨´´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  W -¡μ§μ´  [60].
’μ£¤  ¢ ±μ´É ±É´μ³ ¶·¨¡²¨¦¥´¨¨ ¢Ò· ¦¥´¨¥ ¤²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  ¶·μ-
Í¥¸¸  · ¸¶ ¤  ÉÖ¦¥²μ£μ ´¥°É·¨´μ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

Sij = −i
4eGF√

2

∑
a=e,μ,τ

UiaU∗
ja

∫
d4xd4x′νj(x)×

× Tr [γμLGa(x, x′) γαAα(x′)Ga(x′, x)] γμLνi (x), (2.2)

£¤¥ L = (1+γ5)/2, Ga(x, x′) Å ¢·¥³¥´´ Ö ËÊ´±Í¨Ö ƒ·¨´  ¨¤¥ ²Ó´μ£μ ²¥¶Éμ´-
 ´É¨²¥¶Éμ´´μ£μ £ § , ¶μ§¢μ²ÖÕÐ Ö ÉμÎ´μ ÊÎ¥¸ÉÓ ¢²¨Ö´¨¥ ¸·¥¤Ò ¨ ¢´¥Ï´¥£μ
¶μ²Ö ´  ¢¥·μÖÉ´μ¸ÉÓ · ¸¸³ É·¨¢ ¥³μ£μ ¶·μÍ¥¸¸ ; GF Å ±μ´¸É ´É  ”¥·³¨;
νi(x), νj(x) Å ¢μ²´μ¢Ò¥ ËÊ´±Í¨¨ ´ Î ²Ó´μ£μ ¨ ±μ´¥Î´μ£μ ´¥°É·¨´μ ¸ ³ ¸-
¸ ³¨ mi ¨ mj ; Uia Å Ê´¨É ·´ Ö ³ É·¨Í  ¸³¥Ï¨¢ ´¨Ö ²¥¶Éμ´μ¢.

ŒÒ ¡Ê¤¥³ ¨¸¶μ²Ó§μ¢ ÉÓ ¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ¢·¥³¥´´μ° ËÊ´±-
Í¨¨ ƒ·¨´  Ô²¥±É·μ´  [52,58]:

Ge(H, T, μ) = Sc(H, T = μ = 0) + Sβ(H, T, μ), (2.3)

£¤¥ ¶¥·¢μ¥ ¸² £ ¥³μ¥ μ¶·¥¤¥²Ö¥É μ¡ÒÎ´ÊÕ ¶·¨Î¨´´ÊÕ ËÊ´±Í¨Õ ƒ·¨´  Ô²¥±-
É·μ´  ¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥

Sc(H, T = μ = 0) = − 1
2π

+∞∫
−∞

dω exp [iω(t − t′)]
∑

s,ε=±1

ψ
(ε)
s (x)ψ

(ε)

s (x′)
ω + εEs(1 − iδ)

, (2.4)

  ¢Éμ·μ¥ ¸² £ ¥³μ¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É¥³¶¥· ÉÊ·´ÊÕ Î ¸ÉÓ ¢·¥³¥´´μ° ËÊ´±-
Í¨¨ ƒ·¨´ :

Sβ(H, T, μ) = i
∑

s,ε=±1

εψ
(ε)
s (x)ψ

(ε)

s (x′)
exp [β(Es − εμ)] + 1

exp [−iεEs(t − t′)], (2.5)

£¤¥ β = T−1 Å μ¡· É´ Ö É¥³¶¥· ÉÊ· ; μ Å Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ².
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’ ±¨³ μ¡· §μ³, ¢·¥³¥´´ Ö ËÊ´±Í¨Ö ƒ·¨´  (2.3) Ö¢²Ö¥É¸Ö ¸Ê³³μ° Ë¥°´-
³ ´μ¢¸±μ£μ ¶·μ¶ £ Éμ·  ¶·¨ ´Ê²¥¢μ° É¥³¶¥· ÉÊ·¥ ¨ ¶²μÉ´μ¸É¨ ¸·¥¤Ò ¨ Î¨-
¸Éμ É¥³¶¥· ÉÊ·´μ° Î ¸É¨ Sβ(H, T, μ). ‘Ê³³¨·μ¢ ´¨¥ ¢ (2.3)Ä(2.5) ¶·μ¢μ-
¤¨É¸Ö ¶μ ¢¸¥³ ±¢ ´Éμ¢Ò³ Î¨¸² ³ {s} ¶μ²μ¦¨É¥²Ó´μ-Î ¸ÉμÉ´ÒÌ (ε = +1)
¨ μÉ·¨Í É¥²Ó´μ-Î ¸ÉμÉ´ÒÌ (ε = −1) ¸μ¸ÉμÖ´¨°, ψ

(ε)
s (x) Å ±μμ·¤¨´ É´ Ö

Î ¸ÉÓ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö „¨· ±  ¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ H={0, 0, H},
  Ê·μ¢´¨ Ô´¥·£¨¨ Ô²¥±É·μ´  ¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ μ¶·¥¤¥²ÖÕÉ¸Ö Ëμ·-
³Ê²μ° [35]

En =
√

2eHn + m2
e + p2

z, (2.6)

£¤¥ n = 0, 1, 2, . . . Å £² ¢´μ¥ ±¢ ´Éμ¢μ¥ Î¨¸²μ; pz(−∞ < pz < +∞) Å
¶·μ¥±Í¨Ö ¨³¶Ê²Ó¸  Ô²¥±É·μ´  ´  ´ ¶· ¢²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö.

‚ ·¥§Ê²ÓÉ É¥, ¨§ Ëμ·³Ê² (2.2)Ä(2.5) ¤²Ö  ³¶²¨ÉÊ¤Ò · ¸¶ ¤  ³Ò ¶μ²ÊÎ ¥³
¸²¥¤ÊÕÐ¥¥ ¶·¥¤¸É ¢²¥´¨¥:

Sij = S
(1)
ij + S

(2)
ij , (2.7)

£¤¥ S
(1)
ij Å Î¨¸Éμ ¶μ²¥¢μ° ¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê ¶·μÍ¥¸¸  (·¨¸. 1,  ),   S

(2)
ij Å

¢±² ¤ ¢  ³¶²¨ÉÊ¤Ê · ¸¶ ¤  §  ¸Î¥É ÔËË¥±Éμ¢ ±μ´¥Î´μ° É¥³¶¥· ÉÊ·Ò ¨ ¶²μÉ-
´μ¸É¨ ¸·¥¤Ò, ÊÎ¨ÉÒ¢ ÕÐ¨° ±μ£¥·¥´É´μ¥ · ¸¸¥Ö´¨¥ ´¥°É·¨´μ ´  Ô²¥±É·μ´ Ì
¸·¥¤Ò ¸ μ¡· §μ¢ ´¨¥³ ËμÉμ´μ¢ (·¨¸. 1, ¡, ¢, ±·¥¸É¨±¨ ´  ±μ´Í Ì Ô²¥±É·μ´´ÒÌ
²¨´¨° μ§´ Î ÕÉ, ÎÉμ Î ¸É¨ÍÒ ¶·¨´ ¤²¥¦ É ¸·¥¤¥). ‡ ³¥É¨³, ÎÉμ ¢ ±ÊÊ³´ Ö
Î ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  νi → νj + γ ¢ ¶μ¸ÉμÖ´´μ³ ¢´¥Ï´¥³ ¶μ²¥ ¤¥-
É ²Ó´μ ¨§ÊÎ ² ¸Ó ¢ [28Ä33].

‚ ¸Ê³³¥ ¢ (2.2) ³Ò ¡Ê¤¥³ ÊÎ¨ÉÒ¢ ÉÓ Éμ²Ó±μ ¢±² ¤ Ô²¥±É·μ´μ¢ ¶μ ¸²¥-
¤ÊÕÐ¨³ ¶·¨Î¨´ ³: ¸ μ¤´μ° ¸Éμ·μ´Ò, ¨¸¸²¥¤Ê¥³ Ö ´ ³¨ ¸·¥¤  ¶·¥¤¸É ¢²Ö¥É
¸μ¡μ° Ô²¥±É·μ´´Ò° £ § ¨ ´¥ ¸μ¤¥·¦¨É ³Õμ´μ¢ ¨ τ -²¥¶Éμ´μ¢,   ¸ ¤·Ê£μ° ¸Éμ-
·μ´Ò, ¢¸²¥¤¸É¢¨¥ ¨§¢¥¸É´μ£μ ¸μμÉ´μÏ¥´¨Ö ³¥¦¤Ê ³ ¸¸ ³¨ § ·Ö¦¥´´ÒÌ ²¥¶-
Éμ´μ¢ me � mμ � mτ [61] Ô²¥±É·μ´´Ò° ¢±² ¤ Ö¢²Ö¥É¸Ö μ¶·¥¤¥²ÖÕÐ¨³ ¨ ¢
Î¨¸Éμ ¶μ²¥¢μ°  ³¶²¨ÉÊ¤¥ (¸³. É ±¦¥ [31]).

�¨¸. 1. „¨ £· ³³Ò, μ¶¨¸Ò¢ ÕÐ¨¥ ¢²¨Ö´¨¥ § ³ £´¨Î¥´´μ£μ Ô²¥±É·μ´-¶μ§¨É·μ´´μ£μ £ § 
´  · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ´¥°É·¨´μ
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ˆ³¥Ö ¢ ¢¨¤Ê ¢μ§³μ¦´Ò¥ ¶·¨²μ¦¥´¨Ö ± Ë¨§¨±¥ ´¥°É·μ´´ÒÌ §¢¥§¤, ¡Ê¤¥³
¶·¥¤¶μ² £ ÉÓ ¢Ò¶μ²´¥´´Ò³¨ ¸²¥¤ÊÕÐ¨¥ Ê¸²μ¢¨Ö (¸³. ¢ÒÏ¥):

T � EF = μ (T = 0), 2eH > μ2 − m2
e, (2.8)

H � H0 =
m2

e

e
. (2.9)

“¸²μ¢¨Ö (2.8), (2.9) Ë¨§¨Î¥¸±¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ¸¨ÉÊ Í¨¨, ±μ£¤  Ô²¥±É·μ´ ³¨
¸·¥¤Ò § ¶μ²´¥´ Éμ²Ó±μ μ¸´μ¢´μ° Ê·μ¢¥´Ó ¸ £² ¢´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³ n′ = 0,
  μ¸´μ¢´μ° ¢±² ¤ ¢ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¤ ÕÉ ¨Ì ¶¥·¥Ìμ¤Ò ¢ ¶·μ³¥¦ÊÉμÎ´Ò¥
¸μ¸ÉμÖ´¨Ö É ±¦¥ ¸ ´Ê²¥¢Ò³ £² ¢´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³.

‚ · ¸¸³ É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨ ³Ò ¶μ²ÊÎ ¥³ ¸²¥¤ÊÕÐ¨¥ ¢Ò· ¦¥´¨Ö
¤²Ö ¢±² ¤μ¢ ¢  ³¶²¨ÉÊ¤Ê · ¸¶ ¤ :

S
(1)
ij = −Aμ

α

∫
dp

(1)
3

1
4

{
λα

μ(1)

E0E
(1)
0

2m2
e(E0 + E

(1)
0 )

(E0 + E
(1)
0 )2 − ω2

−
λα

μ(2)

E0E
(1)
0

×

×
[

(E0 + p3)(E
(1)
0 − p

(1)
3 )

E0 + E
(1)
0 + ω

+
(E0 − p3)(E

(1)
0 + p

(1)
3 )

E0 + E
(1)
0 − ω

]}∣∣∣∣∣
p3=p

(1)
3 −k3

, (2.10)

S
(2)
ij = Aμ

α

∑
ε=±1, ζ=±1

∫
dp′3 θ (μ − E′

0)×

×
{

Kα
μ

ω − E′
0 + εE0

∣∣∣∣
p3=p′

3−k3

−
Kα

μ

ω + E′
0 − εE0

∣∣∣∣
p3=p′

3+k3

}
, (2.11)

£¤¥ ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö:

Aμ
α = i

(eH)(2π)2√
q0k0q′0

UieU
∗
je(eGF ) exp

(
− k2

⊥
2eH

)
δ(q − q′ − k)[ν(q′)γμLν(q)]eα(k),

Kαμ = λαμ(1)(C2
2 − C2

4 )(S2
2 − S2

4) + λαμ(2)(C2 − C4)2(S2 − S4)2,

λαμ(1) = (gα0 + gα3)(gμ0 − gμ3), (2.12)

λαμ(2) = (gα0 − gα3)(gμ0 − gμ3),

E0 =
√

m2
e + p2

3, E
(1)
0 =

√
m2

e + p
(1) 2
3 , E′

0 =
√

m2
e + p′23 .

‚ Ëμ·³Ê² Ì (2.10)Ä(2.12) ¶·¨´ÖÉÒ É ±¦¥ μ¡μ§´ Î¥´¨Ö: E0 ¨ E
(1)
0 Å Ô´¥·-

£¨¨ Ô²¥±É·μ´  ¢ ¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ´¨ÖÌ; E′
0 Å Ô´¥·£¨Ö Ô²¥±É·μ´  ¸·¥¤Ò;
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jμ = ν(q′)γμLν(q) Å ´¥°É·¨´´Ò° Éμ±, ¶·¨Î¥³ νj(q′) Å ¤¨· ±μ¢¸±¨-¸μ¶·Ö-
¦¥´´Ò° ¡¨¸¶¨´μ· ±μ´¥Î´μ£μ ´¥°É·¨´μ ¸ ¨³¶Ê²Ó¸μ³ q′(q′2 = m2

j); νi(q) Å
¡¨¸¶¨´μ· ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¸ ¨³¶Ê²Ó¸μ³ q (q2 = m2

i ); k = q − q′ Å
¨³¶Ê²Ó¸ ¨§²ÊÎ¥´´μ£μ ËμÉμ´ ,   eα(k) Å 4-¢¥±Éμ· ¶μ²Ö·¨§ Í¨¨ ¨§²ÊÎ¥´´μ£μ
ËμÉμ´ .

‘¶¨´μ¢Ò¥ ±μÔËË¨Í¨¥´ÉÒ C2,4 ¨ S2,4 ¢ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö „¨· ±  ¤²Ö
¶·μ³¥¦ÊÉμÎ´ÒÌ ¸μ¸ÉμÖ´¨° ¨ Ô²¥±É·μ´μ¢ ¸·¥¤Ò (2.12) μ¶·¥¤¥²ÖÕÉ¸Ö ¨§ Ê¸²μ-
¢¨Ö, ÎÉμ¡Ò ¢μ²´μ¢ Ö ËÊ´±Í¨Ö ¡Ò²  ¸μ¡¸É¢¥´´μ° ËÊ´±Í¨¥° μ¶¥· Éμ·  ¶μ²Ö-
·¨§ Í¨¨ ¸¶¨´  Å ¨´É¥£· ²  ¤¢¨¦¥´¨Ö. ‚ ± Î¥¸É¢¥ É ±μ£μ μ¶¥· Éμ·  ³Ò
¢Ò¡¨· ¥³ ¨´¢ ·¨ ´É´Ò° ¸¶¨´μ¢Ò° μ¶¥· Éμ· (¸³. [60])

M =
e

2m2
e

F̃μνPμSν ,

£¤¥ F̃μν = (1/2)eμναβFαβ Å É¥´§μ·, ¤Ê ²Ó´Ò° É¥´§μ·Ê ¢´¥Ï´¥£μ Ô²¥±É·μ³ £-
´¨É´μ£μ ¶μ²Ö Fμν ,   Sν Å 4-¢¥±Éμ·´Ò° μ¶¥· Éμ· ¶μ²Ö·¨§ Í¨¨ ¸¶¨´ :

Sμ = γ5

(
γμ − 1

me
Pμ

)
, Pμ = i

∂

∂xμ
− eAμ,

£¤¥ Aμ = (0, 0, xH, 0) Å ¶μÉ¥´Í¨ ² ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö.
‚ ·¥§Ê²ÓÉ É¥ ¤²Ö ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢ C2,4 ´ Ìμ¤¨³ ¸²¥¤ÊÕÐ¨¥ §´ -

Î¥´¨Ö:

C2,4 = ∓ ζ

2
√

2

(
1 − ζ

me

En⊥

)1/2
{(

1 + ε
p3

En

)1/2

∓ ζε

(
1 − ε

p3

En

)1/2
}

, (2.13)

£¤¥ E2
n⊥ = E2

n − p2
3,   En Å Ê·μ¢´¨ Ô´¥·£¨¨ Ô²¥±É·μ´  ¢ ³ £´¨É´μ³ ¶μ²¥,

μ¶·¥¤¥²Ö¥³Ò¥ Ëμ·³Ê²μ° (2.6). ‚Ò· ¦¥´¨Ö ¤²Ö ¸¶¨´μ¢ÒÌ ±μÔËË¨Í¨¥´Éμ¢
S2,4 ¶μ²ÊÎ ÕÉ¸Ö ¨§ (2.13) ¶·¨ ¶μ³μÐ¨ § ³¥´Ò p3 → p′3, ζ → ζ′, ε → ε′,
n → n′. ‘²ÊÎ ° ζ = 1 ¢ ¢Ò· ¦¥´¨¨ (2.13) ¸μμÉ¢¥É¸É¢Ê¥É μ·¨¥´É Í¨¨ ¸¶¨´ 
Ô²¥±É·μ´  ¶μ ´ ¶· ¢²¥´¨Õ,   ζ = −1 Å ¶·μÉ¨¢ ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ
¶μ²Ö. „²Ö Ô²¥±É·μ´μ¢ ¸·¥¤Ò ¶·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö (1.6) ¸¶¨´ ³μ¦¥É ¡ÒÉÓ
μ·¨¥´É¨·μ¢ ´ ²¨ÏÓ ¶·μÉ¨¢ ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö (ζ′ = −1).

‚ ¤ ²Ó´¥°Ï¥³ ³Ò · ¸¸³μÉ·¨³ μ¡² ¸ÉÓ Ê³¥·¥´´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ · ¸-
¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ ¨ μ£· ´¨Î¨³¸Ö ¨¸¸²¥¤μ¢ ´¨¥³ ¶·¥¤¥²Ó´μ£μ ¸²ÊÎ Ö

q0 � 2me, (2.14)

¤μ¶Ê¸± ÕÐ¥£μ  ´ ²¨É¨Î¥¸±μ¥ · ¸¸³μÉ·¥´¨¥ (q0 Å Ô´¥·£¨Ö ´ Î ²Ó´μ£μ ´¥°-
É·¨´μ). „²Ö ³ É·¨Î´μ£μ Ô²¥³¥´É  · ¸¶ ¤  (2.10), (2.11) ¶·¨ Ê¸²μ¢¨¨ (2.14)
¶μ²ÊÎ ¥³ ¢Ò· ¦¥´¨¥(

S
(1)
ij

S
(2)
ij

)
=

Aαμ

2
(λαμ(1)A1 + λαμ(2)A2)

(
C
B

)
, (2.15)



��„ˆ�–ˆ���›‰ ��‘��„ �…‰’�ˆ�� ‚� ‚�…˜�…Œ ��‹… ˆ ‚ ‚…™…‘’‚… 681

£¤¥ ¨¸¶μ²Ó§μ¢ ´Ò ¸²¥¤ÊÕÐ¨¥ μ¡μ§´ Î¥´¨Ö:

A1 = 1 − cos2 θ, A2 = −(1 + cos θ)2;

B = B(0) + B(1), B(0) =
vF

1 − v2
F cos2 θ

,
(2.16)

B(1) =
1
12

(
k0

me

)2
vF (1 − cos2 θ)2

(1− v2
F cos2 θ)3

[(1− cos2 θ)(2v4
F − v2

F γ−2
F )+ 6v2

F γ−2
F + 3γ−4

F ];

C =
1
6

(
k0

me

)2

; γF =
μ

me
, vF =

pF

EF
=
√

1 − γ−2
F

Å ¸±μ·μ¸ÉÓ Ô²¥±É·μ´μ¢ ¸·¥¤Ò ´  ¶μ¢¥·Ì´μ¸É¨ ”¥·³¨. �¸É ²Ó´Ò¥ μ¡μ§´ Î¥´¨Ö
¢ (2.15)  ´ ²μ£¨Î´Ò ¶·¨´ÖÉÒ³ ¢ Ëμ·³Ê² Ì (2.10)Ä(2.12). „ ²¥¥, μ¡μ§´ Î¨³
¶·¨ ¶μ³μÐ¨ θ ¨ ϕ ¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò ËμÉμ´ , ψ ¨ φ Å ¸Ë¥·¨Î¥¸±¨¥ Ê£²Ò
´ Î ²Ó´μ£μ ´¥°É·¨´μ ¸ ³ ¸¸μ° mi, α Å Ê£μ² ³¥¦¤Ê ¨³¶Ê²Ó¸μ³ ´ Î ²Ó´μ£μ
´¥°É·¨´μ ¨ ¢μ²´μ¢Ò³ ¢¥±Éμ·μ³ ±μ´¥Î´μ£μ ËμÉμ´ , ¶·¨Î¥³

cos α = sin θ sin ψ cos (ϕ − φ) + cos θ cosψ. (2.17)

‡ ³¥É¨³ É ±¦¥, ÎÉμ θ μ¤´μ¢·¥³¥´´μ Ö¢²Ö¥É¸Ö Ê£²μ³ ³¥¦¤Ê ¨³¶Ê²Ó¸μ³ ËμÉμ´ 
¨ ´ ¶· ¢²¥´¨¥³ ³ £´¨É´μ£μ ¶μ²Ö.

‘²¥¤ÊÖ [32], ¢ ± Î¥¸É¢¥ ¤¢ÊÌ ´¥§ ¢¨¸¨³ÒÌ 4-¢¥±Éμ·μ¢ ²¨´¥°´μ° ¶μ²Ö-
·¨§ Í¨¨ ËμÉμ´  ¢Ò¡¥·¥³ ¨§¢¥¸É´Ò¥ É·¥Ì³¥·´μ-¶μ¶¥·¥Î´Ò¥ ¢¥±Éμ·Ò σ- ¨ π-
±μ³¶μ´¥´É ¶μ²Ö·¨§ Í¨¨ [35]:

eμ
1 = (0, eσ), eμ

2 = (0, eπ),

eσ =
[κκκ × j]√
1 − (κκκj)2

, eπ =
κκκ(κκκj) − j√
1 − (κκκj)2

,
(2.18)

£¤¥ j Å ¥¤¨´¨Î´Ò° ¢¥±Éμ· ¢ ´ ¶· ¢²¥´¨¨ ³ £´¨É´μ£μ ¶μ²Ö; κκκ = k/k Å
¥¤¨´¨Î´Ò° ¢¥±Éμ· ¢ ´ ¶· ¢²¥´¨¨ ¨³¶Ê²Ó¸  ËμÉμ´ .

�± §Ò¢ ¥É¸Ö, ÎÉμ ¨§²ÊÎ¥´´Ò° ËμÉμ´ ²¨´¥°´μ (π) ¶μ²Ö·¨§μ¢ ´ (¸³. ¸´μ¸±Ê
´  ¸. 674), É ±¨³ μ¡· §μ³, ¢¶¥·¢Ò¥ Ê¸É ´μ¢²¥´´Ò° ¢ [32] ÔËË¥±É ²¨´¥°´μ° ¶μ-
²Ö·¨§ Í¨¨ ¨§²ÊÎ ¥³μ£μ ËμÉμ´  ¢ ¶·μÍ¥¸¸¥ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ´¥°É·¨´μ
¢ ¶μ¸ÉμÖ´´μ³ ³ £´¨É´μ³ ¶μ²¥ ¨³¥¥É ³¥¸Éμ ¨ ¢ ¸²ÊÎ ¥ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤ 
´¥°É·¨´μ ¢ § ³ £´¨Î¥´´μ° Ô²¥±É·μ´-¶μ§¨É·μ´´μ° ¶² §³¥.

— ¸ÉμÉ  ¨§²ÊÎ ¥³μ£μ ËμÉμ´  § ¢¨¸¨É μÉ Ô´¥·£¨¨ ¨¸Ìμ¤´μ£μ ´¥°É·¨´μ ¨
μÉ Ê£²  ³¥¦¤Ê ¨³¶Ê²Ó¸ ³¨ ¨¸Ìμ¤´μ£μ ´¥°É·¨´μ ¨ ËμÉμ´  ¨ · ¢´ 

ω = k0 =
m2

i

2(q0 − q cos α)
.
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‚Ò· ¦¥´¨¥ ¤²Ö Î ¸ÉμÉÒ ¨³¥¥É μ¸É·Ò° ³ ±¸¨³Ê³, μÉ¢¥Î ÕÐ¨° §´ Î¥´¨Õ α =
0, ¶·¨ ÔÉμ³ ωmax = q0, ¶μ±μÖÐ¥¥¸Ö ´¥°É·¨´μ ¨§²ÊÎ ¥É ËμÉμ´Ò ¸ Î ¸Éμ-
Éμ° ω � mi/2. �μÔÉμ³Ê ¢ · ¸¸³ É·¨¢ ¥³μ³ ¶·¨¡²¨¦¥´¨¨ (2.14) ¢¥²¨Î¨´ 
k0/me Ö¢²Ö¥É¸Ö ³ ²Ò³ ¶ · ³¥É·μ³, ¨, ¸²¥¤μ¢ É¥²Ó´μ, £² ¢´Ò° ¢±² ¤ ¢ ¢¥·μ-

ÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¤ ¥É ¶² §³¥´´ Ö Î ¸ÉÓ  ³¶²¨ÉÊ¤Ò S
(2)
ij (¸³. (2.15)), ¶μ²¥¢ Ö

Î ¸ÉÓ S
(1)
ij ¸É ´μ¢¨É¸Ö ÔËË¥±É¨¢´  ²¨ÏÓ ¢ μÎ¥´Ó · §·¥¦¥´´μ³ Ô²¥±É·μ´´μ³

£ §¥ (vF → 0).
„¨ËË¥·¥´Í¨ ²Ó´ÊÕ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¶·¥¤¸É ¢¨³ ¢ ¢¨¤¥ ¸Ê³³Ò

dw = dw1 + dw12 + dw2, (2.19)

£¤¥ dw1 Å ¢±² ¤, μ¡Ê¸²μ¢²¥´´Ò° Î¨¸Éμ ¶μ²¥¢μ°  ³¶²¨ÉÊ¤μ° S
(1)
ij ; dw2 Å

¢±² ¤, μ¡Ê¸²μ¢²¥´´Ò° ¶² §³¥´´μ°  ³¶²¨ÉÊ¤μ° S
(2)
ij ,   dw12 Å ¸² £ ¥³μ¥,

¢μ§´¨± ÕÐ¥¥ ¢ ·¥§Ê²ÓÉ É¥ ¨´É¥·Ë¥·¥´Í¨¨  ³¶²¨ÉÊ¤ ¶μ²¥¢μ£μ ¨ ¶² §³¥´´μ£μ
¢±² ¤μ¢.

“£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  ¨³¥¥É ¢¨¤

⎛⎜⎝ dw1/dΩ
dw12/dΩ
dw2/dΩ

⎞⎟⎠=
(eH)2(eGF )2

(2π)6
|UieU

∗
je|2

m2
i

q0
(1 − cos2 θ)(1 + cos θ)2×

×
[

(q0 − q3)2

(q0 − q cos α)2
− m2

i

2
(q0 − q3)(1 − cos θ)

(q0 − q cos α)3

]⎛⎝ D2

−2DB
B2

⎞⎠ , (2.20)

£¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö μ¡μ§´ Î¥´¨¥

D =
1
24

(
mi

me

)2
m2

i

(q0 − q cos α)2
,

¢¥²¨Î¨´  B ¡Ò²  μ¶·¥¤¥²¥´  ¢ (2.16) (³Ò ¸Î¨É ¥³, ÎÉμ B � B(0), É. ¥. ¸² £ ¥-
³μ¥ B(1) Ö¢²Ö¥É¸Ö ³ ²μ° ¶μ¶· ¢±μ° ± B(0)); q0 ¨ q Å Ô´¥·£¨Ö ¨ ¨³¶Ê²Ó¸
´ Î ²Ó´μ£μ ´¥°É·¨´μ, q3 = q cos ψ, μ¸É ²Ó´Ò¥ μ¡μ§´ Î¥´¨Ö μ¶·¥¤¥²ÖÕÉ¸Ö
Ëμ·³Ê² ³¨ (2.15)Ä(2.17),   ³ ¸¸  ±μ´¥Î´μ£μ ´¥°É·¨´μ ¸Î¨É ¥É¸Ö ¶·¥´¥¡·¥-
¦¨³μ ³ ²μ° ¶μ ¸· ¢´¥´¨Õ ¸ ³ ¸¸μ° ´ Î ²Ó´μ£μ ´¥°É·¨´μ (mi � mj).

�·¨ ±μ´¥Î´μ° ¶²μÉ´μ¸É¨ ¸·¥¤Ò μ¸´μ¢´μ° ¢±² ¤ ¢ ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ 

¤ ¥É ¶² §³¥´´ Ö  ³¶²¨ÉÊ¤  S
(2)
ij (¸³. (2.19), (2.20), ¨´É¥·Ë¥·¥´Í¨μ´´Ò° Î²¥´

¤ ¥É ²¨ÏÓ ³ ²ÊÕ ¶μ¶· ¢±Ê ∼ (mi/me)2). ‚ ÔÉμ³ ¸²ÊÎ ¥, ¶μ² £ Ö, ÎÉμ ´¥°-
É·¨´μ ¤¢¨¦¥É¸Ö ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ´ ¶· ¢²¥´¨Õ ³ £´¨É´μ£μ ¶μ²Ö, ¶μ²ÊÎ ¥³
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¸²¥¤ÊÕÐ¥¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶μ²´μ° ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  [62]:

w2 = w0

{
v2

F ε

4(ε2 − γ−2
F )3

[4ε6 − 12(v2
F + 1)ε4+

+ γ−2
F (v2

F + 9)ε2 − γ−4
F ] − v2

F

8(ε2 − γ−2
F )7/2

×

× [16v2
F ε6 + 2γ−4

F ε4 − γ−6
F ε2 − γ−6

F ] ln

⎡⎣ε −
√

ε2 − γ−2
F

ε +
√

ε2 − γ−2
F

⎤⎦}, (2.21)

¶·¨Î¥³ §¤¥¸Ó

ε =
q0

mi
, w0 =

(eH)2(eGF )2

(2π)5
|UieU

∗
je|2mi, (2.22)

  Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ² μ ¶μ²´μ¸ÉÓÕ ¢Ò·μ¦¤¥´´μ£μ § ³ £´¨Î¥´´μ£μ Ô²¥±-
É·μ´´μ£μ £ §  ¸¢Ö§ ´ ¸ ¶²μÉ´μ¸ÉÓÕ n Ô²¥±É·μ´μ¢ ¸·¥¤Ò ¸μμÉ´μÏ¥´¨¥³

n =
eH

2π2

√
μ2 − m2

e. (2.23)

‚ ¸²ÊÎ ¥ ¸¨²Ó´μ · §·¥¦¥´´μ£μ Ô²¥±É·μ´´μ£μ £ §  ¶·¨ Ê¸²μ¢¨¨ vF �
(q0/me)2 � 1 ¶μ²´ Ö ¢¥·μÖÉ´μ¸ÉÓ ´ Ï¥£μ ¶·μÍ¥¸¸  ¶¥·¥Ìμ¤¨É ¢ ¢¥·μÖÉ´μ¸ÉÓ
· ¸¶ ¤  ¢ ¸¨²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥ ¡¥§ ¸·¥¤Ò. �·¨¢¥¤¥³ ¤²Ö ÔÉμ£μ ¸²ÊÎ Ö
·¥§Ê²ÓÉ É ¨´É¥£·¨·μ¢ ´¨Ö ¢ Ëμ·³Ê²¥ (2.20) ¶·¨ ¶·μ¨§¢μ²Ó´μ³ ´ ¶· ¢²¥´¨¨
´ Î ²Ó´μ£μ ¤¢¨¦¥´¨Ö ´¥°É·¨´μ [62]:

w1 =
w0

1080

(
mi

me

)4

{2ε5 sin6 ψ + 3ε3 sin4 ψ (2 cos2 ψ + 1)+

+ 3ε sin2 ψ (cos2 ψ(2 cos2 ψ + 1) − sin2 ψ)+

+ ε−1 cos2 ψ(2 cos4 ψ − 3 sin2 ψ)}, (2.24)

£¤¥ ψ Å Ê£μ² ³¥¦¤Ê ¨³¶Ê²Ó¸μ³ ´ Î ²Ó´μ£μ ´¥°É·¨´μ ¨ ´ ¶· ¢²¥´¨¥³ ³ £-
´¨É´μ£μ ¶μ²Ö, ¤·Ê£¨¥ μ¡μ§´ Î¥´¨Ö Å É ±¨¥ ¦¥, ± ± ¢ Ëμ·³Ê²¥ (2.21).

3. ��…„…‹œ�›… ‘‹“—�ˆ ˆ ��‘“†„…�ˆ… �…‡“‹œ’�’�‚

3.1. �μ²¥¢μ° ¢±² ¤ ¢ ¶μ²´ÊÕ ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ . ˆ§ ´ Ï¥° Ëμ·-
³Ê²Ò (2.24) ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐ¨¥ ¶·¨¡²¨¦¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¢¥-
·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢ ¸¨²Ó´μ³ ³ £´¨É´μ³ ¶μ²¥ ¢ ¸²ÊÎ ÖÌ ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ
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(q0/mi → 1) ¨ ·¥²ÖÉ¨¢¨¸É¸±μ£μ (q0/mi � 1) ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ ´¥°É·¨´μ:

w1 � w0

⎧⎪⎪⎪⎨⎪⎪⎪⎩
1

540

(
mi

me

)4

, ¥¸²¨
q0

mi
→ 1,

1
540

(
q0

me

)4
q0

mi
sin6 ψ, ¥¸²¨

q0

mi
� 1,

(3.1)

£¤¥ w0 μ¶·¥¤¥²¥´μ ¢ÒÏ¥ ¢ Ëμ·³Ê²¥ (2.21). „ ´´Ò° ·¥§Ê²ÓÉ É ¶μ²´μ¸ÉÓÕ ¸μ-
¢¶ ¤ ¥É (¢ ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¶·¥¤¥² Ì) ¸ ·¥§Ê²ÓÉ É ³¨ [28,31,33],   É ±¦¥ [34].

3.2. ‚±² ¤ ¸·¥¤Ò ¢ ¶μ²´ÊÕ ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤ . …¸²¨ ´ Î ²Ó´μ¥ ´¥°-
É·¨´μ ´¥·¥²ÖÉ¨¢¨¸É¸±μ¥ (q0/mi → 1), Éμ ¢ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥ ´¥·¥²ÖÉ¨-
¢¨¸É¸±μ£μ (vF = 1 − γ−2

F � 1) Ô²¥±É·μ´´μ£μ £ §  ´ Ìμ¤¨³ ¸²¥¤ÊÕÐ¥¥ ¶·¨-
¡²¨¦¥´´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢ § ³ £´¨Î¥´´μ° ¸·¥¤¥ (¸³.
É ±¦¥ [56]):

w2 � w0
16
15

v2
F , ¥¸²¨

q0

mi
→ 1, vF � 1. (3.2)

‘ Ê¢¥²¨Î¥´¨¥³ Ô´¥·£¨¨ · ¸¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ ´ Î¨´ ¥É ¸ÊÐ¥¸É¢¥´-
´Ò³ μ¡· §μ³ ¶·μÖ¢²ÖÉÓ¸Ö § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¶·μÍ¥¸¸  μÉ Ê£²  ψ ³¥¦¤Ê
¨³¶Ê²Ó¸μ³ ´¥°É·¨´μ ¨ ´ ¶· ¢²¥´¨¥³ ³ £´¨É´μ£μ ¶μ²Ö. ‚ ¶·¥¤¥²Ó´μ³ ¸²ÊÎ ¥
·¥²ÖÉ¨¢¨¸É¸±μ£μ ´¥°É·¨´μ ¨³¥¥³ [62]:

w2 � w0
q0

mi

v2
F sin6 ψ

(1 − v2
F cos2ψ)2

, ¥¸²¨
q0

mi
� 1. (3.3)

‚ ¤μ¶μ²´¥´¨¥ ¶·¨¢¥¤¥³ É ±¦¥ ¶·¨¡²¨¦¥´´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö ¨´É¥·Ë¥-
·¥´Í¨μ´´μ£μ ¢±² ¤  ¢ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸ 

w12 � −w0
4
45

(
mi

me

)2

vF , ¥¸²¨ vF � 1,
q0

mi
→ 1, (3.4)

w12 � −w0
1
18

(
q0

me

)2
q0

mi

vF sin6 ψ

(1 − v2
F cos2ψ)

, ¥¸²¨
q0

mi
� 1, (3.5)

±μÉμ·Ò¥ ¸²¥¤ÊÕÉ ¨§ μ¡Ð¨Ì Ëμ·³Ê² (2.19), (2.20). ‡ ³¥É¨³, ÎÉμ ¢Ò· ¦¥-
´¨Ö (3.3) ¨ (3.5) ¸¶· ¢¥¤²¨¢Ò ± ± ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ, É ± ¨ ¤²Ö ¸² ¡μ·¥-
²ÖÉ¨¢¨¸É¸±μ£μ Ô²¥±É·μ´´μ£μ £ §  (¸³. ¶. 3.4).

3.3. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¢ ¶μ²¥ ¨ ¢ ¸·¥¤¥. ‘· ¢´¥´¨¥ ·¥§Ê²ÓÉ Éμ¢,
¶μ²ÊÎ¥´´ÒÌ ¢ ¶¶. 3.1 ¨ 3.2, ¶μ± §Ò¢ ¥É, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸-
¶ ¤  ´¥°É·¨´μ ¢ ³ £´¨É´μ³ ¶μ²¥ (¡¥§ ÊÎ¥É  ¸·¥¤Ò) μÎ¥´Ó ³ ²  ¶μ μÉ´μÏ¥-
´¨Õ ± ¢±² ¤Ê ¸·¥¤Ò (§ ³ £´¨Î¥´´μ£μ Ô²¥±É·μ´´μ£μ £ § ) ¤²Ö ¨´É¥·¥¸ÊÕÐ¨Ì
´ ¸ Ê³¥·¥´´ÒÌ Ô´¥·£¨° ´¥°É·¨´μ ∗ q0 � 2me. �μ ¸· ¢´¥´¨Õ ¸μ ¢±² ¤μ³

∗‚ ´ Ï¥° · ¡μÉ¥ [63] ¡Ò² ¸¤¥² ´ μÏ¨¡μÎ´Ò° ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ´¥°-
É·¨´μ ¢ ³ £´¨É´μ³ ¶μ²¥ ¨ ¢ ¸·¥¤¥ ¨³¥ÕÉ μ¤¨´ ±μ¢Ò° ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò.
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¸·¥¤Ò ¢Ò· ¦¥´¨¥ ¤²Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢ ¶μ²¥ ¢ ¸²ÊÎ ¥ ·¥²ÖÉ¨¢¨¸É¸±μ£μ
¤¢¨¦¥´¨Ö ´¥°É·¨´μ ¸μ¤¥·¦¨É ¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó (q0/me)4 � 1,  
¢Ò· ¦¥´¨¥ ¤²Ö ¨´É¥·Ë¥·¥´Í¨μ´´μ£μ ¢±² ¤  Å ¤μ¶μ²´¨É¥²Ó´Ò° ³´μ¦¨É¥²Ó
(q0/me)2 � 1. ‘μ¡¸É¢¥´´μ ¶μ²¥¢Ò¥ ÔËË¥±ÉÒ ³μ£ÊÉ ¶·μÖ¢¨ÉÓ¸Ö ²¨ÏÓ ¢ μÎ¥´Ó
· §·¥¦¥´´μ° ¸·¥¤¥ (Ô²¥±É·μ´´μ³ £ §¥) ¶·¨ Ê¸²μ¢¨¨, ÎÉμ

v2
F = 1 − γ−2

F = 1 −
(

me

μ

)2

�
(

q0

me

)4

� 1.

‘ ·μ¸Éμ³ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² , ± ± ¢¨¤´μ, ¤ ´´μ¥ Ê¸²μ¢¨¥ μÎ¥´Ó ¡Ò-
¸É·μ ´ ·ÊÏ ¥É¸Ö. �μÔÉμ³Ê ¢ Ï¨·μ±μ° μ¡² ¸É¨ §´ Î¥´¨° Ì¨³¨Î¥¸±μ£μ ¶μ-
É¥´Í¨ ²  μ, É. ¥. ±μ£¤  1 − γ−2

F � (q0/me)4, ¢±² ¤ ¸·¥¤Ò ¢¥¸Ó³  ¸ÊÐ¥-
¸É¢¥´´μ ¶·¥¢ÒÏ ¥É Î¨¸Éμ ¶μ²¥¢μ° ¢±² ¤. �Éμ ¸μ¢¥·Ï¥´´μ ´ £²Ö¤´μ ¢¨¤´μ
¨§ ·¨¸. 2, £¤¥ ¤²Ö ¸· ¢´¥´¨Ö ¶·¨¢¥¤¥´Ò § ¢¨¸¨³μ¸É¨ μÉ Ô´¥·£¨¨ ´¥°É·¨´μ
¶μ²´μ° ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  (¸¶²μÏ´ Ö ²¨´¨Ö) ¨ ¶μ²¥¢μ£μ ¢±² ¤  (ÏÉ·¨Ìμ¢ Ö
²¨´¨Ö).

‡ ³¥É¨³, ÎÉμ ´ ²¨Î¨¥ ¸·¥¤Ò ³μ¦¥É Ê¸¨²¨¢ ÉÓ · ¸¶ ¤ É ±¦¥ ¨ ´¥·¥²ÖÉ¨-
¢¨¸É¸±¨Ì ´¥°É·¨´μ: ¨³¥¥É ³¥¸Éμ ²μ£ ·¨Ë³¨Î¥¸±¨° ·μ¸É ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤ 
¤²Ö ´¥°É·¨´μ ¸ q0/mi ∼ 1 (¸³. (2.21)), ¨ ÔÉμ ´ £²Ö¤´μ ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 3.
„ ´´μ¥ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ³μ¦¥É μ± § ÉÓ¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¤²Ö ¨¸¸²¥¤μ¢ ´¨Ö É¥³-
´μ° ³ É¥·¨¨ (¸³. · §¤. 4).

�¨¸. 2. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ · ¸-
¶ ¤  μÉ Ô´¥·£¨¨ ´ Î ²Ó´μ£μ ´¥°É·¨´μ
(¸¶²μÏ´ Ö ²¨´¨Ö Å ¶μ²´ Ö ¢¥·μÖÉ´μ¸ÉÓ,
ÏÉ·¨Ìμ¢ Ö Å ¢±² ¤ ¶μ²Ö, mi/me =
10−1, μ/me = 1, 2, ψ = π/2)

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ · ¸-
¶ ¤  μÉ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  Ô²¥±-
É·μ´´μ£μ £ §  (¸¶²μÏ´ Ö ²¨´¨Ö Å
p/mi = 10−3, ÏÉ·¨Ìμ¢ Ö Å p/mi = 1,
ÏÉ·¨Ì¶Ê´±É¨·´ Ö Å p/mi = 3, p Å
¨³¶Ê²Ó¸ ´¥°É·¨´μ, mi/me = 10−1,
ψ = π/2)
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�¥¶μ¸·¥¤¸É¢¥´´μ¥ ¸· ¢´¥´¨¥ ¢¥·μÖÉ´μ¸É¥° · ¸¶ ¤  ´¥°É·¨´μ ¢ § ³ £´¨-
Î¥´´μ³ ·¥²ÖÉ¨¢¨¸É¸±μ³ £ §¥ ¨ ¢ ¶μ²¥ ¶·¨¢μ¤¨É ± ¸²¥¤ÊÕÐ¨³ μÉ´μÏ¥´¨Ö³
(¸μμÉ¢¥É¸É¢¥´´μ ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨Ì ¨ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ´¥°É·¨´μ):

w ¸·¥¤  + ¶μ²¥

w ¶μ²¥

∣∣∣∣
q0/mi→1,

� 3,6 · 1013 v2
F

(
1 ±Ô‚

mi

)4

,

w ¸·¥¤  + ¶μ²¥

w ¶μ²¥

∣∣∣∣
q0/mi�1,

� 3,4 · 1013 v2
F

(
1 ±Ô‚

q0

)4

,

±μÉμ·Ò¥ ¸¶· ¢¥¤²¨¢Ò ¶·¨ Ê¸²μ¢¨¨, ÎÉμ (q0/me)2 � vF � 1. �É¨ ¢Ò· ¦¥´¨Ö
¨ ¶μ¤É¢¥·¦¤ ÕÉ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ´¥°É·¨´μ ¢ ³ £´¨É´μ³
¶μ²¥ ¸¨²Ó´μ Ê¢¥²¨Î¨¢ ¥É¸Ö ¶·¨ ÊÎ¥É¥ ¢²¨Ö´¨Ö ¸·¥¤Ò.

�μ¤¢μ¤Ö μ¡Ð¨° ¨Éμ£, § ³¥É¨³, ÎÉμ ´ Ï¨ ¢Ò¢μ¤Ò μ ¸ÊÐ¥¸É¢¥´´μ³ ·μ¸É¥
¢¥·μÖÉ´μ¸É¨ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ´¥°É·¨´μ ¢ ¸·¥¤¥ ¶·¨ q0 � 2me μÉ²¨-
Î ÕÉ¸Ö μÉ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ [57], ¢ ±μÉμ·μ° ¡Ò² ¸¤¥² ´ ¢Ò¢μ¤ μ Éμ³, ÎÉμ
¢ ¸²ÊÎ ¥ ¢Ò¸μ±¨Ì Ô´¥·£¨° ´¥°É·¨´μ (q0 � 2me) ÔËË¥±ÉÒ ¸·¥¤Ò Ê³¥´ÓÏ ÕÉ
¢¥·μÖÉ´μ¸ÉÓ · ¸¶ ¤  ¢ ³ £´¨É´μ³ ¶μ²¥.

‚ § ±²ÕÎ¥´¨¥ ¸· ¢´¨³ ·¥§Ê²ÓÉ ÉÒ (3.2), (3.3) ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¨³¨ Ëμ·-
³Ê² ³¨, ¶μ²ÊÎ¥´´Ò³¨ ¢ [43Ä45], £¤¥ ¨§ÊÎ ²¸Ö · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ´¥°É·¨´μ
¢ ¸·¥¤¥ ¢ μÉ¸ÊÉ¸É¢¨¥ ³ £´¨É´μ£μ ¶μ²Ö (¸³. Ëμ·³Ê²Ê (1.3)). “Î¨ÉÒ¢ Ö ¶μ¢¥-
¤¥´¨¥ ËÊ´±Í¨¨ F (v) ¤²Ö ³ ²ÒÌ ¨ ¡μ²ÓÏ¨Ì ¸±μ·μ¸É¥° ¤¢¨¦¥´¨Ö ´ Î ²Ó´μ£μ
´¥°É·¨´μ, Ëμ·³Ê²Ê (1.3) ¤²Ö ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤  ´¥°É·¨´μ ¢ ¸²ÊÎ ¥ ´¥·¥²Ö-
É¨¢¨¸É¸±μ° ¢Ò·μ¦¤¥´´μ° ¶² §³Ò §¢¥§¤ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

w
¸·¥¤ 
NR = αG2

F

min
2

2m2
e

|U∗
ieUje|2

⎧⎪⎨⎪⎩
1, ¥¸²¨

q0

mi
→ 1,

4
mi

q0
ln

q0

mi
, ¥¸²¨

q0

mi
� 1.

(3.6)

�·μ¢μ¤Ö ¸· ¢´¥´¨¥ Ëμ·³Ê²Ò (3.6) ¸ ´ Ï¨³¨ ·¥§Ê²ÓÉ É ³¨ (3.2), (3.3), ÊÎ¨ÉÒ-
¢ Ö É ±¦¥ (2.23), ¶·¨Ìμ¤¨³ ± ¸²¥¤ÊÕÐ¨³ ¢Ò¢μ¤ ³. ‚ ¸²ÊÎ ¥ ´¥·¥²ÖÉ¨¢¨¸É-
¸±μ£μ ´¥°É·¨´μ ¢¥·μÖÉ´μ¸É¨ (3.6) ¨ (3.2) ¨³¥ÕÉ μ¤¨´ ¶μ·Ö¤μ± ¢¥²¨Î¨´Ò. „²Ö
·¥²ÖÉ¨¢¨¸É¸±μ£μ ´¥°É·¨´μ (¶·¨ Ê¸²μ¢¨¨ mi � q0 � 2me) ¡Ê¤¥³ ¨³¥ÉÓ

w ¸·¥¤  + ¶μ²¥
NR

w ¸·¥¤ 
NR

�
(

q0

mi

)2(
ln

q0

mi

)−1

� 1. (3.7)

’ ±¨³ μ¡· §μ³, ¢ μ¡² ¸É¨ Ê³¥·¥´´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ ·¥²ÖÉ¨¢¨¸É¸±μ£μ
´¥°É·¨´μ ¨ ¢ ¸²ÊÎ ¥ ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ Ô²¥±É·μ´´μ£μ £ §  ¢¥·μÖÉ´μ¸ÉÓ · ¸-
¶ ¤  ³ ¸¸¨¢´μ£μ ´¥°É·¨´μ ¢ ¸·¥¤¥ ¸ÊÐ¥¸É¢¥´´μ ¢μ§· ¸É ¥É ¶·¨ ¢±²ÕÎ¥´¨¨
¸¨²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö.
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3.4. �² §³¥´´ Ö Î ¸ÉμÉ . ‡ ³¥É¨³, ÎÉμ ¶·¨ ¨´É¥£·¨·μ¢ ´¨¨ ¶μ Ë §μ¢μ³Ê
μ¡Ñ¥³Ê ¢ (2.20) ³Ò ´¥ ÊÎ¨ÉÒ¢ ²¨ ¤¨¸¶¥·¸¨Õ ËμÉμ´  (¶² §³μ´ ) ¢ § ³ £´¨Î¥´-
´μ° ¶² §³¥, ±μÉμ· Ö ³μ£²  ¡Ò ¶μ¢²¨ÖÉÓ ´  ±¨´¥³ É¨±Ê · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤ 
´¥°É·¨´μ.

“Î¥É ¤¨¸¶¥·¸¨¨ ËμÉμ´  ¢ ³ £´¨É´μ³ ¶μ²¥ ¶·¨¢μ¤¨É ± Éμ³Ê, ÎÉμ μ± §Ò¢ -
ÕÉ¸Ö ¢μ§³μ¦´Ò³¨ É ±¨¥ ¶·μÍ¥¸¸Ò, ± ± ¨§²ÊÎ¥´¨¥ ËμÉμ´  ¡¥§³ ¸¸μ¢Ò³ ´¥°-
É·¨´μ ¢ ³ £´¨É´μ³ ¶μ²¥ [34,38],   É ±¦¥ · ¸Ð¥¶²¥´¨¥ ËμÉμ´  ´  ¤¢  ËμÉμ´ 
¢ ³ £´¨É´μ³ ¶μ²¥ [36,64]. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¥¸²¨ μ± ¦¥É¸Ö, ÎÉμ ¶² §³¥´´ Ö
Î ¸ÉμÉ  ¡μ²ÓÏ¥ ³ ¸¸Ò · ¸¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ, Éμ · ¸¶ ¤ νi → νj +γ ¡Ê¤¥É
±¨´¥³ É¨Î¥¸±¨ § ¶·¥Ð¥´.

�² §³¥´´ Ö Î ¸ÉμÉ  ´ Ìμ¤¨É¸Ö ¨§ Ê· ¢´¥´¨Ö ¤¨¸¶¥·¸¨¨ ËμÉμ´  ¢ Ô²¥±É·μ´-
¶μ§¨É·μ´´μ° ¶² §³¥ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö

k2
0 − k2 = κj ,

£¤¥ κj (j = 1, 2, 3) Å ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¶μ²Ö·¨§ Í¨μ´´μ£μ μ¶¥· Éμ·  [37,
65, 66]. ‚ · ¸¸³ É·¨¢ ¥³μ³ ´ ³¨ ¸²ÊÎ ¥ ¢Ò·μ¦¤¥´´μ£μ Ô²¥±É·μ´´μ£μ £ § ,
±μ£¤  ¢Ò¶μ²´¥´μ Ê¸²μ¢¨¥ (1.6),   É ±¦¥ ¸Î¨É ¥É¸Ö, ÎÉμ k2

⊥ � 4m2
e, ¨§ μ¡Ð¨Ì

Ëμ·³Ê² · ¡μÉ [37,65,66] ´ Ìμ¤¨³ ±¢ ¤· É ¶² §³¥´´μ° Î ¸ÉμÉÒ:

ω2
p = k2

0

∣∣∣∣
k=0

=
2α (eH)

π

pF

EF
=

2α (eH)
π

vF , (3.8)

£¤¥ α = 1/137 Å ¶μ¸ÉμÖ´´ Ö Éμ´±μ° ¸É·Ê±ÉÊ·Ò.
�·¨ ´ ²¨Î¨¨ ´¥´Ê²¥¢μ° ¶² §³¥´´μ° Î ¸ÉμÉÒ (³ ¸¸Ò ¶² §³μ´ ) ³μ¤¨Ë¨-

Í¨·Ê¥É¸Ö §´ Î¥´¨¥ Î ¸ÉμÉÒ ¨¸¶Ê¸± ¥³ÒÌ ËμÉμ´μ¢ (¶² §³μ´μ¢),   É ±¦¥ ¨Ì
Ê£²μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥: Ê£μ² ¢Ò²¥É  ¶² §³μ´μ¢ α (¸³. (2.17)) μÉ´μ¸¨É¥²Ó´μ
¨³¶Ê²Ó¸  ´ Î ²Ó´μ£μ ´¥°É·¨´μ É¥¶¥·Ó μ£· ´¨Î¥´ ¸μμÉ´μÏ¥´¨¥³

sin α �
m2

i − ω2
p

2qωp
,

£¤¥ q Å ¨³¶Ê²Ó¸ ´ Î ²Ó´μ£μ ´¥°É·¨´μ. ‚ Í¥²μ³ ¢¥·μÖÉ´μ¸ÉÓ · ¸¸³ É·¨¢ ¥-
³μ£μ ¶·μÍ¥¸¸  ¤¥³μ´¸É·¨·Ê¥É Ì · ±É¥·´μ¥ ¶μ·μ£μ¢μ¥ ¶μ¢¥¤¥´¨¥, É. ¥. ¶·μÍ¥¸¸
μ± §Ò¢ ¥É¸Ö · §·¥Ï¥´ Éμ²Ó±μ ¶·¨ Ê¸²μ¢¨¨, ÎÉμ m2

i > ω2
p. �¤´ ±μ, ¥¸²¨ ¶·¥¤-

¶μ²μ¦¨ÉÓ, ÎÉμ
m2

i � ω2
p, (3.9)

Éμ ¢¸¥ ´ Ï¨ ¢Ò· ¦¥´¨Ö ¤²Ö ¶μ²´μ° ¢¥·μÖÉ´μ¸É¨ · ¸¶ ¤ , ¶μ²ÊÎ¥´´Ò¥ ¢ · §¤. 2
¨ 3, μ¸É ´ÊÉ¸Ö ¢ ¸¨²¥.

‡¤¥¸Ó ´¥μ¡Ìμ¤¨³μ § ³¥É¨ÉÓ, ÎÉμ ¢ μ¸´μ¢´μ³ ´ Ï¨ ·¥§Ê²ÓÉ ÉÒ ¶·¨³¥´¨³Ò
¤²Ö ¸²ÊÎ Ö ´¥·¥²ÖÉ¨¢¨¸É¸±μ° ¶² §³Ò §¢¥§¤. ‚ ¸ ³μ³ ¤¥²¥, ¶μ² £ Ö ¤²Ö μÍ¥´μ±,
ÎÉμ H/H0 � 1 ¨ vF � 0,01, ¨§ Ëμ·³Ê²Ò (3.8) ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ, ÎÉμ ¶² §-
³¥´´ Ö Î ¸ÉμÉ  · ¢´  ωp � 3,5 ±Ô‚. ’ ±¨³ μ¡· §μ³, ¤²Ö ´¥°É·¨´μ ¸ ³ ¸¸μ°
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¶μ·Ö¤±  10 ±Ô‚ Ê¸²μ¢¨¥ (3.9) ¤¥°¸É¢¨É¥²Ó´μ ¢Ò¶μ²´Ö¥É¸Ö ¢ ¶·¥¤¥²¥ ´¥·¥²ÖÉ¨-
¢¨¸É¸±μ° ¶² §³Ò. ’¥³ ´¥ ³¥´¥¥ ¸μμÉ´μÏ¥´¨¥ (3.9) ³μ¦¥É É ±¦¥ ¢Ò¶μ²´ÖÉÓ¸Ö
¨ ¤²Ö ¸² ¡μ·¥²ÖÉ¨¢¨¸É¸±μ£μ Ô²¥±É·μ´´μ£μ £ § . „¥²μ ¢ Éμ³, ÎÉμ ¢³¥¸Éμ (2.9)
³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ê¸²μ¢¨¥

q2
0 � 2eH � 2m2

e, (3.10)

¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢¥´´Ò° ¢±² ¤ ¢ ¢¥·μÖÉ´μ¸ÉÓ ¶·μÍ¥¸¸  ¡Ê¤ÊÉ É ±¦¥
¤ ¢ ÉÓ ¢¨·ÉÊ ²Ó´Ò¥ Ô²¥±É·μ´Ò ¸ ´Ê²¥¢Ò³ £² ¢´Ò³ ±¢ ´Éμ¢Ò³ Î¨¸²μ³. ˆ³¥Ö ¢
¢¨¤Ê Ê¸²μ¢¨¥ (3.10) ¨ ¶·¥¤¶μ² £ Ö, ´ ¶·¨³¥·, ÎÉμ H/H0 � 0,22 ¨ vF � 0,16,
¶μ²ÊÎ ¥³ ¨§ ¢Ò· ¦¥´¨Ö (3.8), ÎÉμ ¶² §³¥´´ Ö Î ¸ÉμÉ  · ¢´  ωp � 6 ±Ô‚. �Éμ
μ§´ Î ¥É, ÎÉμ ¸μμÉ´μÏ¥´¨¥ (3.9) ¡Ê¤¥É ¸¶· ¢¥¤²¨¢Ò³ ¤²Ö ´¥°É·¨´μ ¸ ³ ¸¸μ°
¶μ·Ö¤±  20 ±Ô‚.

�μ¤¢μ¤Ö μ¡Ð¨° ¨Éμ£, § ³¥É¨³, ÎÉμ ·¥§Ê²ÓÉ ÉÒ, ¶μ²ÊÎ¥´´Ò¥ ¢ ¤ ´´μ³ · §-
¤¥²¥, ¶·¨³¥´¨³Ò ± ± ¤²Ö ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ, É ± ¨ ¤²Ö ¸² ¡μ·¥²ÖÉ¨¢¨¸É¸±μ£μ
Ô²¥±É·μ´´μ£μ £ §  (¢ ¸²ÊÎ ¥, ¥¸²¨ Ê¸²μ¢¨Ö (2.8) ¨ (3.10) ¢Ò¶μ²´ÖÕÉ¸Ö μ¤´μ-
¢·¥³¥´´μ).

4. ��„ˆ�–ˆ���›‰ ��‘��„ ‘’…�ˆ‹œ�›• �…‰’�ˆ��
‚ ‡�Œ�ƒ�ˆ—…���Œ 	‹…Š’�����Œ ƒ�‡…

‚ · §²¨Î´ÒÌ ¸μ¢·¥³¥´´ÒÌ ¨¸¸²¥¤μ¢ ´¨ÖÌ ¶μ ±μ¸³μ²μ£¨¨ ¨ Ë¨§¨±¥ ¸¢¥·Ì-
´μ¢ÒÌ ¢Ò¸± §Ò¢ ÕÉ¸Ö ¶·¥¤¶μ²μ¦¥´¨Ö μ ¢μ§³μ¦´μ³ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ¸É¥·¨²Ó-
´ÒÌ ´¥°É·¨´μ ¸ ³ ¸¸ ³¨, · ¢´Ò³¨ ´¥¸±μ²Ó±¨³ ±Ô‚ [9, 67, 68]. ‚ ´ ¸ÉμÖ-
Ð¥¥ ¢·¥³Ö ¸É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ¸ ³ ¸¸ ³¨ ¶μ·Ö¤±  2Ä50 ±Ô‚ · ¸¸³ É·¨-
¢ ÕÉ¸Ö ± ± μ¤´¨ ¨§ ¸ ³ÒÌ ¶μ¶Ê²Ö·´ÒÌ ± ´¤¨¤ Éμ¢ ´  ·μ²Ó Î ¸É¨Í, Ëμ·-
³¨·ÊÕÐ¨Ì É¥³´ÊÕ ³ É¥·¨Õ (¸³. [7Ä9, 67, 68] ¨ ¶·¨¢¥¤¥´´Ò¥ É ³ ¸¸Ò²±¨).
‘É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ´¥ ÊÎ ¸É¢ÊÕÉ ¢ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ, ´μ, μ¡² -
¤ Ö ³ ¸¸μ°, μ´¨ ³μ£ÊÉ ¸³¥Ï¨¢ ÉÓ¸Ö ¸ μ¡ÒÎ´Ò³¨ ´¥°É·¨´μ ¸É ´¤ ·É´μ°
³μ¤¥²¨.

‚μ ³´μ£¨Ì · ¸Ï¨·¥´¨ÖÌ ¸É ´¤ ·É´μ° ³μ¤¥²¨ (¸³., ´ ¶·¨³¥·, [7Ä9]) ¢
É¥μ·¨Õ ¤μ¶μ²´¨É¥²Ó´μ ¢¢μ¤ÖÉ¸Ö ¸É¥·¨²Ó´Ò¥ μÉ´μ¸¨É¥²Ó´μ ¸² ¡ÒÌ ¢§ ¨³μ¤¥°-
¸É¢¨° ´¥°É·¨´´Ò¥ ¸¨´£²¥ÉÒ Na (a = 1, 2, . . . , n). ‘μ¸ÉμÖ´¨¥ É ±μ£μ ´¥°É·¨´μ
|Na〉, ¢μμ¡Ð¥ £μ¢μ·Ö, ´¥ Ö¢²Ö¥É¸Ö ¸μ¸ÉμÖ´¨¥³ ¸ μ¶·¥¤¥²¥´´μ° ³ ¸¸μ°. �¥°-
É·¨´´Ò¥ ¸μ¸ÉμÖ´¨Ö ¸ μ¶·¥¤¥²¥´´Ò³¨ ³ ¸¸ ³¨ ¢μ§´¨± ÕÉ ¢ ·¥§Ê²ÓÉ É¥ ¸³¥-
Ï¨¢ ´¨Ö ¸É¥·¨²Ó´μ£μ ´¥°É·¨´´μ£μ ¸¨´£²¥É  Na, ´ ¶·¨³¥·, ¸ Ô²¥±É·μ´´Ò³
´¥°É·¨´μ νe:

|ν(m)
1 〉 = cos θm|Na〉 + sin θm|νe〉,

|ν(m)
2 〉 = cos θm|νe〉 − sin θm|Na〉,
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£¤¥ θm Å ÔËË¥±É¨¢´Ò° Ê£μ² ¸³¥Ï¨¢ ´¨Ö. …¸²¨ Ê£μ² θm ³ ², Éμ ³ ¸¸μ-

¢μ¥ ¸μ¸ÉμÖ´¨¥ |ν(m)
2 〉 ¢¥¤¥É ¸¥¡Ö ¶· ±É¨Î¥¸±¨ ± ± ¸μ¸ÉμÖ´¨¥ Ô²¥±É·μ´´μ£μ

´¥°É·¨´μ. �·¨ ÔÉμ³ ³ ¸¸μ¢μ¥ ¸μ¸ÉμÖ´¨¥ |ν(m)
1 〉 μ¸É ¥É¸Ö ¶μ ¸ÊÐ¥¸É¢Ê ¸É¥-

·¨²Ó´Ò³, É. ¥. ¥£μ ¢μ§³μ¦´Ò¥ ¸² ¡Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ¤ ¢²ÖÕÉ¸Ö ³ ²Ò³
³´μ¦¨É¥²¥³ sin2 θm. ’ ±¨³ μ¡· §μ³, ¸É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ¢¸¥-É ±¨ ³μ-
£ÊÉ ¢§ ¨³μ¤¥°¸É¢μ¢ ÉÓ ¸ ¢¥Ð¥¸É¢μ³, ÌμÉÖ ¨ ¸ μÎ¥´Ó ³ ²μ° ¢¥·μÖÉ´μ¸ÉÓÕ ∼
sin2 θm [69].

�¤´¨³ ¨§ Ì · ±É¥·´ÒÌ ¶·μÖ¢²¥´¨° É ±μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö Ö¢²Ö¥É¸Ö ¢μ§-
³μ¦´Ò° · ¤¨ Í¨μ´´Ò° · ¸¶ ¤ ¸É¥·¨²Ó´μ£μ ´¥°É·¨´μ ¸ μ¡· §μ¢ ´¨¥³  ±É¨¢-
´μ£μ ´¥°É·¨´μ ¨ ·¥´É£¥´μ¢¸±μ£μ γ-±¢ ´É  [7,8,69]. ‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶μ¸²¥¤-
´¨³¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò³¨ ´ ¡²Õ¤¥´¨Ö³¨ ¢ ·¥´É£¥´μ¢¸±μ³ ¤¨ ¶ §μ´¥ ´ ¨-
¡μ²ÓÏ¨° ¨´É¥·¥¸ ¶·¥¤¸É ¢²ÖÕÉ ¸É¥·¨²Ó´Ò¥ ´¥°É·¨´μ ¸ ³ ¸¸μ° � 5 ±Ô‚ ¨
Ê£²μ³ ¸³¥Ï¨¢ ´¨Ö sin2 θm � 10−9.

‚¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ¸É¥·¨²Ó´μ£μ ´¥°É·¨´μ ¢ ¢ ±ÊÊ³¥
¨³¥¥É ¢¨¤ [22,69]

wνs→γνa =
9

256π4
αG2

F sin2 θmm5
νs

=
1

1,8 · 1021 ¸
sin2 θm

( mνs

1 ±Ô‚

)5

. (4.1)

‡ ³¥É¨³, ÎÉμ ¤ ´´ Ö ¢¥·μÖÉ´μ¸ÉÓ ¶·¥¢ÒÏ ¥É ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸-
¶ ¤  ¢ ¢ ±ÊÊ³¥, ¢ÒÎ¨¸²¥´´ÊÕ ¢ · ³± Ì ¸É ´¤ ·É´μ° ³μ¤¥²¨ (1.2), ¶μÉμ³Ê ÎÉμ
Ëμ·³Ê²  (4.1) ´¥ ¸μ¤¥·¦¨É Ë ±Éμ·  ¶μ¤ ¢²¥´¨Ö GIM (Ê ¸¨´£²¥É´ÒÌ ´¥°É·¨´μ
´¥É ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¨³ § ·Ö¦¥´´ÒÌ ²¥¶Éμ´μ¢).

� ¸¸³μÉ·¨³ ¢¥·μÖÉ´μ¸ÉÓ ¤ ´´μ£μ · ¸¶ ¤  ¢ § ³ £´¨Î¥´´μ³ Ô²¥±É·μ´´μ³
£ §¥. ‘É¥·¨²Ó´Ò¥ ´¥°É·¨´μ Ö¢²ÖÕÉ¸Ö ´¥·¥²ÖÉ¨¢¨¸É¸±¨³¨, ¨ ¶μÔÉμ³Ê ´¥μ¡Ìμ-
¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ Ëμ·³Ê²Ê (3.2) ¤²Ö ¸²ÊÎ Ö ´¥·¥²ÖÉ¨¢¨¸É¸±μ£μ Ô²¥±É·μ´´μ£μ
£ § . 	Ê¤¥³ ¸Î¨É ÉÓ, ÎÉμ H/H0 � 1, mνs = 5 ±Ô‚, Éμ£¤  ¨§ Ê¸²μ¢¨Ö (3.9) ¸
ÊÎ¥Éμ³ (3.8) ³Ò ¶μ²ÊÎ¨³, ÎÉμ vF � 2 ·10−3 (ÔÉμ μÉ¢¥Î ¥É ¶²μÉ´μ¸É¨ Ô²¥±É·μ´-
´μ£μ £ §  ¶μ·Ö¤±  1,8 ·1028 ¸³−3, Ì · ±É¥·´μ° ¤²Ö ¢´¥Ï´¥° ±μ·Ò ´¥°É·μ´´μ°
§¢¥§¤Ò). ‚ ¨Éμ£¥ ¤²Ö μÉ´μÏ¥´¨Ö ¢¥·μÖÉ´μ¸É¥° ´ Ìμ¤¨³:

w ¶μ²¥ + ¸·¥¤ 
νs→ γνa

w ¢ ±ÊÊ³
νs→ γνa

= 1,5 · 103.

„²Ö £¨¶μÉ¥É¨Î¥¸±μ£μ ¸É¥·¨²Ó´μ£μ ´¥°É·¨´μ ¸ ³ ¸¸μ° mνs = 50 ±Ô‚, ¶·¥¤¶μ-
² £ Ö, ÎÉμ H/H0 � 0,3, ³Ò ¶μ²ÊÎ ¥³, ÎÉμ μÉ´μÏ¥´¨¥ ¢¥·μÖÉ´μ¸É¥° · ¢´μ
1,6 · 103. ‚ ÔÉμ³ ¸²ÊÎ ¥ Ô²¥±É·μ´´Ò° £ § Ö¢²Ö¥É¸Ö ¸² ¡μ·¥²ÖÉ¨¢¨¸É¸±¨³
(vF � 0,6, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É ¶²μÉ´μ¸É¨ £ § , · ¢´μ° � 2 · 1029 ¸³−3), ¨
¤²Ö Î¨¸²¥´´ÒÌ μÍ¥´μ± ´¥μ¡Ìμ¤¨³μ ¶·¨³¥´¨ÉÓ Ëμ·³Ê²Ê (2.21).

’ ±¨³ μ¡· §μ³, ´ ²¨Î¨¥ § ³ £´¨Î¥´´μ£μ Ô²¥±É·μ´´μ£μ £ §  ³μ¦¥É ¸ÊÐ¥-
¸É¢¥´´μ (¶·¨¡²¨§¨É¥²Ó´μ ´  É·¨ ¶μ·Ö¤± ) Ê¢¥²¨Î¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´-
´μ£μ · ¸¶ ¤  ¸É¥·¨²Ó´μ£μ ´¥°É·¨´μ.
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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò ¶·μ¢¥²¨ ¨¸¸²¥¤μ¢ ´¨¥ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤ 
³ ¸¸¨¢´μ£μ ´¥°É·¨´μ ¢ ¢Ò·μ¦¤¥´´μ° § ³ £´¨Î¥´´μ° ¶² §³¥ ¢ · ³± Ì ¸É ´-
¤ ·É´μ° ³μ¤¥²¨ Ô²¥±É·μ¸² ¡ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¸μ ¸³¥Ï¨¢ ´¨¥³ ´¥°É·¨´μ ¢
μ¡² ¸É¨ Ê³¥·¥´´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨ · ¸¶ ¤ ÕÐ¥£μ¸Ö ´¥°É·¨´μ q0 � 2me.

�μ± § ´μ, ÎÉμ ´ ²¨Î¨¥ ¸·¥¤Ò ¶·¨¢μ¤¨É ± ¸ÊÐ¥¸É¢¥´´μ³Ê Ê¢¥²¨Î¥´¨Õ ¢¥-
·μÖÉ´μ¸É¨ · ¸¶ ¤  ¢ ³ £´¨É´μ³ ¶μ²¥ ± ± ·¥²ÖÉ¨¢¨¸É¸±¨Ì, É ± ¨ ´¥·¥²ÖÉ¨-
¢¨¸É¸±¨Ì ´¥°É·¨´μ. ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¶·¨¸ÊÉ¸É¢¨¥ ¨´É¥´¸¨¢´μ£μ ¢´¥Ï´¥£μ
³ £´¨É´μ£μ ¶μ²Ö Ê¢¥²¨Î¨¢ ¥É ¢¥·μÖÉ´μ¸ÉÓ · ¤¨ Í¨μ´´μ£μ · ¸¶ ¤  ´¥°É·¨´μ
¢ ¸·¥¤¥. �μÔÉμ³Ê ¤²Ö ¶·μ¢¥¤¥´¨Ö ±μ··¥±É´μ£μ  ´ ²¨§  Ö¢²¥´¨°, ¶·μ¨¸Ìμ¤Ö-
Ð¨Ì ¢ · §²¨Î´ÒÌ  ¸É·μË¨§¨Î¥¸±¨Ì Ê¸²μ¢¨ÖÌ, ¶·¨´Í¨¶¨ ²Ó´μ¥ §´ Î¥´¨¥ ¶·¨-
μ¡·¥É ¥É ´¥μ¡Ìμ¤¨³μ¸ÉÓ μ¤´μ¢·¥³¥´´μ£μ ÊÎ¥É  ¢²¨Ö´¨Ö ¸·¥¤Ò ¨ ¨´É¥´¸¨¢´μ£μ
¢´¥Ï´¥£μ ¶μ²Ö.

�·¨¸ÊÉ¸É¢¨¥ ¸¨²Ó´μ£μ ³ £´¨É´μ£μ ¶μ²Ö H � H0 = m2
ec

3/ e� = 4,41 ×
1013 ƒ¸ ¨ ¢Ò·μ¦¤¥´´μ£μ Ô²¥±É·μ´´μ£μ £ §  ¸ ¶²μÉ´μ¸ÉÓÕ, Ì · ±É¥·´μ° ¤²Ö
¢´¥Ï´¥° ±μ·Ò ´¥°É·μ´´μ° §¢¥§¤Ò, ³μ¦¥É Ê¢¥²¨Î¨ÉÓ ´  É·¨ ¶μ·Ö¤±  ¢¥·μÖÉ-
´μ¸ÉÓ · ¸¶ ¤  ¸É¥·¨²Ó´ÒÌ ·¥²¨±Éμ¢ÒÌ ´¥°É·¨´μ ¸ ³ ¸¸ ³¨, · ¢´Ò³¨ ´¥¸±μ²Ó-
±¨³ ±Ô‚, · ¸¸³ É·¨¢ ¥³ÒÌ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¢ ± Î¥¸É¢¥ μ¤´¨Ì ¨§ ¸ ³ÒÌ
¶μ¶Ê²Ö·´ÒÌ ± ´¤¨¤ Éμ¢ ´  ·μ²Ó Î ¸É¨Í, Ëμ·³¨·ÊÕÐ¨Ì É¥³´ÊÕ ³ É¥·¨Õ.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡μ²ÓÏÊÕ ¶·¨§´ É¥²Ó´μ¸ÉÓ �. ‚. 	μ·¨¸μ¢Ê, ‚. —.†Ê±μ¢-
¸±μ³Ê, �.ˆ. ‘ÉÊ¤¥´¨±¨´Ê ¨ �. ….˜ ¡ ¤Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö ¨ ¢´¨³ ´¨¥
± · ¡μÉ¥.
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