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�¸´μ¢´Ò¥ · ¡μÉÒ ‚. ƒ.Š ¤ÒÏ¥¢¸±μ£μ ¶μ¸¢ÖÐ¥´Ò · §¢¨É¨Õ £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤-
Ìμ¤  ± ¶μ¸É·μ¥´¨Õ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö (Š’�) ¸ μ£· ´¨Î¥´¨¥³ ¸¶¥±É·  ³ ¸¸ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í. �¥Ô·³¨Éμ¢Ò μ¶¥· Éμ·Ò, ¢μ§´¨± ÕÐ¨¥ ¢ ÔÉμ³ ¸²ÊÎ ¥, ± § ²¨¸Ó
¸¥·Ó¥§´Ò³ ¶·¥¶ÖÉ¸É¢¨¥³ ´  ¶ÊÉ¨ ¸μ§¤ ´¨Ö ¶μ¸²¥¤μ¢ É¥²Ó´μ° É¥μ·¨¨. ‚ ¶μ¸²¥¤´¨¥
£μ¤Ò ÔÉ¨ ¶·μ¡²¥³Ò Ê¸É· ´¥´Ò, ¨ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö §´ Î¨É¥²Ó´μ¥ · §¢¨É¨¥ ¶μ²ÊÎ¨²o
´ ¶· ¢²¥´¨¥ ¨¸¸²¥¤μ¢ ´¨° ¢ ¢¨¤¥ ¶¸¥¢¤μÔ·³¨Éμ¢   ²£¥¡· ¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± ¶μ¸É·μ¥-
´¨Õ ±¢ ´Éμ¢μ° É¥μ·¨¨. �¸´μ¢´μ° ¨¤¥¥° É ±¨Ì É¥μ·¨° Ö¢²Ö¥É¸Ö ¶μ¸É·μ¥´¨¥ PT -¸¨³-
³¥É·¨Î´ÒÌ ´¥Ô·³¨Éμ¢ÒÌ £ ³¨²ÓÉμ´¨ ´μ¢, ±μÉμ·Ò¥ ¨³¥ÕÉ ¢¥Ð¥¸É¢¥´´Ò¥ ¸μ¡¸É¢¥´´Ò¥
§´ Î¥´¨Ö. ‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸·¥¤¨ ³´μ£μÎ¨¸²¥´´ÒÌ · ¡μÉ ´  ÔÉÊ É¥³Ê ³μ¦´μ ¢¸É·¥-
É¨ÉÓ ´¥ Éμ²Ó±μ Î¨¸Éμ É¥μ·¥É¨Î¥¸±¨¥, ´μ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ · ¡μÉÒ, ± ±, ´ ¶·¨³¥·,
¢ ¸²ÊÎ ¥ ´¥Ô·³¨Éμ¢μ° μ¶É¨±¨. ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ³Ò ¸Î¨É ¥³, ÎÉμ · §¢¨É¨¥ ¶¸¥¢¤μÔ·³¨Éμ-
¢μ° ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° ³μ¦¥É ¸μ§¤ ÉÓ ¢¥¸Ó³ 
¡² £μ¶·¨ÖÉ´Ò¥ Ê¸²μ¢¨Ö ¤²Ö μ¡¸Ê¦¤¥´¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ° ¶·μ¢¥·±¨ É¥μ·¥É¨Î¥¸±¨Ì
·¥§Ê²ÓÉ Éμ¢, ¶μ²ÊÎ¥´´ÒÌ ¢ ÔÉμ° μ¡² ¸É¨. ‚ ¦´μ¥ ¶·¥¤¸± § ´¨¥ ¸¢μ¥° É¥μ·¨¨ Š ¤Ò-
Ï¥¢¸±¨° ¸¢Ö§Ò¢ ² ¸ £¨¶μÉ¥§μ° μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ´μ¢ÒÌ Î ¸É¨Í, ±μÉμ·Ò¥ μ´ ´ §¢ ²
®Ô±§μÉ¨Î¥¸±¨³¨ Ë¥·³¨μ´ ³¨¯. ‚ Î ¸É´μ¸É¨, ¢μ§³μ¦´μ¸ÉÓ μ¡´ ·Ê¦¥´¨Ö Ô±§μÉ¨Î¥¸±¨Ì
´¥°É·¨´μ ¢ ¶·¥Í¨§¨μ´´ÒÌ Ô±¸¶¥·¨³¥´É Ì ¶μ μ¶·¥¤¥²¥´¨Õ ³ ¸¸Ò ´¥°É·¨´μ μ¡¸Ê¦¤ -
¥É¸Ö ¢ ÔÉμ° ¸É ÉÓ¥.

As is known, the main works of V. G.Kadyshevsky are devoted to the construction
of geometric approach to the creation of quantum ˇeld theory with restriction of the
elementary particles' mass spectrum. Non-Hermitian operators arising in this case seemed
a very serious obstacle on the way of creating a consistent theory. In recent years, these
problems were rectiˇed and now we have received considerable development of these
physical researches with limiting mass using a pseudo-Hermitian algebraic approach to the
construction of a quantum theory. The central point of such theories is the construction of
PT -symmetric non-Hermitian Hamiltonians that have real eigenvalues. It is important to
note that among the numerous works on this subject we can ˇnd not only purely theoretical
but also experimental works, as, for example, in the case of non-Hermitian optics. In this
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regard, we believe that the development of pseudo-Hermitian relativistic quantum theory
with a Maximal Mass can create very favorable conditions to discuss the possibility of
experimental veriˇcation of the theoretical results obtained in this area. Kadyshevsky saw
an important prediction of his theory in the hypothesis of the existence of new particles that
he named ©the exotic fermionsª. In particular, the possibility of detecting exotic neutrino
in precise experiments for determination of neutrino mass is discussed in this article.

PACS: 02.30.Jr; 03.65.-w; 03.65.Ge; 12.10.-g; 12.20.-m

‘¢¥É²μ° ¶ ³ÖÉ¨
‚² ¤¨³¨·  ƒ¥μ·£¨¥¢¨Î  Š ¤ÒÏ¥¢¸±μ£μ
¶μ¸¢ÖÐ ¥É¸Ö

‚‚…„…�ˆ…

�  ¸¥£μ¤´ÖÏ´¨° ¤¥´Ó Ô²¥³¥´É ·´Ò³¨ ¸Î¨É ÕÉ¸Ö Î ¸É¨ÍÒ, ¸¢μ°¸É¢  ¨
¢§ ¨³μ¤¥°¸É¢¨Ö ±μÉμ·ÒÌ ³μ£ÊÉ ¡ÒÉÓ  ¤¥±¢ É´μ μ¶¨¸ ´Ò ¢ É¥·³¨´ Ì ²μ± ²Ó-
´ÒÌ ¶μ²¥°. ‚ ÔÉ¨Ì ¦¥ É¥·³¨´ Ì ³μ¦¥É ¡ÒÉÓ ¸Ëμ·³Ê²¨·μ¢ ´ ¢μ¶·μ¸: ¤μ²¦´ 
²¨ ³ ¸¸  Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¡ÒÉÓ μ£· ´¨Î¥´  ¸¢¥·ÌÊ? ˆ²¨ ¤·Ê£¨³¨ ¸²μ-
¢ ³¨: ¤μ ± ±¨Ì §´ Î¥´¨° ³ ¸¸Ò Î ¸É¨ÍÒ m ¤²Ö ¥¥ μ¶¨¸ ´¨Ö ¶·¨³¥´¨³  ±μ´-
Í¥¶Í¨Ö ²μ± ²Ó´μ£μ ¶μ²Ö? „μ ¸¨Ì ¶μ· ¸¶¥Í¨ ²Ó´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¶μ¨¸±Ê
Î ¸É¨Í ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° ´¥ ¸É ¢¨²¨¸Ó. ˆ§¢¥¸É´μ ²¨ÏÓ, ÎÉμ ¢ ‘É ´-
¤ ·É´μ° ³μ¤¥²¨ (‘Œ) ´ ¨¡μ²¥¥ ³ ¸¸¨¢´μ° Î ¸É¨Í¥° ¸Î¨É ¥É¸Ö Éμ¶-±¢ ·±. �μ-
´ÖÉ´μ, ÎÉμ ¶μ¨¸± ¶·Ö³ÒÌ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ μ¡´ ·Ê¦¥´¨Õ ®³ ±¸¨³μ´μ¢¯ μ£· -
´¨Î¨¢ ¥É¸Ö ¢μ§³μ¦´μ¸ÉÖ³¨ ¸μ§¤ ´¨Ö ¸¢¥·Ì³μÐ´μ° Ê¸±μ·¨É¥²Ó´μ° É¥Ì´¨±¨.
�¤´ ±μ ¤¥É ²Ó´μ¥ ¨§ÊÎ¥´¨¥ ³μ¤¥²¥° ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° ³μ¦¥É μÉ±·ÒÉÓ
¸μ¢¥·Ï¥´´μ ´μ¢Ò¥ Ê´¨± ²Ó´Ò¥ ¢μ§³μ¦´μ¸É¨ μ¡´ ·Ê¦¥´¨Ö ¸²¥¤¸É¢¨° ÔÉμ£μ
μ£· ´¨Î¥´¨Ö. �¥ÎÓ ¨¤¥É μ¡ ÊÎ¥É¥ · §²¨Î´ÒÌ ¢´¥Ï´¨Ì ¢μ§¤¥°¸É¢¨°, ¶μ§¢μ²Ö-
ÕÐ¨Ì ¢Ò¤¥²¨ÉÓ ·Ö¤ ÔËË¥±Éμ¢, ±μÉμ·Ò¥ μ¡Ê¸²μ¢²¥´Ò ¸ÊÐ¥¸É¢μ¢ ´¨¥³ μ£· -
´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. ‚ ± Î¥¸É¢¥ ¶·¨³¥·  ³μ¦´μ
¶·¨¢¥¸É¨ ¨§ÊÎ¥´¨¥ ¢²¨Ö´¨Ö ´  ¶μ¤μ¡´Ò¥ ¶·μÍ¥¸¸Ò ¨´É¥´¸¨¢´ÒÌ ³ £´¨É´ÒÌ
¶μ²¥°, ÊÎ¥É ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ ±μÉμ·Ò³¨ ¶μ§¢μ²¨É ´ ¡²Õ¤ ÉÓ ·Ö¤ ÔËË¥±Éμ¢. ‚
Î ¸É´μ¸É¨, μ¤´¨³ ¨§ ¢μ§³μ¦´ÒÌ ¸²¥¤¸É¢¨° μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ Ö¢²Ö-
¥É¸Ö ¶μÖ¢²¥´¨¥ ¢ É¥μ·¨¨ É ± ´ §Ò¢ ¥³ÒÌ ®Ô±§μÉ¨Î¥¸±¨Ì¯ Î ¸É¨Í, ¸ÊÐ¥¸É¢μ¢ -
´¨¥ ±μÉμ·ÒÌ ¡Ò²μ ¶·¥¤¸± § ´μ ‚. ƒ. Š ¤ÒÏ¥¢¸±¨³ ¢ · ³± Ì £¥μ³¥É·¨Î¥¸±μ£μ
¶μ¤Ìμ¤  [1,2].

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¨¤¥Ö μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·-
´ÒÌ Î ¸É¨Í ¶¥·¢μ´ Î ²Ó´μ ¡Ò²  ¢Ò¸± § ´  ¥Ð¥ ¢ 1965 £. Œ. �.Œ ·±μ¢Ò³.
�Éμ μ£· ´¨Î¥´¨¥ ¸¢Ö§Ò¢ ²μ¸Ó ¸ ³ ¸¸μ° �² ´± 

mPl =
√

�c/G ∼ 1019 ƒÔ‚,
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£¤¥ G Å £· ¢¨É Í¨μ´´ Ö ¶μ¸ÉμÖ´´ Ö, � Å ¶μ¸ÉμÖ´´ Ö �² ´± , c Å ¸±μ·μ¸ÉÓ
¸¢¥É , ¨ § ¶¨¸Ò¢ ²μ¸Ó ¢ ¢¨¤¥ [3]

m � mPl. (1)

— ¸É¨ÍÒ ¸ ¶·¥¤¥²Ó´μ° ³ ¸¸μ° m = mPl, ´ §¢ ´´Ò¥  ¢Éμ·μ³ ³ ±¸¨³μ´ ³¨,
§ ´¨³ ²¨ μ¸μ¡μ¥ ³¥¸Éμ ¸·¥¤¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¨, ¢ Î ¸É´μ¸É¨, ¢ ³ ·±μ¢-
¸±μ³ ¸Í¥´ ·¨¨ · ´´¥° ‚¸¥²¥´´μ° ³ ±¸¨³μ´Ò ¤μ²¦´Ò ¡Ò²¨ ¨£· ÉÓ ¸ÊÐ¥¸É-
¢¥´´ÊÕ ·μ²Ó [4]. �¤´ ±μ ¶¥·¢μ´ Î ²Ó´μ Ê¸²μ¢¨¥ (1) ¡Ò²μ Î¨¸Éμ Ë¥´μ³¥´μ-
²μ£¨Î¥¸±¨³ ¨ ¢ ¶μ¸É·μ¥´¨¨ É¥μ·¨¨ μ´μ Ë ±É¨Î¥¸±¨ ´¥ ÊÎ ¸É¢μ¢ ²μ.

�μ¢Ò°, · ¤¨± ²Ó´Ò° ¶μ¤Ìμ¤ ¤¥°¸É¢¨É¥²Ó´μ£μ ¢¢¥¤¥´¨Ö ¢ É¥μ·¨Õ Ê¸²μ¢¨Ö
μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ ¡Ò² ¶·¥¤²μ¦¥´ ¢ ±μ´Í¥ 1970-Ì ££. ‚. ƒ. Š ¤Ò-
Ï¥¢¸±¨³ [2]. ‚ ÔÉμ³ ¶μ¤Ìμ¤¥ ³ ·±μ¢¸± Ö ¨¤¥Ö μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ³ ±¸¨³ ²Ó´μ°
³ ¸¸Ò Î ¸É¨Í ¶·¨´¨³ ² ¸Ó ± ± ´μ¢Ò° ËÊ´¤ ³¥´É ²Ó´Ò° Ë¨§¨Î¥¸±¨° ¶·¨´Í¨¶
±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö (Š’�). ‚ ¶·¥¤²μ¦¥´´μ° É¥μ·¨¨ ¶μ¸ÉÊ²¨·μ¢ ²μ¸Ó
Ê¸²μ¢¨¥ ±μ´¥Î´μ¸É¨ ¸¶¥±É·  ³ ¸¸ ¢ ¢¨¤¥

m � M, (2)

£¤¥ ¶ · ³¥É· ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò M , ´ §Ò¢ ¥³Ò° ËÊ´¤ ³¥´É ²Ó´μ° ³ ¸¸μ°,
Ö¢²Ö²¸Ö ´μ¢μ° Ë¨§¨Î¥¸±μ° ±μ´¸É ´Éμ°. �·¨ ÔÉμ³ ¢¥²¨Î¨´  M · ¸¸³ É·¨¢ -
² ¸Ó ± ± · ¤¨Ê¸ ±·¨¢¨§´Ò ¶ÖÉ¨³¥·´μ£μ £¨¶¥·¡μ²μ¨¤ , ¶μ¢¥·Ì´μ¸ÉÓ ±μÉμ·μ£μ
¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ·¥ ²¨§ Í¨Õ ¨¸±·¨¢²¥´´μ£μ ¨³¶Ê²Ó¸´μ£μ Î¥ÉÒ·¥Ì³¥·´μ£μ
¶·μ¸É· ´¸É¢  (p0, p1, p2, p3, p5). ‚ Î ¸É´μ¸É¨, ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤²Ö ÔÉ¨Ì
Í¥²¥° ¶·μ¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥·  ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ

p2
0 − p2

1 − p2
2 − p2

3 + p2
5 = M2. (3)

�¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¸¢μ°¸É¢  Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í ± ·¤¨´ ²Ó´μ
μÉ²¨Î ÕÉ¸Ö μÉ  ´ ²μ£¨Î´ÒÌ ¸¢μ°¸É¢ ¨Ì μ¡ÒÎ´ÒÌ ¶ ·É´¥·μ¢. �¤´ ±μ μ± § -
²μ¸Ó, ÎÉμ ¶μÖ¢²¥´¨¥ ¢ É¥μ·¨¨ ¶μ¤μ¡´ÒÌ Î ¸É¨Í ´¥ Ö¢²¥É¸Ö ¶·¥·μ£ É¨¢μ°
Éμ²Ó±μ £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤ . „¥°¸É¢¨É¥²Ó´μ, · §¢¨É¨¥ ¶¸¥¢¤μÔ·³¨Éμ¢μ°
 ²£¥¡· ¨Î¥¸±μ° PT -¸¨³³¥É·¨Î´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ± § ²μ, ÎÉμ ¶μ¤μ¡´Ò¥
Î ¸É¨ÍÒ ¶μÖ¢²ÖÕÉ¸Ö ± ± ¸²¥¤¸É¢¨¥ ¸ ³μ£μ μ£· ´¨Î¥´¨Ö ¸¶¥±É·  ³ ¸¸ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í. ’ ±¨³ μ¡· §μ³, Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¶μ¨¸±Ê Ô±§μÉ¨Î¥¸±¨Ì
Î ¸É¨Í Ë ±É¨Î¥¸±¨ ³μ£ÊÉ ¶·¨¢μ¤¨ÉÓ ± μ¡´ ·Ê¦¥´¨Õ ¸ÊÐ¥¸É¢μ¢ ´¨Ö ¨ ¸ ³μ°
¶·¥¤¥²Ó´μ° ³ ¸¸Ò. �μ¤μ¡´Ò° ¶μ¤Ìμ¤ ¸É ´μ¢¨É¸Ö ·¥ ²Ó´Ò³ ¡² £μ¤ ·Ö · ¸Î¥ÉÊ
¸¶¥±É·  Ô´¥·£¨° ´¥°É· ²Ó´μ£μ Ë¥·³¨μ´ , μ¡² ¤ ÕÐ¥£μ  ´μ³ ²Ó´Ò³ ³ £´¨É-
´Ò³ ³μ³¥´Éμ³ ¢  ²£¥¡· ¨Î¥¸±μ° É¥μ·¨¨ ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° [5,6].

‘ÊÐ¥¸É¢¥´´μ¥ μÉ²¨Î¨¥ · §¢¨¢ ¥³μ£μ ´ ³¨ ¶μ¤Ìμ¤  [5, 6] μÉ ³¥Éμ¤μ¢, ¨¸-
¶μ²Ó§Ê¥³ÒÌ · ´¥¥, ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢ ÔÉμ³ ¶μ¤Ìμ¤¥ ´ ¨¡μ²¥¥ ³ ¸¸¨¢´Ò¥
Ë¥·³¨μ´Ò (³ ±¸¨³μ´Ò ¸ ³ ¸¸μ° M ), ±μÉμ·Ò³ ³μ¦¥É ¶·¨´ ¤²¥¦ ÉÓ ¢¥¤Ê-
Ð Ö ·μ²Ó ¢ ¸É·Ê±ÉÊ·¥ É¥³´μ° ³ É¥·¨¨, ¤μ²¦´Ò Ö¢²ÖÉÓ¸Ö ¶¸¥¢¤μË¥·³¨μ´ ³¨
¨ ¨³¥ÉÓ ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° Ì · ±É¥· ¢§ ¨³μ¤¥°¸É¢¨Ö. ‚¸²¥¤¸É¢¨¥ ÔÉμ£μ μ¸μ-
¡ÊÕ ¢ ¦´μ¸ÉÓ ¶·¨μ¡·¥É ¥É ¨§ÊÎ¥´¨¥ ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ Ì · ±É¥·¨¸É¨± ³ ¸¸¨¢-
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´ÒÌ Ë¥·³¨μ´μ¢, ÎÉμ ¢ ·¥§Ê²ÓÉ É¥ ¶·¨¢μ¤¨É ± ¢Ò· ¡μÉ±¥ ·¥±μ³¥´¤ Í¨¨ ¶μ ¢Ò-
Ö¸´¥´¨Õ ¤¨ ¶ §μ´  μ£· ´¨Î¥´¨° ´  ¶ · ³¥É·Ò ³ ±¸¨³μ´μ¢. �¥ ¨¸±²ÕÎ¥´μ,
ÎÉμ ´μ¢Ò¥ Ë¨§¨Î¥¸±¨¥ Ö¢²¥´¨Ö ¡Ê¤ÊÉ μ¡´ ·Ê¦¥´Ò ¶·¨ §´ Î¥´¨ÖÌ Ô´¥·£¨¨
´¥¸±μ²Ó±μ ’Ô‚, ÎÉμ Ö¢²Ö¥É¸Ö Í¥´É· ²Ó´Ò³ ¶Ê´±Éμ³ ¶·μ£· ³³Ò ¨¸¸²¥¤μ¢ ´¨°
´  	μ²ÓÏμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥ (LHC) ¢ –…�� [7,8]. �μ Ê¦¥ ¸¥°Î ¸ Ö¸´μ,
ÎÉμ ´¥±μÉμ·Ò¥ ¨§ ±· ¥Ê£μ²Ó´ÒÌ ¶μ²μ¦¥´¨° ‘Œ ³μ£ÊÉ ¶·¥É¥·¶¥¢ ÉÓ ¤ ²Ó´¥°-
ÏÊÕ ³μ¤¥·´¨§ Í¨Õ. ‚ Î ¸É´μ¸É¨, ·¥ÎÓ ³μ¦¥É ¨¤É¨ μ¡ μ¶¨¸ ´¨¨ ¸¶¥±É·  ³ ¸¸
Ë¥·³¨μ´μ¢, ¤²Ö ±μÉμ·μ£μ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¸μ£² ¸´μ ‘Œ ´¥ ¸ÊÐ¥¸É¢Ê¥É
´¨± ±¨Ì μ£· ´¨Î¥´¨°. ’¥³ ´¥ ³¥´¥¥ ¢ · ³± Ì ¸ ³μ° ‘Œ ´ ¡²Õ¤ ¥É¸Ö Î·¥§-
¢ÒÎ °´μ Ï¨·μ±¨° · §¡·μ¸ §´ Î¥´¨° ³ ¸¸ ¨§¢¥¸É´ÒÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.
‚ Î ¸É´μ¸É¨, ³ ¸¸  t-±¢ ·± , ±μÉμ·Ò° Ö¢²Ö¥É¸Ö ´ ¨¡μ²¥¥ ³ ¸¸¨¢´Ò³ ¸·¥¤¨
¨§¢¥¸É´ÒÌ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ¶·¨³¥·´μ ¢ 300 ÉÒ¸. · § ¶·¥¢ÒÏ ¥É ³ ¸¸Ê
Ô²¥±É·μ´ .

’ ±¨³ μ¡· §μ³, ¢μ¶·μ¸ μ ´¥°É· ²Ó´ÒÌ ³ ±¸¨³μ´ Ì, μ¡² ¤ ÕÐ¨Ì  ´μ-
³ ²Ó´Ò³ ³ £´¨É´Ò³ ³μ³¥´Éμ³ (�ŒŒ), ¶·¥¤¸É ¢²Ö¥É §´ Î¨É¥²Ó´Ò° ¨´É¥·¥¸
¸ ÉμÎ±¨ §·¥´¨Ö ¢ÒÖ¸´¥´¨Ö ¢μ§³μ¦´μ¸É¨ ¢Ìμ¦¤¥´¨Ö ¨Ì ¢ ¸É·Ê±ÉÊ·Ê É¥³´μ°
³ É¥·¨¨. �¸μ¡ÊÕ ·μ²Ó §¤¥¸Ó ³μ£ÊÉ ¸Ò£· ÉÓ  ¸É·μË¨§¨Î¥¸±¨¥ ¨¸¸²¥¤μ¢ ´¨Ö, ¢
±μÉμ·ÒÌ ¶¥·¢μ¸É¥¶¥´´μ¥ §´ Î¥´¨¥ ¶·¨μ¡·¥É ¥É ¢ÒÖ¸´¥´¨¥ ´¥μ¡ÒÎ´ÒÌ ¶¸¥¢-
¤μÔ·³¨Éμ¢ÒÌ Ì · ±É¥·¨¸É¨± · ¸¸³ É·¨¢ ¥³ÒÌ ´ ³¨ Ë¥·³¨μ´μ¢. ‘²¥¤Ê¥É μÉ-
³¥É¨ÉÓ, ÎÉμ ¢ ´ ¸ÉμÖÐ¨° ³μ³¥´É ¶·μ¡²¥³μ° ¶μ¨¸±  É¥³´μ° ³ É¥·¨¨ ¢ ±μ¸-
³¨Î¥¸±¨Ì ²ÊÎ Ì ¨´É¥´¸¨¢´μ § ´¨³ ÕÉ¸Ö ³´μ£¨¥ ¨¸¸²¥¤μ¢ É¥²Ó¸±¨¥ £·Ê¶¶Ò ¶μ
¢¸¥³Ê ³¨·Ê. �¤´ ±μ μ¡· Ð ¥É ´  ¸¥¡Ö ¢´¨³ ´¨¥ ´ ¨¡μ²¥¥ ³ ¸ÏÉ ¡´Ò° ¶·μ-
¥±É, ±μÉμ·Ò° ¨§¢¥¸É¥´ ± ± ®²¥¤Ö´μ° ±Ê¡¯ (®Ice Cube¯) [9], · ¸¶μ²μ¦¥´´Ò°
´  �´É ·±É¨Î¥¸±μ³ Ð¨É¥ 
¦´μ£μ ¶μ²Õ¸ . �¶¶ · ÉÊ· , ¨¸¶μ²Ó§Ê¥³ Ö ¢ ®Ice
Cube¯, ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¡μ²¥¥ Î¥³ 5000 ¢Ò¸μ±μÎÊ¢¸É¢¨É¥²Ó´ÒÌ ¤ ÉÎ¨±μ¢,
μ¸ÊÐ¥¸É¢²ÖÕÐ¨Ì ¸¡μ· ¨´Ëμ·³ Í¨¨ μÉ £ ² ±É¨Î¥¸±¨Ì ¶μÉμ±μ¢ · §²¨Î´ÒÌ Î -
¸É¨Í. ƒ²Ê¡¨´  § ²¥£ ´¨Ö ÔÉ¨Ì ¤¥É¥±Éμ·μ¢ μÉ ¶μ¢¥·Ì´μ¸É¨ ²Ó¤  ¸μ¸É ¢²Ö¥É
μ±μ²μ 1500Ä2500 ³. ’ ±¨³ μ¡· §μ³, ¤ ÉÎ¨±¨, · ¸¶μ²μ¦¥´´Ò¥ ´  · §´μ° £²Ê-
¡¨´¥, § ´¨³ ÕÉ μ¡Ñ¥³ ²Ó¤  1 ±³3, ¨ ¸¶¥Í¨ ²¨¸ÉÒ ´ ¤¥ÕÉ¸Ö, ÎÉμ ´  ÔÉμ°
Ê¸É ´μ¢±¥ ¸ ¶μ³μÐÓÕ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥° Ê¤ ¸É¸Ö ¨§ÊÎ¨ÉÓ ¨¸ÉμÎ´¨±¨ ¢¥¸Ó³ 
£²Ê¡μ±μ£μ ±μ¸³μ¸ .

�É¨ ¨¸¸²¥¤μ¢ ´¨Ö, ¡¥§Ê¸²μ¢´μ, ¶μ³μ£ÊÉ ·¥Ï¨ÉÓ ¢ ¦´Ò¥ ¢μ¶·μ¸Ò ± ± ¢
μ¡² ¸É¨ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨Ì ´¥°É·¨´μ, É ± ¨ ¢ μ¡² ¸É¨ Î ¸É¨Í ¢Ò¸μ±μ°
Ô´¥·£¨¨. ‚ Î ¸É´μ¸É¨, ¶μ¤μ¡´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸¢Ö§ ´Ò ¸ ¨§ÊÎ¥´¨¥³ ¢´Ê-
É·¥´´¥° ¸É·Ê±ÉÊ·Ò ¸¢¥·Ì´μ¢ÒÌ §¢¥§¤, ¶·μÍ¥¸¸μ¢ μ¡· §μ¢ ´¨Ö Î¥·´ÒÌ ¤Ò· ¨
£ ³³ -¢¸¶²¥¸±μ¢. ‘ÊÐ¥¸É¢ÊÕÐ Ö É¥μ·¨Ö ¶·¥¤¶μ² £ ¥É, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨Ö,
¶·μ¨¸Ìμ¤ÖÐ¨¥ ¢ ÔÉ¨Ì μ¡Ñ¥±É Ì, ¶μ§¢μ²ÖÕÉ Ê¸±μ·ÖÉÓ Î ¸É¨ÍÒ ¤μ ¶μ· §¨É¥²Ó´μ
¢Ò¸μ±¨Ì §´ Î¥´¨° Ô´¥·£¨¨. �μ ·Ö¤Ê μÍ¥´μ±, ¶·μ¢¥¤¥´´ÒÌ ¸¶¥Í¨ ²¨¸É ³¨ ¢
μ¡² ¸É¨  ¸É·μË¨§¨±¨ ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°, ¶μ¤μ¡´Ò¥ Î ¸É¨ÍÒ ³μ£ÊÉ ¤¢¨£ ÉÓ¸Ö
¸ Ô´¥·£¨¥°, ¤μ¸É¨£ ÕÐ¥° §´ Î¥´¨° 106Ä109 ƒÔ‚ [9]. ‚¶μ²´¥ ¢¥·μÖÉ´μ, ÎÉμ
¢ ÔÉμ³ ¦¥ Ô´¥·£¥É¨Î¥¸±μ³ ¤¨ ¶ §μ´¥ ³μ£ÊÉ μ± § ÉÓ¸Ö ¨ §´ Î¥´¨Ö ³ ¸¸ ´μ¢ÒÌ
Î ¸É¨Í, ±μÉμ·Ò¥ ³μ£²¨ ¡Ò ¶·¥É¥´¤μ¢ ÉÓ ´  ·μ²Ó ± ´¤¨¤ Éμ¢ ¢ ¸É·Ê±ÉÊ·Ê É¥³-
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´μ° ³ É¥·¨¨. ’ ±¨³ μ¡· §μ³,  ¸É·μË¨§¨Î¥¸±¨¥ μÍ¥´±¨ Ê± §Ò¢ ÕÉ ´  §´ Î¨-
É¥²Ó´μ¥ ¶·¥¢ÒÏ¥´¨¥ ¨¸±μ³ÒÌ §´ Î¥´¨° ³ ¸¸Ò ¶μ ¸· ¢´¥´¨Õ ¸ Ô´¥·£¥É¨Î¥¸-
±¨³ ¤¨ ¶ §μ´μ³, ¤μ¸É¨¦¨³μ³ ´  LHC, £¤¥, ± ± ¨§¢¥¸É´μ, É ±¦¥ ¶·μ¢μ¤¨É¸Ö
Í¥²¥´ ¶· ¢²¥´´Ò° ¶μ¨¸± ÉÖ¦¥²ÒÌ Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í [8].

ˆ´ÉÊ¨É¨¢´μ Ö¸´μ, ÎÉμ ´ ¨¡μ²¥¥ Ê¸¶¥Ï´Ò³¨ ³μ£ÊÉ ¸É ÉÓ ¨¸¸²¥¤μ¢ ´¨Ö,
μÌ¢ ÉÒ¢ ÕÐ¨¥ ³ ±¸¨³ ²Ó´μ Ï¨·μ±¨° Ô´¥·£¥É¨Î¥¸±¨° ¤¨ ¶ §μ´ ¨, ÎÉμ ´¥ ³¥-
´¥¥ ¢ ¦´μ, ±μÉμ·Ò¥ ³μ£²¨ ¡Ò, ´ ±μ´¥Í, ¶μ§¢μ²¨ÉÓ ¶·μ¢¥¸É¨ · ¸Ï¨Ë·μ¢±Ê
®É °´ É¥³´μ° ³ É¥·¨¨¯. ‚ ÔÉμ° ¸¢Ö§¨ ´¥²Ó§Ö ´¥ μÉ³¥É¨ÉÓ, ÎÉμ Ô±§μÉ¨Î¥¸±¨¥
Î ¸É¨ÍÒ, ¢μ§´¨± ÕÐ¨¥ ¢ É¥μ·¨ÖÌ ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ°, ¨³¥ÕÉ ¸¢μ¥μ¡· §-
´Ò° ®±μ¤¯ ¢ ¢¨¤¥ ´ ¡μ·  ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ Ì · ±É¥·¨¸É¨±, ¸ÊÐ¥¸É¢¥´´μ μÉ-
²¨Î ÕÐ¨° ¨Ì μÉ μ¡ÒÎ´ÒÌ Î ¸É¨Í, ¨§¢¥¸É´ÒÌ ¢ ‘Œ. �μ ´ Ï¨³ μÍ¥´± ³,
§´ Î¥´¨¥ ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ³μ¦¥É ¡ÒÉÓ μ£· ´¨Î¥´μ M = 2 · 1014 ƒÔ‚ [10],
±μ£¤  ³ £´¨É´Ò° ³μ³¥´É Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ ¸μ¸É ¢²Ö¥É ¢¥²¨Î¨´Ê ¶μ·Ö¤± 
10−19μ0, £¤¥ μ0 Å ³ £´¥Éμ´ 	μ· , ¨ ³ £´¨É´μ¥ ¶μ²¥ ¨³¥¥É §´ Î¥´¨¥ 8000 ƒ¸.
�¤´ ±μ ¥¸²¨ ¶·¨´ÖÉÓ, ÎÉμ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ ³μ¦¥É μ± § ÉÓ¸Ö ´¥¸-
±μ²Ó±μ ¡μ²ÓÏ¥ ¶μ ¸· ¢´¥´¨Õ ¸ (48) (¸³., ´ ¶·¨³¥·, ¤ ´´Ò¥ ±μ²² ¡μ· Í¨¨
GEMMA [11]), Éμ ¢ ÔÉμ³ ¸²ÊÎ ¥ Ê·μ¢¥´Ó μ£· ´¨Î¥´¨Ö ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò
³μ¦¥É § ³¥É´μ ¸´¨§¨ÉÓ¸Ö ¨ ¢μ°É¨ ¢ ¶·¥¤¥²Ò  ¸É·μË¨§¨Î¥¸±¨Ì ´ ¡²Õ¤¥´¨°
M ∼ 108 ƒÔ‚ (¸³. [9]).

Š·μ³¥ Éμ£μ, ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ, ÎÉμ ¢ Ô±¸¶¥·¨³¥´É Ì, ¨¸¶μ²Ó§ÊÕÐ¨Ì
´¥°É·¨´´ÊÕ  ¸É·μË¨§¨±Ê ¨  ¸É·μË¨§¨±Ê ±μ¸³¨Î¥¸±¨Ì ²ÊÎ¥°, ³μ£ÊÉ ¶·¨¸ÊÉ-
¸É¢μ¢ ÉÓ É ±¦¥ ¨ £¨£ ´É¸±¨¥ ³ £´¨É´Ò¥ ¶μ²Ö, ¸μ§¤ ¢ ¥³Ò¥ ¶Ê²Ó¸ · ³¨ ¨ ³ £-
´¨É · ³¨. ’ ±¨³ μ¡· §μ³, ¤²Ö ¶μ²ÊÎ¥´¨Ö  ´ ²¨É¨Î¥¸±¨Ì ¨ Î¨¸²¥´´ÒÌ μÍ¥´μ±
Ì · ±É¥·¨¸É¨± ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢, ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ³ £´¨É´ÒÌ ¶μ²ÖÌ ¸ ¨´-
É¥´¸¨¢´μ¸ÉÓÕ ¢¶²μÉÓ ¤μ §´ Î¥´¨° ∼ 1015Ä1016 ƒ¸ [12], ´¥μ¡Ìμ¤¨³μ ¨³¥ÉÓ ¢
¢¨¤Ê, ÎÉμ · ¸Î¥É´Ò¥ Ëμ·³Ê²Ò ¤μ²¦´Ò μÌ¢ ÉÒ¢ ÉÓ ÔÉ¨ £¨£ ´É¸±¨¥ ¶μ §¥³´Ò³
³ ¸ÏÉ ¡ ³ §´ Î¥´¨Ö. �É³¥É¨³, ÎÉμ ÊÎ¥É ¨´É¥·¢ ²  Ê²ÓÉ· ¢Ò¸μ±¨Ì §´ Î¥-
´¨° Ô´¥·£¨¨, ¤μÌμ¤ÖÐ¨Ì ¤μ ∼ 109 ƒÔ‚, ¢ ¸¢¥·Ì¸¨²Ó´ÒÌ ³ £´¨É´ÒÌ ¶μ²ÖÌ
∼ 1016 ƒ¸ ³μ£ÊÉ μ¡¥¸¶¥Î¨ÉÓ ÉμÎ´Ò¥ ·¥Ï¥´¨Ö, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ¤²Ö Ô´¥·£¨¨
´¥°É· ²Ó´ÒÌ ¶¸¥¢¤μË¥·³¨μ´μ¢, ¨³¥ÕÐ¨Ì �ŒŒ ¨ ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ³ £´¨É´ÒÌ
¶μ²ÖÌ [5,6].

’ ±¨³ μ¡· §μ³, ¤ ²Ó´¥°Ï¥¥ · §¢¨É¨¥ É¥μ·¨¨, μ¸´μ¢ ´´μ° ‚. ƒ. Š ¤ÒÏ¥¢-
¸±¨³, ³μ¦¥É ¤ ÉÓ ±μ´±·¥É´Ò¥ ¶·¥¤²μ¦¥´¨Ö ¶μ ¶μ¸É ´μ¢±¥ Ô±¸¶¥·¨³¥´Éμ¢ ¶μ
μ¡´ ·Ê¦¥´¨Õ Ô±§μÉ¨Î¥¸±¨Ì Ë¥·³¨μ´μ¢ ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³. �É³¥É¨³, ¢
Î ¸É´μ¸É¨, ÎÉμ μÉ´μ¸¨É¥²Ó´μ ´ ¨³¥´¥¥ É·Ê¤μ¥³±¨³¨ ³μ£ÊÉ μ± § ÉÓ¸Ö ² ¡μ· -
Éμ·´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¸ ´¨§±μÔ´¥·£¥É¨Î¥¸±¨³¨ ¶μ²Ö·¨§μ¢ ´´Ò³¨ ´¥°É·¨´μ,
¤¢¨¦ÊÐ¨³¨¸Ö ¢ ³ £´¨É´μ³ ¶μ²¥. ‚ ¢¨¤¥ ¨¤¥¨ μÉ³¥É¨³, ÎÉμ ¢ ÔÉμ³ ¸²ÊÎ ¥
·¥ÎÓ ³μ¦¥É ¨¤É¨ μ¡ ¨¸¶μ²Ó§μ¢ ´¨¨ ¤²Ö ÔÉ¨Ì Í¥²¥° ¶·¥Í¨§¨μ´´ÒÌ Ô±¸¶¥·¨-
³¥´Éμ¢ ¶μ ¨§³¥·¥´¨Õ ³ ¸¸Ò ´¥°É·¨´μ ¸ ±μ´É·μ²¨·Ê¥³Ò³ ¤¥°¸É¢¨¥³ ³ £´¨É-
´μ£μ ¶μ²Ö, ¢ ±μÉμ·ÒÌ ¸² ¡μ¢μ§¡Ê¦¤¥´´Ò¥ ´¥°É·¨´´Ò¥ ¶μÉμ±¨ ¤¢¨¦ÊÉ¸Ö ¢
¤μ¸É ÉμÎ´μ ¸¨²Ó´ÒÌ ³ £´¨É´ÒÌ ¶μ²ÖÌ, ± ±, ´ ¶·¨³¥·, ¢ É·μ¨Í±μ³ É·¨É¨¥¢μ³
Ô±¸¶¥·¨³¥´É¥.
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Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, μ£· ´¨Î¥´¨¥ ¸¶¥±É·  ³ ¸¸ ³μ¦¥É ¡ÒÉÓ ¶μ²ÊÎ¥´μ
´¥ Éμ²Ó±μ ¢ £¥μ³¥É·¨Î¥¸±μ³ ¶μ¤Ìμ¤¥, ´μ ¨ ¢ · ³± Ì ´¥Ô·³¨Éμ¢ÒÌ (¶¸¥¢¤μ-
Ô·³¨Éμ¢ÒÌ) Ë¥·³¨μ´´ÒÌ ¸¨¸É¥³, ¨³¥ÕÐ¨Ì ¶·Ö³μ¥ ¶·¨²μ¦¥´¨¥ ± ´¥°É·¨´´μ°
Ë¨§¨±¥. ‘¨¸É¥³Ò ¶μ¤μ¡´μ£μ É¨¶  ´ §Ò¢ ÕÉ¸Ö PT -¸¨³³¥É·¨Î´Ò³¨ ³μ¤¥²Ö³¨
¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ · §²¨Î´ÒÌ μ¡² ¸ÉÖÌ ¸μ¢·¥³¥´´μ° Ë¨§¨±¨. ‚ Î ¸É´μ¸É¨,
μÉ³¥É¨³, ÎÉμ ¢ μ¡² ¸É¨ ´¥Ô·³¨Éμ¢μ° μ¶É¨±¨ Ê¦¥ ¸¢ÒÏ¥ ¤¥¸ÖÉ±  ²¥É ¸ Ê¸¶¥-
Ìμ³ ¶·μ¢μ¤ÖÉ¸Ö ´¥ Éμ²Ó±μ É¥μ·¥É¨Î¥¸±¨¥, ´μ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¨¸¸²¥¤μ-
¢ ´¨Ö [13Ä15].

‹¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¢ £¥μ³¥É·¨Î¥¸±μ° É¥μ·¨¨ ‚. ƒ. Š ¤ÒÏ¥¢¸±μ£μ ¤²Ö ¸¢μ-
¡μ¤´μ° Î ¸É¨ÍÒ p2

0 − p2 = m2 Ê¸²μ¢¨¥ (2)  ¢Éμ³ É¨Î¥¸±¨ ¢Ò¶μ²´Ö¥É¸Ö ´ 
¶μ¢¥·Ì´μ¸É¨ (3). ’ ±¦¥ μÎ¥¢¨¤´μ, ÎÉμ ¢ ¶·¨¡²¨¦¥´¨¨

|p0|, |p| � M, p5
∼= M, (4)

£¥μ³¥É·¨Ö  ´É¨-¤¥ ‘¨ÉÉ¥·  ¶¥·¥Ìμ¤¨É ¢ £¥μ³¥É·¨Õ Œ¨´±μ¢¸±μ£μ ¢ Î¥ÉÒ·¥Ì-
³¥·´μ³ ¶¸¥¢¤μ¥¢±²¨¤μ¢μ³ p-¶·μ¸É· ´¸É¢¥∗, ¨ ¤²Ö ÔÉμ£μ ¶¥·¥Ìμ¤  § ±·¥¶¨²μ¸Ó
μ¡Ð¥¥ ´ §¢ ´¨¥ ®¶²μ¸±¨° ¶·¥¤¥²¯. ’ ±¨³ μ¡· §μ³, ¢ ¶·μ¸É· ´¸É¢¥ ¤¥ ‘¨É-
É¥·  ¸É·μ¨² ¸Ó ´μ¢ Ö É¥μ·¨Ö, ¢ ±μÉμ·μ° μ¡Ñ¥±ÉÒ ¸ ³ ¸¸μ° ¡μ²ÓÏ¥ M ´¥ ³μ£²¨
· ¸¸³ É·¨¢ ÉÓ¸Ö ± ± Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ [16Ä26].

‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ¸ ¶μ´ÖÉ¨¥³ ËÊ´¤ ³¥´É ²Ó´μ° ³ ¸¸Ò É¥¸´μ ¸¢Ö§ ´ 
¨ ±μ´Í¥¶Í¨Ö ËÊ´¤ ³¥´É ²Ó´μ° ¤²¨´Ò

l = �/Mc. (5)

”¨§¨Î¥¸±¨° ¸³Ò¸² ¥¥ ³μ¦¥É ¡ÒÉÓ, ¶μ ±· °´¥° ³¥·¥, Î ¸É¨Î´μ ¶·μÖ¸´¥´ ¨§
¸· ¢´¥´¨Ö l ¨ ±μ³¶Éμ´μ¢¸±μ° ¤²¨´Ò ¢μ²´Ò Î ¸É¨ÍÒ λC = �/mc. ˆ§ Ëμ·-
³Ê²Ò (2) ¢¨¤´μ, ÎÉμ λC ´¥ ³μ¦¥É ¡ÒÉÓ ³¥´ÓÏ¥ l. ’ ± ± ± ¸μ£² ¸´μ �ÓÕÉμ´Ê
¨ ‚¨£´¥·Ê [27] ¶ · ³¥É· λC Ì · ±É¥·¨§Ê¥É · §³¥·Ò μ¡² ¸É¨ ¶·μ¸É· ´¸É¢ , ¢
±μÉμ·μ° ²μ± ²¨§Ê¥É¸Ö ·¥²ÖÉ¨¢¨¸É¸± Ö Î ¸É¨Í  ³ ¸¸μ° m, Éμ ¸²¥¤Ê¥É ¶·¨§´ ÉÓ,
ÎÉμ ËÊ´¤ ³¥´É ²Ó´ Ö ¤²¨´  l ¤μ²¦´  ¢´μ¸¨ÉÓ ¢ É¥μ·¨Õ Ê´¨¢¥·¸ ²Ó´μ¥ μ£· -
´¨Î¥´¨¥ ´  ÉμÎ´μ¸ÉÓ ¶·μ¸É· ´¸É¢¥´´μ° ²μ± ²¨§ Í¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í.

ˆ¤¥Ö ¢¢¥¤¥´¨Ö ËÊ´¤ ³¥´É ²Ó´μ° ¤²¨´Ò ± ± ´μ¢μ° Ê´¨¢¥·¸ ²Ó´μ° ¶μ¸Éμ-
Ö´´μ° · §³¥·´μ¸É¨ ¤²¨´Ò, Ë¨±¸¨·ÊÕÐ¥° Ì · ±É¥·´Ò° ³ ¸ÏÉ ¡ ¢ ¶·μ¸É· ´-
¸É¢¥-¢·¥³¥´¨,  ±É¨¢´μ μ¡¸Ê¦¤ ² ¸Ó ¢ ²¨É¥· ÉÊ·¥ (¸³., ´ ¶·¨³¥·, [28Ä37]).
ƒ² ¢´Ò³ ¸É¨³Ê²μ³ ¨¸¶μ²Ó§μ¢ ´¨Ö ¤ ´´μ£μ ¶ · ³¥É·  ¡Ò²  ´ ¤¥¦¤  ¸ ¶μ³μ-
ÐÓÕ l ¨§¡ ¢¨ÉÓ¸Ö μÉ Ê²ÓÉ· Ë¨μ²¥Éμ¢ÒÌ · ¸Ìμ¤¨³μ¸É¥°. �¤´ ±μ, ± ± ¨§¢¥¸É´μ,
´ Ï²μ¸Ó ¤·Ê£μ¥ ·¥Ï¥´¨¥ ÔÉμ° ¶·μ¡²¥³Ò. ’¥¶¥·Ó ËÊ´¤ ³¥´É ²Ó´ Ö ¤²¨´ 
¸´μ¢  ¢μ§´¨± ¥É ¢ É¥μ·¨¨ ¢ ¸μ¢¥·Ï¥´´μ ¨´μ³ ±μ´É¥±¸É¥ Å ± ± ¢¥²¨Î¨´ , ¢
μ¶·¥¤¥²¥´´μ³ ¸³Ò¸²¥ ¸μ¶·Ö¦¥´´ Ö ËÊ´¤ ³¥´É ²Ó´μ° ³ ¸¸¥.

∗�É³¥É¨³, ÎÉμ ‚. ƒ. Š ¤ÒÏ¥¢¸±¨° ¨¸¶μ²Ó§μ¢ ² ¢ ¸¢μ¨Ì · ¡μÉ Ì ± ± ¶μ´ÖÉ¨¥ ¶·μ¸É· ´¸É¢ 
¤¥ ‘¨ÉÉ¥· , É ± ¨ ¶μ´ÖÉ¨¥ ¶·μ¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥· .
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‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ³μ¤¥²¨ Š’�, ¢ ±μÉμ·ÒÌ ¢μ§´¨± ² ¶ · ³¥É· É¨¶ 
ËÊ´¤ ³¥´É ²Ó´μ° ¤²¨´Ò l, μ± §Ò¢ ²¨¸Ó ´¥²μ± ²Ó´Ò³¨. ‚μ§¢· Ð Ö¸Ó ± É¥μ-
·¨¨ ‚. ƒ. Š ¤ÒÏ¥¢¸±μ£μ, ¥Ð¥ · § Ê± ¦¥³ ´  ¶μ¸²¥¤μ¢ É¥²Ó´μ¥ ¨¸¶μ²Ó§μ¢ ´¨¥
É·¥¡μ¢ ´¨Ö ²μ± ²Ó´μ¸É¨ ¤ ´´μ° ¢¥·¸¨¨ ±¢ ´Éμ¢μ° É¥μ·¨¨. 	² £μ¤ ·Ö ÔÉμ³Ê
¶·¨ μ¶¨¸ ´¨¨ ¢§ ¨³μ¤¥°¸É¢¨Ö ¶μ-¶·¥¦´¥³Ê ³μ¦´μ μ¶¨· ÉÓ¸Ö ´  ¶·¨´Í¨¶ ²μ-
± ²Ó´μ° ± ²¨¡·μ¢μÎ´μ° ¸¨³³¥É·¨¨. Š²ÕÎ¥¢ Ö ¨¤¥Ö, ¶μ§¢μ²ÖÕÐ Ö ¸μ¢³¥¸É¨ÉÓ
¶μ¸ÉÊ² É μ¡ μ£· ´¨Î¥´´μ¸É¨ ³ ¸¸ (2) ¨ Ê¸²μ¢¨¥ ²μ± ²Ó´μ¸É¨ ¶μ²Ö, ¸μ¸Éμ¨É ¢
´¥μ¡Ìμ¤¨³μ¸É¨ ³μ¤¨Ë¨± Í¨¨ ¸ ³μ£μ ¶μ´ÖÉ¨Ö ¶μ²Ö.

Š ± ³μ¦´μ ³μ¤¨Ë¨Í¨·μ¢ ÉÓ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö, ÎÉμ¡Ò ÊÎ¥¸ÉÓ Ê¸²μ¢¨¥
μ£· ´¨Î¥´´μ¸É¨ ³ ¸¸ (2)? ‘²¥¤ÊÖ [2Ä20], ´¥μ¡Ìμ¤¨³μ § ³¥´¨ÉÓ Î¥ÉÒ·¥Ì³¥·-
´μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·μ¸É· ´¸É¢μ Œ¨´±μ¢¸±μ£μ, ±μÉμ·μ¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ¸É ´¤ ·É-
´μ° Š’�, ´  ¤¥¸¨ÉÉ¥·μ¢¸±μ¥ ¨³¶Ê²Ó¸´μ¥ ¶·μ¸É· ´¸É¢μ ¶μ¸ÉμÖ´´μ° ±·¨¢¨§´Ò,
·¥ ²¨§Ê¥³μ¥ ´  ¶μ¢¥·Ì´μ¸É¨ ¶ÖÉ¨³¥·´μ£μ £¨¶¥·¡μ²μ¨¤ ∗:

p2
0 − p2 + p2

5 = M2. (6)

”Ê´±Í¨Ö, μ¶·¥¤¥²¥´´ Ö ´  ÔÉμ° ¶μ¢¥·Ì´μ¸É¨, Ö¢²Ö¥É¸Ö ËÊ´±Í¨¥° ¶ÖÉ¨ ¶¥·¥-
³¥´´ÒÌ p0, p, p5, ¸¢Ö§ ´´ÒÌ ¸μμÉ´μÏ¥´¨¥³ (6).

�´¥·£¨Ö p0 ¨ É·¥Ì³¥·´Ò° ¨³¶Ê²Ó¸ p ¸μÌ· ´ÖÕÉ §¤¥¸Ó ¸¢μ° μ¡ÒÎ´Ò°
¸³Ò¸², ¨ ¸μμÉ´μÏ¥´¨¥ ¤²Ö ³ ¸¸μ¢μ° μ¡μ²μÎ±¨ É ±¦¥ Ê¤μ¢²¥É¢μ·Ö¥É¸Ö. �·¨
ÔÉμ³ Ê¸²μ¢¨¥ (2) ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¶μ²Ö ϕ(p0,p, p5) É ±¦¥ μ± §Ò¢ ¥É¸Ö
¢Ò¶μ²´¥´´Ò³.

�É³¥É¨³, ÎÉμ ¢μ§´¨±´μ¢¥´¨¥ ´μ¢μ° ¤¨¸±·¥É´μ° ¸É¥¶¥´¨ ¸¢μ¡μ¤Ò

ε =
p5

|p5|
= ±1 (7)

¨ ¶μÖ¢²¥´¨¥ ¶ ·Ò ¶μ²¥¢ÒÌ ¶¥·¥³¥´´ÒÌ ϕ1(p), ϕ2(p) Ö¢²Ö¥É¸Ö Ì · ±É¥·´μ°
Î¥·Éμ° · §¢¨¢ ¥³μ° £¥μ³¥É·¨Î¥¸±μ° É¥μ·¨¨.

ˆ§-§  ¢Ò¶μ²´¥´¨Ö ¸μμÉ´μÏ¥´¨Ö

m2 = p0
2 − p2 (8)

Ê· ¢´¥´¨¥ Š²¥°´ Ä”μ± Äƒμ·¤μ´  É ±¦¥ ¤μ²¦´μ Ê¤μ¢²¥É¢μ·ÖÉÓ¸Ö ¶μ²¥³
ϕ(p0,p, p5):

(m2 − p2
0 + p2)ϕ(p0,p, p5) = 0. (9)

�¤´ ±μ ÔÉμ ¸μμÉ´μÏ¥´¨¥ ´¥ μÉ· ¦ ¥É Ê¸²μ¢¨Ö μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸
(2). �´μ É ±¦¥ ´¥ ³μ¦¥É ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´μ ¤²Ö ¢ÒÖ¸´¥´¨Ö § ¢¨¸¨³μ¸É¨ ¶μ²Ö
μÉ ´μ¢μ£μ ±¢ ´Éμ¢μ£μ Î¨¸²  ε = p5/|p5|, É. ¥. ¤²Ö μ¶·¥¤¥²¥´¨Ö ¶μ²¥° ϕ1(p)

∗‡¤¥¸Ó ¨ ¤ ²¥¥ ¤²Ö μ¶·¥¤¥²¥´´μ¸É¨ ³Ò ¨¸¶μ²Ó§Ê¥³ ¶μ´ÖÉ¨¥ ¶·μ¸É· ´¸É¢   ´É¨-¤¥ ‘¨ÉÉ¥· .
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¨ ϕ2(p). „²Ö Éμ£μ ÎÉμ¡Ò ÊÎ¥¸ÉÓ ÔÉ¨ É·¥¡μ¢ ´¨Ö ¨ ´ °É¨ Ê¤μ¢²¥É¢μ·ÖÕÐ¥¥
¨³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥, ¢μ¸¶μ²Ó§Ê¥³¸Ö ¸μμÉ´μÏ¥´¨Ö³¨ (6), (8) ¨
¶μ²ÊÎ¨³

m2 − p2
0 + p2 = p2

5 − M2 cos2 μ,

£¤¥ cosμ =

√
1 − m2

M2
. ’ ±¨³ μ¡· §μ³, ¢³¥¸Éμ (9) ³μ¦´μ § ¶¨¸ ÉÓ

(p5 + M cosμ)(p5 − M cosμ)ϕ(p, p5) = 0. (10)

�Éμ · ¢¥´¸É¢μ Ê¤μ¢²¥É¢μ·Ö¥É¸Ö, ±μ£¤ 

(p5 − M cosμ)ϕ(p, p5) = 0. (11)

…¸É¥¸É¢¥´´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ (11) ¨ ¥¸ÉÓ ´μ¢μ¥ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö ¸± -
²Ö·´ÒÌ Î ¸É¨Í. ’¥³ ¸ ³Ò³ ¢ Š’� ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° ¢³¥¸Éμ μ¡ÒÎ´μ£μ
· §²μ¦¥´¨Ö μ¶¥· Éμ·  Š²¥°´ Äƒμ·¤μ´  ¢μ§´¨± ¥É ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μÏ¥´¨¥:

2M(p5 − M cosμ) = [γ0p0 − γp− γ5(p5 − M) − 2M sin (μ/2)]×

× [−γ0p0 + γp + γ5(p5 − M) − 2M sin (μ/2)]. (12)

’ ±¨³ μ¡· §μ³, ¢Ò· ¦¥´¨¥

D(p, M) = pνγν − (p5 − M)γ5 − 2M sin (μ/2) (13)

³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¢ ± Î¥¸É¢¥ μ¶¥· Éμ·  ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨-
· ± . ‹¥£±μ ¶·μ¢¥·¨ÉÓ, ÎÉμ ¢ ®¶²μ¸±μ³ ¶·¥¤¥²¥¯ (¸³. (4)) ¢Ò· ¦¥´¨¥ (13)
¶¥·¥Ìμ¤¨É ¢ μ¡ÒÎ´Ò° μ¶¥· Éμ· „¨· ± . ‚¥¸Ó³  ¢ ¦´μ, ÎÉμ ´μ¢Ò° μ¶¥· Éμ·
Š²¥°´ Äƒμ·¤μ´  2M(p5−M cos μ) ³μ¦¥É ¡ÒÉÓ · §²μ¦¥´ ´  ³ É·¨Î´Ò¥ ³´μ-
¦¨É¥²¨ ¨ ¨´Ò³, ´¥§ ¢¨¸¨³Ò³ μÉ (12), ¸¶μ¸μ¡μ³:

2M(p5 − M cos μ) =
[
γ0p0 − γp + γ5(p5 + M) + 2M cos (μ/2)

]
×

×
[
γ0p0 − γp + γ5(p5 + M) − 2M cos (μ/2)

]
. (14)

’¥³ ¸ ³Ò³ ¢ · §¢¨¢ ¥³μ³ ¶μ¤Ìμ¤¥ ³Ò ¢¸É·¥Î ¥³¸Ö ¸ ´¥±¨³ ´¥ ¨³¥ÕÐ¨³
 ´ ²μ£  ¢ μ¡ÒÎ´μ° É¥μ·¨¨ Ô±§μÉ¨Î¥¸±¨³ Ë¥·³¨μ´´Ò³ ¶μ²¥³,  ¸¸μÍ¨¨·μ¢ ´-
´Ò³ ¸ ¢μ²´μ¢Ò³ μ¶¥· Éμ·μ³ [1,24]:

Dexot(p, M) = pνγν + (p5 + M)γ5 − 2M cos (μ/2). (15)

ƒ² ¢´μ¥ μÉ²¨Î¨¥ μ¶¥· Éμ·  Dexot(p, m) μÉ μ¶¥· Éμ·  (13) ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ
μ´ ´¥ ¨³¥¥É ¶²μ¸±μ£μ ¶·¥¤¥²  (¸³. (4)) ¨, É ±¨³ μ¡· §μ³, ´¥ ³μ¦¥É ¸²Ê¦¨ÉÓ
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¤²Ö μ¶¨¸ ´¨Ö ¨§¢¥¸É´ÒÌ Î ¸É¨Í. ‘²¥¤μ¢ É¥²Ó´μ, (15) ³μ¦¥É ¸μμÉ¢¥É¸É¢μ¢ ÉÓ
μ¶¨¸ ´¨Õ ¥Ð¥ ´¥¨§¢¥¸É´ÒÌ ¢ ‘Œ Ë¥·³¨μ´μ¢.

‚¢μ¤Ö μ¡μ§´ Î¥´¨Ö∗

m1 = 2M sin (μ/2), m2 = 2M sin2(μ/2),

m3 = 2M cos (μ/2), m4 = 2M cos2(μ/2),
(16)

  É ±¦¥ pμ = i∂μ ¨ ¶¥·¥Ìμ¤Ö ± £ ³¨²ÓÉμ´μ¢μ° Ëμ·³¥ ¤¨· ±μ¢¸±¨Ì Ê· ¢´¥´¨°
¤¢¨¦¥´¨Ö, ³μ¦´μ § ¶¨¸ ÉÓ:

(p0 − α̂p− β̂m1 − β̂γ5m2)Ψ(x, t, x5) = 0, (17)(
p0 − α̂p− β̂m3 − β̂γ5m4

)
Ψexot(x, t, x5) = 0. (18)

‚ ÔÉ¨Ì ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ Ê· ¢´¥´¨ÖÌ „¨· ±  ³ É·¨ÍÒ β̂ = γ0, γi = β̂α̂i ∗∗.
‚ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨ £ ³¨²ÓÉμ´¨ ´Ò, ¸μμÉ¢¥É¸É¢ÊÕ-

Ð¨¥ Ê· ¢´¥´¨Ö³ (17), (18), ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥

Ĥ = α̂p + β̂(m1 + m2γ5), (19)

Ĥexot = α̂p + β̂(m3 + m4γ5). (20)

�Î¥¢¨¤´μ, ÎÉμ ¢Ò· ¦¥´¨Ö (19), (20) μ± §Ò¢ ÕÉ¸Ö ´¥Ô·³¨Éμ¢Ò³¨ ¨§-§  ¶μ-
Ö¢²¥´¨Ö ¢ ´¨Ì γ5-³ ¸¸μ¢ÒÌ ¸² £ ¥³ÒÌ (H �= H+, Hexot �= H+

exot). ’ ±¨³
μ¡· §μ³, ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ μ£· ´¨Î¥´¨¥ ¸¶¥±É·  ³ ¸¸ (2), ±μ-
Éμ·μ¥ ¡Ò²μ ¶μ²μ¦¥´μ ¢ μ¸´μ¢Ê £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ¶·¨ · §· ¡μÉ±¥ ³μ-
¤¨Ë¨Í¨·μ¢ ´´μ° Š’� ¸ μ£· ´¨Î¥´´μ° ³ ¸¸μ° [24,26], ¶·¨¢μ¤¨É ± ¶μÖ¢²¥´¨Õ
´¥Ô·³¨Éμ¢ÒÌ ¢±² ¤μ¢ ¢ £ ³¨²ÓÉμ´¨ ´Ò (19), (20).

1. ����™…�ˆ… ���Ÿ’ˆŸ ��Œˆ’�‚�‘’ˆ
ˆ γ5-”�Š’��ˆ‡�–ˆŸ ��›Š��‚…���ƒ�

��…��’��� Š‹…‰��Äƒ��„���

� ¸¸³μÉ·¨³  ²£¥¡· ¨Î¥¸±¨° ¶μ¤Ìμ¤ ± · §· ¡μÉ±¥ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¸ ³ ±-
¸¨³ ²Ó´μ° ³ ¸¸μ°. „²Ö ÔÉμ£μ § ¶¨Ï¥³ ³μ¤¨Ë¨Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥ „¨· ± 
¤²Ö ¸¢μ¡μ¤´ÒÌ ³ ¸¸¨¢´ÒÌ Î ¸É¨Í ¸ ¶μ³μÐÓÕ γ5-Ë ±Éμ·¨§ Í¨¨ μ¡Ò±´μ¢¥´-
´μ£μ μ¶¥· Éμ·  Š²¥°´ Äƒμ·¤μ´ . �μ ¸ÊÐ¥¸É¢Ê, ¢ ÔÉμ³ ¸²ÊÎ ¥ ´Ê¦´μ ¶·μ¤¥² ÉÓ

∗�É³¥É¨³, ÎÉμ  ´ ²μ£¨Î´Ò¥ μ¡μ§´ Î¥´¨Ö ¤²Ö ³ ¸¸ ¨¸¶μ²Ó§μ¢ ²¨¸Ó É ±¦¥ ¢ · ¡μÉ Ì [38].
∗∗‚ ¦´μ μÉ³¥É¨ÉÓ, ÎÉμ ´  ³ ¸¸μ¢μ° ¶μ¢¥·Ì´μ¸É¨ p5 = M cos μ ´¥ ¸ÊÐ¥¸É¢Ê¥É μ¶¥· Éμ·μ¢,

±μÉμ·Ò¥ ¤¥°¸É¢ÊÕÉ ´  ±μμ·¤¨´ ÉÊ x5, ¨ ÔÉμÉ ¶ · ³¥É· ¡¥§ ¶μÉ¥·¨ μ¡Ð´μ¸É¨ ³μ¦¥É ¡ÒÉÓ ¢Ò¡· ´
· ¢´Ò³ ´Ê²Õ [24, 26].
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É¥ ¦¥ ¤¥°¸É¢¨Ö, ± ± ¨ ¢ ¨§¢¥¸É´μ° ¶·μÍ¥¤Ê·¥ „¨· ± . ‚ Î ¸É´μ¸É¨, ¢ μ¤´μ° ¨§
¸¢μ¨Ì · ¡μÉ μ´ ¶¨¸ ²: ®. . . ´Ê¦´μ ¨§¢²¥ÎÓ ´¥ÎÉμ ¢·μ¤¥ ±¢ ¤· É´μ£μ ±μ·´Ö ¨§
μ¶¥· Éμ·  Š²¥°´ Äƒμ·¤μ´ ¯ [39]. ˆ ¤¥°¸É¢¨É¥²Ó´μ, ¥¸²¨ ´¥ μ£· ´¨Î¨¢ ÉÓ¸Ö
Éμ²Ó±μ Ô·³¨Éμ¢Ò³¨ μ¶¥· Éμ· ³¨, Éμ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ μ¶¥· Éμ· Š²¥°´ Ä
ƒμ·¤μ´  ¢ ¢¨¤¥ ¶·μ¨§¢¥¤¥´¨Ö ¤¢ÊÌ ±μ³³ÊÉ¨·ÊÕÐ¨Ì ³ É·¨Î´ÒÌ ´¥Ô·³¨Éμ¢ÒÌ
(¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ) μ¶¥· Éμ·μ¢ ¸ γ5-· ¸Ï¨·¥´¨¥³ ³ ¸¸Ò

(∂2
μ + m2) = (i∂μγμ − m1 − γ5m2)(−i∂μγμ − m1 + γ5m2), (21)

£¤¥ ³ ¸¸  Î ¸É¨ÍÒ m ¢Ò· ¦ ¥É¸Ö Î¥·¥§ ´μ¢Ò¥ ¶ · ³¥É·Ò m1 ¨ m2

m2 = m2
1 − m2

2, (22)

  É ±¦¥ ¨¸¶μ²Ó§Ê¥É¸Ö ¸¨¸É¥³  ¥¤¨´¨Í � = c = 1.
„²Ö Éμ£μ ÎÉμ¡Ò ËÊ´±Í¨Ö ¶μ¤Î¨´Ö² ¸Ó Ê· ¢´¥´¨Õ Š²¥°´ Ä”μ± Äƒμ·¤μ´ 

(∂2
μ + m2) ψ̃(x, t) = 0, (23)

³μ¦´μ ¶μÉ·¥¡μ¢ ÉÓ, ÎÉμ¡Ò μ´  É ±¦¥ Ê¤μ¢²¥É¢μ·Ö²  ¨ μ¤´μ³Ê ¨§ Ê· ¢´¥´¨°
¶¥·¢μ£μ ¶μ·Ö¤± :

(i∂μγμ − m1 − γ5m2) ψ̃(x, t) = 0,

(−i∂μγμ − m1 + γ5m2) ψ̃(x, t) = 0.
(24)

“· ¢´¥´¨Ö (24), ±μ´¥Î´μ, Ö¢²ÖÕÉ¸Ö ³¥´¥¥ μ¡Ð¨³¨, Î¥³ (23), ¨, ´¥¸³μ-
É·Ö ´  Éμ, ÎÉμ ¢¸Ö±μ¥ ·¥Ï¥´¨¥ μ¤´μ£μ ¨§ Ê· ¢´¥´¨° (24) Ê¤μ¢²¥É¢μ·Ö¥É (23),
μ¡· É´μ¥ ÊÉ¢¥·¦¤¥´¨¥ ´¥ ¨³¥¥É ³¥¸É . �Î¥¢¨¤´μ É ±¦¥, ÎÉμ £ ³¨²ÓÉμ´¨ ´Ò,
 ¸¸μÍ¨¨·μ¢ ´´Ò¥ ¸ Ê· ¢´¥´¨Ö³¨ (24), ´¥Ô·³¨Éμ¢Ò (¶¸¥¢¤μÔ·³¨Éμ¢Ò), ¶μÉμ³Ê
ÎÉμ ¢ ´¨Ì ¸μ¤¥·¦¨É¸Ö γ5-§ ¢¨¸¨³μ¸ÉÓ ³ ¸¸Ò (H �= H+):

H = αp + β(m1 + γ5m2) = αp + βm eγ5α (25)

¨
H+ = αp + β(m1 − γ5m2) = αp + βm e−γ5α, (26)

£¤¥ ³ É·¨ÍÒ αi = γ0γi, β = γ0, γ5 = −iγ0γ1γ2γ3, ¨ ¢¢¥¤¥´  μ¤´μ§´ Î´ Ö
§ ¢¨¸¨³μ¸ÉÓ μÉ ¶ · ³¥É·  α

sinh (α) =
m2

m
, cosh (α) =

m1

m
, (27)

£¤¥ α ³¥´Ö¥É¸Ö μÉ ´Ê²Ö ¤μ ¡¥¸±μ´¥Î´μ¸É¨. �μ¤Î¥·±´¥³ ¥Ð¥ · §, ÎÉμ Ê· ¢-
´¥´¨Ö (24) Ö¢²ÖÕÉ¸Ö  ¡¸μ²ÕÉ´μ ´μ¢Ò³¨, É ± ± ± ¸μ¤¥·¦ É ¡μ²¥¥ ¤¥É ²Ó´ÊÕ
¨´Ëμ·³ Í¨Õ μ · ¸¸³ É¨¢ ¥³ÒÌ ¸¨¸É¥³ Ì. “¤μ¢²¥É¢μ·ÖÕÐ¨¥ ¨³ ËÊ´±Í¨¨ ·¥-
 ²¨§ÊÕÉ ¸¶¨´μ·´μ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò ‹μ·¥´Í  ¨ ¸μμÉ¢¥É¸É¢ÊÕÉ μ¶¨¸ ´¨Õ
Î ¸É¨Í ¸ ¶μ²ÊÍ¥²Ò³ ¸¶¨´μ³.
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Š·μ³¥ Éμ£μ,  ²ÓÉ¥·´ É¨¢´Ò° Ëμ·³ ²¨§³ ¢ μÉ´μÏ¥´¨¨ · ¸¸³ É·¨¢ ¥³ÒÌ
¸¨¸É¥³ Ö¢´μ ¶μ± §Ò¢ ¥É, ÎÉμ ÔÉμ ´¥Ô·³¨Éμ¢Ò £ ³¨²ÓÉμ´¨ ´Ò ¸ μ¶·¥¤¥²¥´-
´Ò³¨ Ì · ±É¥·¨¸É¨± ³¨. „²Ö ´¨Ì ¨§¢¥¸É´μ, ÎÉμ ·¥ ²Ó´μ¸ÉÓ ¨Ì ¸¶¥±É·  μ¡Ê¸-
²μ¢²¥´  É ± ´ §Ò¢ ¥³Ò³¨ ¶¸¥¢¤μÔ·³¨Éμ¢Ò³¨ ¸¢μ°¸É¢ ³¨, ¨¸¶μ²Ó§μ¢ ´¨¥ ±μ-
Éμ·ÒÌ ¢ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ¶μ²ÊÎ¨²μ Ï¨·μ±μ¥ · ¸¶·μ¸É· ´¥´¨¥ (¸³., ´ ¶·¨-
³¥·, [40Ä69]). �É³¥É¨³, ÎÉμ £ ³¨²ÓÉμ´¨ ´ ´ §Ò¢ ¥É¸Ö ¶¸¥¢¤μÔ·³¨Éμ¢Ò³, ¥¸²¨
μ´ Ê¤μ¢²¥É¢μ·Ö¥É Ê¸²μ¢¨Ö³

H+ = η0Hη−1
0 ,

£¤¥ η0 Å ²¨´¥°´Ò° Ô·³¨Éμ¢ μ¶¥· Éμ·. ˆ§ (25) ¨ (26) ¢ ´ Ï¥³ ¸²ÊÎ ¥ ¶μ²ÊÎ ¥³

η0 = eγ5α.

ˆ§ (22) ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ³ ¸¸  m, ¶μÖ¢²ÖÕÐ Ö¸Ö ¢ Ê· ¢´¥´¨¨ (23), ·¥-
 ²Ó´ , ±μ£¤  ¨³¥¥É ³¥¸Éμ ´¥· ¢¥´¸É¢μ

m2
1 � m2

2 (28)

(¸³. É ±¦¥ [55, 56]). �¤´ ±μ ¢ ¸²ÊÎ ¥ ¶¥·¥Ìμ¤  ± ¶¥·¥³¥´´μ° α ¤²Ö m1, m2

ÔÉμ Ê¸²μ¢¨¥  ¢Éμ³ É¨Î¥¸±¨ ¢Ò¶μ²´Ö¥É¸Ö ¢μ ¢¸¥° μ¡² ¸É¨ 0 � α < ∞.
�·μ¸Éμ°  ´ ²¨§ · ¸¸³ É·¨¢ ¥³ÒÌ ¢Ò· ¦¥´¨° ¶μ± §Ò¢ ¥É, ÎÉμ ¸ÊÐ¥¸É¢ÊÕÉ

¤¢¥ μ¡² ¸É¨ μ¶¨¸ ´¨Ö ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ Ë¥·³¨μ´μ¢. ‘ μ¤´μ° ¸Éμ·μ´Ò, ¢ ¶¥·-
¢μ° ¨§ ´¨Ì ¶μ²ÊÎ ¥³ μ¶¨¸ ´¨¥ ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ Ë¥·³¨μ´μ¢, ±μÉμ·Ò¥ ¢ ·¥-
§Ê²ÓÉ É¥ Ô·³¨Éμ¢μ£μ ¶¥·¥Ìμ¤  m1 = m ¨ m2 = 0∗ ¸μ¢¶ ¤ ÕÉ ¸ μ¡ÒÎ´Ò³¨
Î ¸É¨Í ³¨. �¤´ ±μ ¢μ ¢Éμ·μ° μ¡² ¸É¨ ¶μ¤μ¡´Ò° ¶¥·¥Ìμ¤ μÉ¸ÊÉ¸É¢Ê¥É. „·Ê-
£¨³¨ ¸²μ¢ ³¨, μ¶¨¸ ´¨¥ Ë¥·³¨μ´μ¢ ¢μ ¢Éμ·μ³ ¸²ÊÎ ¥ ´¥ ¶μ¤Î¨´Ö¥É¸Ö μ¡ÒÎ-
´μ³Ê Ê· ¢´¥´¨Õ „¨· ±  ¨ É·¥¡Ê¥É ¤μ¶μ²´¨É¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö.

Š ± ¡Ò²μ μÉ³¥Î¥´μ · ´¥¥, μ¸μ¡¥´´μ¸ÉÓÕ ³μ¤¥²¨ ¸ γ5-³ ¸¸μ¢Ò³ ¢±² ¤μ³
Ö¢²Ö¥É¸Ö Éμ, ÎÉμ μ´  ³μ¦¥É ¸μ¤¥·¦ ÉÓ μ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò ³ ¸¸Ò ¢
¤μ¶μ²´¥´¨¥ ± Ê¸²μ¢¨Õ

m2 � m1. (29)

„¥°¸É¢¨É¥²Ó´μ, ´  ¶¥·¢Ò° ¢§£²Ö¤ ¢¥²¨Î¨´  Ë¨§¨Î¥¸±μ° ³ ¸¸Ò m ³μ¦¥É ¡ÒÉÓ
¶μ¸É·μ¥´  ¡¥¸±μ´¥Î´Ò³ Î¨¸²μ³ ¶·μ¨§¢μ²Ó´ÒÌ ±μ³¡¨´ Í¨° m1 ¨ m2, Ê¤μ¢²¥É-
¢μ·ÖÕÐ¨Ì Ê¸²μ¢¨Ö³ (22) ¨ (29). �¤´ ±μ ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ m1 ¨
m2 ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¸ ¶μ³μÐÓÕ ¤ ´´ÒÌ m1, m2 ´¥²Ó§Ö μ¶¨¸ ÉÓ Î ¸É¨ÍÒ ¸
¶·μ¨§¢μ²Ó´μ° ³ ¸¸μ°, ¨ ¢ Î ¸É´μ¸É¨ ¸ ³ ¸¸μ°, ±μÉμ· Ö ¶·¥¢ÒÏ ¥É ¢¥²¨Î¨´Ê
³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò M :

m � M = mmax =
m2

1

2m2
. (30)

∗�É³¥É¨³, ÎÉμ ÔÉμÉ ¶¥·¥Ìμ¤ ¸μμÉ¢¥É¸É¢Ê¥É ®¶²μ¸±μ³Ê ¶·¥¤¥²Ê¯ ¢ £¥μ³¥É·¨Î¥¸±μ° É¥μ·¨¨
‚. ƒ. Š ¤ÒÏ¥¢¸±μ£μ.
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‡´ Î¥´¨¥ M ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ¸μμÉ¢¥É¸É¢Ê¥É §´ Î¥´¨Õ ³ ¸¸Ò ³ ±¸¨³μ´ , ±μ-
Éμ·Ò° μ± §Ò¢ ¥É¸Ö ´¥Ô·³¨Éμ¢Ò³ Ë¥·³¨μ´μ³

MMaximon =
√

2M + γ5M. (31)

„ ²Ó´¥°Ï¥¥ ¶μ¢ÒÏ¥´¨¥ §´ Î¥´¨° m1 ¨ m2, ± ± ÔÉμ ¸²¥¤Ê¥É ¨§ Ëμ·³Ê²
(27) ¨ (30), ³μ¦¥É ¶·μ¨¸Ìμ¤¨ÉÓ ¢¶²μÉÓ ¤μ §´ Î¥´¨Ö 2M , ¶·¨ ±μÉμ·μ³ §´ Î¥´¨¥
Ë¨§¨Î¥¸±μ° ³ ¸¸Ò Î ¸É¨ÍÒ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó (m = 0). �É¨ §´ Î¥´¨Ö É ±¦¥
²¥£±μ ¶μ²ÊÎ¨ÉÓ, ¥¸²¨ ¢Ò· §¨ÉÓ Ö¢´Ò³ μ¡· §μ³ m1 ¨ m2 ´¥¶μ¸·¥¤¸É¢¥´´μ
Î¥·¥§ ¶ · ³¥É·Ò m ¨ M . „¥°¸É¢¨É¥²Ó´μ, Ë¨±¸¨·ÊÖ M ¨ m ¨ ¢Ò· ¦ Ö Î¥·¥§
´¨Ì (22) ¨ (30), ¨³¥¥³

m∓
1 =

√
2M

√
1 ∓

√
1 − m2

M2
, (32)

m∓
2 = M

(
1 ∓

√
1 − m2

M2

)
. (33)

„¢  §´ ±  ¢ ¢Ò· ¦¥´¨ÖÌ (32) ¨ (33) Ö¢´μ Ê± §Ò¢ ÕÉ ´  · §²¨Î´ÊÕ ¶·¨·μ¤Ê
¶μ²ÊÎ¥´´ÒÌ ¢Ò· ¦¥´¨°, ¸μμÉ¢¥É¸É¢ÊÕÐÊÕ ¤¢Ê³ ¢μ§³μ¦´Ò³ É¨¶ ³ Î ¸É¨Í m∓

1

¨ m∓
2 . �·¨Î¥³ ¢¥·Ì´¨° §´ ± μÉ´μ¸¨É¸Ö ± ¸²ÊÎ Õ μ¡ÒÎ´ÒÌ Î ¸É¨Í,   ´¨¦-

´¨° μ¶·¥¤¥²Ö¥É ®Ô±§μÉ¨Î¥¸±¨¥ Ë¥·³¨μ´Ò¯ (¸³. μ¶·¥¤¥²¥´¨¥ ³ ¸¸ ¤²Ö ¸²ÊÎ Ö
£¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± ¶μ¸É·μ¥´¨Õ Š’� ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ° (16)).

�¡μ¸´μ¢ ´¨¥ μ¶·¥¤¥²¥´¨Ö ¢¥²¨Î¨´Ò ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ¢  ²£¥¡· ¨Î¥-
¸±μ³ ¶μ¤Ìμ¤¥ ³μ¦´μ ¢Ò· §¨ÉÓ Î¥·¥§ ¨§¢¥¸É´Ò¥ μ£· ´¨Î¥´¨Ö ´  ¶ · ³¥É·Ò
³ ¸¸Ò, ¨¸¶μ²Ó§ÊÖ ´¥· ¢¥´¸É¢μ ³¥¦¤Ê ¸·¥¤´¨³  ·¨Ë³¥É¨Î¥¸±¨³ ¨ ¸·¥¤´¨³
£¥μ³¥É·¨Î¥¸±¨³ ¤¢ÊÌ ¶μ²μ¦¨É¥²Ó´ÒÌ Î¨¸¥² a ¨ b. „¥°¸É¢¨É¥²Ó´μ, ¶·¨´¨³ Ö
a = m2 ¨ b = m2

2, ¶μ²ÊÎ ¥³

m2 + m2
2 � 2

√
m2 m2

2. (34)

‡´ ± · ¢¥´¸É¢ , ± ± ¨§¢¥¸É´μ, ¨³¥¥É ³¥¸Éμ, ±μ£¤  m = m2, ¨ ÔÉμ §´ Î¥´¨¥
³ ¸¸Ò Î ¸É¨ÍÒ m = m2 = M μ¶·¥¤¥²Ö¥É ¥¥ ³ ±¸¨³ ²Ó´μ ¤μ¶Ê¸É¨³μ¥ §´ -
Î¥´¨¥. Š·μ³¥ Éμ£μ, ¨§ (22) ³Ò É ±¦¥ ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ, ÎÉμ ¤ ´´μ¥ §´ Î¥´¨¥
³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ¸μμÉ¢¥É¸É¢Ê¥É m1 =

√
2M . ’ ±¨³ μ¡· §μ³, §´ Î¥´¨¥ M

¤¥°¸É¢¨É¥²Ó´μ μ¶·¥¤¥²Ö¥É ´¥±ÊÕ ³ ±¸¨³ ²Ó´μ ¢μ§³μ¦´ÊÕ ³ ¸¸Ê ¢ · ¸¸³ É·¨-
¢ ¥³μ° ¶¸¥¢¤μÔ·³¨Éμ¢μ° Ë¥·³¨μ´´μ° ¸¨¸É¥³¥ ¶·¨ Ë¨±¸¨·μ¢ ´´ÒÌ §´ Î¥´¨ÖÌ
m ¨ m2 ¨ ¢ É¥·³¨´μ²μ£¨¨ Œ ·±μ¢  [3,4] ³μ¦¥É · ¸¸³ É·¨¢ ÉÓ¸Ö ± ± μ¶·¥¤¥-
²¥´¨¥ ³ ¸¸Ò ³ ±¸¨³μ´ . �¥É·Ê¤´μ ¢¨¤¥ÉÓ, ÎÉμ ÔÉ  ³ ¸¸  ¡¥§Ê¸²μ¢´μ ¸μ¢¶ ¤ ¥É
¸ (30) ¨ ³μ¦¥É ¡ÒÉÓ § ¶¨¸ ´  É ±¦¥ ¢ ´¥Ô·³¨Éμ¢μ° Ëμ·³¥ (¸³. (31)).

�  ·¨¸Ê´±¥ (a) ¢¨¤´μ Ö¢´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¶·¨¢¥¤¥´´μ° ³ ¸¸μ¢μ° § ¢¨-
¸¨³μ¸É¨

y(α) =
m

M
=

2 sinh (α)
cosh2 (α)

, (35)
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¢Ò· ¦¥´´μ° Î¥·¥§ ¶ · ³¥É· α. ˆ§ ·¨¸Ê´±  (a) ¸²¥¤Ê¥É, ÎÉμ ±·¨¢ Ö, ¸μμÉ¢¥É¸É¢Ê-
ÕÐ Ö ³ ¸¸¥ · ¸¸³ É·¨¢ ¥³μ° Î ¸É¨ÍÒ, ¨³¥¥É ³ ±¸¨³ ²Ó´μ¥ §´ Î¥´¨¥ m(α) =
m/M = 1 ¢ ÉμÎ±¥ α0 = 0,881, ±μÉμ· Ö, ± ± Ê¦¥ μÉ³¥Î ²μ¸Ó, ¸μμÉ¢¥É¸É¢Ê¥É
³ ±¸¨³μ´Ê. �μ ÔÉμ³Ê §´ Î¥´¨Õ ³Ò ³μ¦¥³ μ¶·¥¤¥²¨ÉÓ Ë¥·³¨μ´Ò, ¤²Ö ±μ-
Éμ·ÒÌ ¸ÊÐ¥¸É¢Ê¥É Ô·³¨Éμ¢ ¶·¥¤¥² M → ∞ (m2 → 0). �μ ¶μ¸²¥ §´ Î¥´¨Ö
α0 = 0,881, £¤¥ M Å ³ ±¸¨³ ²Ó´μ ¤μ¸É¨¦¨³μ¥ §´ Î¥´¨¥ ³ ¸¸Ò Ë¥·³¨μ´ 
(α > α0), ³Ò ¨³¥¥³ ¤¥²μ ¸ Ê³¥´ÓÏ¥´¨¥³ ³ ¸¸Ò Î ¸É¨ÍÒ, ¨ ¢ ÔÉμ³ ·¥£¨μ´¥ Ê¦¥
´¥É ¢μ§³μ¦´μ¸É¨ ¶·¥¤¥²Ó´μ£μ ¶¥·¥Ìμ¤  ± ¸²ÊÎ Õ Ô·³¨Éμ¢μ° ³ ¸¸Ò. ’ ±¨³
μ¡· §μ³, ¢ ÔÉμ° μ¡² ¸É¨ ³μ£ÊÉ ¸ÊÐ¥¸É¢μ¢ ÉÓ Î ¸É¨ÍÒ, ±μÉμ·Ò¥ ¢ ¶·¨´Í¨¶¥
μÉ²¨Î ÕÉ¸Ö μÉ Î ¸É¨Í ‘Œ. ‚ Î ¸É´μ¸É¨, μ¶¨¸ ´¨¥ ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢ ¢
ÔÉμ³ ¸²ÊÎ ¥ ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ Ëμ·³¥

m̃ = 2M(1 + γ5), (36)

£¤¥ M Å §´ Î¥´¨¥ ³ ¸¸Ò ³ ±¸¨³μ´ .
’ ±¨³ μ¡· §μ³, ¡² £μ¤ ·Ö ´ ²¨Î¨Õ ³ ±¸¨³ ²Ó´μ£μ §´ Î¥´¨Ö ³ ¸¸Ò ³μ¦´μ

£μ¢μ·¨ÉÓ μ ¢μ§³μ¦´μ¸É¨ ¶μÖ¢²¥´¨Ö ´μ¢ÒÌ Î ¸É¨Í, ±μÉμ·Ò¥ ´¥ ¸ÊÐ¥¸É¢ÊÕÉ ¢
‘Œ. ˆ³¥´´μ ÔÉ¨ Î ¸É¨ÍÒ ‚. ƒ. Š ¤ÒÏ¥¢¸±¨° μÉ³¥Î ² ± ± ®Ô±§μÉ¨Î¥¸±¨¥¯.
…¸²¨ μ£· ´¨Î¥´¨¥ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ´¥ ¸ÊÐ¥¸É¢Ê¥É ¢ ¶·¨-
·μ¤¥, Éμ Ô±§μÉ¨Î¥¸±¨¥ Î ¸É¨ÍÒ ¶·μ¸Éμ ´¥ ³μ£ÊÉ ¢μ§´¨±´ÊÉÓ. ˆ ´ μ¡μ·μÉ, ¥¸²¨
Ê¤ ¸É¸Ö ¨Ì μ¡´ ·Ê¦¨ÉÓ, ÔÉμ ¡Ê¤¥É μ§´ Î ÉÓ, ÎÉμ μ£· ´¨Î¥´¨¥ ³ ¸¸Ò ¸ÊÐ¥¸É-
¢Ê¥É ¢ ¶·¨·μ¤¥. ‘²¥¤Ê¥É, μ¤´ ±μ, μÉ³¥É¨ÉÓ, ÎÉμ ¥¸²¨ · ´¥¥ ¢μ§´¨±´μ¢¥´¨¥
Ô±§μÉ¨Î¥¸±¨Ì Ë¥·³¨μ´μ¢ É· ±Éμ¢ ²μ¸Ó ± ± ¶·¥·μ£ É¨¢  £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤-
Ìμ¤  ± ¶μ¸É·μ¥´¨Õ Š’� ¸ ËÊ´¤ ³¥´É ²Ó´μ° ³ ¸¸μ° [2,24], Éμ É¥¶¥·Ó ³μ¦´μ
¸ Ê¢¥·¥´´μ¸ÉÓÕ μÉ´¥¸É¨ ¨Ì ¶μÖ¢²¥´¨¥ ± ¢μ§³μ¦´μ¸É¨ ¶·μ¸Éμ£μ μ£· ´¨Î¥´¨Ö
³ ¸¸Ò Ë¥·³¨μ´μ¢. ’ ±¦¥ ³Ò ¸Î¨É ¥³, ÎÉμ ÉμÎ´Ò¥ ·¥Ï¥´¨Ö ³μ¤¨Ë¨Í¨·μ-
¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ± Ä� Ê²¨, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ¢ ¸²ÊÎ ¥ ¸ÊÐ¥¸É¢μ¢ ´¨Ö
¶¸¥¢¤μÔ·³¨Éμ¢μ£μ ´¥°É·¨´μ [5, 6], ³μ£ÊÉ ¶μ§¢μ²¨ÉÓ ¶μ²ÊÎ¨ÉÓ Í¥´´ÊÕ ¨´Ëμ·-
³ Í¨Õ ¤²Ö Ô±¸¶¥·¨³¥´É ²Ó´μ£μ μ¡´ ·Ê¦¥´¨Ö Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í. �  ÔÉμ
É ±¦¥ Ê± §Ò¢ ¥É μ£·μ³´μ¥ Ê¢¥²¨Î¥´¨¥ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í ¸
³ £´¨É´Ò³¨ ¶μ²Ö³¨, ±μÉμ·μ¥ ¸¢Ö§ ´μ ¸ ¨Ì ´¥μ¡ÒÎ´Ò³¨ ¸¢μ°¸É¢ ³¨ [6].

2. Œ�„…‹œ C γ5-Œ�‘‘�‚›Œ ‚Š‹�„�Œ,
‘�„…�†�™�Ÿ �ƒ���ˆ—…�ˆŸ Œ�‘‘› ”…�Œˆ���‚

‚ Œ�ƒ�ˆ’��Œ ��‹…

� ¸¸³μÉ·¨³ ¢μ¶·μ¸ μ¡ μ¶¨¸ ´¨¨ ¤¢¨¦¥´¨Ö Ë¥·³¨μ´μ¢ ¢ ³ £´¨É´μ³ ¶μ²¥
¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¨Ì ¸μ¡¸É¢¥´´Ò° ³ £´¨É´Ò° ³μ³¥´É μÉ²¨Î ¥É¸Ö μÉ ³ £´¥-
Éμ´  	μ· , É. ¥. ±μ£¤  μ´¨ μ¡² ¤ ÕÉ  ´μ³ ²Ó´Ò³¨ ³ £´¨É´Ò³¨ ³μ³¥´É ³¨
(�ŒŒ). Š ± ¡Ò²μ ¶μ± § ´μ ˜¢¨´£¥·μ³ [70], Ê· ¢´¥´¨¥ „¨· ±  ¤²Ö Î ¸É¨ÍÒ
¢μ ¢´¥Ï´¥³ Ô²¥±É·μ³ £´¨É´μ³ ¶μ²¥ Aext, ÊÎ¨ÉÒ¢ ÕÐ¥¥ · ¤¨ Í¨μ´´Ò¥ ¶μ-
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¶· ¢±¨, ³μ¦¥É ¡ÒÉÓ ¶·¥¤¸É ¢²¥´μ ¢ Ëμ·³¥

(Pγ − m)Ψ(x) −
∫

M(x, y|Aext)Ψ(y) dy = 0, (37)

£¤¥ M(x, y|Aext) Å ³ ¸¸μ¢Ò° μ¶¥· Éμ· Ë¥·³¨μ´  ¢μ ¢´¥Ï´¥³ ¶μ²¥ ¨

Pμ = pμ − eAext
μ .

ˆ§ Ê· ¢´¥´¨Ö (37) ¸ ¶μ³μÐÓÕ · §²μ¦¥´¨Ö ³ ¸¸μ¢μ£μ μ¶¥· Éμ·  ¢ ·Ö¤ ¶μ eAext

¸ ÉμÎ´μ¸ÉÓÕ ´¥ ¢ÒÏ¥ ²¨´¥°´ÒÌ Î²¥´μ¢ ¶μ ¶μ²Õ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ³μ¤¨Ë¨-
Í¨·μ¢ ´´μ¥ Ê· ¢´¥´¨¥. �Éμ Ê· ¢´¥´¨¥ ¸μÌ· ´Ö¥É ·¥²ÖÉ¨¢¨¸É¸±ÊÕ ±μ¢ ·¨ ´É-
´μ¸ÉÓ ¨ ¸μμÉ¢¥É¸É¢Ê¥É Ë¥´μ³¥´μ²μ£¨Î¥¸±μ³Ê Ê· ¢´¥´¨Õ � Ê²¨, ¶μ²ÊÎ¥´´μ³Ê
¢ ¥£μ · ´´¨Ì · ¡μÉ Ì (¸³., ´ ¶·¨³¥·, [71]).

� ¸¸³μÉ·¨³ É¥¶¥·Ó ³μ¤¥²¨ ³ ¸¸¨¢´ÒÌ Ë¥·³¨μ´μ¢ ¸ γ5-· ¸Ï¨·¥´¨¥³ ³ ¸-
¸Ò m → m1 + γ5m2, ¶·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥ ¨Ì § ·Ö¤μ¢ ¨
�ŒŒ ¸ Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²¥³ Fμν :(

γμPμ − m1 − γ5m2 −
Δμ

2
σμνFμν

)
Ψ̃(x) = 0, (38)

£¤¥ Δμ = (μ − μ0) = μ0(g − 2)/2; μ Å ³ £´¨É´Ò° ³μ³¥´É Ë¥·³¨μ´ ;
g Å Ë¥·³¨μ´´Ò° £¨·μ³ £´¨É´Ò° Ë ±Éμ·; μ0 = |e|/2m Å ³ £´¥Éμ´ 	μ· ;
σμν = i/2(γμγν − γνγμ). ’ ±¨³ μ¡· §μ³, Ë¥´μ³¥´μ²μ£¨Î¥¸± Ö ±μ´¸É ´É 
Δμ, ±μÉμ· Ö ¢¢μ¤¨² ¸Ó � Ê²¨, Ö¢²Ö¥É¸Ö Î ¸ÉÓÕ Ê· ¢´¥´¨Ö ¨ ³μ¦¥É ¡ÒÉÓ ¨´-
É¥·¶·¥É¨·μ¢ ´  ¸ ÉμÎ±¨ §·¥´¨Ö Š’�.

ƒ ³¨²ÓÉμ´μ¢Ê Ëμ·³Ê (38) ¢ μ¤´μ·μ¤´μ³ ³ £´¨É´μ³ ¶μ²¥ ³μ¦´μ ¶·¥¤¸É -
¢¨ÉÓ ¢ ¸²¥¤ÊÕÐ¥³ ¢¨¤¥:

i
∂

∂t
Ψ̃(r, t) = HΔμΨ̃(r, t), (39)

£¤¥
HΔμ = αP + β(m1 + γ5m2) + Δμβ(σH). (40)

ˆ¸¶μ²Ó§ÊÖ ·¨¸Ê´μ± (¡), ³μ¦´μ ¢¨¤¥ÉÓ · §²¨Î´Ò¥ ¢¥É¢¨ ¶ · ³¥É·μ¢ ν±
1 =

m±
1 /M ¨ ν±

2 = m±
2 /M ± ± ËÊ´±Í¨¨ ´μ·³¨·μ¢ ´´μ£μ Ë¨§¨Î¥¸±μ£μ ¶ · ³¥-

É·  ν = m/M . ’¥¶¥·Ó ¸ÊÐ¥¸É¢μ¢ ´¨¥ μ¡² ¸É¥° PT -¸¨³³¥É·¨¨ μ¶·¥¤¥²Ö¥É¸Ö
Ê¸²μ¢¨¥³ 0 � ν � 1. �·¨ ÔÉ¨Ì §´ Î¥´¨ÖÌ ν ¶ · ³¥É·Ò ν1 ¨ ν2 ¸μμÉ¢¥É¸É¢ÊÕÉ
³μ¤¨Ë¨Í¨·μ¢ ´´μ³Ê Ê· ¢´¥´¨Õ „¨· ±  ¸ ³ ±¸¨³ ²Ó´μ° ³ ¸¸μ°, μ¶¨¸Ò¢ Õ-
Ð¥³Ê · ¸¶·μ¸É· ´¥´¨¥ Ë¥·³¨μ´μ¢ ¸ ¤¥°¸É¢¨É¥²Ó´μ° ³ ¸¸μ°. �¤´ ±μ Éμ²Ó±μ
´¨¦´¨¥ ¢¥É¢¨ ν−

1 , ν−
2 ¸μμÉ¢¥É¸É¢ÊÕÉ μ¡ÒÎ´Ò³ Î ¸É¨Í ³,   ¢¥·Ì´¨¥ ±·¨¢Ò¥

ν+
1 , ν+

2 μ¶·¥¤¥²ÖÕÉ § ¢¨¸¨³μ¸É¨ ¨Ì Ô±§μÉ¨Î¥¸±¨Ì ¶ ·É´¥·μ¢.
�¸´μ¢´μ¥ μÉ²¨Î¨¥ μ¡ÒÎ´ÒÌ ´¥Ô·³¨Éμ¢ÒÌ Ë¥·³¨μ´μ¢ ¨ Ô±§μÉ¨Î¥¸±¨Ì Î ¸-

É¨Í ³μ¦´μ ¶·μ¨²²Õ¸É·¨·μ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³. …¸²¨ ¶·¨´ÖÉÓ, ÎÉμ ³ ±¸¨-
³ ²Ó´ Ö ³ ¸¸  ¢ Ë¥·³¨μ´´μ³ ¸¶¥±É·¥ ¸· ¢´¨³  ¸ ³ ¸¸μ° �² ´± , Éμ, ¨¸¶μ²Ó-
§ÊÖ ·¨¸Ê´μ± (¡), ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¢¸¥ ¨§¢¥¸É´Ò¥ Î ¸É¨ÍÒ ‘Œ · ¸¶μ² £ ÕÉ¸Ö
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¢ ²¥¢μ³ ´¨¦´¥³ Ê£²Ê ÔÉμ£μ ·¨¸Ê´± . ‚ ¸ ³μ³ ¤¥²¥, ¸μ£² ¸´μ μÍ¥´± ³, ±μÉμ-
·Ò¥ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¨§ Ëμ·³Ê² (32), (33), ¨¸¶μ²Ó§ÊÖ §´ Î¥´¨¥ ³ ¸¸Ò ´ ¨¡μ²¥¥
³ ¸¸¨¢´μ£μ Ë¥·³¨μ´  ‘Œ, ± ±¨³ Ö¢²Ö¥É¸Ö Éμ¶-±¢ ·±, ³Ò ¨³¥¥³

mt-quark = (173,34 ± 0,76) ƒÔ‚.

ˆ ¥¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ³ ±¸¨³ ²Ó´ Ö ³ ¸¸  ¸μμÉ¢¥É¸É¢Ê¥É ³ ¸¸¥ �² ´± 
M = 1019 ƒÔ‚, ³μ¦´μ ¶μ²ÊÎ¨ÉÓ

m1 = mt-quark, m2 =
m2

t-quark

2M
= 1,9 · 10−15 ƒÔ‚. (41)

‘²¥¤μ¢ É¥²Ó´μ, ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤²Ö ´¥Ô·³¨Éμ¢μ£μ t-±¢ ·±  μ± §Ò¢ ¥É¸Ö ¸¶· -
¢¥¤²¨¢  ¸²¥¤ÊÕÐ Ö μÍ¥´± :

m̃t-quark = mt-quark + γ5 · 2 · 10−6 Ô‚. (42)

’¥³ ¸ ³Ò³ ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ´¥Ô·³¨Éμ¢ ¢±² ¤ ¢ ÔÉμ³ ¸²ÊÎ ¥ μ± §Ò¢ ¥É¸Ö
Ô±¸É·¥³ ²Ó´μ ³ ² ¨ ¶· ±É¨Î¥¸±¨ ´¥´ ¡²Õ¤ ¥³. ‚ Éμ ¦¥ ¢·¥³Ö, ¨¸¶μ²Ó§ÊÖ
Ëμ·³Ê²Ò (32), (33) ¤²Ö ´¨¦´¨Ì §´ ±μ¢, É. ¥. ¤²Ö Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í, ¶μ-
²ÊÎ ¥³

m̃t-quark = 2M

[
1 −

m2
t-quark

8M2

]
+ γ52M

[
1 −

m2
t-quark

4M2

]
. (43)

�Éμ μ§´ Î ¥É, ÎÉμ ¢¸Ö ´ ¨¡μ²¥¥ ¨´É¥·¥¸´ Ö ¨´Ëμ·³ Í¨Ö μ ´¥Ô·³¨Éμ¢ÒÌ
Ë¥·³¨μ´ Ì ¢ ÔÉμ³ ¸²ÊÎ ¥ ±μ´Í¥´É·¨·Ê¥É¸Ö ´  ¢¥·Ì´¨Ì ¢¥É¢ÖÌ ·¨¸Ê´±  (¡),
£¤¥ ¨§μ¡· ¦¥´  § ¢¨¸¨³μ¸ÉÓ ´μ·³¨·μ¢ ´´ÒÌ §´ Î¥´¨° ¶ · ³¥É·μ¢ m+

1 /M ,
m+

2 /M , Ì · ±É¥·¨§ÊÕÐ¨Ì Ô±§μÉ¨Î¥¸±¨¥ Î ¸É¨ÍÒ. ‘²¥¤μ¢ É¥²Ó´μ, μÉ¸Õ¤ 
³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤ μ Éμ³, ÎÉμ ´ ¨¡μ²¥¥ ¨´É·¨£ÊÕÐ¨¥ Ö¢²¥´¨Ö ³μ£ÊÉ ¶·μ-
¨¸Ìμ¤¨ÉÓ ¨³¥´´μ ¸ ´ ¨¡μ²¥¥ ²¥£±¨³¨ Ë¥·³¨μ´ ³¨ (¸³. (36)), É ± ± ± μ¡² ¸ÉÓ
¡μ²ÓÏ¨Ì ³ ¸¸ m ∼ M ¥Ð¥ ¤μ²£μ ³μ¦¥É μ¸É ¢ ÉÓ¸Ö ´¥¤μ¸É¨¦¨³μ°.

Œμ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ¢¥¸Ó³  ¶μÌμ¦ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ² ¸Ó ¢ Ë¨-
§¨±¥ ¡μ²ÓÏ¨Ì ¸±μ·μ¸É¥° ¶·¨ ¶¥·¥Ìμ¤¥ μÉ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ± · §· -
¡μÉ±¥ ·¥²ÖÉ¨¢¨¸É¸±μ£μ ¶μ¤Ìμ¤ . Š ± ¨§¢¥¸É´μ, ÔÉμÉ ¶¥·¥Ìμ¤ ¶·μÌμ¤¨² ¢ ´¥¸-
±μ²Ó±μ ÔÉ ¶μ¢ ¨ Éμ²Ó±μ ¢ μ±μ´Î É¥²Ó´μ³ ¢ ·¨ ´É¥ ¡Ò² ¸¢Ö§ ´ ¸ Ô±¸¶¥·¨³¥´-
É ²Ó´Ò³¨ ´ ¡²Õ¤¥´¨Ö³¨ ¶·¥¤¥²Ó´ÒÌ §´ Î¥´¨° ¸±μ·μ¸É¨ ¸¢¥É . ˆ ÌμÉÖ, ± ±
¨§¢¥¸É´μ, ¸¢¥É ¡Ò² ¢¸¥£¤ , ´μ ±μ··¥±É´μ¥ ¨§³¥·¥´¨¥ §´ Î¥´¨Ö ¥£μ ¸±μ·μ¸-
É¨ § ´Ö²μ ¤μ¸É ÉμÎ´μ ³´μ£μ ¢·¥³¥´¨. �  ¶¥·¢Ò° ¢§£²Ö¤ ¨§³¥·¥´¨Ö, ¸¢Ö§ ´-
´Ò¥ ¸ ¶·μÖ¢²¥´¨¥³ μ£· ´¨Î¥´¨° ¸¶¥±É·  ³ ¸¸ ¨§¢¥¸É´ÒÌ Î ¸É¨Í, ¢ ¶·¨´Í¨¶¥
´¥¢μ§³μ¦´μ ¤μ¸É¨ÎÓ, É ± ± ± ¸ÊÐ¥¸É¢ÊÕÐ Ö ³μÐ´μ¸ÉÓ ±μ²² °¤¥·μ¢ ¨ ¤ ¦¥
¨Ì ¶² ´¨·Ê¥³Ò¥ ¶μ± § É¥²¨ ¥Ð¥ ¤μ²£μ ³μ£ÊÉ μ¸É ¢ ÉÓ¸Ö ´¥¤μ¸É ÉμÎ´Ò³¨.
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‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¸ ³  ³Ò¸²Ó μ ´¥¸¡ÒÉμÎ´μ¸É¨ ´¥¶μ¸·¥¤¸É¢¥´´μ£μ ´ ¡²Õ¤¥-
´¨Ö ³ ±¸¨³μ´μ¢ Ê ´¥±μÉμ·ÒÌ Ë¨§¨±μ¢ ¶μ·μ¦¤ ¥É ¶μ²´Ò° μÉ± § μÉ ¨§ÊÎ¥´¨Ö
¢μ¶·μ¸μ¢ μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í!

�¤´ ±μ ¨ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¸μÌ· ´Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ¨¸¶μ²Ó§μ¢ ÉÓ μ¶ÒÉ ¶μ-
ÔÉ ¶´μ£μ ¸É ´μ¢²¥´¨Ö · §¢¨¢ ¥³μ° É¥μ·¨¨. „¥°¸É¢¨É¥²Ó´μ, ´  ¶¥·¢μ³ ÔÉ ¶¥
³μ¦´μ μ¸ÊÐ¥¸É¢¨ÉÓ ¶μ¨¸± μ£· ´¨Î¥´¨° ¢ ¸¶¥±É·¥ ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í
¶ÊÉ¥³ ¶·μ¢¥¤¥´¨Ö ±μ¸¢¥´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢, μ¤´μ§´ Î´μ Ê± §Ò¢ ÕÐ¨Ì ´ 
¶·μÖ¢²¥´¨Ö É ±μ£μ μ£· ´¨Î¥´¨Ö. ‚ ÔÉμ³ μÉ´μÏ¥´¨¨ ¢¥¸Ó³  Ê¤μ¡´Ò³¨ ³μ£ÊÉ
μ± § ÉÓ¸Ö Ô±§μÉ¨Î¥¸±¨¥ Î ¸É¨ÍÒ, ±μÉμ·Ò¥ ¡Ò²¨ ¶·¥¤¸± § ´Ò ‚. ƒ. Š ¤ÒÏ¥¢¸-
±¨³ ´  μ¸´μ¢¥ · §· ¡μÉ±¨ £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤ . ‘ÊÐ¥¸É¢μ¢ ´¨¥ Ô±§μÉ¨-
Î¥¸±¨Ì Ë¥·³¨μ´μ¢ ¡Ò²μ § É¥³ ¶μ¤É¢¥·¦¤¥´μ ¨ ¢ · ³± Ì  ²£¥¡· ¨Î¥¸±μ°
É¥μ·¨¨, · §· ¡ ÉÒ¢ ¥³μ° ´ ³¨ ¤²Ö ¸²ÊÎ Ö ´¥Ô·³¨Éμ¢ÒÌ (¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ)
Ë¥·³¨μ´μ¢ [62Ä69], ¤¢¨¦ÊÐ¨Ì¸Ö ¢ ³ £´¨É´μ³ ¶μ²¥ [5, 6]. Š ± ¡Ò²μ ¶μ± -
§ ´μ [5, 6], ¨³¥¥É¸Ö ¶·Ö³ Ö ¸¢Ö§Ó ³¥¦¤Ê ÊÉ¢¥·¦¤¥´¨¥³ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ³ ±-
¸¨³ ²Ó´μ° ³ ¸¸Ò ¨ ¶μÖ¢²¥´¨¥³ ¢ É¥μ·¨¨ Ô±§μÉ¨Î¥¸±¨Ì Ë¥·³¨μ´μ¢. �·¨Î¥³
ÔÉ  ¸¢Ö§Ó ¸ÊÐ¥¸É¢Ê¥É ´¥§ ¢¨¸¨³μ μÉ Éμ£μ, ± ±μ° ¶μ¤Ìμ¤ ¢Ò¡¨· ¥É¸Ö ¤²Ö ¨¸-
¸²¥¤μ¢ ´¨Ö: £¥μ³¥É·¨Î¥¸±¨° ¨²¨  ²£¥¡· ¨Î¥¸±¨°. �  ·¨¸Ê´±¥ (¡ ¨ ¢) ³μ¦´μ
¢¨¤¥ÉÓ, ÎÉμ μ¡² ¸É¨ ´¥´ ·ÊÏ¥´´μ° PT -¸¨³³¥É·¨¨ ¤²Ö μ¡ÒÎ´ÒÌ ¨ Ô±§μÉ¨Î¥¸-
±¨Ì Î ¸É¨Í ¸ÊÐ¥¸É¢¥´´μ μÉ²¨Î ÕÉ¸Ö.

3. ’…��ˆŸ ‘ Œ�Š‘ˆŒ�‹œ��‰ Œ�‘‘�‰
ˆ �Š‘�…�ˆŒ…�’�‹œ�›… ‚�‡Œ�†��‘’ˆ �����“†…�ˆŸ

�Š‡�’ˆ—…‘Šˆ• ”…�Œˆ���‚

�·¨ ¢Ò¶μ²´¨¨ · ¸Î¥Éμ¢ ¢ · ³± Ì ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ± Ä
� Ê²¨ ¤²Ö ¸²ÊÎ Ö ¤¢¨¦¥´¨Ö Ë¥·³¨μ´μ¢ ¢ ³ £´¨É´μ³ ¶μ²¥ ¶μ²ÊÎ ¥³ ÉμÎ´Ò¥
·¥Ï¥´¨Ö ¤²Ö Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É·  [5,6]:

E(ζ, p3, p⊥, ΔμH) =

√
p2
3 − m2

2 +
[√

m2
1 + p2

⊥ + ζΔμH
]2

, (44)

¨ ¤²Ö ¸μ¡¸É¢¥´´ÒÌ §´ Î¥´¨° μ¶¥· Éμ·  ¶μ²Ö·¨§ Í¨¨ μ3 (ζ = ±1), ±μÉμ·Ò¥
Ì · ±É¥·¨§ÊÕÉ μ·¨¥´É Í¨Õ ¸¶¨´  Ë¥·³¨μ´  ¢¤μ²Ó ¨²¨ ¶·μÉ¨¢ ´ ¶· ¢²¥´¨Ö
³ £´¨É´μ£μ ¶μ²Ö, ³μ¦´μ § ¶¨¸ ÉÓ

k =
√

m2
1 + p2

⊥, (45)

£¤¥ p3 ¨ p⊥ Ö¢²ÖÕÉ¸Ö ¶·μ¤μ²Ó´Ò³¨ ¨ ¶μ¶¥·¥Î´Ò³¨ ±μ³¶μ´¥´É ³¨ ¨³¶Ê²Ó¸ 
´¥°É·¨´μ ¶μ μÉ´μÏ¥´¨Õ ± ³ £´¨É´μ³Ê ¶μ²Õ.

Œμ¦´μ É ±¦¥ ¢¨¤¥ÉÓ, ÎÉμ ¢ ¸²ÊÎ ¥ Δμ = 0 ¢ Ô·³¨Éμ¢μ³ ¶·¥¤¥²¥ m1 = m,
m2 = 0 ¨§ (44) ¸²¥¤Ê¥É μ¡ÒÎ´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ô´¥·£¨¨ § ·Ö¦¥´´μ° Î ¸É¨ÍÒ,
¤¢¨¦ÊÐ¥°¸Ö ¢ ³ £´¨É´μ³ ¶μ²¥ (Ê·μ¢´¨ ‹ ´¤ Ê). ’ ±¨³ μ¡· §μ³, Ëμ·³Ê²  (44)
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μ± §Ò¢ ¥É¸Ö ¸¶· ¢¥¤²¨¢  ´¥ Éμ²Ó±μ ¤²Ö ´¥°É· ²Ó´ÒÌ Ë¥·³¨μ´μ¢, ´μ ¨ ¤²Ö § -
·Ö¦¥´´ÒÌ Î ¸É¨Í, μ¡² ¤ ÕÐ¨Ì �ŒŒ. ‚ ÔÉμ³ ¸²ÊÎ ¥ ´¥μ¡Ìμ¤¨³μ ¶·μ¸Éμ
§ ³¥´¨ÉÓ §´ Î¥´¨¥ ±¢ ¤· É  ¶μ¶¥·¥Î´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  ´  ¥¥ ±¢ ´Éμ-
¢ ´´Ò¥ §´ Î¥´¨Ö ¢ ³ £´¨É´μ³ ¶μ²¥

p2
⊥ → 2γn,

£¤¥ γ = eH , n = 0, 1, 2 . . . μ¶·¥¤¥²Ö¥É ³μ¤¨Ë¨Í¨·μ¢ ´´Ò° Ê·μ¢¥´Ó ‹ ´¤ Ê
(¸³. [5, 6]):

E(ζ, p3, 2γn, ΔμH) =

√
p2
3 − m2

2 +
[√

m2
1 + 2γn + ζΔμH

]2
. (46)

Š·μ³¥ Éμ£μ, ¶μ¤Î¥·±´¥³, ÎÉμ ¨§ ¢Ò· ¦¥´¨Ö (46) ¢ Ô·³¨Éμ¢μ³ ¶·¥¤¥²¥ m2 = 0
¨ m1 = m ¸²¥¤Ê¥É ¢Ò· ¦¥´¨¥, ¶μ²ÊÎ¥´´μ¥ · ´¥¥ ¢ · ¡μÉ¥ [72].

‡ ¢¨¸¨³μ¸ÉÓ ´μ·³¨·μ¢ ´´ÒÌ §´ Î¥´¨° Ô´¥·£¨¨, μÉ´¥¸¥´´μ° ± ³ ¸¸¥ Ë¥·-
³¨μ´  m,

E(−1, 0, p⊥, ΔμH/m = 0,1)/m

μÉ ¶ · ³¥É·  m/M ¤²Ö ¸²ÊÎ ¥¢ ζ = −1, p⊥/m = 0, 1, 2, 3, 4 ¨ ΔμH/m = 0,1
¶·¥¤¸É ¢²¥´  ´  ·¨¸Ê´±¥ (£). ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, § ¢¨¸¨³μ¸ÉÓ ´μ·³¨·μ¢ ´´ÒÌ
§´ Î¥´¨° Ô´¥·£¨¨ Ë¥·³¨μ´ , μÉ´¥¸¥´´μ° ± ³ ±¸¨³ ²Ó´μ° ³ ¸¸¥ M ,

E

(
±1,

p3

M
,

p⊥
m

,
ΔμH

M
= 0,1

)
/M

μÉ ¶·μ¤μ²Ó´ÒÌ ±μ³¶μ´¥´É ¨³¶Ê²Ó¸  ´¥°É·¨´μ x = p3/M ¤²Ö ¸²ÊÎ Ö · §-
²¨Î´ÒÌ §´ Î¥´¨° ¶μ²Ö·¨§ Í¨¨ ζ = ±1, ¶μ¶¥·¥Î´ÒÌ ±μ³¶μ´¥´É p⊥/M =
0, 1, 2, 3, 4 ¨ ΔμH/M = 0,1 ³μ¦´μ ¢¨¤¥ÉÓ ´  ·¨¸Ê´±¥ (¤), £¤¥ ÏÉ·¨Ìμ¢Ò¥
±·¨¢Ò¥ ¸μμÉ¢¥É¸É¢ÊÕÉ  ´É¨Î ¸É¨Í ³. ‚¥¸Ó³  ¢ ¦´μ, ÎÉμ ¢ ¸²ÊÎ ¥ Ë¥·³¨μ´μ¢
¸μ ¸¶¨´μ³, μ·¨¥´É¨·μ¢ ´´Ò³ ¢¤μ²Ó ³ £´¨É´μ£μ ¶μ²Ö ζ = +1 Ô´¥·£¥É¨Î¥-
¸±¨¥ ¸μ¸ÉμÖ´¨Ö Î ¸É¨Í ¨  ´É¨Î ¸É¨Í · §¤¥²¥´Ò Ô´¥·£¥É¨Î¥¸±μ° Ð¥²ÓÕ · §³¥-
·μ³ 2mν . �μ ¢ ¸²ÊÎ ¥ ¶·μÉ¨¢μ¶μ²μ¦´μ° μ·¨¥´É Í¨¨ ¸¶¨´  ζ = −1 ³μ¦´μ
¢¨¤¥ÉÓ, ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ �ŒŒ Ë¥·³¨μ´  ¸ ³ £´¨É´Ò³ ¶μ²¥³ ³μ¦¥É ¶·¨-
¢¥¸É¨ ± ¢μ§³μ¦´μ¸É¨ ¶¥·¥¸¥Î¥´¨Ö ¢¥É¢¥° Î ¸É¨Í ¨  ´É¨Î ¸É¨Í, μ¤´ ±μ ÔÉμÉ
¢μ¶·μ¸, ¡¥§Ê¸²μ¢´μ, É·¥¡Ê¥É ¤μ¶μ²´¨É¥²Ó´μ£μ ¨¸¸²¥¤μ¢ ´¨Ö.

‡ ¢¨¸¨³μ¸ÉÓ ±¢ ¤· É  Ô´¥·£¨¨ Î ¸É¨Í

E2

(
±1, p3, p⊥,

ΔμH

M

)
(47)

¢ ³ £´¨É´μ³ ¶μ²¥ H μÉ ¶·μ¤μ²Ó´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  ´¥°É·¨´μ x =
p3/M ³μ¦´μ ¢¨¤¥ÉÓ ´  ·¨¸Ê´±¥ (e). Š ± ¸²¥¤Ê¥É ¨§ (44), ¢ ¶μ²¥, £¤¥
PT -¸¨³³¥É·¨Ö ´¥ ´ ·ÊÏ¥´ , ¢¸¥ ±¢ ¤· ÉÒ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° Ö¢²ÖÕÉ¸Ö
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¶μ²μ¦¨É¥²Ó´μ μ¶·¥¤¥²¥´´Ò³¨ ¤²Ö ¸²ÊÎ Ö μ·¨¥´É Í¨¨ ¸¶¨´  ζ = +1. �¤´ ±μ
¢ ¶·μÉ¨¢μ¶μ²μ¦´μ³ ¸²ÊÎ ¥ ζ = −1 ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ PT -¸¨³³¥É·¨Ö ´ ·Ê-
Ï ¥É¸Ö ¤²Ö ´¥±μÉμ·ÒÌ §´ Î¥´¨° ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸ . ‚ Î ¸É´μ¸É¨, ³´¨³ Ö
Î ¸ÉÓ Ô´¥·£¥É¨Î¥¸±¨Ì Ê·μ¢´¥° ¶μÖ¢²Ö¥É¸Ö ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö Ë¥·³¨μ´ 
¢ ³ £´¨É´μ³ ¶μ²¥ (p⊥ = 0, p3 = 0), É. ¥. ¶μ ¸ÊÉ¨ ¤²Ö ³ ¸¸Ò Î ¸É¨ÍÒ.

� ¸¶·¥¤¥²¥´¨¥ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ Ê·μ¢´¥° ‹ ´¤ Ê ¶·¨ · §²¨Î´ÒÌ §´ -
Î¥´¨ÖÌ ¶μ¶¥·¥Î´μ£μ ¨³¶Ê²Ó¸  ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶ · ³¥É·  m/M ¤²Ö ¸²ÊÎ Ö
μ·¨¥´É Í¨¨ ¸¶¨´  ¶μ ¶μ²Õ ζ = +1 ¶·¥¤¸É ¢²¥´μ ´  ·¨¸Ê´±¥ (¦). ‡¤¥¸Ó ´ -
¡²Õ¤ ¥É¸Ö ¶μ²´μ¥ μÉ¸ÊÉ¸É¢¨¥ ´ ·ÊÏ¥´¨Ö PT -¸¨³³¥É·¨¨. �´ ²μ£¨Î´μ¥ · ¸-
¶·¥¤¥²¥´¨¥ ¶·¨ ¶·μÉ¨¢μ¶μ²μ¦´μ° ¸¶¨´μ¢μ° ¶μ²Ö·¨§ Í¨¨ ζ = −1 ³μ¦´μ ¢¨-
¤¥ÉÓ ´  ·¨¸Ê´±¥ (§). ‚ ÔÉμ³ ¸²ÊÎ ¥ ¢μ§´¨± ¥É ´ ·ÊÏ¥´¨¥ PT -¸¨³³¥É·¨¨ ¶·¨
μ¶·¥¤¥²¥´´ÒÌ §´ Î¥´¨ÖÌ ¨³¶Ê²Ó¸  ´¥°É·¨´μ.

‡�Š‹	—…�ˆ…

•μ·μÏμ ¨§¢¥¸É´μ [73,74], ÎÉμ ¢ ³¨´¨³ ²Ó´μ · ¸Ï¨·¥´´μ° ‘Œ ¸ ¢±²ÕÎ¥-
´¨¥³ ´¥´Ê²¥¢μ° ³ ¸¸Ò ´¥°É·¨´μ μ¤´μ¶¥É²¥¢Ò¥ · ¤¨ Í¨μ´´Ò¥ ¶μ¶· ¢±¨ Ëμ·-
³¨·ÊÕÉ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ, ±μÉμ·Ò° ¶·μ¶μ·Í¨μ´ ²¥´ ¥£μ ³ ¸¸¥:

μνe =
3

8
√

2π2
|e|GF mνe = (3 · 10−19)μ0

(mνe

1

)
, (48)

£¤¥ GF Å ¶μ¸ÉμÖ´´ Ö ”¥·³¨; μ0 Å ³ £´¥Éμ´ 	μ· .
Š·μ³¥ Éμ£μ, μ¡¸Ê¦¤¥´¨¥ ¶·μ¡²¥³Ò ¨§³¥·¥´¨Ö ³ ¸¸Ò ´¥°É·¨´μ (± ±  ±-

É¨¢´ÒÌ, É ± ¨ ¸É¥·¨²Ó´ÒÌ) ¶μ± §Ò¢ ¥É, ÎÉμ ¤²Ö  ±É¨¢´ÒÌ ´¥°É·¨´μ ³μ¦´μ
¶μ²ÊÎ¨ÉÓ

∑
mν = 0,320 Ô‚, Éμ£¤  ± ± ¤²Ö ¸²ÊÎ Ö ¸É¥·¨²Ó´ÒÌ ´¥°É·¨´μ ³Ò

¨³¥¥³
∑

mν = 0,06 Ô‚ [11]. ‘²¥¤Ê¥É É ±¦¥ μÉ³¥É¨ÉÓ, ÎÉμ ²ÊÎÏ¨¥ ² ¡μ· Éμ·-
´Ò¥ ¨§³¥·¥´¨Ö ¢¥·Ì´¥£μ ¶·¥¤¥²  ³ £´¨É´μ£μ ³μ³¥´É  ´¥°É·¨´μ ¶·¥¤¸É ¢²ÖÕÉ
§´ Î¥´¨Ö ´  Ê·μ¢´¥ μ � 2,9 · 10−11μ0, ±μÉμ·Ò¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ±μ²² ¡μ-
· Í¨¥° GEMMA [11],   ²ÊÎÏ¨¥  ¸É·μË¨§¨Î¥¸±¨¥ ·¥§Ê²ÓÉ ÉÒ ´ Ìμ¤ÖÉ¸Ö ´ 
Ê·μ¢´¥ μ � 3 · 10−12μ0.

Š ± Ê¦¥ μÉ³¥Î ²μ¸Ó, μ¤´μ° ¨§ μ¸´μ¢´ÒÌ § ¤ Î ¸μ¢·¥³¥´´μ° Ë¨§¨±¨ ´¥°É-
·¨´μ ¶μ¸²¥ μ¡´ ·Ê¦¥´¨Ö ¨Ì ³ ¸¸ ¸É ´μ¢¨É¸Ö ¨§ÊÎ¥´¨¥ ¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ
¸¢μ°¸É¢. �É¨ ¨¸¸²¥¤μ¢ ´¨Ö μ± §Ò¢ ÕÉ¸Ö Î·¥§¢ÒÎ °´μ ¢ ¦´Ò, É ± ± ± μ´¨
³μ£ÊÉ Ö¢¨ÉÓ¸Ö ´¥μ¡Ìμ¤¨³Ò³ Ï £μ³ ¶·¨ ¸μ§¤ ´¨¨ ´μ¢μ° Ë¨§¨±¨ §  ¶·¥¤¥-
² ³¨ ‘Œ. �¤´ ±μ £² ¢´ Ö μ¸μ¡¥´´μ¸ÉÓ ¶μ¶ÒÉμ± ¨§ÊÎ¥´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ
¢§ ¨³μ¤¥°¸É¢¨° ´¥°É·¨´μ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ¤ ¦¥ ¶·¨ ¸ ³ÒÌ ¡² £μ-
¶·¨ÖÉ´ÒÌ Ê¸²μ¢¨ÖÌ ¢ μÉ´μÏ¥´¨¨ ¢¥²¨Î¨´ ¨Ì ³ £´¨É´μ£μ ³μ³¥´É , ±μÉμ·Ò¥
¶μ§¢μ²ÖÕÉ μÍ¥´¨ÉÓ Ô´¥·£¨Õ μ¡ÒÎ´ÒÌ ´¥°É·¨´μ, ³Ò ¸É ²±¨¢ ¥³¸Ö ¸ ´¥μ¡Ìμ¤¨-
³μ¸ÉÓÕ ¶·¥¤¶μ² £ ÉÓ, ÎÉμ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ ´ ¶·Ö¦¥´´μ¸É¨ ³ £´¨É´ÒÌ ¶μ²¥°
¤μ²¦´Ò ¡ÒÉÓ Ë ´É ¸É¨Î¥¸±¨ μ£·μ³´Ò.
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�¤´ ±μ ´  ¸²ÊÎ ° Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ ¡² £μ¤ ·Ö ¨Ì ´¥μ¡ÒÎ´Ò³ ¸¢μ°-
¸É¢ ³ ÔÉ¨ ¢Ò¢μ¤Ò ´¥ · ¸¶·μ¸É· ´ÖÕÉ¸Ö. �± §Ò¢ ¥É¸Ö, ¤²Ö ÔÉμ£μ É¨¶  ´¥°-
É·¨´μ ³μ¦¥É ´ ¡²Õ¤ ÉÓ¸Ö ±μ²μ¸¸ ²Ó´μ¥ Ê¸¨²¥´¨¥ ÔËË¥±Éμ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö
¸ ³ £´¨É´Ò³ ¶μ²¥³ (¸³. (44)), ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ μÉ´μÏ¥´¨Õ ³ ±¸¨³ ²Ó´μ°
³ ¸¸Ò ± ³ ¸¸¥ ´¥°É·¨´μ k = M/m̃ν [5, 6] (¸³. É ±¦¥ [65Ä67]). ˆ ¶μ¸±μ²Ó±Ê
§´ Î¥´¨¥ ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ¢ ‘Œ ¶·μ¸É¨· ¥É¸Ö ¤μ ¡¥¸±μ´¥Î´μ¸É¨, ¶·μ-
¢¥·±Ê ¢¥²¨Î¨´Ò ¶ · ³¥É·  Ê¸¨²¥´¨Ö ·¥±μ³¥´¤Ê¥É¸Ö ´ Î¨´ ÉÓ ¸ ¢¥·Ì´¥° Î ¸É¨
§´ Î¥´¨Ö M , ¨ ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¥° ¤²Ö ÔÉμ£μ ¢¥²¨Î¨´μ° Ö¢²Ö¥É¸Ö M =
MPl 
 1019 ƒÔ‚. �·μ¸ÉÒ¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ ¤²Ö §´ Î¥´¨Ö ³ ±¸¨³ ²Ó-
´μ° ³ ¸¸Ò M ∼ 1019 ƒÔ‚ ¨´É¥´¸¨¢´μ¸É¨ ³ £´¨É´μ£μ ¶μ²Ö ³μ£ÊÉ ´ Ìμ¤¨ÉÓ¸Ö
´  Ô±¸¶¥·¨³¥´É ²Ó´μ ¤μ¸É¨¦¨³μ³ Ê·μ¢´¥, ¨¸¶μ²Ó§Ê¥³μ³ ¢ ¸μ¢·¥³¥´´ÒÌ ² ¡μ-
· Éμ·¨ÖÌ, ¤ ¦¥ ¢ ¸²ÊÎ ¥ μÍ¥´±¨ ³ £´¨É´μ£μ ³μ³¥´É  ´¥°É·¨´μ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ (48).

„¥°¸É¢¨É¥²Ó´μ, ¨¸¶μ²Ó§ÊÖ (44), ³μ¦´μ § ¶¨¸ ÉÓ ¤²Ö ±¢ ¤· É  Ô´¥·£¨¨
´¥°É·¨´μ ¢Ò· ¦¥´¨¥ [5,6]

E2(H) = p2 + m̃2
ν + 2ζΔμH

√
m2

1 + p2
⊥ + (ΔμH)2. (49)

…¸²¨ · ¸¸³μÉ·¥ÉÓ ¸²ÊÎ ° Ìμ²μ¤´ÒÌ ´¥°É·¨´μ, ¨³¶Ê²Ó¸ ±μÉμ·ÒÌ ¡²¨§μ±
± ´Ê²Õ, ³Ò ³μ¦¥³ ¶μ²ÊÎ¨ÉÓ (¸³. É ±¦¥ ·¨¸Ê´μ± (e) ¶·¨ pz = 0; p⊥ = 0 ¨
ζ = −1) ¤²Ö ±¢ ¤· É  ³ ¸¸Ò Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ ¢ ³ £´¨É´μ³ ¶μ²¥

m̃2
ν(H) = m̃2

ν ± 4ΔμHM. (50)

’μ£¤ , μÍ¥´¨¢ Ö ¶ · ³¥É· ΔμHM ¸ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ ³ ±¸¨³ ²Ó´ Ö ³ ¸¸ 
· ¢´  ³ ¸¸¥ �² ´± , ¨ ¨¸¶μ²Ó§ÊÖ ¶·¥¤¶μ²μ¦¥´¨¥, ÎÉμ ³ £´¨É´Ò° ³μ³¥´É
μ¶·¥¤¥²Ö¥É¸Ö Ëμ·³Ê²μ° (48), ³μ¦´μ § ¶¨¸ ÉÓ

ΔμHM = 10−19 e

2me
H · 1028 =

1015

4

(
H

Hc

)
, (51)

£¤¥ me ¸μ¢¶ ¤ ¥É ¸ ³ ¸¸μ° Ô²¥±É·μ´ , Hc = m2
e/e = 4,41·1013 ƒ¸ Å Ì · ±É¥·-

´μ¥ ±¢ ´ÉÊÕÐ¥¥ ³ £´¨É´μ¥ ¶μ²¥ ¤²Ö Ô²¥±É·μ´ . �É³¥É¨³, ÎÉμ Ô²¥±É·¨Î¥¸±μ¥
¶μ²¥ É ±μ° ´ ¶·Ö¦¥´´μ¸É¨ Ec = m2

e/e ¶·μ¨§¢μ¤¨É · ¡μÉÊ ´  ±μ³¶Éμ´μ¢¸±μ°
¤²¨´¥ ¢μ²´Ò Ô²¥±É·μ´ , · ¢´ÊÕ ¥£μ Ô´¥·£¨¨ ¶μ±μÖ. �μ¤¸É ¢²ÖÖ ¶μ²ÊÎ¥´´Ò¥
¢Ò· ¦¥´¨Ö ¢ (32), (33), ²¥£±μ ¢¨¤¥ÉÓ, ÎÉμ ¤²Ö ¸²ÊÎ Ö Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ
¤ ¦¥ ² ¡μ· Éμ·´Ò¥ ¨´É¥´¸¨¢´μ¸É¨ ³ £´¨É´ÒÌ ¶μ²¥° ¸¶μ¸μ¡´Ò ¶·μ¨§¢¥¸É¨
§´ Î¨É¥²Ó´Ò¥ ÔËË¥±ÉÒ.

Š ± ¡Ò²μ μÉ³¥Î¥´μ · ´¥¥, ´  ·¨¸Ê´±¥ (§ ¨ ¦) ³μ¦´μ ¢¨¤¥ÉÓ § ¢¨¸¨³μ¸ÉÓ
Ô´¥·£¥É¨Î¥¸±¨Ì ¸μ¸ÉμÖ´¨° ´¥°É·¨´μ E(−1, 0, p⊥, ΔμH)/M μÉ ¶ · ³¥É·  x =
m/M ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° ¶μ¶¥·¥Î´μ° ±μ³¶μ´¥´ÉÒ ¨³¶Ê²Ó¸  Ë¥·³¨μ´ :
p⊥/M = 0, 1, 2, 3, 4 ¤²Ö ΔμH/m = 0,1 ¨ ζ = ±1.
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…¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ Ô±§μÉ¨Î¥¸±¨¥ ´¥°É·¨´μ ¨³¥ÕÉ §´ Î¥´¨Ö ³ ¸¸Ò
(m̃ν), ¶·¨³¥·´μ · ¢´Ò¥ §´ Î¥´¨Ö³ ³ ¸¸Ò μ¡ÒÎ´ÒÌ ´¥°É·¨´μ, Éμ£¤  ¢μ§³μ¦´μ,
ÎÉμ Ô±§μÉ¨Î¥¸±¨° É¨¶ ´¥°É·¨´μ ¨³¥¥É ¨ ¸· ¢´¨³ÊÕ ¸ ´¨³¨ ¢¥²¨Î¨´Ê �ŒŒ.
‘²¥¤μ¢ É¥²Ó´μ, Ô±¸¶¥·¨³¥´ÉÒ ¶μ ¶μ¨¸±Ê Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ ³μ£ÊÉ μ¤-
´μ¢·¥³¥´´μ μÉ¢¥É¨ÉÓ ´  ¢μ¶·μ¸ μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ¨ μ¡
μ£· ´¨Î¥´´μ¸É¨ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í. �¥·¥Ìμ¤Ö ±  ´ ²¨§Ê
¢μ§³μ¦´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´μ §´ Î¨³ÒÌ ¶·¨²μ¦¥´¨° ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ -
Éμ¢, Ê± ¦¥³, ÎÉμ ´ ¨¡μ²¥¥ ¡²¨§±¨³¨ ± ´¨³ ¶μ ¶μ¸É ´μ¢±¥ § ¤ Î¨, ´  ´ Ï
¢§£²Ö¤, Ö¢²ÖÕÉ¸Ö ¶·¥Í¨§¨μ´´Ò¥ Ô±¶¥·¨³¥´ÉÒ ¶μ ¨§³¥·¥´¨Õ  ¡¸μ²ÕÉ´ÒÌ §´ -
Î¥´¨° ³ ¸¸Ò ´¥°É·¨´μ.

Š ± ¨§¢¥¸É´μ, Ô±¸¶¥·¨³¥´ÉÒ, ¡ §¨·ÊÕÐ¨¥¸Ö ´  ¨¸¶μ²Ó§μ¢ ´¨¨ É·¨É¨Ö ¤²Ö
¨§³¥·¥´¨Ö  ¡¸μ²ÕÉ´ÒÌ §´ Î¥´¨° ³ ¸¸Ò ´¥°É·¨´μ, ¨³¥ÕÉ ¤μ¸É ÉμÎ´μ ¤²¨-
É¥²Ó´ÊÕ ¨¸Éμ·¨Õ. ‚ Î ¸É´μ¸É¨, ¨¸¶μ²Ó§μ¢ ´¨¥  Éμ³ ·´ÒÌ ¨ ³μ²¥±Ê²Ö·´ÒÌ
¢μ§¡Ê¦¤¥´¨° ¢ É·¨É¨¨, ´  ±μÉμ·ÒÌ ¡ §¨·ÊÕÉ¸Ö ´¥°É·¨´´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ,
¢¶¥·¢Ò¥ ¡Ò²¨ ·¥ ²¨§μ¢ ´Ò ¢ ´ Î ²¥ 1970-Ì ££. [75]. �Éμ ¡Ò² ¶¥·¢Ò° · §,
±μ£¤  Ê¤ ²μ¸Ó Ê¸É ´μ¢¨ÉÓ  ¡¸μ²ÕÉ´Ò° ¶·¥¤¥² ´¥°É·¨´´μ° ³ ¸¸Ò ´  Ê·μ¢´¥
μ±μ²μ 55 Ô‚ [76]. ƒ² ¢´μ¥ ¢ ÔÉμ³ Ô±¸¶¥·¨³¥´É¥ ¡Ò²μ Éμ, ÎÉμ ¢μ§´¨±²μ ¶μ´¨-
³ ´¨¥ ¢μ§³μ¦´μ¸É¨ ¤ ²Ó´¥°Ï¥£μ ¸´¨¦¥´¨Ö Ê·μ¢´Ö μÏ¨¡±¨ ¨ ¶μ²ÊÎ¥´¨Ö ¡μ²¥¥
ÉμÎ´ÒÌ ·¥§Ê²ÓÉ Éμ¢.

�μ¸²¥ ÔÉμ£μ ¢ ‹μ¸-�² ³μ¸c±μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨ (LANL) ¢ Ô±¸-
¶¥·¨³¥´É¥ ¡Ò²¨ ¶μ²ÊÎ¥´Ò §´ Î¥´¨Ö mν < 9,3 Ô‚, ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ 95%-³Ê
Ê·μ¢´Õ ¤μ¸Éμ¢¥·´μ¸É¨ [77]. ‘μ¡ÒÉ¨Ö Ô±¸¶¥·¨³¥´É ²Ó´μ ´ ¡²Õ¤ ²¨¸Ó ¢ ±μ-
´¥Î´μ° ÉμÎ±¥ Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É· , ¨ ¢¶¥·¢Ò¥ ¡Ò²μ ±μ²¨Î¥¸É¢¥´´μ ¸μ-
μ¡Ð¥´μ μ¡ μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨ÖÌ Í¥´É· ²Ó´μ° ÉμÎ±¨ ¤²Ö ¢¥²¨Î¨´Ò m2

ν .
‚ Ô±¸¶¥·¨³¥´É¥, ¶·μ¢¥¤¥´´μ³ ¢ ‹¨¢¥·³μ·¸±μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨
¨³. �. ‹μÊ·¥´¸  (LLNL), ¸ ¶μ³μÐÓÕ É·¨É¨¥¢μ£μ ¨¸ÉμÎ´¨±  T2 Ê¸É ´μ¢¨²¨,
ÎÉμ Í¥´É· ²Ó´μ¥ §´ Î¥´¨¥ ¤²Ö μÉ·¨Í É¥²Ó´μ£μ ±¢ ¤· É  ³ ¸¸Ò ´¥°É·¨´μ Ìμ-
·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸ ·¥§Ê²ÓÉ Éμ³ ‹μ¸-�² ³μ¸¸±μ° ´ Í¨μ´ ²Ó´μ° ² ¡μ· Éμ·¨¨,
´μ ¸ £μ· §¤μ ³¥´ÓÏ¥° ¸É É¨¸É¨Î¥¸±μ° ´¥μ¶·¥¤¥²¥´´μ¸ÉÓÕ.

‚ ¶ · ²²¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É Ì [78] ¨¸¶μ²Ó§μ¢ ²¨¸Ó ±μ³¶²¥±¸´Ò¥ ¨¸ÉμÎ-
´¨±¨ É·¨É¨Ö. �¤´ ±μ ¢¸¥ ÔÉ¨ Ô±¸¶¥·¨³¥´ÉÒ ¤ ²¨ ·¥§Ê²ÓÉ ÉÒ, ±μÉμ·Ò¥ ¸μ£² -
¸ÊÕÉ¸Ö ¸ ´Ê²¥¢Ò³ §´ Î¥´¨¥³ ³ ¸¸Ò ´¥°É·¨´μ, ´μ ¶μ-¶·¥¦´¥³Ê ¸ Í¥´É· ²Ó´Ò³
§´ Î¥´¨¥³ ¢ μ¡² ¸É¨ μÉ·¨Í É¥²Ó´ÒÌ ±¢ ¤· Éμ¢ ³ ¸¸Ò ´¥°É·¨´μ. �É¨ §´ Î¥-
´¨Ö ¡Ò²¨ ¸¨³¶Éμ³ É¨Î´Ò³¨ ¨ ¸¢¨¤¥É¥²Ó¸É¢μ¢ ²¨ μ ´¥¤μ¸É ÉμÎ´μ Ê¸¶¥Ï´μ³
¸μ£² ¸μ¢ ´¨¨ É¥μ·¥É¨Î¥¸±¨Ì ¨ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¤²Ö μ¡ÑÖ¸´¥-
´¨Ö ´¥£ É¨¢´μ° § ¢¨¸¨³μ¸É¨ ±¢ ¤· É  ³ ¸¸Ò ´¥°É·¨´μ. �μ¶ÒÉ±¨ Ê³¥´ÓÏ¨ÉÓ
¤¨ ¶ §μ´ · §¡·μ¸  ¸Éμ²Ó ±μ´Ë²¨±É´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¢μ§¡Ê¤¨²¨ ¨´É¥·¥¸ ± Ô±¸-
¶¥·¨³¥´É ³ ¸ ³μ²¥±Ê²Ö·´Ò³ É·¨É¨¥³. 	Ò² ¤μ¸É¨£´ÊÉ ¶·¥¤¥² ¤²Ö ³ ¸¸Ò ´¥°É-
·¨´μ ´  Ê·μ¢´¥ m < 2 Ô‚ ¢ ² ¡μ· Éμ·¨ÖÌ Œ °´Í  [79] ¨ ’·μ¨Í±  [80, 81],
£¤¥ ¨¸¶μ²Ó§μ¢ ²¸Ö ´μ¢Ò° É¨¶ ¸¶¥±É·μ³¥É·μ¢. ‚ ÔÉ¨Ì Ô±¸¶¥·¨³¥´É Ì ¶·¨³¥´Ö-
²¨¸Ó ³ £´¨Éμ ¤¨ ¡ É¨Î¥¸±¨¥ Ë¨²ÓÉ·Ò ¨ ¡¥É -Ô²¥±É·μ´Ò ¢· Ð ²¨¸Ó ¢ μ¡² ¸É¨
¨´É¥´¸¨¢´ÒÌ ³ £´¨É´ÒÌ ¶μ²¥°.
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‚ É·μ¨Í±μ³ Ô±¸¶¥·¨³¥´É¥, ± ± ¨ Ê ¥£μ ¶·¥¤Ï¥¸É¢¥´´¨±μ¢ ¢ ‹μ¸-�² ³μ¸-
¸±μ° ² ¡μ· Éμ·¨¨, ¨¸¶μ²Ó§μ¢ ²¸Ö £ §μ¢Ò° É·¨É¨¥¢Ò° ¨¸ÉμÎ´¨±. �²μÉ´μ¸ÉÓ
£ §  ¨ Î¨¸ÉμÉ  ¨¸ÉμÎ´¨±  ±μ¸¢¥´´μ ±μ´É·μ²¨·μ¢ ²¨¸Ó ³ ¸¸- ´ ²¨§ Éμ·μ³.
�μ¸²¥ ÔÉμ£μ ¡Ò²  § ¶ÊÐ¥´  Ô²¥±É·μ´´ Ö ¶ÊÏ± , ±μÉμ· Ö Ê¸É ´ ¢²¨¢ ² ¸Ó
¢ÒÏ¥ ¶μ É¥Î¥´¨Õ ¨¸ÉμÎ´¨±  [80]. �ÉμÉ ·¥§Ê²ÓÉ É, μ¸´μ¢ ´´Ò° ´  ¶μ¢Éμ·-
´μ³  ´ ²¨§¥ ¨¸Ìμ¤´ÒÌ ± ²¨¡·μ¢μ±, ¡Ò² ¶·¥¤¸É ¢²¥´ ¢ Ëμ·³¥ m < 2,05 Ô‚
´  95%-³ Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨ [81]. � ±μ´¥Í, Ë¨´ ²Ó´Ò¥ ·¥§Ê²ÓÉ ÉÒ É·μ-
¨Í±μ£μ Ô±¸¶¥·¨³¥´É , ±μÉμ·Ò° ¶μ-¶·¥¦´¥³Ê ¢μ¸¶·μ¨§¢μ¤¨² μÉ·¨Í É¥²Ó´Ò°
±¢ ¤· É ³ ¸¸Ò ´¥°É·¨´μ ¢ Í¥´É· ²Ó´μ° ÉμÎ±¥ Ô´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨ · ¸-
¶·¥¤¥²¥´¨Ö ´¥°É·¨´μ, ³μ£ÊÉ ¡ÒÉÓ ¶·¥¤¸É ¢²¥´Ò ¢ ¢¨¤¥ [82]

m2
ν = (−0,67 ± 1,89 (¸É É.) ± 1,68 (¸¨¸É.)) Ô‚2 (52)

´  95%-³ Ê·μ¢´¥ ¤μ¸Éμ¢¥·´μ¸É¨.
ˆ ´¥¸³μÉ·Ö ´  Éμ, ÎÉμ ¢ ¸É ÉÓ¥ [82] μÉ³¥Î ²μ¸Ó, ÎÉμ ®·¥§Ê²ÓÉ É ¤²Ö ±¢ -

¤· É  ³ ¸¸Ò ´¥°É·¨´μ ¢ Í¥´É· ²Ó´μ° ÉμÎ±¥ ÌμÉÖ ¨ ¤ ¥É μÉ·¨Í É¥²Ó´μ¥ §´ Î¥-
´¨¥, ´μ μÉ±²μ´¥´¨¥ μÉ ´Ê²Ö ´¥ Ö¢²Ö¥É¸Ö ¸É É¨¸É¨Î¥¸±¨ §´ Î¨³Ò³¯. �¤´ ±μ
 ¢Éμ·Ò ¸É ÉÓ¨ [82] É ±¦¥ μÉ³¥É¨²¨, ÎÉμ ¢ μ¤´μ³ ¨§ ¸¥ ´¸μ¢ ¨§³¥·¥´¨° ¤²Ö
μÉ·¨Í É¥²Ó´ÒÌ §´ Î¥´¨° ±¢ ¤· É  ³ ¸¸Ò ´¥°É·¨´μ ¡Ò²μ ¶μ²ÊÎ¥´μ §´ Î¥´¨¥
m2

ν = −8,06 Ô‚2. ‚ ÔÉμ° ¸¨ÉÊ Í¨¨ ³Ò ÌμÉ¨³ μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  Éμ, ÎÉμ
³μ¦´μ ¶·¥¤¶μ²μ¦¨ÉÓ, ÎÉμ ³Ò ¶·μ¸Éμ ¨³¥¥³ ¤¥²μ ¸ ´¥±μ´É·μ²¨·Ê¥³Ò³ ¨§-
³¥·¥´¨¥³ ´¥°É·¨´´μ° ³ ¸¸Ò ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö ³ £´¨É´μ£μ ¶μ²Ö. �μ ¸Ì¥³¥
É·μ¨Í±μ£μ Ô±¸¶¥·¨³¥´É  Ê¸É ´μ¢±  ¤²Ö ¨§³¥·¥´¨Ö ³ ¸¸Ò Ô²¥±É·μ´´μ£μ  ´É¨-
´¥°É·¨´μ ¢±²ÕÎ ¥É ¢ ¸¥¡Ö £ § É·¨É¨°, ±μÉμ·Ò° ¢¢μ¤¨É¸Ö ¢ ¤²¨´´ÊÕ É·Ê¡Ê, £¤¥
¶·¨¸ÊÉ¸É¢Ê¥É ¸¨²Ó´μ¥ ³ £´¨É´μ¥ ¶μ²¥ (¤μ 0,8 ’² = 8000 ƒ¸). …¸²¨ ¶·¥¤¶μ²μ-
¦¨ÉÓ, ÎÉμ ¶ÊÎμ± ´¥°É·¨´μ Î ¸É¨Î´μ ¸μ¸Éμ¨É ¨§ ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ ±μ³¶μ´¥´É
Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ, Éμ ³μ¦´μ ¶μ²ÊÎ¨ÉÓ ¸²¥¤ÊÕÐÊÕ μÍ¥´±Ê:

˜̃m2
ν(H) = m̃2

ν − 4ΔμHM. (53)

…¸²¨ ÊÎ¥¸ÉÓ §´ Î¥´¨Ö, ±μÉμ·Ò¥ ¸²¥¤ÊÕÉ ¨§ μ¡ÒÎ´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ
¤ ´´ÒÌ ¤²Ö Í¥´É· ²Ó´μ° ÉμÎ±¨ Ô´¥·£¥É¨Î¥¸±μ° μ¡² ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ´¥°-
É·¨´μ ¸ ÊÎ¥Éμ³ ¢²¨Ö´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ μ·¨¥´É Í¨¨ ¸¶¨´  ´¥°É·¨´μ
¶·μÉ¨¢ ´ ¶· ¢²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö

m̃2
ν(H) = −1 Ô‚2,

¨ ¨¸¶μ²Ó§μ¢ ÉÓ μÍ¥´±Ê ¤²Ö ³ ¸¸Ò ´¥°É·¨´μ m̃ν = 1 Ô‚,   É ±¦¥ Ëμ·³Ê²Ò
(52), (53), Éμ ¢ ·¥§Ê²ÓÉ É¥ ´¥É·Ê¤´μ ¶μ²ÊÎ¨ÉÓ μÍ¥´±Ê

4ΔμHM 
 2 Ô‚2. (54)

�μ¸²¥¤´¥¥ ¢Ò· ¦¥´¨¥ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ÊÉ¢¥·¦¤ ÉÓ, ÎÉμ ´ ¡²Õ¤ ¥³Ò¥
·¥§Ê²ÓÉ ÉÒ ¸ μÉ·¨Í É¥²Ó´Ò³¨ §´ Î¥´¨Ö³¨ ±¢ ¤· Éμ¢ ³ ¸¸Ò ´¥°É·¨´μ ³μ£ÊÉ
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μ± § ÉÓ¸Ö ¶·μ¸Éμ ¸²¥¤¸É¢¨¥³ ¢²¨Ö´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¶·¨ ¥£μ ´ ¶·Ö¦¥´-
´μ¸É¨ ¶μ·Ö¤±  H 
 8000 ƒ¸ [82] ¨ §´ Î¥´¨¨ ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò, · ¢´μ°
M = 2 · 1014 ƒÔ‚ [10], ±μ£¤  ³ £´¨É´Ò° ³μ³¥´É Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ μν

¡¥·¥É¸Ö ¨§ Ëμ·³Ê²Ò (48) ¨ ¸μ¸É ¢²Ö¥É §´ Î¥´¨¥ ¶μ·Ö¤±  10−19μ0, £¤¥ μ0 Å
³ £´¥Éμ´ 	μ· . �¤´ ±μ ¥¸²¨ ¶·¨´ÖÉÓ, ÎÉμ ³ £´¨É´Ò° ³μ³¥´É ´¥°É·¨´μ ³μ-
¦¥É μ± § ÉÓ¸Ö ´¥¸±μ²Ó±μ ¡μ²ÓÏ¥ ¶μ ¸· ¢´¥´¨Õ ¸ (48) (¸³., ´ ¶·¨³¥·, ¤ ´´Ò¥
±μ²² ¡μ· Í¨¨ GEMMA [11]), Éμ Ê·μ¢¥´Ó μ£· ´¨Î¥´¨Ö ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò
³μ¦¥É § ³¥É´μ Ê³¥´ÓÏ¨ÉÓ¸Ö ¨ ¤μ¸É¨£´ÊÉÓ ¶·¥¤¥²μ¢  ¸É·μË¨§¨Î¥¸±¨Ì ´ ¡-
²Õ¤¥´¨°. �·μ¸ÉÒ¥ μÍ¥´±¨ ¶μ± §Ò¢ ÕÉ, ÎÉμ Ê¢¥²¨Î¥´¨¥ ³ £´¨É´μ£μ ³μ³¥´É 
´¥°É·¨´μ ¤μ §´ Î¥´¨° ¶μ·Ö¤±  10−12μ0 (¸³. [11]) ¶·¨¢¥²¨ ¡Ò ± μ£· ´¨Î¥´¨Õ
¢¥²¨Î¨´Ò ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ¤μ Ê·μ¢´Ö M ∼ 108 ƒÔ‚, ÎÉμ ´ Ìμ¤¨É¸Ö ¢´ÊÉ·¨
¤¨ ¶ §μ´  §´ Î¥´¨° Ô´¥·£¨¨, μ¡μ§´ Î¥´´ÒÌ ±μ²² ¡μ· Í¨¥° ®Ice Cube¯ [9].

ˆ ´ μ¡μ·μÉ, ¥¸²¨ μ£· ´¨Î¥´¨¥ ¸¶¥±É·  ³ ¸¸ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ´¥
¸ÊÐ¥¸É¢Ê¥É ¢ ¶·¨·μ¤¥, Éμ Ô±§μÉ¨Î¥¸±¨¥ Î ¸É¨ÍÒ ¢ ¶·¨´Í¨¶¥ ´¥ ³μ£ÊÉ ¢μ§´¨±-
´ÊÉÓ. ˆ ÔÉμ μÎ¥´Ó ¢ ¦´μ, ¶μ¸±μ²Ó±Ê μ£· ´¨Î¥´¨¥ ³ ¸¸Ò ¢ ‘Œ ¶μ²´μ¸ÉÓÕ
μÉ¸ÊÉ¸É¢Ê¥É, Ô±¸¶¥·¨³¥´É ²Ó´ÊÕ ¶·μ¢¥·±Ê ³μ¦´μ ¶·¥¤¶·¨´ÖÉÓ, ´ Î¨´ Ö ¸ ¸ -
³ÒÌ ¡μ²ÓÏ¨Ì §´ Î¥´¨° ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò. ‚ Î ¸É´μ¸É¨, ÔÉμ ³μ¦¥É ¡ÒÉÓ
³ ¸¸  �² ´±  ∼ 1019 ƒÔ‚. ‚¥¸Ó³  ¨´É¥·¥¸´μ, ÎÉμ ¶¥·¢μ´ Î ²Ó´μ £¨¶μÉ¥§ 
μ ¸ÊÐ¥¸É¢μ¢ ´¨¨ Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í ¡Ò²  ¢Ò¸± § ´  ‚. ƒ. Š ¤ÒÏ¥¢¸±¨³ ¢
· ³± Ì · ¸¸³ É·¨¢ ¥³μ£μ ¨³ £¥μ³¥É·¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ± ¶μ¸É·μ¥´¨Õ Š’�
¸ ËÊ´¤ ³¥´É ²Ó´μ° ³ ¸¸μ° [2Ä24]. ‡ É¥³ ³Ò · §¢¨²¨ ÔÉμ ¶·¥¤¶μ²μ¦¥´¨¥ ¢
· ³± Ì  ²£¥¡· ¨Î¥¸±μ° ¶¸¥¢¤μÔ·³¨Éμ¢μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¨ ¶μ± § ²¨, ÎÉμ
¢ ¥¥ · ³± Ì É ±¦¥ ³μ£ÊÉ ¢μ§´¨± ÉÓ Ô±§μÉ¨Î¥¸±¨¥ Ë¥·³¨μ´Ò [62Ä69]. Š·μ³¥
Éμ£μ, ÉμÎ´Ò¥ ·¥Ï¥´¨Ö ³μ¤¨Ë¨Í¨·μ¢ ´´μ£μ Ê· ¢´¥´¨Ö „¨· ± Ä� Ê²¨, ±μÉμ·Ò¥
¡Ò²¨ ¶μ²ÊÎ¥´Ò ´ ³¨ ¤²Ö ¸²ÊÎ Ö ¶¸¥¢¤μÔ·³¨Éμ¢ÒÌ ´¥°É·¨´μ, ¤¢¨¦ÊÐ¨Ì¸Ö ¢
³ £´¨É´μ³ ¶μ²¥ [5, 6], ³μ£ÊÉ ¤ ÉÓ Í¥´´ÊÕ ¨´Ëμ·³ Í¨Õ ¤²Ö ¢μ§³μ¦´μ£μ μ¡-
´ ·Ê¦¥´¨Ö Ô±§μÉ¨Î¥¸±¨Ì Î ¸É¨Í. �  ÔÉÊ ¢μ§³μ¦´μ¸ÉÓ Ê± §Ò¢ ¥É É ±¦¥ §´ -
Î¨É¥²Ó´μ¥ Ê¸¨²¥´¨¥ ÔËË¥±Éμ¢ ¢§ ¨³μ¤¥°¸É¢¨Ö Ô±§μÉ¨Î¥¸±¨Ì ´¥°É·¨´μ ¸ ³ £-
´¨É´Ò³¨ ¶μ²Ö³¨ (¸³. [10]).

‘ÊÐ¥¸É¢μ¢ ´¨¥ ³ ¸¸Ò ´¥°É·¨´μ ¨ · §²¨Î´ÒÌ É¨¶μ¢ ¸³¥Ï¨¢ ´¨Ö · §´ÒÌ
´¥°É·¨´μ ¶μ¤· §Ê³¥¢ ¥É, ÎÉμ ´¥°É·¨´μ μ¡² ¤ ÕÉ É ±¦¥ ¨ ³ £´¨É´Ò³ ³μ³¥´-
Éμ³. ‚ ¶μ¸²¥¤´¥¥ ¢·¥³Ö ´¥·¥¤±μ ³μ¦´μ ¢¸É·¥É¨ÉÓ μ¡§μ·Ò ¶μ Ô²¥±É·μ³ £´Ò³
¸¢μ°¸É¢ ³ ´¥°É·¨´μ (¸³., ´ ¶·¨³¥·, [83]). �μ, ± ± ¡Ò²μ μÉ³¥Î¥´μ ¢ ¸É -
ÉÓ¥ [83], ®¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ´¥É ¶μ²μ¦¨É¥²Ó´ÒÌ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ Ê± § -
´¨° ¢ ¶μ²Ó§Ê ¸ÊÐ¥¸É¢μ¢ ´¨Ö Ô²¥±É·μ³ £´¨É´ÒÌ ¸¢μ°¸É¢ ´¥°É·¨´μ¯. ‘ ÔÉ¨³
É·Ê¤´μ ´¥ ¸μ£² ¸¨ÉÓ¸Ö, ¶μÉμ³Ê ÎÉμ ¢§ ¨³μ¤¥°¸É¢¨¥ μ¡ÒÎ´ÒÌ ´¥°É·¨´μ ¸ Ô²¥±-
É·μ³ £´¨É´Ò³¨ ¶μ²Ö³¨ μ± §Ò¢ ¥É¸Ö ±· °´¥ ¸² ¡Ò³ ¨ ¢·Ö¤ ²¨ ³μ¦¥É ¸¥·Ó¥§´μ
μ¡¸Ê¦¤ ÉÓ¸Ö. �¤´ ±μ ¥¸²¨ ¶·¥¤¶μ²μ¦¨ÉÓ ¸ÊÐ¥¸É¢μ¢ ´¨¥ ®Ô±§μÉ¨Î¥¸±¨Ì ´¥-
Ô·³¨Éμ¢ÒÌ ´¥°É·¨´μ¯, Éμ ³μ¦´μ ¢¨¤¥ÉÓ, ÎÉμ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ³ £´¨É-
´Ò³¨ ¶μ²Ö³¨ ³μ¦¥É ¡ÒÉÓ ¢¥¸Ó³  ¸ÊÐ¥¸É¢¥´´μ Ê¸¨²¥´μ ¡² £μ¤ ·Ö ±μÔËË¨Í¨-
¥´ÉÊ, ¶·μ¶μ·Í¨μ´ ²Ó´μ³Ê μÉ´μÏ¥´¨Õ ³ ±¸¨³ ²Ó´μ° ³ ¸¸Ò ± ³ ¸¸¥ ´¥°É·¨´μ
k = M/mν [5, 6, 10]. ˆ³¥´´μ É ±¨¥ Ô±¸¶¥·¨³¥´ÉÒ, ¶μ ´ Ï¥³Ê ³´¥´¨Õ,
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¨ ³μ£ÊÉ ¶²μ¤μÉ¢μ·´μ μ¡¸Ê¦¤ ÉÓ¸Ö ¸ Í¥²ÓÕ ¸μ§¤ ´¨Ö ´μ¢μ° Ë¨§¨±¨ §  ¶·¥-
¤¥² ³¨ ‘Œ. ‚μ§³μ¦´μ, ¶μ¤μ¡´Ò¥ ´ ¡²Õ¤¥´¨Ö Ê¤ ¸É¸Ö ¶·μ¢¥¸É¨ ¢ §¥³´ÒÌ
Ê¸²μ¢¨ÖÌ. Š ± ¡Ò²μ μÉ³¥Î¥´μ, μ¤´¨³¨ ¨§ ¶¥·¢ÒÌ ¤²Ö ÔÉμ° Í¥²¨ ³μ£²¨ ¡Ò
¡ÒÉÓ ¶·¥Í¨§¨μ´´Ò¥ ² ¡μ· Éμ·´Ò¥ Ô±¸¶¥·¨³¥´ÉÒ ¶μ μ¶·¥¤¥²¥´¨Õ ±¢ ¤· Éμ¢
³ ¸¸Ò ´¥°É·¨´μ, μ¡¸Ê¦¤ ¥³Ò¥ ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ (¸³. É ±¦¥ [10]). �μ¤μ¡-
´Ò¥ ·¥§Ê²ÓÉ ÉÒ, ÊÎ¨ÉÒ¢ ÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥ �ŒŒ Ë¥·³¨μ´μ¢ ¸ ¸¨²Ó´Ò³¨
³ £´¨É´Ò³¨ ¶μ²Ö³¨, ¶μ-¢¨¤¨³μ³Ê, ³μ£ÊÉ ¡ÒÉÓ ¨¸¶μ²Ó§μ¢ ´Ò ¨ ¤²Ö · §²¨Î´ÒÌ
 ¸É·μË¨§¨Î¥¸±¨Ì μÍ¥´μ±.
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