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”¨§¨±μ-³ É¥³ É¨Î¥¸±¨° ¨´¸É¨ÉÊÉ, Šμ³¨ ´ ÊÎ´Ò° Í¥´É· “·� ���, ‘Ò±ÉÒ¢± ·, �μ¸¸¨Ö

�·¥¤¸É ¢²¥´  Ô¢μ²ÕÍ¨Ö ¸¢μ°¸É¢ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨°, ´ -
Î¨´ Ö ¸ ¶² ´±μ¢¸±μ£μ ³ ¸ÏÉ ¡  1019 ƒÔ‚. �¶¨¸ ´¨¥ ¡ §¨·Ê¥É¸Ö ´  £¨¶μÉ¥§¥ μ Éμ³,
ÎÉμ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´Ò° (¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±¨°) ¶·¥¤¥² ‘É ´¤ ·É´μ° ³μ¤¥²¨ £¥´¥-
·¨·Ê¥É¸Ö ±μ´É· ±Í¨¥° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò. ‚ ¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ° É¥³¶¥· ÉÊ·Ò
¸¢μ°¸É¢  Î ¸É¨Í · ¤¨± ²Ó´μ ¨§³¥´ÖÕÉ¸Ö: ¢¸¥ Î ¸É¨ÍÒ É¥·ÖÕÉ ³ ¸¸Ò, ¢Ò¦¨¢ ÕÉ Éμ²Ó±μ
¡¥§³ ¸¸μ¢Ò¥ ´¥°É· ²Ó´Ò¥ Z-¡μ§μ´Ò ¨ u-±¢ ·±¨,   É ±¦¥ ´¥°É·¨´μ ¨ ËμÉμ´Ò. ‘² -
¡Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸É ´μ¢ÖÉ¸Ö ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¨³¨ ¨ ¶μ·μ¦¤ ÕÉ¸Ö ´¥°É· ²Ó´Ò³¨
Éμ± ³¨. Š¢ ·±¨ ¨³¥ÕÉ Éμ²Ó±μ μ¤´Ê Í¢¥Éμ¢ÊÕ ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò.

The evolution of the properties of elementary particles and their interactions, starting
from the Planck scale of 1019 GeV, is presented. The description is based on the hypo-
thesis that the high-temperature (high-energy) limit of the Standard Model is generated by
contraction of its gauge group. The properties of particles change drastically in the inˇnite
temperature limit: all particles lose mass, only massless neutral Z bosons and u quarks, as
well as neutrinos and photons, survive. Electroweak interactions become long-range and
are mediated by neutral currents. All quarks are monochromatic.

PACS: 12.15.-y
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‘μ¢·¥³¥´´ Ö É¥μ·¨Ö ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í Å ‘É ´¤ ·É-
´ Ö ³μ¤¥²Ó Å ¢±²ÕÎ ¥É ¢ ¸¥¡Ö Ô²¥±É·μ¸² ¡ÊÕ ³μ¤¥²Ó, μ¡Ñ¥¤¨´ÖÕÐÊÕ Ô²¥±-
É·μ³ £´¨É´Ò¥ ¨ ¸² ¡Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö,   É ±¦¥ ±¢ ´Éμ¢ÊÕ Ì·μ³μ¤¨´ ³¨±Ê
(Š•„), μ¶¨¸Ò¢ ÕÐÊÕ ¸¨²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö. �´  ¤μ¸É ÉμÎ´μ Ìμ·μÏμ μ¶¨-
¸Ò¢ ¥É ¨³¥ÕÐ¨¥¸Ö Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ ¤ ´´Ò¥ ¨ ¶μ²ÊÎ¨²  ¤ ²Ó´¥°Ï¨¥ Ê¡¥-
¤¨É¥²Ó´Ò¥ ¶μ¤É¢¥·¦¤¥´¨Ö ¸¢μ¥°  ¤¥±¢ É´μ¸É¨ ¸ ´¥¤ ¢´¨³ μÉ±·ÒÉ¨¥³ ¸± ²Ö·-
´μ£μ ¡μ§μ´  •¨££¸  ¢ Ô±¸¶¥·¨³¥´É Ì ´  	μ²ÓÏμ³  ¤·μ´´μ³ ±μ²² °¤¥·¥. …¸²¨
¸É ¢¨ÉÓ ¢μ¶·μ¸ μ ¸¢μ°¸É¢ Ì Î ¸É¨Í ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨° §  ¶·¥¤¥² ³¨ Ô±¸¶¥-
·¨³¥´É ²Ó´μ ¤μ¸É¨£´ÊÉÒÌ Ô´¥·£¨° ¨ μ¸É ¢ ÉÓ¸Ö ´  É¢¥·¤μ° ´ ÊÎ´μ° ¶μÎ¢¥, Éμ
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μ¤´¨³ ¨§ ¢μ§³μ¦´ÒÌ μÉ¢¥Éμ¢ Ö¢²Ö¥É¸Ö ¨¸¶μ²Ó§μ¢ ´¨¥ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ£μ
(¢Ò¸μ±μÔ´¥·£¥É¨Î¥¸±μ£μ) ¶·¥¤¥²  ‘É ´¤ ·É´μ° ³μ¤¥²¨. �É  ³μ¤¥²Ó ¶·¥¤¸É -
¢²Ö¥É ¸μ¡μ° ± ²¨¡·μ¢μÎ´ÊÕ É¥μ·¨Õ, μ¸´μ¢ ´´ÊÕ ´  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶¥
SU(3) × SU(2) × U(1), Ö¢²ÖÕÐ¥°¸Ö ¶·Ö³Ò³ ¶·μ¨§¢¥¤¥´¨¥³ ¶·μ¸ÉÒÌ £·Ê¶¶.
‘¨²Ó´Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ±¢ ·±μ¢ μ¶¨¸Ò¢ ÕÉ¸Ö ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±μ° ¸
± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ° SU(3) ¨ Ì · ±É¥·´μ° É¥³¶¥· ÉÊ·μ° 0,2 ƒÔ‚. �²¥±-
É·μ¸² ¡ Ö ³μ¤¥²Ó μ¸´μ¢ ´  ´  ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶¥ SU(2)×U(1), μÉ¢¥Î Õ-
Ð¥° §  Ô²¥±É·μ¸² ¡Ò¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ Ì · ±É¥·´μ° É¥³¶¥· ÉÊ·μ° 100 ƒÔ‚.
ˆ§ ÔÉμ£μ ´ ¡²Õ¤¥´¨Ö § ±²ÕÎ ¥³, ÎÉμ ± ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  É¥μ·¨¨ Ô²¥³¥´-
É ·´ÒÌ Î ¸É¨Í ¸ Ê¢¥²¨Î¥´¨¥³ É¥³¶¥· ÉÊ·Ò ‚¸¥²¥´´μ° ¸É ´μ¢¨É¸Ö ¶·μÐ¥. ŒÒ
¶·¥¤¶μ² £ ¥³, ÎÉμ ¶·¨ ¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨ É¥³¶¥· ÉÊ·Ò Ê¶·μÐ¥´¨¥ ± -
²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ‘É ´¤ ·É´μ° ³μ¤¥²¨ μ¶¨¸Ò¢ ¥É¸Ö ¥¥ ±μ´É· ±Í¨¥°.

‚ Ë¨§¨±¥ Ìμ·μÏμ ¨§¢¥¸É´  μ¶¥· Í¨Ö ±μ´É· ±Í¨¨ (¨²¨ ¶·¥¤¥²Ó´μ£μ ¶¥-
·¥Ìμ¤ ) £·Ê¶¶ [1], ±μÉμ· Ö, ¢ Î ¸É´μ¸É¨, ¶·¥μ¡· §Ê¥É ¶·μ¸ÉÊÕ £·Ê¶¶Ê ¢ ´¥-
¶μ²Ê¶·μ¸ÉÊÕ. �μ´ÖÉ¨¥ ±μ´É· ±Í¨¨ ¡Ò²μ · ¸¶·μ¸É· ´¥´μ ´   ²£¥¡· ¨Î¥¸±¨¥
¸É·Ê±ÉÊ·Ò, É ±¨¥ ± ± ±¢ ´Éμ¢Ò¥ £·Ê¶¶Ò, ¸Ê¶¥·£·Ê¶¶Ò,   É ±¦¥ ´  ËÊ´¤ ³¥´-
É ²Ó´Ò¥ ¶·¥¤¸É ¢²¥´¨Ö Ê´¨É ·´ÒÌ £·Ê¶¶ [2]. „²Ö ¸¨³³¥É·¨Î´μ° Ë¨§¨Î¥¸±μ°
¸¨¸É¥³Ò ±μ´É· ±Í¨Ö ¥¥ £·Ê¶¶Ò ¸¨³³¥É·¨¨ μ§´ Î ¥É ¶¥·¥Ìμ¤ ± ¶·¥¤¥²Ó´μ³Ê
¸μ¸ÉμÖ´¨Õ ¸¨¸É¥³Ò. ‚ ¸²ÊÎ ¥ ¸²μ¦´μ° Ë¨§¨Î¥¸±μ° ¸¨¸É¥³Ò, ± ±μ¢μ° Ö¢²Ö-
¥É¸Ö ‘É ´¤ ·É´ Ö ³μ¤¥²Ó, ¨§ÊÎ¥´¨¥ ¥¥ ¶·¥¤¥²Ó´ÒÌ ¸μ¸ÉμÖ´¨° ¶·¨ É¥Ì ¨²¨
¨´ÒÌ ¶·¥¤¥²Ó´ÒÌ §´ Î¥´¨ÖÌ Ë¨§¨Î¥¸±¨Ì ¶ · ³¥É·μ¢ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ²ÊÎÏ¥
¶μ´ÖÉÓ ¶μ¢¥¤¥´¨¥ ¸¨¸É¥³Ò ¢ Í¥²μ³. ŒÒ μ¡¸Ê¤¨³ ´  Ê·μ¢´¥ ±² ¸¸¨Î¥¸±¨Ì
± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥° ³μ¤¨Ë¨Í¨·μ¢ ´´ÊÕ ‘É ´¤ ·É´ÊÕ ³μ¤¥²Ó ¸ ±μ´É· ±É¨-
·μ¢ ´´μ° ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶μ°.

„¥Ëμ·³ Í¨Ö ¢ Ï¨·μ±μ³ ¸³Ò¸²¥ ¸²μ¢  ¥¸ÉÓ μ¶¥· Í¨Ö, μ¡· É´ Ö ± ±μ´-
É· ±Í¨¨. �¥É·¨¢¨ ²Ó´ Ö ¤¥Ëμ·³ Í¨Ö  ²£¥¡· ¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò μ§´ Î ¥É, ¢μ-
μ¡Ð¥ £μ¢μ·Ö, ¥¥ ´¥μÎ¥¢¨¤´μ¥ μ¡μ¡Ð¥´¨¥. � ¨¡μ²¥¥ Ö·±¨³ ´¥¤ ¢´¨³ ¶·¨³¥·μ³
Ö¢²ÖÕÉ¸Ö ±¢ ´Éμ¢Ò¥ £·Ê¶¶Ò [3], É. ¥. É ±¨¥ μ¡μ¡Ð¥´¨Ö  ²£¥¡· •μ¶Ë , ±μÉμ·Ò¥
Ö¢²ÖÕÉ¸Ö μ¤´μ¢·¥³¥´´μ ´¥±μ³³ÊÉ É¨¢´Ò³¨ ¨ ´¥±μ±μ³³ÊÉ É¨¢´Ò³¨, Éμ£¤  ± ±
· ´¥¥ ¡Ò²¨ ¨§¢¥¸É´Ò  ²£¥¡·Ò •μ¶Ë  ¸ μ¤´¨³ ¨§ ÔÉ¨Ì ¸¢μ°¸É¢. �¤´ ±μ ¥¸²¨
¸´ Î ²  ¶·μ¨§¢μ¤¨É¸Ö ±μ´É· ±Í¨Ö ´¥±μÉμ·μ° ³ É¥³ É¨Î¥¸±μ° ¸É·Ê±ÉÊ·Ò, Éμ
¨¸Ìμ¤´ Ö ¸É·Ê±ÉÊ·  ³μ¦¥É ¡ÒÉÓ ¢μ¸¸É ´μ¢²¥´  ¸ ¶μ³μÐÓÕ ¤¥Ëμ·³ Í¨¨ ¢ Ê§-
±μ³ ¸³Ò¸²¥, ¢Ò¶μ²´Ö¥³μ° ¢ μ¡· É´μ³ ¶μ μÉ´μÏ¥´¨Õ ± ±μ´É· ±Í¨¨ ´ ¶· -
¢²¥´¨¨.

ŒÒ ¨¸¶μ²Ó§Ê¥³ ÔÉμÉ ¶·¨¥³ ¤²Ö Éμ£μ, ÎÉμ¡Ò ¢μ¸¸É ´μ¢¨ÉÓ Ô¢μ²ÕÍ¨Õ Ô²¥-
³¥´É ·´ÒÌ Î ¸É¨Í ¢ · ´´¥° ‚¸¥²¥´´μ°, μ¶¨· Ö¸Ó ´  ¤μ¸É¨£´ÊÉÒ° ± ´ ¸ÉμÖ-
Ð¥³Ê ¢·¥³¥´¨ Ê·μ¢¥´Ó §´ ´¨°. „²Ö ÔÉμ£μ · ¸¸³μÉ·¨³ ¶μ¢¥¤¥´¨¥ ‘É ´¤ ·É´μ°
³μ¤¥²¨ ¢ ¶·¥¤¥²¥ ¡¥¸±μ´¥Î´μ° É¥³¶¥· ÉÊ·Ò, ¶μ·μ¦¤¥´´μ¥ ¢ ¸μμÉ¢¥É¸É¢¨¨
¸ ´ Ï¥° £¨¶μÉ¥§μ° ±μ´É· ±Í¨¥° ± ²¨¡·μ¢μÎ´ÒÌ £·Ê¶¶ SU(2) ¨ SU(3) [4].
�μ¤μ¡´Ò¥ ®¡¥¸±μ´¥Î´μ¯ ¢Ò¸μ±¨¥ É¥³¶¥· ÉÊ·Ò ³μ£ÊÉ ¸ÊÐ¥¸É¢μ¢ ÉÓ ¢ · ´´¥°
‚¸¥²¥´´μ° ¢ ¶¥·¢Ò¥ ³£´μ¢¥´¨Ö ¶μ¸²¥ 	μ²ÓÏμ£μ ¢§·Ò¢ . �± §Ò¢ ¥É¸Ö, ÎÉμ ¢
·¥§Ê²ÓÉ É¥ ±μ´É· ±Í¨¨ ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ² £· ´¦¨ ´ ‘É ´¤ ·É´μ° ³μ-
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¤¥²¨ · ¸¶ ¤ ¥É¸Ö ´  ·Ö¤ ¸² £ ¥³ÒÌ, ±μÉμ·Ò¥ · §²¨Î ÕÉ¸Ö ¸É¥¶¥´Ö³¨ ¸É·¥-
³ÖÐ¥£μ¸Ö ± ´Ê²Õ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É·  ε → 0. �μ¸±μ²Ó±Ê ¸·¥¤´ÖÖ
Ô´¥·£¨Ö (É¥³¶¥· ÉÊ· ) ¸¨¸É¥³Ò ¢ £μ·ÖÎ¥° ‚¸¥²¥´´μ° ¸¢Ö§ ´  ¸ ¥¥ ¢μ§· ¸-
Éμ³, Éμ, ¤¢¨£ Ö¸Ó ¢¶¥·¥¤ ¢μ ¢·¥³¥´¨, É. ¥. ¢ μ¡· É´μ³ ± ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ°
±μ´É· ±Í¨¨ ´ ¶· ¢²¥´¨¨, ³Ò § ±²ÕÎ ¥³, ÎÉμ ¶μ¸²¥ ·μ¦¤¥´¨Ö ‚¸¥²¥´´μ° Ô²¥-
³¥´É ·´Ò¥ Î ¸É¨ÍÒ ¨ ¨Ì ¢§ ¨³μ¤¥°¸É¢¨Ö ¶·μÌμ¤ÖÉ ·Ö¤ ¸É ¤¨° ¢ Ô¢μ²ÕÍ¨¨
μÉ ¶·¥¤¥²Ó´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ ¡¥¸±μ´¥Î´μ° É¥³¶¥· ÉÊ·μ° ¤μ ¸μ¸ÉμÖ´¨Ö, μ¶¨¸Ò-
¢ ¥³μ£μ ‘É ´¤ ·É´μ° ³μ¤¥²ÓÕ. �É¨ ¸É ¤¨¨ Ëμ·³¨·μ¢ ´¨Ö ±¢ ·±-£²Õμ´´μ°
¶² §³Ò, ¢μ¸¸É ´μ¢²¥´¨Ö Ô²¥±É·μ¸² ¡μ° ¨ Í¢¥Éμ¢μ° ¸¨³³¥É·¨° · §²¨Î ÕÉ¸Ö
¶μ ¸É¥¶¥´Ö³ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É·  ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¶μ ¢·¥³¥´¨ ¨Ì
¢μ§´¨±´μ¢¥´¨Ö. ˆ§ ±μ´É· ±Í¨¨ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ³Ò ³μ¦¥³ ±² ¸¸¨Ë¨-
Í¨·μ¢ ÉÓ ÔÉ¨ ¸É ¤¨¨ ¶μ ¶·¨´Í¨¶Ê ®· ´ÓÏ¥Ä¶μ§¦¥¯, ´μ ´¥ μ¶·¥¤¥²¨ÉÓ ¢·¥³Ö,
¶·μÏ¥¤Ï¥¥ ¶μ¸²¥ ·μ¦¤¥´¨Ö ‚¸¥²¥´´μ°. —Éμ¡Ò Ê¸É ´μ¢¨ÉÓ  ¡¸μ²ÕÉ´μ¥ ¢·¥³Ö,
³Ò ¨¸¶μ²Ó§Ê¥³ ¤μ¶μ²´¨É¥²Ó´Ò¥ ¶·¥¤¶μ²μ¦¥´¨Ö.

1. �‹…Š’��‘‹���Ÿ Œ�„…‹œ ˆ …… Œ�„ˆ”ˆŠ�–ˆŸ

‘É ´¤ ·É´ Ö ³μ¤¥²Ó ¢±²ÕÎ ¥É ¸²¥¤ÊÕÐ¨¥ Ô²¥³¥´É ·´Ò¥ Î ¸É¨ÍÒ. Š ²¨-
¡·μ¢μÎ´Ò¥ ¡μ§μ´Ò: ËμÉμ´ γ, § ·Ö¦¥´´Ò¥ ¨ ´¥°É· ²Ó´Ò° ¸² ¡Ò¥ ¡μ§μ´Ò W±,
Z0, £²Õμ´Ò Ak, k = 1, . . . , 8. ‘¶¥Í¨ ²Ó´ÊÕ Î ¸É¨ÍÊ χ (¡μ§μ´ •¨££¸ ). ’·¨
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)
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)
, μ¶¨¸Ò¢ ¥³ÒÌ ¢¥±Éμ· ³¨ ¢ C2.

Š· É±μ μ¶¨Ï¥³ Ô²¥±É·μ¸² ¡ÊÕ ³μ¤¥²Ó, ¸²¥¤ÊÖ ³μ´μ£· Ë¨¨ [5]. ‹ £· ´-
¦¨ ´ ³μ¤¥²¨ · ¢¥´ ¸Ê³³¥ ¡μ§μ´´μ£μ, ²¥¶Éμ´´μ£μ ¨ ±¢ ·±μ¢μ£μ ² £· ´¦¨ ´μ¢
L = LB + LL + LQ ¨ ¢Ò¡¨· ¥É¸Ö ¨´¢ ·¨ ´É´Ò³ μÉ´μ¸¨É¥²Ó´μ ¤¥°¸É¢¨Ö ± -
²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò SU(2) × U(1) ¢ ¶·μ¸É· ´¸É¢¥ C2. 	μ§μ´´Ò° ¸¥±Éμ·
LB = LA + Lφ ¸μ¸Éμ¨É ¨§ ¤¢ÊÌ Î ¸É¥°: ² £· ´¦¨ ´  ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°

LA = −1
4
[(F 1

μν)2 + (F 2
μν)2 + (F 3

μν)2] − 1
4
(Bμν)2,

Fμν = ∂μAν − ∂νAμ + [Aμ, Aν ], Bμν = ∂μBν − ∂νBμ

(1)

¨ ² £· ´¦¨ ´  ¶μ²¥° ³ É¥·¨¨

Lφ =
1
2
(Dμφ)†Dμφ − λ

4
(
φ†φ − v2

)2
, φ =

(
φ1

φ2

)
∈ C2. (2)

Šμ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ · ¢´Ò

Dμφ = ∂μφ − ig

(
3∑

k=1

TkAk
μ

)
φ − ig′Y Bμφ, (3)
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£¤¥ Tk = (1/2)τk, k = 1, 2, 3, ¥¸ÉÓ £¥´¥· Éμ·Ò SU(2); τk Å ³ É·¨ÍÒ � Ê²¨;
Y = (1/2)1 Å £¥´¥· Éμ·Ò U(1); g ¨ g′ Å ±μ´¸É ´ÉÒ.

”¥·³¨μ´´Ò° ¸¥±Éμ· ¸±² ¤Ò¢ ¥É¸Ö ¨§ ²¥¶Éμ´´μ£μ LL ¨ ±¢ ·±μ¢μ£μ LQ ² -
£· ´¦¨ ´μ¢. „²Ö ¶¥·¢μ£μ ¶μ±μ²¥´¨Ö ²¥¶Éμ´´Ò° ² £· ´¦¨ ´ ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥

LL,e = L†
l iτ̃μDμLl + e†riτμDμer − he[e†r(φ

†Ll) + (L†
l φ)er], (4)

£¤¥ Ll =
(

νl

el

)
∈ C2 ¥¸ÉÓ SU(2)-¤Ê¡²¥É; er Å SU(2)-¸¨´£²¥É; he Å ±μ´-

¸É ´É ; τ0 = τ̃0 = 1, τ̃k = −τk, τμ Å ³ É·¨ÍÒ � Ê²¨; er, el, νl Å ¤¢ÊÌ±μ³¶μ-
´¥´É´Ò¥ ²μ·¥´Í¥¢Ò ¸¶¨´μ·Ò; Dμ Å ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ²¥¶Éμ´´ÒÌ
¶μ²¥°

DμLl = ∂μLl − i
g√
2

(
W+

μ T+ + W−
μ T−

)
Ll −

− i
g

cos θw
Zμ

(
T3 − Q sin2 θw

)
Ll − ieAμQLl, (5)

Dμer = ∂μer − ig′QAμer cos θw + ig′QZμer sin θw,

£¤¥ T± = T1 ± iT2; Q = Y + T3 ¥¸ÉÓ £¥´¥· Éμ· Ô²¥±É·μ³ £´¨É´μ° ¶μ¤£·Ê¶¶Ò
U(1)em; Y = (1/2)1 Å £¨¶¥·§ ·Ö¤; e = gg′(g2 + g′2)−1/2 Å § ·Ö¤ Ô²¥±É·μ´ 
¨ sin θw = eg−1.

Š¢ ·±μ¢Ò° ² £· ´¦¨ ´ ¸É·μ¨É¸Ö ¶μ¤μ¡´Ò³ μ¡· §μ³:

LQ = Q†
l iτ̃μDμQl + u†

riτμDμur + d†riτμDμdr −
− hd[d†r(φ

†Ql) + (Q†
l φ)dr ] − hu[u†

r(φ̃
†Ql) + (Q†

l φ̃)ur], (6)

£¤¥ ²¥¢Ò¥ ±¢ ·±μ¢Ò¥ ¶μ²Ö μ¡· §ÊÕÉ SU(2)-¤Ê¡²¥É Ql =
(

ul

dl

)
∈ C2, ¶· ¢Ò¥

¶μ²Ö ur, dr Ö¢²ÖÕÉ¸Ö SU(2)-¸¨´£²¥É ³¨, φ̃i = εikφ̄k , ε00 = 1, εii = −1 μ¡· -
§ÊÕÉ ¸μ¶·Ö¦¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ £·Ê¶¶Ò SU(2), hu, hd ¥¸ÉÓ ±μ´¸É ´ÉÒ. ‚¸¥
¶μ²Ö ul, dl, ur, dr Å ¤¢ÊÌ±μ³¶μ´¥´É´Ò¥ ²μ·¥´Í¥¢Ò ¸¶¨´μ·Ò. Šμ¢ ·¨ ´É´Ò¥
¶·μ¨§¢μ¤´Ò¥ ±¢ ·±μ¢ÒÌ ¶μ²¥° · ¢´Ò

DμQl =

(
∂μ − ig

3∑
k=1

τk

2
Ak

μ − ig′
1
6
Bμ

)
Ql,

Dμur =
(

∂μ − ig′
2
3
Bμ

)
ur, (7)

Dμdr =
(

∂μ + ig′
1
3
Bμ

)
dr.
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‹ £· ´¦¨ ´Ò ¸²¥¤ÊÕÐ¨Ì ¶μ±μ²¥´¨° ²¥¶Éμ´μ¢ ¨ ±¢ ·±μ¢ ¸É·μÖÉ¸Ö  ´ ²μ-
£¨Î´μ. �μ²´Ò¥ ²¥¶Éμ´´Ò° ¨ ±¢ ·±μ¢Ò° ² £· ´¦¨ ´Ò ¶μ²ÊÎ ÕÉ¸Ö ¸Ê³³¨·μ-
¢ ´¨¥³ ¶μ ¢¸¥³ ¶μ±μ²¥´¨Ö³. ŒÒ μ£· ´¨Î¨³¸Ö · ¸¸³μÉ·¥´¨¥³ Éμ²Ó±μ ¶¥·¢ÒÌ
¶μ±μ²¥´¨°.

„¥°¸É¢¨¥ ±μ´É· ±É¨·μ¢ ´´μ° £·Ê¶¶Ò SU(2; ε) ´  ¶·μ¸É· ´¸É¢¥ ËÊ´¤ ³¥´-
É ²Ó´μ£μ ¶·¥¤¸É ¢²¥´¨Ö C2(ε) μ¶·¥¤¥²Ö¥É¸Ö ¸μμÉ´μÏ¥´¨¥³(

z′1
εz′2

)
=

(
α εβ

−εβ̄ ᾱ

) (
z1

εz2

)
, |α|2 + ε2|β|2 = 1 (8)

¶·¨ ¸É·¥³²¥´¨¨ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É·  ± ´Ê²Õ: ε → 0. ‡ ³¥´  β → εβ
¨´¤ÊÍ¨·Ê¥É ¶·¥μ¡· §μ¢ ´¨¥ ± ²¨¡·μ¢μÎ´ÒÌ ¶μ²¥°: W±

μ → εW±
μ , Zμ →

Zμ, Aμ → Aμ,   § ³¥´  z2 → εz2 ¨´¤ÊÍ¨·Ê¥É ¶·¥μ¡· §μ¢ ´¨¥ ²¥¶Éμ´´ÒÌ
¨ ±¢ ·±μ¢ÒÌ ¶μ²¥°: el → εel, dl → εdl, νl → νl, ul → ul. ‚ ³¥Ì ´¨§³¥ ¸¶μ´-

É ´´μ£μ ´ ·ÊÏ¥´¨Ö ¸¨³³¥É·¨¨ μ¤´μ ¨§ μ¸´μ¢´ÒÌ ¸μ¸ÉμÖ´¨° φvac =
(

0
v

)
,

Ak
μ = Bμ = 0 ² £· ´¦¨ ´  LB ¢Ò¡¨· ¥É¸Ö ¢ ± Î¥¸É¢¥ ¢ ±ÊÊ³  ³μ¤¥²¨ ¨ § -

É¥³ · ¸¸³ É·¨¢ ÕÉ¸Ö ³ ²Ò¥ ¢μ§¡Ê¦¤¥´¨Ö ¶μ²¥° v + χ(x) μÉ´μ¸¨É¥²Ó´μ ÔÉμ£μ
¢ ±ÊÊ³ . �μÔÉμ³Ê ¶μ²¥ ¡μ§μ´  •¨££¸  χ, ±μ´¸É ´É  v ¨ § ¢¨¸ÖÐ¨¥ μÉ v ³ ¸¸Ò
Î ¸É¨Í mp ¤μ³´μ¦ ÕÉ¸Ö ´  ±μ´É· ±Í¨μ´´Ò° ¶ · ³¥É·: χ → εχ, v → εv,
mp → εmp, p = χ, W, Z, e, u, d.

�μ¸²¥ ÔÉ¨Ì ¶·¥μ¡· §μ¢ ´¨° ² £· ´¦¨ ´ Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨ ¶·¨´¨-
³ ¥É ¢¨¤

L(ε) = L∞ − ε mu(u†
rul + u†

l ur) + ε2L2 + ε3L3 + ε4L4. (9)

�·¨ ε → 0 ¸² £ ¥³Ò¥ ¸ ¡μ²¥¥ ¢Ò¸μ±¨³¨ ¸É¥¶¥´Ö³¨ ε ¢´μ¸ÖÉ ³¥´ÓÏ¨° ¢±² ¤ ¶μ
¸· ¢´¥´¨Õ ¸μ ¸² £ ¥³Ò³¨ ¸ ¡μ²¥¥ ´¨§±¨³¨ ¸É¥¶¥´Ö³¨. ’ ±¨³ μ¡· §μ³, Ô²¥±-
É·μ¸² ¡ Ö ³μ¤¥²Ó ¤¥³μ´¸É·¨·Ê¥É ¶ÖÉÓ ¸É ¤¨° ¶μ¢¥¤¥´¨Ö ¶·¨ ε → 0, ±μÉμ·Ò¥
· §²¨Î ÕÉ¸Ö ¸É¥¶¥´Ö³¨ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É· .

2. Š•„ ‘ Š��’��Š’ˆ��‚����‰ Š�‹ˆ���‚�—��‰ ƒ�“���‰

Š ²¨¡·μ¢μÎ´ Ö £·Ê¶¶  SU(3) ±¢ ´Éμ¢μ° Ì·μ³μ¤¨´ ³¨±¨ ¤¥°¸É¢Ê¥É ¢ ¶·μ-
¸É· ´¸É¢¥ C3 Í¢¥Éμ¢ÒÌ ±¢ ·±μ¢ÒÌ ¸μ¸ÉμÖ´¨° q = (q1, q2, q3)t = (qR, qG, qB)t ∈
C3, £¤¥ q(x) ¥¸ÉÓ ¶μ²Ö ±¢ ·±μ¢ q = u, d, s, c, b, t,   R, G, B Å Í¢¥Éμ¢Ò¥ ¸É¥-
¶¥´¨ ¸¢μ¡μ¤Ò. ‹ £· ´¦¨ ´ Š•„ ¢Ò¡¨· ¥É¸Ö ¢ ¢¨¤¥

L =
∑

q

(
q̄i(iγμ)(Dμ)ijq

j − mqq̄
iqi

)
− 1

4

8∑
α=1

Fα
μνFμν α, (10)

£¤¥ Dμq Å ±μ¢ ·¨ ´É´Ò¥ ¶·μ¨§¢μ¤´Ò¥ ±¢ ·±μ¢ÒÌ ¶μ²¥°

Dμq =
(

∂μ − igs

(
λα

2

)
Aα

μ

)
q, (11)
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gs Å ¸¨²Ó´ Ö ±μ´¸É ´É  ¸¢Ö§¨; ta = λa/2 Å £¥´¥· Éμ·Ò £·Ê¶¶Ò SU(3); λa Å
³ É·¨ÍÒ ƒ¥²²-Œ ´´ ,   £²Õμ´´Ò° É¥´§μ· ´ ¶·Ö¦¥´´μ¸É¨ ¨³¥¥É ¸É ´¤ ·É´Ò°
¢¨¤

Fα
μν = ∂μAα

ν − ∂νAα
μ + gsf

αβγAβ
μAγ

ν . (12)

Šμ´É· ±É¨·μ¢ ´´ Ö £·Ê¶¶  SU(3; ε) μ¶·¥¤¥²Ö¥É¸Ö ¤¥°¸É¢¨¥³

q′(ε) =

⎛
⎜⎝

q′1
εq′2
ε2q′3

⎞
⎟⎠ =

⎛
⎜⎝

u11 εu12 ε2u13

εu21 u22 εu23

ε2u31 εu32 u33

⎞
⎟⎠

⎛
⎜⎝

q1

εq2

ε2q3

⎞
⎟⎠ = U(ε)q(ε) (13)

´  Í¢¥Éμ¢μ³ ¶·μ¸É· ´¸É¢¥ C3(ε) ¶·¨ ε → 0. �μÔÉμ³Ê ±¢ ·±μ¢Ò¥ ¨ £²Õμ´´Ò¥
¶μ²Ö ¶·¥μ¡· §ÊÕÉ¸Ö ¸²¥¤ÊÕÐ¨³ μ¡· §μ³: q1 → q1, q2 → εq2, q3 → ε2q3,
AGR

μ → εAGR
μ , ABG

μ → εABG
μ , ABR

μ → ε2ABR
μ ,   ¤¨ £μ´ ²Ó´Ò¥ ¶μ²Ö £²Õμ´μ¢

´¥ ¨§³¥´ÖÕÉ¸Ö: ARR
μ → ARR

μ , AGG
μ → AGG

μ , ABB
μ → ABB

μ . �μ¸²¥ ÔÉ¨Ì
¶μ¤¸É ´μ¢μ± ¶μ²ÊÎ ¥³ ±¢ ·±μ¢ÊÕ Î ¸ÉÓ Š•„ ² £· ´¦¨ ´  ¢ ¢¨¤¥

Lq(ε) =
∑

q

iq̄1γ
μ∂μq1 − mq |q1|2 +

gs

2
|q1|2 γμARR

μ +

+ ε2
{

iq̄2γ
μ∂μq2−mq |q2|2+

gs

2

(
|q2|2 γμAGG

μ +q1q̄2γ
μAGR

μ +q̄1q2γ
μĀGR

μ

)}
+

+ ε4
[
iq̄3γ

μ∂μq3 − mq |q3|2 +
gs

2

(
|q3|2 γμABB

μ + q1q̄3γ
μABR

μ + q̄1q3γ
μĀBR

μ +

+ q2q̄3γ
μABG

μ + q̄2q3γ
μĀBG

μ

)]
= L∞

q + ε2L(2)
q + ε4L(4)

q . (14)

ƒ²Õμ´´ Ö Î ¸ÉÓ Lgl = −(1/4)Fα
μνFμν α ² £· ´¦¨ ´  μÎ¥´Ó £·μ³μ§¤± , ¨ ³Ò

¥¥ μ¶Ê¸± ¥³. �·¥μ¡· §μ¢ ´´Ò° Š•„ ² £· ´¦¨ ´ ¶·¨´¨³ ¥É ¢¨¤

L(ε) = L∞ + ε2L(2) + ε4L(4) + ε6L(6) + ε8L(8) (15)

¸ ¨§¢¥¸É´Ò³¨ ¢Ò· ¦¥´¨Ö³¨ ¤²Ö ± ¦¤μ£μ L(k).

3. �–…�Š� ƒ���ˆ—�›• ‡��—…�ˆ‰

�¡Ñ¥¤¨´ÖÖ (9) ¨ (15), § ¶¨Ï¥³ ² £· ´¦¨ ´ ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¢ ¢¨¤¥

LSM(ε) = L∞ + εL1 + ε2L2 + ε3L3 + ε4L4 + ε6L6 + ε8L8. (16)

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¶·¨´ÖÉμ° £¨¶μÉ¥§μ° ±μ´É· ±Í¨μ´´Ò° ¶ · ³¥É· Ö¢²Ö¥É¸Ö
³μ´μÉμ´´μ° ËÊ´±Í¨¥° É¥³¶¥· ÉÊ·Ò: ε(T ) → 0 ¶·¨ T → ∞. ‘μ£² ¸´μ ¸μ-
¢·¥³¥´´Ò³ ¶·¥¤¸É ¢²¥´¨Ö³ μ ¶·μ¨¸Ìμ¦¤¥´¨¨ ´ Ï¥° ‚¸¥²¥´´μ° [6] μÎ¥´Ó
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ˆ¸Éμ·¨Ö ‚¸¥²¥´´μ° [6]

¢Ò¸μ±¨¥ É¥³¶¥· ÉÊ·Ò ¢ ´¥° ¸ÊÐ¥¸É¢ÊÕÉ ´  ¶¥·¢ÒÌ ¸É ¤¨ÖÌ 	μ²ÓÏμ£μ ¢§·Ò¢ 
¸· §Ê ¶μ¸²¥ ¨´Ë²ÖÍ¨¨ (·¨¸Ê´μ±).

Šμ´É· ±Í¨Ö ± ²¨¡·μ¢μÎ´μ° £·Ê¶¶Ò ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¶μ§¢μ²Ö¥É Ê¶μ-
·Ö¤μÎ¨ÉÓ ¢μ ¢·¥³¥´¨ ¸É ¤¨¨ ¥¥ · §¢¨É¨Ö, ´μ ´¥ ¤ ¥É ¢μ§³μ¦´μ¸É¨ Ê¸É ´μ¢¨ÉÓ
 ¡¸μ²ÕÉ´Ò¥ ¤ ÉÒ. —Éμ¡Ò μÍ¥´¨ÉÓ ¨Ì, ³Ò ¨¸¶μ²Ó§Ê¥³ ÉμÉ Ë ±É, ÎÉμ Ô²¥±É·μ-
¸² ¡ Ö Ô¶μÌ  ´ Î¨´ ¥É¸Ö ¶·¨ É¥³¶¥· ÉÊ·¥ T4 = 100 ƒÔ‚ (1 ƒÔ‚ = 1013 K),
  Ô¶μÌ  Š•„ ´ Î¨´ ¥É¸Ö ¶·¨ T8 = 0,2 ƒÔ‚. ˆ´ Î¥ £μ¢μ·Ö, ³Ò ¶·¥¤¶μ² -
£ ¥³, ÎÉμ ¶μ²´ Ö ·¥±μ´¸É·Ê±Í¨Ö Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨, ² £· ´¦¨ ´ ±μÉμ·μ°
¢±²ÕÎ ¥É ³¨´¨³ ²Ó´Ò¥ ¸² £ ¥³Ò¥, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ ε4, ¨ ¢μ¸¸É ´μ¢²¥´¨¥
Š•„ ¸ ³¨´¨³ ²Ó´Ò³¨ ¸² £ ¥³Ò³¨ ¢ ² £· ´¦¨ ´¥ ¶μ·Ö¤±  ε8 ¶·μ¨¸Ìμ¤ÖÉ ¶·¨
ÔÉ¨Ì É¥³¶¥· ÉÊ· Ì.

�¡μ§´ Î¨³ Î¥·¥§ Δ Ê·μ¢¥´Ó μ¡·¥§ ´¨Ö ¤²Ö εk, k = 1, 2, 4, 6, 8, É. ¥. ¶·¨
εk < Δ ¢¸¥ ¸² £ ¥³Ò¥ ¢ ² £· ´¦¨ ´¥, ¶·μ¶μ·Í¨ ²Ó´Ò¥ εk, Ö¢²ÖÕÉ¸Ö ¶·¥´¥-
¡·¥¦¨³μ ³ ²Ò³¨. � ±μ´¥Í, ³Ò ¶·¥¤¶μ²μ¦¨³, ÎÉμ ±μ´É· ±Í¨μ´´Ò° ¶ · ³¥É·
¶·μ¶μ·Í¨μ´ ²¥´ μ¡· É´μ° É¥³¶¥· ÉÊ·¥:

ε(T ) =
A

T
, A = const. (17)

ˆ§ Ê· ¢´¥´¨Ö ¤²Ö Š•„ ε8(T8) = A8T−8
8 = Δ ¶μ²ÊÎ ¥³ A = T8Δ1/8 =

0,2Δ1/8 ƒÔ‚. ˆ§ ¶μ¤μ¡´μ£μ Ê· ¢´¥´¨Ö ¤²Ö Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨ ´ Ìμ¤¨³
Ê·μ¢¥´Ó μ¡·¥§ ´¨Ö Δ = (T8E

−1
4 )8 = (0,2 · 10−2)8 ≈ 10−22. ˆ§ Ê· ¢´¥´¨Ö ¤²Ö

k-° ¸É¥¶¥´¨ εk(Tk) = AkT−k
k = Δ ¨³¥¥³ Tk = T8Δ

k−8
8k ≈ 10

88−15k
4k ¨ ²¥£±μ
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´ Ìμ¤¨³ £· ´¨Î´Ò¥ §´ Î¥´¨Ö (ƒÔ‚):

T1 = 1018, T2 = 107, T3 = 103, T4 = 102, T6 = 1, T8 = 2 · 10−1. (18)

�Í¥´±  ®¡¥¸±μ´¥Î´μ°¯ É¥³¶¥· ÉÊ·Ò T1 ≈ 1018 ƒÔ‚ ¸· ¢´¨³  ¸ Ô´¥·£¨¥°
�² ´±  ≈ 1019 ƒÔ‚, ¶·¨ ±μÉμ·μ° ¸É ´μ¢¨É¸Ö ¸ÊÐ¥¸É¢¥´´Ò³ ¢²¨Ö´¨¥ £· ¢¨É -
Í¨¨. ’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´ Ö Ô¢μ²ÕÍ¨Ö Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í ´¥ ¢ÒÌμ¤¨É
§  ¶·¥¤¥²Ò ¶·μ¡²¥³, μ¶¨¸Ò¢ ¥³ÒÌ Ô²¥±É·μ¸² ¡Ò³¨ ¨ ¸¨²Ó´Ò³¨ ¢§ ¨³μ¤¥°-
¸É¢¨Ö³¨.

4. �‚�‹	–ˆŸ —�‘’ˆ–

ŒÒ ³μ¦¥³ ¸¤¥² ÉÓ ´¥±μÉμ·Ò¥ ¢Ò¢μ¤Ò Ê¦¥ ´  Ê·μ¢´¥ ±² ¸¸¨Î¥¸±¨Ì ¶μ²¥°.
�·¨ ®¡¥¸±μ´¥Î´μ°¯ É¥³¶¥· ÉÊ·¥ (ε = 0, T > 1018 ƒÔ‚) ² £· ´¦¨ ´ Ô²¥±É·μ-
¸² ¡μ° ³μ¤¥²¨ ¨³¥¥É ¢¨¤

L∞ = −1
4
Z2

μν − 1
4
F2

μν + ν†
l iτ̃μ∂μνl + u†

l iτ̃μ∂μul +

+ e†riτμ∂μer + d†riτμ∂μdr + u†
riτμ∂μur + Lint

∞ (Aμ, Zμ), (19)

É. ¥. Ô²¥±É·μ¸² ¡ Ö ³μ¤¥²Ó ¸μ¤¥·¦¨É Éμ²Ó±μ ¡¥§³ ¸¸μ¢Ò¥ Î ¸É¨ÍÒ: ËμÉμ´Ò Aμ

¨ ´¥°É· ²Ó´Ò¥ ¡μ§μ´Ò Zμ, ²¥¢Ò¥ ±¢ ·±¨ ul ¨ ´¥°É·¨´μ νl, ¶· ¢Ò¥ Ô²¥±-
É·μ´Ò er ¨ ±¢ ·±¨ ur, dr. �É¸ÊÉ¸É¢¨¥ ³ ¸¸ ¨³¥¥É ¶·μ¸Éμ¥ Ë¨§¨Î¥¸±μ¥ μ¡ÑÖ¸-
´¥´¨¥: É¥³¶¥· ÉÊ·  ´ ¸Éμ²Ó±μ ¢Ò¸μ± , ÎÉμ ³ ¸¸  Î ¸É¨Í Ö¢²Ö¥É¸Ö ¶·¥´¥¡·¥-
¦¨³μ ³ ²μ° ¶μ ¸· ¢´¥´¨Õ ¸ ±¨´¥É¨Î¥¸±μ° Ô´¥·£¨¥°. �²¥±É·μ¸² ¡Ò¥ ¢§ ¨³μ-
¤¥°¸É¢¨Ö ¸É ´μ¢ÖÉ¸Ö ¤ ²Ó´μ¤¥°¸É¢ÊÕÐ¨³¨, ¶μ¸±μ²Ó±Ê μ´¨ ¶¥·¥¤ ÕÉ¸Ö ¡¥§³ ¸-
¸μ¢Ò³¨ Z-¡μ§μ´ ³¨ ¨ ËμÉμ´ ³¨.

ˆ§ Ö¢´μ£μ ¢Ò· ¦¥´¨Ö ² £· ´¦¨ ´  ¢§ ¨³μ¤¥°¸É¢¨Ö

Lint
∞ (Aμ, Zμ) =

g

2 cos θw
ν†

l τ̃μZμνl +
2e

3
u†

l τ̃μAμul +

+
g

cos θw

(
1
2
− 2

3
sin2 θw

)
u†

l τ̃μZμul + g′ sin θwe†rτμZμer −

− g′ cos θwe†rτμAμer −
1
3
g′ cos θwd†rτμAμdr +

1
3
g′ sin θwd†rτμZμdr +

+
2
3
g′ cos θwu†

rτμAμur −
2
3
g′ sin θwu†

rτμZμur (20)

¸²¥¤Ê¥É, ÎÉμ Î ¸É¨ÍÒ · §´μ£μ ¸μ·É  ´¥ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ³¥¦¤Ê ¸μ¡μ°, ´ ¶·¨-
³¥· ´¥°É·¨´μ ¢§ ¨³μ¤¥°¸É¢ÊÕÉ ¤·Ê£ ¸ ¤·Ê£μ³ ¶μ¸·¥¤¸É¢μ³ ´¥°É· ²Ó´ÒÌ Éμ±μ¢.
�Éμ ¢Ò£²Ö¤¨É ± ± ´¥± Ö ¸É· É¨Ë¨± Í¨Ö Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨ ¸ Î ¸É¨Í ³¨
μ¤´μ£μ ¢¨¤  ¢ ± ¦¤μ³ ¸²μ¥.
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ˆ§ ¶·¥¤¥²Ó´μ£μ ² £· ´¦¨ ´  Š•„ ¤²Ö Í¢¥Éμ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° (¡¥§
ÊÎ¥É  ¶·¥μ¡· §μ¢ ´¨Ö ³ ¸¸ mq → εmq, μ¡Ê¸²μ¢²¥´´μ£μ ¸¶μ´É ´´Ò³ ´ ·Ê-
Ï¥´¨¥³ Ô²¥±É·μ¸² ¡μ° ¸¨³³¥É·¨¨)

L∞ = L∞
q + L∞

gl =
∑

q

iq̄1γ
μ∂μq1 − mq |q1|2 +

gs

2
|q1|2 γμARR

μ −

− 1
4

(
FRR

μν

)2 − 1
4

(
FGG

μν

)2 − 1
4
FRR

μν FGG
μν (21)

§ ±²ÕÎ ¥³, ÎÉμ ¶·¨ ®¡¥¸±μ´¥Î´μ°¯ É¥³¶¥· ÉÊ·¥ ¢Ò¦¨¢ ÕÉ Éμ²Ó±μ ¸² £ ¥³Ò¥
¤²Ö μ¤´μ° Í¢¥Éμ¢μ° ±μ³¶μ´¥´ÉÒ ±¢ ·±μ¢, É. ¥. ±¢ ·±¨ ¸É ´μ¢ÖÉ¸Ö ³μ´μÌ·μ-
³ É¨Î¥¸±¨³¨. ‘μÌ· ´ÖÕÉ¸Ö É ±¦¥ ¸² £ ¥³Ò¥, μ¶¨¸Ò¢ ÕÐ¨¥ ¢§ ¨³μ¤¥°¸É¢¨¥
ÔÉ¨Ì ±μ³¶μ´¥´É ¸ R-£²Õμ´ ³¨. ’ ±¨³ μ¡· §μ³, ¸É· É¨Ë¨± Í¨Ö ¶·¨¸ÊÉ¸É¢Ê¥É
¨ ¢ ¸¥±Éμ·¥ Š•„.

‚ ¨´É¥·¢ ²¥ É¥³¶¥· ÉÊ· 1018 � T > 107 ƒÔ‚ ³ ¸¸μ¢Ò¥ ¸² £ ¥³Ò¥
u-±¢ ·±  ¢ ¶μ²´μ³ ² £· ´¦¨ ´¥ L(ε) ¶·μ¶μ·Í¨μ´ ²Ó´Ò ±μ´É· ±Í¨μ´´μ³Ê ¶ -
· ³¥É·Ê: ε mu(u†

rul + u†
l ur). ’μ ¦¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö c- ¨ t-±¢ ·± . �μÔÉμ³Ê

±¢ ·±¨ u, c ¨ t ¶¥·¢Ò³¨ ¢μ¸¸É ´ ¢²¨¢ ÕÉ ¸¢μÕ ³ ¸¸Ê ¢ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨
‚¸¥²¥´´μ°.

‚ ¨´É¥·¢ ²¥ 107 � T > 103 ƒÔ‚ ³ ¸¸μ¢Ò¥ ¸² £ ¥³Ò¥ Ô²¥±É·μ´  ¨
d-±¢ ·±  ¶·μ¶μ·Í¨μ´ ²Ó´Ò ±¢ ¤· ÉÊ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É· :

ε2
[
me(e†rel + e†l er) + md(d†rdl + d†l dr)

]
.

�´ ²μ£¨Î´μ ¤²Ö μ- ¨ τ -²¥¶Éμ´ , ¤²Ö s- ¨ b-±¢ ·± . �É¨ Î ¸É¨ÍÒ ¸É ´μ¢ÖÉ¸Ö
³ ¸¸¨¢´Ò³¨ ´  ¢Éμ·μ° ¸É ¤¨¨. Š¢ ·±¨ μ¡·¥É ÕÉ ¢Éμ·ÊÕ Í¢¥Éμ¢ÊÕ ¸É¥¶¥´Ó
¸¢μ¡μ¤Ò. �¸´μ¢´ Ö Î ¸ÉÓ Ô²¥±É·μ¸² ¡ÒÌ ¨ Í¢¥Éμ¢ÒÌ ¢§ ¨³μ¤¥°¸É¢¨° ¢μ¸¸É -
´ ¢²¨¢ ¥É¸Ö ¢ ÔÉÊ Ô¶μÌÊ.

�·¨ É¥³¶¥· ÉÊ· Ì 103 � T > 102 ƒÔ‚ ¢ ² £· ´¦¨ ´¥ ¨³¥¥É¸Ö Éμ²Ó±μ
μ¤´μ ¸² £ ¥³μ¥ L3 = gW+

μ W−
μ χ, ¶·μ¶μ·Í¨μ´ ²Ó´μ¥ ε3, ±μÉμ·μ¥ μ¶¨¸Ò¢ ¥É

¢§ ¨³μ¤¥°¸É¢¨¥ ¡μ§μ´  •¨££¸  ¸ § ·Ö¦¥´´Ò³¨ W -¡μ§μ´ ³¨. ‚ ¸²¥¤ÊÕÐÊÕ
Ô¶μÌÊ 102 � T > 1 ƒÔ‚ ¡μ§μ´ •¨££¸  χ ¨ § ·Ö¦¥´´Ò¥ W -¡μ§μ´Ò ¶μ¸²¥¤´¨³¨
¸·¥¤¨ Î ¸É¨Í μ¡·¥É ÕÉ ³ ¸¸Ê. �·μ¨¸Ìμ¤¨É μ±μ´Î É¥²Ó´μ¥ ¢μ¸¸É ´μ¢²¥´¨¥
Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨. Š¢ ·±¨ ¶μ²ÊÎ ÕÉ É·¥ÉÓÕ Í¢¥Éμ¢ÊÕ ¸É¥¶¥´Ó ¸¢μ¡μ¤Ò.

�·¨ É¥³¶¥· ÉÊ· Ì 1 � T > 0,2 ƒÔ‚ ¶·¨¸ÊÉ¸É¢ÊÕÉ ¢¸¥ Í¢¥Éμ¢Ò¥ ¢§ ¨³μ-

¤¥°¸É¢¨Ö §  ¨¸±²ÕÎ¥´¨¥³ L
(8)
gl =

(
−g2

s/4
) (

A4
μA5

ν − A5
μA4

ν

)2
. � ±μ´¥Í, ¶·¨

T � 0,2 ƒÔ‚ ¢ ¶μ²´μ³ μ¡Ñ¥³¥ ¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö ‘É ´¤ ·É´ Ö ³μ¤¥²Ó.

‡�Š‹	—…�ˆ…

ˆ¸¸²¥¤μ¢ ´ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´Ò° ¶·¥¤¥² ‘É ´¤ ·É´μ° ³μ¤¥²¨, ¶μ²ÊÎ¥´-
´Ò° ¨§ ¶¥·¢ÒÌ ¶·¨´Í¨¶μ¢ ± ²¨¡·μ¢μÎ´μ° É¥μ·¨¨ ¶·¨ ±μ´É· ±Í¨¨ ± ²¨¡·μ-
¢μÎ´μ° £·Ê¶¶Ò. �·¨ ÔÉμ³ ³ É¥³ É¨Î¥¸±¨° ¶ · ³¥É· ±μ´É· ±Í¨¨ ¶·¨´¨³ -



610 ƒ��Œ�‚ �.�.

¥É¸Ö μ¡· É´μ ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ É¥³¶¥· ÉÊ·¥ ‚¸¥²¥´´μ°, ¨ ¥£μ ´Ê²¥¢μ° ¶·¥-
¤¥² ¸μμÉ¢¥É¸É¢Ê¥É ®¡¥¸±μ´¥Î´μ°¯ É¥³¶¥· ÉÊ·¥ ¶μ·Ö¤±  ¶² ´±μ¢¸±μ° Ô´¥·£¨¨
1019 ƒÔ‚. ‚ ¶·μÍ¥¸¸¥ Ô¢μ²ÕÍ¨¨ ‚¸¥²¥´´μ° ‘É ´¤ ·É´ Ö ³μ¤¥²Ó ¶·μÌμ¤¨É ·Ö¤
¸É ¤¨°, · §²¨Î ÕÐ¨Ì¸Ö ¸É¥¶¥´Ö³¨ ±μ´É· ±Í¨μ´´μ£μ ¶ · ³¥É· . ƒ· ´¨Î´Ò¥
É¥³¶¥· ÉÊ·Ò ³¥¦¤Ê ´¨³¨ ´ Ìμ¤ÖÉ¸Ö ¢¢¥¤¥´¨¥³ Ê·μ¢´Ö μ¡·¥§ ´¨Ö Δ ¸ ÊÎ¥Éμ³
É¨¶¨Î´ÒÌ Ô´¥·£¨° Š•„ ¨ Ô²¥±É·μ¸² ¡μ° ³μ¤¥²¨. �  ¡ §¥ · §²μ¦¥´¨° (9),
(15), (16) ¤²Ö ± ¦¤μ° ¸É ¤¨¨ · §¢¨É¨Ö ‘É ´¤ ·É´μ° ³μ¤¥²¨ ¶μ¸É·μ¥´Ò ¶·μ³¥-
¦ÊÉμÎ´Ò¥ ² £· ´¦¨ ´Ò Lk , ÎÉμ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¢Ò¢μ¤Ò μ ¢§ ¨³μ¤¥°¸É¢¨ÖÌ
¨ ¸¢μ°¸É¢ Ì Î ¸É¨Í ¢ ± ¦¤ÊÕ ¨§ Ô¶μÌ.

�μ²ÊÎ¥´´ Ö ¸Ì¥³  Ô¢μ²ÕÍ¨¨ Ô²¥³¥´É ·´ÒÌ Î ¸É¨Í, ´ Î¨´ Ö ¸ ¶¥·¢ÒÌ
³£´μ¢¥´¨° ¶μ¸²¥ 	μ²ÓÏμ£μ ¢§·Ò¢ , ´¥ ¶·μÉ¨¢μ·¥Î¨É · §· ¡μÉ ´´μ° ¨§ ¤·Ê£¨Ì
¸μμ¡· ¦¥´¨° ¨¸Éμ·¨¨ ‚¸¥²¥´´μ° [6, ·¨¸. 1], ¸μ£² ¸´μ ±μÉμ·μ° μ¡Ê¸²μ¢²¥´´Ò¥
Š•„ Ë §μ¢Ò¥ ¶¥·¥Ìμ¤Ò ¶·μ¨¸Ìμ¤ÖÉ ¶μ§¦¥ Ô²¥±É·μ¸² ¡ÒÌ Ë §μ¢ÒÌ ¶¥·¥Ìμ¤μ¢.
Š·μ³¥ Éμ£μ, μ´  ¤ ¥É μ¸´μ¢Ê ¤²Ö ¡μ²¥¥ ¤¥É ²Ó´μ£μ  ´ ²¨§  ÔÉ ¶μ¢ ¸É ´μ¢²¥-
´¨Ö ²¥¶Éμ´μ¢ ¨ ±¢ ·±-£²Õμ´´μ° ¶² §³Ò, ¸ ÊÎ¥Éμ³ Éμ£μ Ë ±É , ÎÉμ ¸² £ ¥³Ò¥

L
(6)
gl ¨ L

(8)
gl ¢ £²Õμ´´μ³ ² £· ´¦¨ ´¥ Lgl Š•„ [7] ¶·¥´¥¡·¥¦¨³μ ³ ²Ò ¶·¨

É¥³¶¥· ÉÊ· Ì μÉ 0,2 ¤μ 100 ƒÔ‚,   ¢ ¨´É¥·¢ ²¥ É¥³¶¥· ÉÊ· μÉ 100 ¤μ 1000 ƒÔ‚
¢μ¸¸É ´ ¢²¨¢ ¥É¸Ö Éμ²Ó±μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¡μ§μ´  •¨££¸  ¸ § ·Ö¦¥´´Ò³¨ W -
¡μ§μ´ ³¨.
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