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1 ˆ´¸É¨ÉÊÉ É¥μ·¥É¨Î¥¸±μ° ¨ Ô±¸¶¥·¨³¥´É ²Ó´μ° Ë¨§¨±¨ ¨³. �. ˆ. �²¨Ì ´μ¢ 

� Í¨μ´ ²Ó´μ£μ ¨¸¸²¥¤μ¢ É¥²Ó¸±μ£μ Í¥´É·  ®ŠÊ·Î Éμ¢¸±¨° ¨´¸É¨ÉÊÉ¯, Œμ¸±¢ 

2 �¡Ñ¥¤¨´¥´´Ò° ¨´¸É¨ÉÊÉ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°, „Ê¡´ 

�¶¨¸Ò¢ ¥É¸Ö ´μ¢Ò° ±² ¸¸ ¸μμÉ´μÏ¥´¨° ¤²Ö ¸É É¨¸É¨Î¥¸±¨Ì ¸·¥¤´¨Ì ³ É·¨Î´ÒÌ
Ô²¥³¥´Éμ¢ μÉ · §²¨Î´ÒÌ μ¶¥· Éμ·μ¢ (É ±¨Ì ± ± £ ³¨²ÓÉμ´¨ ´, ¸μÌ· ´ÖÕÐ¨¥¸Ö Éμ±¨)
¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨. Œ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¨³¥ÕÉ ¶μ²¨´μ³¨ ²Ó´ÊÕ § ¢¨¸¨-
³μ¸ÉÓ μÉ É¥³¶¥· ÉÊ·Ò ¨ ¤·Ê£¨Ì É¥·³μ¤¨´ ³¨Î¥¸±¨Ì ¢¥²¨Î¨´, Ì · ±É¥·¨§ÊÕÐ¨Ì ¸μ¸Éμ-
Ö´¨¥ · ¢´μ¢¥¸¨Ö ¸·¥¤Ò (Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ², Ê£²μ¢ Ö ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö, Ê¸±μ·¥-
´¨¥). ‚ ÔÉμ³ ¸³Ò¸²¥ ¸¨ÉÊ Í¨Ö  ´ ²μ£¨Î´  ±¨· ²Ó´μ°  ´μ³ ²¨¨ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö, ±μÉμ· Ö Ë¨±¸¨·Ê¥É ¤¨¢¥·£¥´Í¨Õ  ±¸¨ ²Ó´μ£μ Éμ±  ± ± ¶μ²¨´μ³ ¶μ ¢´¥Ï´¨³
Ô²¥±É·μ³ £´¨É´Ò³ ¶μ²Ö³. 	μ²¥¥ Éμ£μ, ¢ ÔÉμ³ ±μ´±·¥É´μ³ ¸²ÊÎ ¥ ³ É·¨Î´μ£μ Ô²¥-
³¥´É  μÉ  ±¸¨ ²Ó´μ£μ Éμ±  ³μ¦´μ Ê¸É ´μ¢¨ÉÓ ¸¢Ö§Ó ³¥¦¤Ê ¢Ò¢μ¤μ³  ´μ³ ²¨¨ ¨ μ¤´μ-
¶¥É²¥¢ÒÌ ¸μμÉ´μÏ¥´¨° ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±¨. –¥´É· ²Ó´ÊÕ ·μ²Ó ¢ Ê¸É ´μ¢²¥´¨¨
¸μμÉ¢¥É¸É¢¨Ö ¨£· ÕÉ ¶μ²¨´μ³¨ ²Ó´Ò¥ ¨´É¥£· ²Ò ‡μ³³¥·Ë¥²Ó¤ . �·¥¤²μ¦¥´Ò μ¡μ¡-
Ð¥´¨Ö μ¤´μ¶¥É²¥¢ÒÌ ¸μμÉ´μÏ¥´¨° ¢ ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±¥, ±μÉμ·Ò¥ (¶μ ±· °´¥°
³¥·¥ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö) ´¥ ¨³¥ÕÉ  ´ ²μ£μ¢ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö.

A new class of relations is described for statistical average matrix elements of various
operators (such as the Hamiltonian, conserved currents) in the one-loop approximation.
Matrix elements have a polynomial dependence on temperature and other thermodynamic
quantities characterizing the state of equilibrium of the medium (chemical potential, angular
velocity of rotation, acceleration). In this sense, the situation is similar to the chiral
anomaly in quantum ˇeld theory, which ˇxes the divergence of the axial current as a
polynomial in external electromagnetic ˇelds. Moreover, in this particular case of the
matrix element from the axial current, it is possible to establish a connection between the
derivation of the anomaly and the one-loop relations of statistical physics. The central
role in establishing correspondence is played by the Sommerfeld polynomial integrals.
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Generalizations of one-loop relations in statistical physics are proposed, which (at least at
present) have no analogues in quantum ˇeld theory.

PACS: 03.50.-z; 03.70.+k; 04.20.-q; 04.62.+v
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‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ³Ò ¶·¥¤¸É ¢²Ö¥³ ³¨´¨-μ¡§μ· ´¥¤ ¢´¨Ì ·¥§Ê²ÓÉ Éμ¢,
± ¸ ÕÐ¨Ì¸Ö ¢ÒÎ¨¸²¥´¨Ö · §²¨Î´ÒÌ ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢μ ¢· Ð ÕÐ¥°¸Ö
¨ Ê¸±μ·¥´´μ° ¸·¥¤¥ ¢ ¸μ¸ÉμÖ´¨¨ · ¢´μ¢¥¸¨Ö. 	μ²¥¥ ¶μ¤·μ¡´μ¥ ¨§²μ¦¥´¨¥
¨ ¤ ²Ó´¥°Ï¨¥ ¸¸Ò²±¨ ³μ¦´μ ´ °É¨ ¢ [1Ä4]; ¢¶·μÎ¥³, ³Ò É ±¦¥ ¤μ¡ ¢²Ö¥³
´¥±μÉμ·Ò¥ μ·¨£¨´ ²Ó´Ò¥ § ³¥Î ´¨Ö.

ˆ¸¸²¥¤μ¢ ´¨¥ ¸É É¨¸É¨Î¥¸±¨Ì ¸·¥¤´¨Ì ¢ ¸·¥¤¥ ¸ Ê¸±μ·¥´¨¥³ ¨ Ê£²μ¢μ°
¸±μ·μ¸ÉÓÕ ¢· Ð¥´¨Ö ³μÉ¨¢¨·μ¢ ´μ ¶·¥¦¤¥ ¢¸¥£μ Ë¥´μ³¥´μ²μ£¨¥° ¸Éμ²±´μ-
¢¥´¨° ÉÖ¦¥²ÒÌ ¨μ´μ¢, μ¸´μ¢ ´´μ° ´   ´ ²¨§¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ
(¸³., ´ ¶·¨³¥·, [5]). � ¸¸³μÉ·¥´¨¥ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¨ ´¥§ ¢¨¸¨³Ò° É¥μ·¥-
É¨Î¥¸±¨° ¨´É¥·¥¸. „¥°¸É¢¨É¥²Ó´μ, ÌμÉÖ μ¡ÒÎ´μ ¸μ¸ÉμÖ´¨¥ · ¢´μ¢¥¸¨Ö Ì · ±-
É¥·¨§ÊÕÉ §´ Î¥´¨Ö³¨ · §²¨Î´ÒÌ Ì¨³¨Î¥¸±¨Ì ¶μÉ¥´Í¨ ²μ¢, ¸μ¶·Ö¦¥´´ÒÌ ¸μ-
Ì· ´ÖÕÐ¨³¸Ö § ·Ö¤ ³, ¨ Ê£²μ¢μ° ¸±μ·μ¸ÉÓÕ ¢· Ð¥´¨Ö [6], ¢ ·¥²ÖÉ¨¢¨¸É¸±μ³
¸²ÊÎ ¥ ÔÉμÉ ´ ¡μ· ¢¥²¨Î¨´ ¥¸É¥¸É¢¥´´μ ¤μ¶μ²´Ö¥É¸Ö Ê¸±μ·¥´¨¥³ (¸³. [7Ä10]
¨ ¤ ²Ó´¥°Ï¨¥ ¸¸Ò²±¨ ¢ ÔÉ¨Ì · ¡μÉ Ì). “¸±μ·¥´¨¥, ¸ ¤·Ê£μ° ¸Éμ·μ´Ò, ³μ¦¥É
¡ÒÉÓ ¢¢¥¤¥´μ £¥μ³¥É·¨Î¥¸±¨³ μ¡· §μ³, Î¥·¥§ ³¥É·¨±Ê ¶·μ¸É· ´¸É¢  �¨´¤-
²¥· . �·μ¸É· ´¸É¢μ �¨´¤²¥·  ¨³¥¥É £· ´¨ÍÊ, ¨²¨ £μ·¨§μ´É. ’ ±¨³ μ¡· §μ³,
¢μ§´¨± ¥É ¢¥¸Ó³  ´¥É·¨¢¨ ²Ó´ Ö ¸¢Ö§Ó ³¥¦¤Ê ±¢ ´Éμ¢μ° ¸É É¨¸É¨Î¥¸±μ° É¥μ-
·¨¥° ¢ ¶·μ¸É· ´¸É¢¥ Œ¨´±μ¢¸±μ£μ ¨ ±¢ ´Éμ¢μ° É¥μ·¨¥° ¶μ²Ö ´  ¶·μ¸É· ´¸É¢¥
¸ £· ´¨Í¥° [1].

� Ï¥° Í¥²ÓÕ Ö¢²Ö¥É¸Ö ¨¸¸²¥¤μ¢ ´¨¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì ¸É É¨¸É¨Î¥¸±¨Ì ÔË-
Ë¥±Éμ¢, ¤²Ö Î¥£μ ´¥μ¡Ìμ¤¨³μ ¨¸¶μ²Ó§μ¢ ÉÓ  ¶¶ · É ·¥²ÖÉ¨¢¨¸É¸±μ° ±¢ ´Éμ¢μ°
¸É É¨¸É¨Î¥¸±μ° ³¥Ì ´¨±¨. ‚ μÉ²¨Î¨¥ μÉ ´¥·¥²ÖÉ¨¢¨¸É¸±μ° É¥μ·¨¨ ·¥²ÖÉ¨¢¨¸É-
¸± Ö ±¢ ´Éμ¢ Ö ¸É É¨¸É¨Î¥¸± Ö É¥μ·¨Ö ¥Ð¥ ´¥ ¸Éμ²Ó ¶μ¤·μ¡´μ · §· ¡μÉ ´ .
�É¶· ¢´μ° ÉμÎ±μ° ¤²Ö ´ ¸ ¡Ê¤¥É ·¥²ÖÉ¨¢¨¸É¸±¨° Ëμ·³ ²¨§³, · §· ¡μÉ ´´Ò°
¢ [11,12]. ‚ÒÎ¨¸²¥´¨¥ ¸É É¨¸É¨Î¥¸±¨Ì ¸·¥¤´¨Ì ¶μ¤· §Ê³¥¢ ¥É ¨¸¶μ²Ó§μ¢ ´¨¥
μ¶¥· Éμ·  ¶²μÉ´μ¸É¨ ρ̂. ‘²¥¤ÊÖ · ¡μÉ¥ [8], ³Ò ¨¸¶μ²Ó§Ê¥³ ¸²¥¤ÊÕÐÊÕ μ¡ÐÊÕ
²μ·¥´Í-±μ¢ ·¨ ´É´ÊÕ Ëμ·³Ê μ¶¥· Éμ·  ¶²μÉ´μ¸É¨ ‡Ê¡ ·¥¢  [11,12] ¢ ¸²ÊÎ ¥
£²μ¡ ²Ó´μ£μ · ¢´μ¢¥¸¨Ö:

ρ̂ =
1
Z

exp
(
− βμP̂μ +

1
2
�μν Ĵμν + ξQ̂

)
, (1)

£¤¥ P̂ Å μ¶¥· Éμ· 4-¨³¶Ê²Ó¸ ; Ĵμν Å £¥´¥· Éμ·Ò ¶·¥μ¡· §μ¢ ´¨° ‹μ·¥´Í ;
Q̂ Å μ¶¥· Éμ· § ·Ö¤ . „ ²¥¥

�μν = −1
2
(
∂μβν − ∂νβμ

)
(2)
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μ¡μ§´ Î ¥É É¥´§μ· É¥¶²μ¢μ° § ¢¨Ì·¥´´μ¸É¨, βμ = uμ/T ¨ uμ Å 4-¸±μ·μ¸ÉÓ

Ô²¥³¥´É  ¸·¥¤Ò, T = 1/
√

β2, ξ = μ/T Å μÉ´μÏ¥´¨¥ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´-

Í¨ ²  ¨ É¥³¶¥· ÉÊ·Ò. �¶¥· Éμ· Ĵμν ¢ ¶·¨²μ¦¥´¨¨ ± £¨¤·μ¤¨´ ³¨±¥ ³μ¦´μ
¶¥·¥¶¨¸ ÉÓ ± ±

Ĵμν = uμK̂ν − uνK̂μ − εμνρσuρĴσ, (3)

£¤¥ K̂μ Å μ¶¥· Éμ· ¡Ê¸É  ¨ Ĵν Å μ¶¥· Éμ· Ê£²μ¢μ£μ ³μ³¥´É .
‘μμÉ´μÏ¥´¨¥ (1) μÎ¥¢¨¤´Ò³ μ¡· §μ³ ¤¨±ÉÊ¥É¸Ö ¸μμ¡· ¦¥´¨Ö³¨ ²μ·¥´Í-

±μ¢ ·¨ ´É´μ¸É¨. ”¨§¨Î¥¸±¨° ¸³Ò¸² (1) ¸É ´μ¢¨É¸Ö ¡μ²¥¥ ¶·μ§· Î´Ò³ ¶μ¸²¥
¢¢¥¤¥´¨Ö 4-¢¥±Éμ·μ¢ ®É¥¶²μ¢μ£μ¯ Ê¸±μ·¥´¨Ö αμ = aμ/T ¨ ®É¥¶²μ¢μ°¯ § ¢¨-
Ì·¥´´μ¸É¨ wμ = ωμ/T

αμ = �μνuν, wμ =
1
2
εμναβuν�αβ , (4)

±μÉμ·Ò¥ ¢ ¸¨¸É¥³¥ ¶μ±μÖ ¦¨¤±μ¸É¨ · ¢´Ò ai/T ¨ ωi/T , É. ¥. ¸μ¢¶ ¤ ÕÉ ¸ ±μ³-
¶μ´¥´É ³¨ μ¡ÒÎ´ÒÌ ¢¥±Éμ·μ¢ Ê¸±μ·¥´¨Ö ¨ Ê£²μ¢μ° ¸±μ·μ¸É¨ ¸μμÉ¢¥É¸É¢¥´´μ,
¤¥²¥´´Ò³¨ ´  É¥³¶¥· ÉÊ·Ê. ‚ ´¥¸±μ²Ó±μ ¨´μ° Ëμ·³¥

�μν = εμναβwαuβ + αμuν − ανuμ. (5)

‘μμÉ´μÏ¥´¨Ö (1), (2), (5) ¶μ§¢μ²ÖÕÉ · ¸¸³ É·¨¢ ÉÓ μ¡Ð¨° ¸²ÊÎ °, ±μ£¤  ¶·¨-
¸ÊÉ¸É¢ÊÕÉ ÔËË¥±ÉÒ ¨ ¢· Ð¥´¨Ö, ¨ Ê¸±μ·¥´¨Ö. ‚ ´ ¸ÉμÖÐ¥³ ¤μ±² ¤¥ ³Ò
¸μ¸·¥¤μÉμÎ¨³¸Ö ´  ¸²ÊÎ ¥ ωμ = 0. ’μ£¤  μ¶¥· Éμ· ¶²μÉ´μ¸É¨ ¶·¨´¨³ ¥É ¢¨¤

ρ̂ =
1
Z

exp
(
−βμP̂μ − αμK̂μ

)
, (6)

£¤¥ αμ Å 4-Ê¸±μ·¥´¨¥, ¤¥²¥´´μ¥ ´  É¥³¶¥· ÉÊ·Ê, ¸³. ¢ÒÏ¥.
ŒÒ μ¡¸Ê¦¤ ¥³ ¢ μ¸´μ¢´μ³ ¢ÒÎ¨¸²¥´¨¥ ¸É É¨¸É¨Î¥¸±¨ ¸·¥¤´¥£μ §´ Î¥´¨Ö

¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ´ £·¥Éμ£μ Ë¥·³¨μ´´μ£μ £ §  ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨.
“É¢¥·¦¤¥´¨¥ ¸¢μ¤¨É¸Ö ± Éμ³Ê, ÎÉμ ¸·¥¤´¥¥ §´ Î¥´¨¥ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ± ±
ËÊ´±Í¨Ö É¥³¶¥· ÉÊ·Ò ¨ Ê¸±μ·¥´¨Ö ¤ ¥É¸Ö ¶μ²¨´μ³μ³ ¸ É·¥³Ö μÉ²¨Î´Ò³¨ μÉ
´Ê²Ö Î²¥´ ³¨ ¢ · §²μ¦¥´¨¨ ¶μ μÉ´μÏ¥´¨Õ Ê¸±μ·¥´¨Ö ± É¥³¶¥· ÉÊ·¥. �É¸ÊÉ-
¸É¢¨¥ ¶μ¶· ¢μ± ¡μ²¥¥ ¢Ò¸μ±μ£μ ¶μ·Ö¤±  μ¡ÑÖ¸´Ö¥É¸Ö ¸¢μ°¸É¢ ³¨ ¨´É¥£· ²μ¢
‡μ³³¥·Ë¥²Ó¤ . Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó, ¶μ²¨´μ³¨ ²Ó´μ¸ÉÓ ¨´É¥£· ²μ¢ ‡μ³³¥·-
Ë¥²Ó¤  ¨£· ¥É ÉÊ ¦¥ ·μ²Ó, ÎÉμ ¨ ¸¢¥¤¥´¨¥ ±¨· ²Ó´μ°  ´μ³ ²¨¨ ± É·¥Ê£μ²Ó´μ³Ê
£· Ë¨±Ê ¸ ¤¢Ê³Ö ¢´¥Ï´¨³¨ ËμÉμ´´Ò³¨ ²¨´¨Ö³¨.

ˆ§-§  μ£· ´¨Î¥´´μ¸É¨ μ¡Ñ¥³  μ¡¸Ê¦¤¥´¨¥ ´μ¸¨É ¢ μ¸´μ¢´μ³ ± Î¥¸É¢¥´-
´Ò° Ì · ±É¥·. � Ï¥° μ¸´μ¢´μ° Í¥²ÓÕ Ö¢²Ö¥É¸Ö ¶μÖ¸´¨ÉÓ ¸¢Ö§Ó  ´μ³ ²¨°
±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¸ ¶μ²¨´μ³¨ ²Ó´Ò³¨ ¨´É¥£· ² ³¨ ‡μ³³¥·Ë¥²Ó¤ . ŒÒ
¤¥² ¥³ ÔÉμ ¸´ Î ²  ´  ¶·μ¸Éμ³ ¶·¨³¥·¥ ³ É·¨Î´μ£μ Ô²¥³¥´É   ±¸¨ ²Ó´μ£μ
Éμ±  ± ± ËÊ´±Í¨¨ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² . ˆ § É¥³ Ëμ·³Ê²¨·Ê¥³ ·¥§Ê²Ó-
É ÉÒ ¢ÒÎ¨¸²¥´¨° ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ± ± ËÊ´±Í¨¨ Ê¸±μ·¥´¨Ö ¨ É¥³¶¥· ÉÊ·Ò.



���Ÿ‚‹…�ˆŸ Š‚��’�‚›• ���Œ�‹ˆ‰ ’…��ˆˆ ��‹Ÿ 571

1. Œ�Š��‘Š��ˆ—…‘Šˆ… ���Ÿ‚‹…�ˆŸ Š‚��’�‚�‰
���Œ�‹ˆˆ

‘¢Ö§Ó ³¥¦¤Ê ±¢ ´Éμ¢μ° É¥μ·¨¥° ¶μ²Ö ¨ ¸É É¨¸É¨Î¥¸±μ° Ë¨§¨±μ° μ± § -
² ¸Ó ¢ Í¥´É·¥ ¢´¨³ ´¨Ö ¢μ ³´μ£μ³ ¡² £μ¤ ·Ö μ¡¸Ê¦¤¥´¨Õ É ± ´ §Ò¢ ¥³ÒÌ
±¨· ²Ó´ÒÌ ÔËË¥±Éμ¢ (¸³., ´ ¶·¨³¥·, ¸¡μ·´¨± μ¡§μ·μ¢ [13]). ‚ ¸¢μÕ μÎ¥·¥¤Ó,
¨´É¥·¥¸ ± ±¨· ²Ó´Ò³ ÔËË¥±É ³ ¸¢Ö§ ´ ¸ É¥³, ÎÉμ ¨Ì ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ± ±
¶·μÖ¢²¥´¨¥ ±¢ ´Éμ¢μ°  ´μ³ ²¨¨ ¢ £¨¤·μ¤¨´ ³¨Î¥¸±μ³ ¨²¨ ³ ±·μ¸±μ¶¨Î¥¸±μ³
¤¢¨¦¥´¨¨ ¦¨¤±μ¸É¨. � §ÑÖ¸´¥´¨¥³ ÔÉμ£μ μ¡¸ÉμÖÉ¥²Ó¸É¢  ³Ò ¢μ ³´μ£μ³ μ¡Ö-
§ ´Ò ¶¨μ´¥·¸±μ° · ¡μÉ¥ [14]. ‚ ´¥° · ¸¸³ É·¨¢ ¥É¸Ö · ¢´μ¢¥¸´μ¥ ¤¢¨¦¥´¨¥
¦¨¤±μ¸É¨ ¸ ±¨· ²Ó´Ò³ ¤¨¸¡ ² ´¸μ³ ¨²¨  ±¸¨ ²Ó´Ò³ Ì¨³¨Î¥¸±¨³ ¶μÉ¥´Í¨ -
²μ³, μÉ²¨Î´Ò³ μÉ ´Ê²Ö μ5 �= 0, ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ¢´¥Ï´¨Ì Ô²¥±É·μ³ £´¨É´ÒÌ
¶μ²¥°, E,B �= 0. ˆ¸¶μ²Ó§Ê¥É¸Ö £¨¤·μ¤¨´ ³¨Î¥¸±μ¥ ¶·¨¡²¨¦¥´¨¥, ¨²¨ · §-
²μ¦¥´¨¥ ¶μ ¶·μ¨§¢μ¤´Ò³, ¨ ¢Ö§±μ¸ÉÓÕ ¶·¥´¥¡·¥£ ¥É¸Ö, η = 0. ˆ´Ëμ·³ Í¨Ö
μ ¤¨´ ³¨±¥ ¸¨¸É¥³Ò, ± ± ÔÉμ μ¡ÒÎ´μ ¤²Ö £¨¤·μ¤¨´ ³¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö,
§ ±²ÕÎ¥´  ¢ § ±μ´ Ì ¸μÌ· ´¥´¨Ö. ‚ Î ¸É´μ¸É¨, ¤²Ö  ±¸¨ ²Ó´μ£μ Éμ±  jα,5:

∂αjα,5 = Canome2(E ·B), (7)

£¤¥ e Å § ·Ö¤,   Canom Å ±μ´¸É ´É , §´ Î¥´¨¥ ±μÉμ·μ° § ¢¨¸¨É μÉ ´ ¡μ· 
Ô²¥³¥´É ·´ÒÌ ¸μ¸É ¢²ÖÕÐ¨Ì ¦¨¤±μ¸É¨. ‚ Î ¸É´μ¸É¨, ¤²Ö μ¤´μ£μ ¢¥°²¥¢¸±μ£μ
¸¶¨´μ·  Canom = 1/(4π2).

�¸´μ¢´μ¥ ÊÉ¢¥·¦¤¥´¨¥ · ¡μÉÒ [14] ¸μ¸Éμ¨É ¢ Éμ³, ÎÉμ ¢μ§´¨± ÕÉ ³ ±·μ-
¸±μ¶¨Î¥¸±¨¥ Éμ±¨, ¶·μ¶μ·Í¨μ´ ²Ó´Ò¥ Canom. ‚ Î ¸É´μ¸É¨, ¢μ§´¨± ¥É Éμ±,
¶·μ¶μ·Í¨μ´ ²Ó´Ò° § ¢¨Ì·¥´´μ¸É¨ ωα:

jα,5
vortical = Canomμ2ωα. (8)

…Ð¥ μ¤¨´ ¶·¨³¥· Å ±¨· ²Ó´Ò° ³ £´¨É´Ò° ÔËË¥±É, ¨²¨ Éμ±, É¥±ÊÐ¨° ¢¤μ²Ó
¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö:

jα
el = Canomeμ5ε

αβγδuβ∂γAδ, (9)

£¤¥ Aδ Å ¢¥±Éμ·-¶μÉ¥´Í¨ ² Ô²¥±É·μ³ £´¨É´μ£μ ¶μ²Ö. �É³¥É¨³, ÎÉμ § ·Ö¤Ò,
μÉ¢¥Î ÕÐ¨¥ Éμ± ³ (8), (9), μÉ²¨Î´Ò μÉ ´Ê²Ö Éμ²Ó±μ ¶·¨ ´ ²¨Î¨¨ ¢¨´Éμ-
¢ÒÌ ±μ´Ë¨£Ê· Í¨° ¶μ²Ö ¸±μ·μ¸É¥° ¨²¨ Ô²¥±É·μ³ £´¨É´ÒÌ ¶μ²¥°. � ¶·¨³¥·,
j0,5
vortical ∼ v ·Ω, £¤¥ v ¨ Ω Å μ¡ÒÎ´ Ö ¨ Ê£²μ¢ Ö ¸±μ·μ¸É¨ ¸μμÉ¢¥É¸É¢¥´´μ.

‚Ò¢μ¤ ±¨· ²Ó´ÒÌ ÔËË¥±Éμ¢, ¤ ´´Ò° ¢ [14], ¶·μ¸É ¸ ³ ¶μ ¸¥¡¥ ¨ μ¸´μ¢ ´
´  ¶μ¸É·μ¥´¨¨ Éμ±  Ô´É·μ¶¨¨, Ê¤μ¢²¥É¢μ·ÖÕÐ¥£μ Ê¸²μ¢¨Õ ·μ¸É  Ô´É·μ¶¨¨,
¸ ÊÎ¥Éμ³ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. �± §Ò¢ ¥É¸Ö ¢μ§³μ¦´Ò³ ¶·¥¤²μ¦¨ÉÓ ¥Ð¥ ¡μ-
²¥¥ ¶·μ¸Éμ° ¢Ò¢μ¤ ±¨· ²Ó´ÒÌ ÔËË¥±Éμ¢, ±μÉμ·Ò° ¸¢μ¤¨É¸Ö ± ¶·μ¸ÉÒ³  ²£¥-
¡· ¨Î¥¸±¨³ ³ ´¨¶Ê²ÖÍ¨Ö³ ¨§¢¥¸É´μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö É·¥Ê£μ²Ó´μ°  ´μ³ ²¨¨.
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� ¸¸³μÉ·¨³ ¸²ÊÎ ° Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  μ �= 0. ‚ É¥·³μ¤¨´ ³¨±¥
¸²¥¤Ê¥É ¶¥·¥°É¨ μÉ ´ Î ²Ó´μ£μ £ ³¨²ÓÉμ´¨ ´  ¸¨¸É¥³Ò Ĥ0 ± ´μ¢μ³Ê ®ÔËË¥±-
É¨¢´μ³Ê¯ £ ³¨²ÓÉμ´¨ ´Ê

Ĥ = Ĥ0 − μQ̂, (10)

£¤¥ Q =
∫

d3xj0(x) Å μ¶¥· Éμ· § ·Ö¤ , ¸μ¶·Ö¦¥´´μ£μ Ì¨³¨Î¥¸±μ³Ê ¶μÉ¥´-
Í¨ ²Ê μ. “¸·¥¤´¥´¨¥ ¸ ÔËË¥±É¨¢´Ò³ £ ³¨²ÓÉμ´¨ ´μ³ (10) μÉ¢¥Î ¥É Éμ³Ê,
ÎÉμ ¢ ¸μ¸ÉμÖ´¨¨ · ¢´μ¢¥¸¨Ö Ô´É·μ¶¨Ö ³ ±¸¨³ ²Ó´ . “¤μ¡´μ ¤ ²¥¥ ¶¥·¥°É¨
μÉ ¢ ·¨ Í¨¨ δĤ = −μQ̂ ± ¢ ·¨ Í¨¨ ² £· ´¦¨ ´  δL, ¶μ²Ó§ÊÖ¸Ó ¨§¢¥¸É´Ò³
¶· ¢¨²μ³

δL = −δH = +μQ. (11)

‚¢¥¤¥³ ¤ ²¥¥ ¶²μÉ´μ¸ÉÓ ² £· ´¦¨ ´  δL(x). ‹μ·¥´Í-¨´¢ ·¨ ´É´μ¸ÉÓ δL(x)
¤μ¸É¨£ ¥É¸Ö, ± ± ÔÉμ μ¡ÒÎ´μ ¢ £¨¤·μ¤¨´ ³¨±¥, ¢¢¥¤¥´¨¥³ 4-¸±μ·μ¸É¨ Ô²¥³¥´É 
¦¨¤±μ¸É¨ uα:

δL(x) = μuαjα(x). (12)

Š²ÕÎ¥¢μ° ³μ³¥´É ¢Ò¢μ¤  Å ¸Ìμ¤¸É¢μ ³¥¦¤Ê ¢ ·¨ Í¨¥° ¶²μÉ´μ¸É¨ ² -
£· ´¦¨ ´  (12) ¨ ¶²μÉ´μ¸ÉÓÕ ² £· ´¦¨ ´  Ô²¥±É·μ³ £´¨É´ÒÌ ¢§ ¨³μ¤¥°¸É¢¨°,
Lel(x) = eAαjα(x), Aα(x) Å ¢¥±Éμ·-¶μÉ¥´Í¨ ² ¢´¥Ï´¥£μ Ô²¥±É·μ³ £´¨É´μ£μ
¶μ²Ö. �Î¥¢¨¤´μ, ÎÉμ £· Ë¨±¨ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, £¥´¥·¨·Ê¥³Ò¥ ¢§ ¨³μ¤¥°-
¸É¢¨¥³ (12), ³μ£ÊÉ ¡ÒÉÓ ¶μ²ÊÎ¥´Ò ¨§ £· Ë¨±μ¢, £¥´¥·¨·Ê¥³ÒÌ Ô²¥±É·μ³ £´¨É-
´Ò³ ¢§ ¨³μ¤¥°¸É¢¨¥³, ¶ÊÉ¥³ § ³¥´Ò [15]

eAα → eAα + μuα. (13)

�·¨³¥´¨³ É¥¶¥·Ó ¶μ¤¸É ´μ¢±Ê (13) ± ¢Ò· ¦¥´¨Õ ¤²Ö ±¨· ²Ó´μ°  ´μ³ ²¨¨.
•μ·μÏμ ¨§¢¥¸É´μ, ÎÉμ ¢ ¸²ÊÎ ¥ U(1)-¸¨³³¥É·¨¨ ÔËË¥±É  ´μ³ ²¨¨ ³μ¦´μ

¸¢¥¸É¨ ± ¶¥·¥μ¶·¥¤¥²¥´¨Õ ´ Î ²Ó´μ£μ, ¨²¨ ®´ ¨¢´μ£μ¯, ¢Ò· ¦¥´¨Ö ¤²Ö ¸μ-
Ì· ´ÖÕÐ¥£μ¸Ö  ±¸¨ ²Ó´μ£μ Éμ± :

jα
conserved = jα

naive + Canome2Kα
el, (14)

Kα
el = (1/2)εαβγδAβ∂γAδ . ‚¢¥¤¥³ ¢¸¶μ³μ£ É¥²Ó´μ¥ ¶μ²¥ ® ±¸¨ ²Ó´μ£μ¯ Ëμ-

Éμ´  Ãα. ’μ£¤  ³μ¦´μ ¸± § ÉÓ, ÎÉμ  ´μ³ ²¨Ö £¥´¥·¨·Ê¥É¸Ö ¤μ¡ ¢±μ° ± ¤¥°-
¸É¢¨Õ:

δS = Canome2

∫
d4x ÃαKα

el. (15)

‘²¥¤ÊÕÐ¨³ Ï £μ³ § ³¥´Ö¥³ Ãα ¢ ¸μ£² ¸¨¨ ¸ (13) ´  μ5uα ¨, ¶μ²Ó§ÊÖ¸Ó μ¶·¥-
¤¥²¥´¨¥³ Ô²¥±É·μ³ £´¨É´μ£μ Éμ±  Î¥·¥§ ¤¥°¸É¢¨¥ ± ± jα

el = δS/δAα, ¢μ¸-
¶·μ¨§¢μ¤¨³ ±¨· ²Ó´Ò° ³ £´¨É´Ò° ÔËË¥±É, ¸³. (9). �´ ²μ£¨Î´Ò³ μ¡· §μ³
¢μ¸¶·μ¨§¢μ¤¨É¸Ö ±¨· ²Ó´Ò° ¢¨Ì·¥¢μ° ÔËË¥±É, ¸³. (8).

�É¨ ¶·μ¸ÉÒ¥ ¢Ò±² ¤±¨ ¤ ÕÉ ¶¥·¢μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ ¢ÒÎ¨¸²¥´¨ÖÌ ¢ · ³-
± Ì ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ±μÉμ·ÊÕ ³Ò ¡Ê¤¥³ μ¡¸Ê¦¤ ÉÓ. ‘É -
É¨¸É¨Î¥¸± Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° Å ÔÉμ · §²μ¦¥´¨¥ ¶μ É ±¨³ ¢¥²¨Î¨´ ³, ± ±
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Ì¨³¨Î¥¸±¨° ¶μÉ¥´Í¨ ², Ì · ±É¥·¨§ÊÕÐ¨³ ¸μ¸ÉμÖ´¨¥ · ¢´μ¢¥¸¨Ö. „μ¢μ²Ó´μ
μÎ¥¢¨¤´μ, ÎÉμ ³Ò μ£· ´¨Î¥´Ò μ¤´μ¶¥É²¥¢Ò³ ¶·¨¡²¨¦¥´¨¥³, ¶μ¸±μ²Ó±Ê ¶μ²¥
¸±μ·μ¸É¥° uα ³μ¦´μ · ¸¸³ É·¨¢ ÉÓ Éμ²Ó±μ ± ± ¢´¥Ï´¥¥ (¨ ´¥²Ó§Ö · ¸¸³ É·¨-
¢ ÉÓ μ¡³¥´ ±¢ ´É ³¨ ÔÉμ£μ ¶μ²Ö). �·¨³¥´ÖÖ Ëμ·³Ê²Ò (1), (2), (5), ³Ò ³μ¦¥³
²¥£±μ ´ °É¨ ¤·Ê£¨¥ ¢¥·Ï¨´Ò ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨¸¶μ²Ó§Ê¥³Ò¥ ¢ ¸É É¨¸É¨Î¥¸±μ°
É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°, ¨ ¢±²ÕÎ¨ÉÓ ¢ · ¸¸³μÉ·¥´¨¥ Ê¸±μ·¥´¨¥ aα ¨ § ¢¨Ì·¥´-
´μ¸ÉÓ ωα ± ± ¢´¥Ï´¨¥ ¶μ²Ö.

‘É É¨¸É¨Î¥¸± Ö É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° ³μ¦¥É μ¡² ¤ ÉÓ ¸¶¥Í¨Ë¨Î¥¸±¨³¨
¸¢μ°¸É¢ ³¨, ±μÉμ·Ò¥ É·¥¡ÊÕÉ μÉ¤¥²Ó´μ£μ · ¸¸³μÉ·¥´¨Ö. �·¨¢¥¤¥³ ¶·¨³¥·.
‘ ¶μ³μÐÓÕ § ³¥´Ò (13) ³Ò ¸¢¥²¨ μ¤´μ¶¥É²¥¢μ¥ ¢ÒÎ¨¸²¥´¨¥ ¢ ¸É É¨¸É¨Î¥¸±μ°
É¥μ·¨¨ ± μ¤´μ¶¥É²¥¢μ³Ê ¢ÒÎ¨¸²¥´¨Õ ¢ ±¢ ´Éμ¢μ° Ô²¥±É·μ¤¨´ ³¨±¥. �¤´ ±μ
Ô²¥±É·μ³ £´¨É´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥ Å ËÊ´¤ ³¥´É ²Ó´μ¥ ¨ ¢¢μ¤¨É¸Ö ´  ³ ²ÒÌ
· ¸¸ÉμÖ´¨ÖÌ. ‚ Éμ ¢·¥³Ö ± ± ¢§ ¨³μ¤¥°¸É¢¨¥ ¸ ¶μ²¥³ ¸±μ·μ¸É¥°, ¸³. (12), Å
ÔËË¥±É¨¢´μ¥, ¢¢μ¤¨É¸Ö ¢ · ³± Ì É¥·³μ¤¨´ ³¨±¨ ¨ ³μ¦¥É μ¶¨¸Ò¢ ÉÓ Ë¨§¨±Ê
´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ, ¨²¨ ¢ ¨´Ë· ±· ¸´μ° μ¡² ¸É¨. ˆ§¢¥¸É´μ, ÎÉμ  ´μ-
³ ²Ó´Ò° ³ É·¨Î´Ò° Ô²¥³¥´É  ±¸¨ ²Ó´μ£μ Éμ±  ¢ Ô²¥±É·μ¤¨´ ³¨±¥ μ¶·¥¤¥-
²Ö¥É¸Ö ¡μ²ÓÏ¨³¨ · ¸¸ÉμÖ´¨Ö³¨. �μÔÉμ³Ê ±¨· ²Ó´Ò° ³ £´¨É´Ò° ÔËË¥±É ¨
±¨· ²Ó´Ò° ¢¨Ì·¥¢μ° ÔËË¥±É ¶· ¢¨²Ó´μ ¢μ¸¶·μ¨§¢μ¤ÖÉ¸Ö ¶μ¤¸É ´μ¢±μ° (12).

‚ Éμ ¦¥ ¢·¥³Ö ±¨· ²Ó´ Ö  ´μ³ ²¨Ö, ∂αjα,5 ∼ e2E ·B, ¸¢Ö§ ´  ¸ · ¸Ìμ¤¨-
³μ¸ÉÖ³¨ É¥μ·¨¨ ¶μ²Ö ´  ³ ²ÒÌ · ¸¸ÉμÖ´¨ÖÌ, ¨ ÊÎ¥É ¢²¨Ö´¨Ö ¸·¥¤Ò ´¥ ³μ¦¥É
¥¥ ¨§³¥´¨ÉÓ. �¤´ ±μ Î¨¸Éμ  ²£¥¡· ¨Î¥¸±¨ § ³¥´  (12) ¶·¨¢μ¤¨É ± ´μ¢Ò³ ¢±² -
¤ ³ ¢ ¤¨¢¥·£¥´Í¨Õ Éμ± . —Éμ¡Ò ¨§¡¥¦ ÉÓ ¶·μÉ¨¢μ·¥Î¨Ö, ¤μ²¦´μ ¢Ò¶μ²´ÖÉÓ¸Ö
Ê¸²μ¢¨¥

∂α

(
μ2εαβγδuβ∂γuδ

)
= 0. (16)

�É¨, ± § ²μ¸Ó ¡Ò, ´¥¸μ¢³¥¸É¨³Ò¥ ³¥¦¤Ê ¸μ¡μ° É·¥¡μ¢ ´¨Ö ´  ¸ ³μ³ ¤¥²¥ ¢Ò-
¶μ²´ÖÕÉ¸Ö ¤²Ö ¨¤¥ ²Ó´μ° ¦¨¤±μ¸É¨ §  ¸Î¥É Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö. ‚ Î ¸É´μ¸É¨,
¸μμÉ´μÏ¥´¨¥ (16) Ìμ·μÏμ ¨§¢¥¸É´μ ± ± ¸μÌ· ´¥´¨¥ ®Ì¥²¨¸¨É¨ ¦¨¤±μ¸É¨¯.
’μ ¥¸ÉÓ ¢ ¸²ÊÎ ¥ ¨¤¥ ²Ó´μ° ¦¨¤±μ¸É¨ ¸ÊÐ¥¸É¢ÊÕÉ ¤μ¶μ²´¨É¥²Ó´Ò¥ § ±μ´Ò
¸μÌ· ´¥´¨Ö, ´¥ ¶·¨´ÖÉÒ¥ ¢μ ¢´¨³ ´¨¥, ¸± ¦¥³, ¢ · ¡μÉ¥ [14]. „ ²Ó´¥°Ï¨¥
¤¥É ²¨ ¨ ¸¸Ò²±¨ ³μ¦´μ ´ °É¨ ¢ · ¡μÉ Ì [16,17].

2. ���Œ�‹ˆˆ ˆ ��‹ˆ��Œˆ�‹œ�›… ˆ�’…ƒ��‹›
‡�ŒŒ…�”…‹œ„�

‚ · ³± Ì ¸É É¨¸É¨Î¥¸±μ£μ ¶μ¤Ìμ¤  ±¨· ²Ó´Ò° ¢¨Ì·¥¢μ° ÔËË¥±É ¡Ò² ¢¶¥·-
¢Ò¥ μ¡´ ·Ê¦¥´ μ±μ²μ 40 ²¥É ´ § ¤ ‚¨²¥´±¨´Ò³ [18] ¡¥§ ± ±μ£μ-²¨¡μ μ¡· -
Ð¥´¨Ö ± ±¨· ²Ó´μ°  ´μ³ ²¨¨. „¥É ²Ó´μ¥ · ¸¸³μÉ·¥´¨¥ ¶μ§¢μ²Ö¥É Ê¸É ´μ¢¨ÉÓ
(¸³. · ¡μÉÒ [19,20] ¨ ¸¸Ò²±¨ ¢ ´¨Ì), ÎÉμ  ´ ²μ£μ³ ±¨· ²Ó´μ°  ´μ³ ²¨¨ ¢ ¸É -
É¨¸É¨Î¥¸±μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö Ö¢²Ö¥É¸Ö ¶μ²¨´μ³¨ ²Ó´μ¸ÉÓ ´¥±μÉμ·ÒÌ
¨´É¥£· ²μ¢ μÉ · ¸¶·¥¤¥²¥´¨Ö ”¥·³¨.
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‚ Î ¸É´μ¸É¨, ´¥¶μ¸·¥¤¸É¢¥´´μ¥ ¸É É¨¸É¨Î¥¸±μ¥ Ê¸·¥¤´¥´¨¥ ³ É·¨Î´μ£μ
Ô²¥³¥´É  Éμ±  ¤Ê¡²¥É  ¡¥§³ ¸¸μ¢ÒÌ ¶· ¢ÒÌ Ë¥·³¨μ´μ¢ ¸¢μ¤¨É Éμ± Î ¸É¨Í JN

± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

JN =
1

4π2

+∞∫
−∞

ε2 dε
( 1

1 + eβ(ε−(μ+Ω/2))
− 1

1 + eβ(ε−(μ−Ω/2))

)
, (17)

£¤¥ JN Å ¶·μ¥±Í¨Ö Éμ±  ¶· ¢ÒÌ Î ¸É¨Í ´  ´ ¶· ¢²¥´¨¥ ¢¥±Éμ·  Ê£²μ¢μ°
¸±μ·μ¸É¨ Ω, β = 1/T , £¤¥ T Å É¥³¶¥· ÉÊ· . �¥·¢Ò° Î²¥´ ¢ ¸±μ¡± Ì μÉ¢¥Î ¥É
Éμ±Ê Î ¸É¨Í,   ¢Éμ·μ° Å  ´É¨Î ¸É¨Í.

�μ¤Î¥·±´¥³, ÎÉμ ¸ ÉμÎ´μ¸ÉÓÕ ¤μ μ¡Ð¥£μ ³´μ¦¨É¥²Ö ¢Ò· ¦¥´¨¥ (17) ²¥£±μ
¶μ´ÖÉÓ ¨¸Ìμ¤Ö ¨§ ¶·μ¸ÉÒÌ Ë¨§¨Î¥¸±¨Ì ¸μμ¡· ¦¥´¨°. „¥°¸É¢¨É¥²Ó´μ, ¶μ¤
Ô´¥·£¨¥° ε ¢ ´Ê²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¸²¥¤Ê¥É ¶μ´¨³ ÉÓ Ô´¥·£¨Õ ¸¢μ¡μ¤´ÒÌ ¡¥§-
³ ¸¸μ¢ÒÌ Î ¸É¨Í. ‘É¥¶¥´Ó ε ¢ ¶μ¤Ò´É¥£· ²Ó´μ³ ¢Ò· ¦¥´¨¨ Ê¸É ´ ¢²¨¢ ¥É¸Ö
¨§ · §³¥·´ÒÌ ¸μμ¡· ¦¥´¨°. ‡ ¤ Î  μ¡² ¤ ¥É Í¨²¨´¤·¨Î¥¸±μ° ¸¨³³¥É·¨¥°, ¨
±¢ ´Éμ¢ ÉÓ Î ¸É¨ÍÒ ¸²¥¤Ê¥É ¢ É¥·³¨´ Ì Ê£²μ¢μ£μ ³μ³¥´É  ¨ ¥£μ ¶·μ¥±Í¨¨
´  μ¸Ó ¢· Ð¥´¨Ö. Š¨· ²Ó´Ò¥ Î ¸É¨ÍÒ μ¡² ¤ ÕÉ μÉ·¨Í É¥²Ó´μ° ¶·μ¥±Í¨¥°
¸¶¨´  ´  μ¸Ó ¢· Ð¥´¨Ö,    ´É¨Î ¸É¨ÍÒ Å ¶μ²μ¦¨É¥²Ó´μ°. �É¨Ì ´ ¡²Õ¤¥´¨°
¤μ¸É ÉμÎ´μ ¤²Ö ¶μ´¨³ ´¨Ö (17). �É¤¥²Ó´μ ¸²¥¤Ê¥É ¶·μ¢¥·¨ÉÓ, ÎÉμ ¸¶¨´μ¢Ò¥
ÔËË¥±ÉÒ ´¥ ¶·¨¢μ¤ÖÉ ± ¶μÖ¢²¥´¨Õ μÉ·¨Í É¥²Ó´ÒÌ ³μ¤. „¥É ²Ó´Ò¥ ¢Ò±² ¤±¨,
¶μ¤É¢¥·¦¤ ÕÐ¨¥ ¨§²μ¦¥´´Ò¥ ¸μμ¡· ¦¥´¨Ö, ¤μ¸É ÉμÎ´μ £·μ³μ§¤±¨, ¸³., ´ -
¶·¨³¥·, μ·¨£¨´ ²Ó´Ò° ¢Ò¢μ¤ ±¨· ²Ó´μ£μ ¢¨Ì·¥¢μ£μ ÔËË¥±É  ¢ [18].

	·μ¸ ¥É¸Ö ¢ £² §  ¶·μ¸ÉμÉ  μ±μ´Î É¥²Ó´μ£μ μÉ¢¥É : ÔËË¥±É ¸¶¨´  ¤²Ö
±¨· ²Ó´ÒÌ Î ¸É¨Í ¸¢μ¤¨É¸Ö ± ¸¤¢¨£Ê Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ´  ±Ω/2. 	μ²¥¥
Éμ£μ, ¶· ¢ Ö Î ¸ÉÓ (17) ¢ÒÎ¨¸²Ö¥É¸Ö Ö¢´μ ¨ ¸¢μ¤¨É¸Ö ± ¶μ²¨´μ³Ê ¶μ μ, Ω:

jN = Ω
(

μ2

4π2
+

Ω2

48π2
+

T 2

12

)
. (18)

“± § ´´ Ö ¶μ²¨´μ³¨ ²Ó´μ¸ÉÓ ¨³¥¥É ³¥¸Éμ ¤²Ö · §´μ¸É¨ ¨´É¥£· ²μ¢ ¢ ¶· -
¢μ° Î ¸É¨ (17). Š ¦¤Ò° ¨§ ¨´É¥£· ²μ¢ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° É· ´¸Í¥´¤¥´É´ÊÕ
ËÊ´±Í¨Õ ¶ · ³¥É·μ¢.

�μ²¨´μ³¨ ²Ó´μ¸ÉÓ (18) Ö¢²Ö¥É¸Ö  ´ ²μ£μ³  ´μ³ ²¨¨ ¢ ±¢ ´Éμ¢μ° É¥μ·¨¨
¶μ²Ö. �·μÐ¥ ¢¸¥£μ Ê¡¥¤¨ÉÓ¸Ö ¢ ÔÉμ³ ´  ¶·¨³¥·¥ ¶¥·¢μ£μ Î²¥´  ¢ ¶· ¢μ°
Î ¸É¨ (18). „¥°¸É¢¨É¥²Ó´μ, ¢ ÔÉμ³ Î²¥´¥ ²¥£±μ Ê§´ ÉÓ ¢Ò· ¦¥´¨¥ ¤²Ö ±¨· ²Ó-
´μ£μ ¢¨Ì·¥¢μ£μ ÔËË¥±É , ¸³. (8). ‘ ¤·Ê£μ° ¸Éμ·μ´Ò, ¢ÒÏ¥ ³Ò μ¡ÑÖ¸´¨²¨, ± ±
¸ ¶μ³μÐÓÕ ¶μ¤¸É ´μ¢±¨ (13) ±¨· ²Ó´Ò° ¢¨Ì·¥¢μ° ÔËË¥±É ´¥¶μ¸·¥¤¸É¢¥´´μ
¸¢μ¤¨É¸Ö ± ±¨· ²Ó´μ°  ´μ³ ²¨¨ É¥μ·¨¨ ¶μ²Ö.

�μ¤Î¥·±´¥³, ÎÉμ ¸¢Ö§Ó ¶μ²¨´μ³¨ ²Ó´ÒÌ ¨´É¥£· ²μ¢ ‡μ³³¥·Ë¥²Ó¤  ¸  ´μ-
³ ²¨Ö³¨ Ê¸É ´μ¢²¥´  ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ Éμ²Ó±μ ¢ μÎ¥´Ó ´¥¡μ²ÓÏμ³ Î¨-
¸²¥ ¸²ÊÎ ¥¢. �μ¸²¥¤´¨° ¨ ¢¥¸Ó³  ´¥É·¨¢¨ ²Ó´Ò° ¶·¨³¥· μÉ´μ¸¨É¸Ö ± Î²¥´Ê,
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¶·μ¶μ·Í¨μ´ ²Ó´μ³Ê T 2 ¢ ¶· ¢μ° Î ¸É¨ (18). ‚ · ¡μÉ¥ [19] ¡Ò²  ¶·μ¤¥³μ´-
¸É·¨·μ¢ ´  ¸¢Ö§Ó ÔÉμ£μ Î²¥´  ¸ £· ¢¨É Í¨μ´´μ° ±¨· ²Ó´μ°  ´μ³ ²¨¥°,

∇αJα,5 = (const)RαβγδR̃
αβγδ, (19)

£¤¥ Rαβγδ Å É¥´§μ· �¨³ ´ ; R̃αβγδ Å ¤Ê ²Ó´Ò° É¥´§μ· �¨³ ´ . �·¥¤² £ ¥É¸Ö
¢ÒÎ¨¸²¨ÉÓ ¸ ¶μ³μÐÓÕ (19) ¶μÉμ± ±¨· ²Ó´ÒÌ Î ¸É¨Í ¸ £μ·¨§μ´É  ¢· Ð ÕÐ¥°¸Ö
Î¥·´μ° ¤Ò·Ò. �· ¢ Ö Î ¸ÉÓ (19) μÉ²¨Î´  μÉ ´Ê²Ö ¢¡²¨§¨ £μ·¨§μ´É  Î¥·´μ°
¤Ò·Ò ¨ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. ‚ · ¡μÉ¥ [19] ¶μÉμ±
Î ¸É¨Í ¢ÒÎ¨¸²¥´ ¨´É¥£·¨·μ¢ ´¨¥³ (19) ¶μ · ¸¸ÉμÖ´¨Õ. �É¢¥É ±¢ ¤· É¨Î¥´ ¶μ
£· ¢¨É Í¨μ´´μ³Ê Ê¸±μ·¥´¨Õ ¢¡²¨§¨ £μ·¨§μ´É  ¨ ²¨´¥¥´ ¶μ Ω ¢ ¶·¥¤¥²¥ ³ ²ÒÌ
Ω. 	μ²¥¥ Éμ£μ, μÉ¢¥É ¸μ¢¶ ¤ ¥É ¸ É¥·³ ²Ó´Ò³ ¢±² ¤μ³ ¢ ¶· ¢μ° Î ¸É¨ (18)
¶·¨ Ê¸²μ¢¨¨, ÎÉμ ¶μ¤ Ω ¶μ´¨³ ¥É¸Ö Ê£²μ¢ Ö ¸±μ·μ¸ÉÓ ¢· Ð¥´¨Ö ´  £μ·¨§μ´É¥,
  ¶μ¤ É¥³¶¥· ÉÊ·μ° T Å É¥³¶¥· ÉÊ·  “´·Ê TU , £¤¥

TU =
a

2π
(20)

¨ a Å Ê¸±μ·¥´¨¥.
‚¨¤´μ, ÎÉμ ¶ÊÉÓ μÉ ¶μ²¨´μ³¨ ²Ó´μ¸É¨ ¨´É¥£· ²μ¢ ‡μ³³¥·Ë¥²Ó¤  ¤μ  ´μ-

³ ²¨¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ³μ¦¥É ¡ÒÉÓ μÎ¥´Ó ´¥¶·μ¸ÉÒ³. ‚μ§³μ¦´ , μ¤-
´ ±μ, ¨ ¤·Ê£ Ö ÉμÎ±  §·¥´¨Ö: ¸ÊÐ¥¸É¢μ¢ ´¨¥ ²Õ¡μ£μ ¶μ²¨´μ³¨ ²Ó´μ£μ ¨´É¥-
£· ²  ‡μ³³¥·Ë¥²Ó¤  ¶μ¤· §Ê³¥¢ ¥É §´ ´¨¥ ÉμÎ´μ£μ (¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨-
¦¥´¨¨) μÉ¢¥É  ¤²Ö ´¥±μÉμ·μ£μ ³ É·¨Î´μ£μ Ô²¥³¥´É  ¢ ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨
¢μ§³ÊÐ¥´¨°. �μ ÔÉμÉ ³ É·¨Î´Ò° Ô²¥³¥´É ´¥ μ¡Ö§ É¥²Ó´μ ¸¢Ö§ ´ ¸ ±¨· ²Ó´μ°
 ´μ³ ²¨¥°. ‚ Î ¸É´μ¸É¨, Ê¢¥²¨Î¨¢ Ö ¸É¥¶¥´Ó Ô´¥·£¨¨ ε ¢ ¶μ¤Ò´É¥£· ²Ó´μ³ ¢Ò-
· ¦¥´¨¨ ¢ ¸μμÉ´μÏ¥´¨ÖÌ É¨¶  (17), ³μ¦´μ ¶μ²ÊÎ ÉÓ ¶μ²¨´μ³Ò ¸±μ²Ó Ê£μ¤´μ
¢Ò¸μ±μ£μ ¶μ·Ö¤± . ‚ÒÖ¸´¥´¨¥ Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨ ¶μ²¨´μ³¨ ²Ó´ÒÌ
¨´É¥£· ²μ¢ ‡μ³³¥·Ë¥²Ó¤  ¶·¥¤¸É ¢²Ö¥É¸Ö Ê¢²¥± É¥²Ó´μ° § ¤ Î¥°.

3. “‘Š��…�ˆ…

Š ± Ê¦¥ Ê¶μ³¨´ ²μ¸Ó, ´ ¨¡μ²ÓÏ¨° ¶·μ£·¥¸¸ ¢ ¶μ¸²¥¤´¨¥ £μ¤-¤¢  ¡Ò² ¤μ-
¸É¨£´ÊÉ ¢ ¶μ´¨³ ´¨¨ ÔËË¥±Éμ¢ Ê¸±μ·¥´¨Ö ¸·¥¤Ò. ŒÒ · ¸¸³μÉ·¨³ ´ £·¥ÉÒ°
£ § ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢ ¢ ¸μ¸ÉμÖ´¨¨ · ¢´μ¢¥¸¨Ö ¢μ ¢· Ð ÕÐ¥°¸Ö ¨ Ê¸±μ-
·¥´´μ° ¸¨¸É¥³¥ ±μμ·¤¨´ É. „²Ö ¶·μ¸ÉμÉÒ μ£· ´¨Î¨³¸Ö ¸²ÊÎ ¥³, ±μ£¤  ¢¥±Éμ·
Ê£²μ¢μ° ¸±μ·μ¸É¨ Ω ¨ ¢¥±Éμ· Ê¸±μ·¥´¨Ö a ¶ · ²²¥²Ó´Ò ¤·Ê£ ¤·Ê£Ê.

�·μ¸ÉÒ¥  ·£Ê³¥´ÉÒ ¶·¨¢μ¤ÖÉ ´ ¸ Éμ£¤  ± ´¥μ¦¨¤ ´´μ³Ê ¢Ò¢μ¤Ê [21], ÎÉμ
¥¸É¥¸É¢¥´´μ μ¦¨¤ ÉÓ, ÎÉμ Ê¸±μ·¥´¨¥ ¢Ìμ¤¨É ¢ · ¸¶·¥¤¥²¥´¨¥ ”¥·³¨ ± ± ³´¨-
³ Ö Î ¸ÉÓ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² . „¥°¸É¢¨É¥²Ó´μ, ¢¥·´¥³¸Ö ± ¸μμÉ´μÏ¥-
´¨Õ (17), ±μÉμ·μ¥ ¤¥³μ´¸É·¨·Ê¥É, ÎÉμ ¢²¨Ö´¨¥ ÔËË¥±É  ¢· Ð¥´¨Ö ´  · ¸-
¸³ É·¨¢ ¥³ÊÕ ¸¨¸É¥³Ê ¸¢μ¤¨É¸Ö ± ¸¤¢¨£Ê Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  ´  ±Ω/2,
£¤¥ ¢Ò¡μ· §´ ±  μ¶·¥¤¥²Ö¥É¸Ö É¥³, ¨¤¥É ²¨ ·¥ÎÓ μ Î ¸É¨Í¥ ¨²¨  ´É¨Î ¸É¨Í¥.
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�ËË¥±É¨¢´μ¥ ¢§ ¨³μ¤¥°¸É¢¨¥, ±μÉμ·μ¥ ¶·¨ ÔÉμ³ ÊÎ¨ÉÒ¢ ¥É¸Ö, ¸¢μ¤¨É¸Ö ± ¢§ -
¨³μ¤¥°¸É¢¨Õ ¸¶¨´  ¸ ¶μ²¥³ ¢· Ð¥´¨Ö: δĤ = −Ω·Ĵ, £¤¥ Ĵ Å Ê£²μ¢μ° ³μ³¥´É,
¨²¨ £¥´¥· Éμ· ¢· Ð¥´¨°. Š·¨É¨Î´Ò³ Ö¢²Ö¥É¸Ö ¤ ²¥¥ ÊÉ¢¥·¦¤¥´¨¥ μ Éμ³, ÎÉμ
¸¶¥±É· Î ¸É¨Í ¢ ¶μ²¥ ¢· Ð¥´¨Ö, ¢Ìμ¤ÖÐ¨° ¢ · ¸¶·¥¤¥²¥´¨¥ ”¥·³¨ (17), μÉ´μ-
¸¨É¸Ö ± Î ¸É¨Í ³ ¸ μ¶·¥¤¥²¥´´μ° ¶·μ¥±Í¨¥° ¸¶¨´  ´  ´ ¶· ¢²¥´¨¥ ¢¥±Éμ·  Ω.
‚ ·¥§Ê²ÓÉ É¥

Ω · ĴΨL,R = ±Ω
2

ΨL,R, (21)

ΨL,R Å ²¥¢Ò° ¨²¨ ¶· ¢Ò° Ë¥·³¨μ´ ¸μμÉ¢¥É¸É¢¥´´μ.
‹μ·¥´Í-¨´¢ ·¨ ´É´ Ö Ëμ·³  ÔËË¥±É¨¢´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, μ¶¨¸Ò¢ Õ-

Ð¥£μ · ¢´μ¢¥¸´μ¥ ¸μ¸ÉμÖ´¨¥, ¶μ¤· §Ê³¥¢ ¥É É ±¦¥ ¢±²ÕÎ¥´¨¥ Î²¥´  ¸ Ê¸±μ-
·¥´¨¥³:

δĤ = −aK̂, (22)

£¤¥ K̂ Å μ¶¥· Éμ· ¡Ê¸É . –¥´É· ²Ó´Ò³ ¤²Ö ´ ¸ Ö¢²Ö¥É¸Ö ¸²¥¤ÊÕÐ¥¥ ¸μμÉ´μ-
Ï¥´¨¥: (

Ω · Ĵ + aK̂
)
ΨL,R = ±

(
Ω
2

+
ia

2

)
ΨL,R, (23)

£¤¥ ¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ ¢¥±Éμ·Ò a, Ω ¶ · ²²¥²Ó´Ò.
Š·¨É¨Î´μ ¶μÖ¢²¥´¨¥ ³´¨³μ° ¥¤¨´¨ÍÒ ¶¥·¥¤ Ê¸±μ·¥´¨¥³ a. �É³¥É¨³, ÎÉμ

¶·¨ · ¸¸³μÉ·¥´¨¨ μ¡Ð¥° ¸É·Ê±ÉÊ·Ò £·Ê¶¶Ò ‹μ·¥´Í  μ¶¥· Éμ· ¡Ê¸É  K̂ ¶μ² -
£ ¥É¸Ö Ô·³¨Éμ¢Ò³. �¤´ ±μ, ± ± ¶μ¤Î¥·±¨¢ ¥É¸Ö ¢ ÊÎ¥¡´¨± Ì ¶μ É¥μ·¨¨ ¶μ²Ö,
¨¸¶μ²Ó§μ¢ ´¨¥ ¡ §¨¸  ²¥¢ÒÌ (¶· ¢ÒÌ) ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢ ´¥ ¶μ§¢μ²Ö¥É
·¥ ²¨§μ¢ ÉÓ ¤¥°¸É¢¨¥ μ¶¥· Éμ·μ¢ Ĵ ¨ K̂ ± ± Ô·³¨Éμ¢ÒÌ. �¡ÒÎ´μ ¤²Ö μ¶¥-
· Éμ·μ¢ ¡Ê¸É  ¢Ò¡¨· ÕÉ  ´É¨Ô·³¨Éμ¢μ ¶·¥¤¸É ¢²¥´¨¥ (23) (Ê¤μ¢²¥É¢μ·ÖÕÐ¥¥
É¥³ ´¥ ³¥´¥¥ ±μ³³ÊÉ Í¨μ´´Ò³ ¸μμÉ´μÏ¥´¨Ö³ ³¥¦¤Ê μ¶¥· Éμ· ³¨ K̂i). ’ -
±¨³ μ¡· §μ³, Ê¸±μ·¥´¨¥ a ¢ · ¸¶·¥¤¥²¥´¨¨ ”¥·³¨ ¨£· ¥É ·μ²Ó ³´¨³μ° Î ¸É¨
Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² .

�¤´ ±μ μ¤´μ ÔÉμ ´ ¡²Õ¤¥´¨¥ ´¥ ¶μ§¢μ²Ö¥É ´ ¶¨¸ ÉÓ μ¡Ð¥¥ ¶·¥¤¸É ¢²¥´¨¥
¤²Ö ¸É É¨¸É¨Î¥¸±¨Ì ¸·¥¤´¨Ì §´ Î¥´¨° ³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨
Ê¸±μ·¥´¨Ö. �·¨¡²¨¦¥´¨¥, ¶·¨ ±μÉμ·μ³ ·μ²Ó Ê¸±μ·¥´¨Ö ¸¢μ¤¨É¸Ö ± ³´¨³μ°
Î ¸É¨ ¶μÉ¥´Í¨ ² , μÉ¢¥Î ¥É ¨¸¶μ²Ó§μ¢ ´¨Õ ËÊ´±Í¨¨ ‚¨£´¥·  [20]. �·¨ ¨¸-
¶μ²Ó§μ¢ ´¨¨ ¦¥ μ¶¥· Éμ·  ‡Ê¡ ·¥¢  (6) ´¥μ¡Ìμ¤¨³μ ¥Ð¥ ÊÎ¨ÉÒ¢ ÉÓ ´¥±μ³-
³ÊÉ É¨¢´μ¸ÉÓ £ ³¨²ÓÉμ´¨ ´  Ĥ ¨ μ¶¥· Éμ·  ¡Ê¸É  K̂. �É  ´¥É·¨¢¨ ²Ó´ Ö
§ ¤ Î  ¡Ò²  ·¥Ï¥´  Éμ²Ó±μ ´¥¤ ¢´μ ¨ Éμ²Ó±μ ¢ ¶·¨³¥´¥´¨¨ ± · §²μ¦¥´¨Õ
³ É·¨Î´ÒÌ Ô²¥³¥´Éμ¢ ¶μ Ê¸±μ·¥´¨Õ [10]. �·¨Î¥³  ²£¥¡· ¨Î¥¸± Ö ¸²μ¦´μ¸ÉÓ
¢μ§· ¸É ¥É §´ Î¨É¥²Ó´μ ¸ ± ¦¤Ò³ ¶μ·Ö¤±μ³ É¥μ·¨¨ ¢μ§³ÊÐ¥´¨°.

� ¨¡μ²¥¥ ¸²μ¦´Ò¥ ¢ÒÎ¨¸²¥´¨Ö ± ´ ¸ÉμÖÐ¥³Ê ¢·¥³¥´¨ ¡Ò²¨ ¢Ò¶μ²´¥´Ò
¢ · ¡μÉ¥ [2] ¨ μÉ´μ¸ÖÉ¸Ö ± Î²¥´ ³ ¶μ·Ö¤±  a4 ¢ · §²μ¦¥´¨¨ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨
ρs=1/2 Ê¸±μ·¥´´μ£μ £ §  ¡¥§³ ¸¸μ¢ÒÌ Ë¥·³¨μ´μ¢. ‚ ÔÉμ° ¦¥ · ¡μÉ¥ ¡Ò²μ
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¶·¥¤²μ¦¥´μ ¨´É¥£· ²Ó´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¤²Ö ρs=1/2:

ρs=1/2 = 2
∫

d3p

(2π)3

⎛
⎜⎜⎝ p + ia

1 + exp
(

p

T
+

ia

2T

) +
p − ia

1 + exp
(

p

T
− ia

2T

)
⎞
⎟⎟⎠+

+ 4
∫

d3p

(2π)3
p

exp
(

2πp

a

)
− 1

, (24)

£¤¥ p = |p|, a = |a|. �·¥¤¸É ¢²¥´¨¥ (24) ¡Ò²μ ¶·¥¤²μ¦¥´μ ¨¸Ìμ¤Ö ¨§ μ¶·¥-
¤¥²¥´´ÒÌ É¥μ·¥É¨Î¥¸±¨Ì ¶μ¸Ò²μ± ¨ ¢Ò¤¥·¦ ²μ ·Ö¤ ´¥É·¨¢¨ ²Ó´ÒÌ ¶·μ¢¥·μ±
(¸³. [2]). 	μ²¥¥ Éμ£μ, μ¦¨¤ ¥É¸Ö, ÎÉμ (24) ¢¥·´μ ¢μ ¢¸¥Ì ¶μ·Ö¤± Ì · §²μ¦¥´¨Ö
¶μ Ê¸±μ·¥´¨Õ a.

ˆ´É¥£· ²Ò ¢ ¶· ¢μ° Î ¸É¨ (24) ¢ÒÎ¨¸²ÖÕÉ¸Ö ÉμÎ´μ, ¨ ¶·¨ T > TU ³μ¦´μ
¶μ²ÊÎ¨ÉÓ

ρs=1/2 =
7π2T 4

60
+

T 2a2

24
− 17a4

960π2
. (25)

„μ± § É¥²Ó¸É¢μ Éμ£μ, ÎÉμ ¨´É¥£· ²Ò, ¢Ìμ¤ÖÐ¨¥ ¢ ¶· ¢ÊÕ Î ¸ÉÓ (24), ¶·¥¤¸É -
¢²ÖÕÉ ¸μ¡μ° ¶μ²¨´μ³, ¤ ´μ ¢ · ¡μÉ¥ [1].

4. „“�‹œ��‘’œ Œ…†„“ Š‚��’�‚�-‘’�’ˆ‘’ˆ—…‘ŠˆŒ
ˆ ’…��…’ˆŠ�-��‹…‚›Œ ��„•�„�Œˆ

�μ¸±μ²Ó±Ê ³Ò · ¸¸³ É·¨¢ ¥³ ¸²ÊÎ ° ¶μ¸ÉμÖ´´μ£μ Ê¸±μ·¥´¨Ö, ¥¸É¥¸É¢¥´´μ
¢μ§´¨± ¥É ³Ò¸²Ó μ¡ ¨¸¶μ²Ó§μ¢ ´¨¨ £¥μ³¥É·¨Î¥¸±μ£μ Ö§Ò±  μ¡Ð¥° É¥μ·¨¨ μÉ-
´μ¸¨É¥²Ó´μ¸É¨. „¥°¸É¢¨É¥²Ó´μ, ¸μ£² ¸´μ ¶·¨´Í¨¶Ê Ô±¢¨¢ ²¥´É´μ¸É¨ Ê¸±μ·¥-
´¨¥ ¸¨¸É¥³Ò ±μμ·¤¨´ É ³μ¦´μ ¨³¨É¨·μ¢ ÉÓ ¢¢¥¤¥´¨¥³ ¢´¥Ï´¥£μ £· ¢¨É Í¨-
μ´´μ£μ ¶μ²Ö. ‚ ¶¥·¢μ³ ¶μ·Ö¤±¥ ¶μ Ê¸±μ·¥´¨Õ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥ Ëμ·³Ê²Ò
Ìμ·μÏμ ¨§¢¥¸É´Ò. �¥·¥Ìμ¤ ± ±·¨¢μ²¨´¥°´μ³Ê ¶·μ¸É· ´¸É¢Ê μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
²μ± ²Ó´μ.

‚ ´ Ï¥³ ¸²ÊÎ ¥, μ¤´ ±μ, ¸μμÉ´μÏ¥´¨¥ (24) ¤μ²¦´μ ¡ÒÉÓ ¢¥·´μ ¢μ ¢¸¥Ì
¶μ·Ö¤± Ì É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ¶μ Ê¸±μ·¥´¨Õ. ˆ´Ò³¨ ¸²μ¢ ³¨, ³μ¦´μ μ¦¨-
¤ ÉÓ, ÎÉμ Ê¸±μ·¥´¨¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ÉμÎ´μ. �μ ¶·¨ ÉμÎ´μ³ ÊÎ¥É¥ Ê¸±μ·¥´´μ£μ
¤¢¨¦¥´¨Ö, ± ± ¨§¢¥¸É´μ, ¶·μ¨¸Ìμ¤¨É ¨§³¥´¥´¨¥ £²μ¡ ²Ó´μ° ¸É·Ê±ÉÊ·Ò ¶·μ-
¸É· ´¸É¢ : ¢μ§´¨± ¥É £μ·¨§μ´É, ¨²¨ ¶·μ¸É· ´¸É¢μ ¸ £· ´¨Í¥°. �Éμ Ö¢²Ö¥É¸Ö
¢Ò§μ¢μ³ É¥μ·¨¨: Ëμ·³Ê²  (24) ¤μ²¦´  ± ±¨³-Éμ μ¡· §μ³ ®¸¶·μ¥±É¨·μ¢ ÉÓ¯
¶·μ¸É· ´¸É¢μ Œ¨´±μ¢¸±μ£μ (¢ ±μÉμ·μ³ · §¢¨É  É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° ¶μ a) ´ 
¶·μ¸É· ´¸É¢μ ¸ £· ´¨Í¥°.

�μ³¨³μ Ê¸±μ·¥´¨Ö ¸É É¨¸É¨Î¥¸±¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ § ¢¨¸ÖÉ μÉ É¥³-
¶¥· ÉÊ·Ò. Š ± Ìμ·μÏμ ¨§¢¥¸É´μ, ¢ ¥¢±²¨¤μ¢μ° ¸¨£´ ÉÊ·¥ É¥³¶¥· ÉÊ·  É ±¦¥
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¢¢μ¤¨É¸Ö £¥μ³¥É·¨Î¥¸±¨³ μ¡· §μ³. ˆ³¥´´μ, ®³´¨³μ¥ ¢·¥³Ö¯ ¶¥·¨μ¤¨Î´μ ¸
¶¥·¨μ¤μ³, ¶·μ¶μ·Í¨μ´ ²Ó´Ò³ μ¡· É´μ° É¥³¶¥· ÉÊ·¥.

�  Ö§Ò±¥ Ëμ·³Ê² ³¥É·¨±  �¨´¤²¥·  ¨³¥¥É ¢¨¤

ds2 = −ρ2dt2 + dρ2 + dx2
⊥, (26)

x⊥ Å ±μμ·¤¨´ ÉÒ, ¶¥·¶¥´¤¨±Ê²Ö·´Ò¥ · ¤¨ ²Ó´μ° ±μμ·¤¨´ É¥ ρ, 1/ρ ¨³¥¥É
¸³Ò¸² Ê¸±μ·¥´¨Ö. ‚ ¥¢±²¨¤μ¢μ° ¸¨£´ ÉÊ·¥

ds2 = ρ2dτ2 + dρ2 + dx2
⊥, (27)

£¤¥ ±μμ·¤¨´ É  τ ¶¥·¨μ¤¨Î´ : τ ∼ τ + β.
…¸²¨ ¢Ò¡· ÉÓ β = βR = 2π, Éμ ¢ ±μμ·¤¨´ É Ì (ρ, τ) ¨³¥¥³ μ¡ÒÎ´μ¥

2d ¶²μ¸±μ¥ ¶·μ¸É· ´¸É¢μ. ’¥³¶¥· ÉÊ·  μ¶·¥¤¥²Ö¥É¸Ö ¤²¨´μ° μ±·Ê¦´μ¸É¨,
T−1 = 2πρ, ¨ ¸μ¢¶ ¤ ¥É ¸ É¥³¶¥· ÉÊ·μ° “´·Ê, ¢¢¥¤¥´´μ° ¢ÒÏ¥ (¸ ÊÎ¥Éμ³
Éμ£μ, ÎÉμ ρ ¥¸ÉÓ μ¡· É´μ¥ Ê¸±μ·¥´¨¥). ’ ±¨³ μ¡· §μ³, ³Ò ¢μ¸¶·μ¨§¢μ¤¨³ ´ 
£¥μ³¥É·¨Î¥¸±μ³ Ö§Ò±¥ Ê¦¥ ¨§¢¥¸É´Ò° ·¥§Ê²ÓÉ É: ´ ¡²Õ¤ É¥²Ó, ¤¢¨¦ÊÐ¨°¸Ö
¸ Ê¸±μ·¥´¨¥³ a μÉ´μ¸¨É¥²Ó´μ ¢ ±ÊÊ³  Œ¨´±μ¢¸±μ£μ, ¢μ¸¶·¨´¨³ ¥É ´¨¦´¥¥
¶μ Ô´¥·£¨¨ ¸μ¸ÉμÖ´¨¥ ± ± ¸·¥¤Ê, ´ £·¥ÉÊÕ ¤μ É¥³¶¥· ÉÊ·Ò “´·Ê TU = a/(2π).

�Éμ ´ ¡²Õ¤¥´¨¥ μ¤´μ¢·¥³¥´´μ μ§´ Î ¥É, ÎÉμ ¢Ò¡· ´´ Ö ´ ³¨ £¥μ³¥É·¨Ö
μ± § ² ¸Ó ´¥ ¤¥±¢ É´μ° ¶μ¸É ¢²¥´´μ° § ¤ Î¥. ’¥³¶¥· ÉÊ·  ¨ Ê¸±μ·¥´¨¥ μ¤-
´μ§´ Î´μ ¸¢Ö§ ´Ò ³¥¦¤Ê ¸μ¡μ° ¤²Ö ¶·μ¸É· ´¸É¢  �¨´¤²¥· , ¢ Éμ ¢·¥³Ö ± ±
¢ ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨ ¢μ§³ÊÐ¥´¨° ³Ò ¢ÒÎ¨¸²Ö¥³ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ
± ± ËÊ´±Í¨¨ Ê¸±μ·¥´¨Ö ¨ É¥³¶¥· ÉÊ·Ò, ±μÉμ·Ò¥ · ¸¸³ É·¨¢ ÕÉ¸Ö ± ± ´¥§ -
¢¨¸¨³Ò¥ ¢¥²¨Î¨´Ò. ‘²¥¤Ê¥É ¶μÔÉμ³Ê μ¡· É¨ÉÓ¸Ö ± ¶·μ¸É· ´¸É¢Ê �¨´¤²¥· 
¸ ±μ´¨Î¥¸±μ° ¸¨´£Ê²Ö·´μ¸ÉÓÕ ¶·¨ ρ = 0. ˆ´Ò³¨ ¸²μ¢ ³¨, ¢Ò¡· ÉÓ ¶¥·¨μ¤ ¶μ
±μμ·¤¨´ É¥ τ · ¢´Ò³ ´¥ βR = 2π,   β < 2π, £¤¥ §´ ± ´¥· ¢¥´¸É¢  μ¶· ¢¤Ò¢ -
¥É¸Ö ´ £²Ö¤´Ò³¨ £¥μ³¥É·¨Î¥¸±¨³¨ ¸μμ¡· ¦¥´¨Ö³¨. –¥´μ° ¢¢¥¤¥´¨Ö ±μ´¨Î¥-
¸±μ° ¸¨´£Ê²Ö·´μ¸É¨ ³Ò ¤μ¡¨¢ ¥³¸Ö ´¥§ ¢¨¸¨³μ¸É¨ É¥³¶¥· ÉÊ·Ò ¨ Ê¸±μ·¥´¨Ö.

‘²¥¤ÊÕÐ¨³ Ï £μ³ Ö¢²Ö¥É¸Ö ¢ÒÎ¨¸²¥´¨¥ μ¤´μ¶¥É²¥¢μ£μ ¢Ò· ¦¥´¨Ö ¤²Ö
É¥´§μ·  Ô´¥·£¨¨-¨³¶Ê²Ó¸  Î ¸É¨Í, ¦¨¢ÊÐ¨Ì ¢ ¶·μ¸É· ´¸É¢¥ �¨´¤²¥·  ¸ ±μ-
´¨Î¥¸±μ° ¸¨´£Ê²Ö·´μ¸ÉÓÕ. ’ ±μ£μ ·μ¤  ¢ÒÎ¨¸²¥´¨Ö ¡Ò²¨ ¶·μ¢¥¤¥´Ò ¢ ·Ö¤¥
· ¡μÉ. �·¨¢¥¤¥³ μÉ¢¥É ¤²Ö ¡¥§³ ¸¸μ¢ÒÌ Î ¸É¨Í ¸¶¨´  s = 0, 1/2, 1 [22,23]:

〈T ν
μ 〉R = − h(s)

2π2ρ4

∞∫
0

dνν(ν2 + s2)
e2πν − (−1)2s

diag
(
−1,

1
3
,
1
3
,
1
3

)
, (28)

£¤¥ h(s) Å Î¨¸²μ ¡¥§³ ¸¸μ¢ÒÌ ¸μ¸ÉμÖ´¨° Î ¸É¨Í ¸μ ¸¶¨´μ³ s. �μ¸²¥ ¢§ÖÉ¨Ö
¨´É¥£· ²  ¤²Ö ¨´É¥·¥¸ÊÕÐ¥£μ ´ ¸ ¸¥°Î ¸ ¸²ÊÎ Ö s = 1/2 ¡Ò²μ ¶μ²ÊÎ¥´μ

〈T 0
0 〉s=1/2 =

7π2

120β4ρ4
+

1
48β2ρ4

− 17
1920π2ρ4

, (29)
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£¤¥ βρ = (2π · TU )/(a · T ) = 1/T . ‚Ò· ¦¥´¨¥ (29) ¸μ¢¶ ¤ ¥É ¸ (25) ¸ ÉμÎ´μ-
¸ÉÓÕ ¤μ Ë ±Éμ·  2, ±μÉμ·Ò° ¸¢Ö§ ´ ¸ · §²¨Î¨¥³ ¢±² ¤μ¢ ¤¨· ±μ¢¸±¨Ì (Ëμ·-
³Ê²  (25)) ¨ ¢¥°²¥¢¸±¨Ì (Ëμ·³Ê²  (29)) ¸¶¨´μ·μ¢.

�É³¥É¨³, ÎÉμ ÌμÉÖ ³Ò ±μ´¸É É¨·μ¢ ²¨ Éμ¦¤¥¸É¢¥´´μ¸ÉÓ ±μ´¥Î´ÒÌ μÉ¢¥-
Éμ¢ ¤²Ö ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ ¢ · ³± Ì ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨ ¨ É¥μ·¨¨ ¶μ²Ö,
¢ É¥μ·¨¨ ¶μ²Ö μ¤´μ§´ Î´Ò° μÉ¢¥É ¶μ²ÊÎ¥´ ¸ ¶μ³μÐÓÕ ¢ÒÎ¨É ´¨Ö ¢ ±ÊÊ³´μ°
Ô´¥·£¨¨ ¶·μ¸É· ´¸É¢  Œ¨´±μ¢¸±μ£μ, ±μÉμ· Ö ¶μ² £ ¥É¸Ö · ¢´μ° ´Ê²Õ. ˆ´Ò³¨
¸²μ¢ ³¨, ¢ É¥μ·¨¨ ¶μ²Ö § ´Ê²¥´¨¥ ¶²μÉ´μ¸É¨ Ô´¥·£¨¨ (29) ¶·¨ É¥³¶¥· ÉÊ·¥
“´·Ê ´ ±² ¤Ò¢ ¥É¸Ö ± ± É·¥¡μ¢ ´¨¥. ‚ Éμ ¢·¥³Ö ± ± ¢ · ³± Ì ¸É É¨¸É¨Î¥-
¸±μ£μ ¶μ¤Ìμ¤  ±μ´¥Î´Ò° μÉ¢¥É (25) ¸²¥¤Ê¥É ´¥¶μ¸·¥¤¸É¢¥´´μ ¨§ ¢ÒÎ¨¸²¥´¨°,
¡¥§ ¤μ¶μ²´¨É¥²Ó´ÒÌ ¢ÒÎ¨É ´¨°. �ÉμÉ Ê¤¨¢¨É¥²Ó´Ò° Ë ±É ´¥ ¶μ²ÊÎ¨² ¥Ð¥
Ö¸´μ° Ë¨§¨Î¥¸±μ° ¨´É¥·¶·¥É Í¨¨.

�Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ²¨Ï´¨° · § ¶μ¤Î¥·±¨¢ ¥É, ÎÉμ ³Ò ¨³¥¥³ ¤Ê ²Ó´μ¸ÉÓ
¤¢ÊÌ · §²¨Î´ÒÌ É¥μ·¨° ¶μ²Ö. ’¥μ·¨Ö ¶μ²Ö ´  ¶·μ¸É· ´¸É¢¥ ¸ £· ´¨Í¥° ¸Ëμ·-
³Ê²¨·μ¢ ´  ¢ É¥·³¨´ Ì ËÊ´¤ ³¥´É ²Ó´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö, ¨²¨ ´  ³ ²ÒÌ
· ¸¸ÉμÖ´¨ÖÌ. ‘É É¨¸É¨Î¥¸± Ö É¥μ·¨Ö ¨³¥¥É ¤¥²μ ¸ ÔËË¥±É¨¢´Ò³ ¢§ ¨³μ¤¥°-
¸É¢¨¥³, ±μÉμ·μ¥ ³μ¦¥É ¡ÒÉÓ ¢¢¥¤¥´μ Éμ²Ó±μ ¢ ±μ´É¥±¸É¥ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ
· ¢´μ¢¥¸¨Ö, ¨²¨ ´  ¡μ²ÓÏ¨Ì · ¸¸ÉμÖ´¨ÖÌ. ‘μμÉ¢¥É¸É¢¥´´μ, ¸É·Ê±ÉÊ·  · ¸Ìμ-
¤¨³μ¸É¥° ¢ ¤¢ÊÌ É¥μ·¨ÖÌ Éμ¦¥ · §´ Ö, ¨ ¶μÔÉμ³Ê ¢ÒÎ¨¸²¥´¨Ö ¢ ¤¢ÊÌ É¥μ·¨ÖÌ
¸±μ·¥¥ ¤μ¶μ²´ÖÕÉ, Î¥³ ¶μ¢Éμ·ÖÕÉ ¤·Ê£ ¤·Ê£ . �¥·¢Ò¥ ¶·¨³¥·Ò É ±μ° ¤μ¶μ²-
´¨É¥²Ó´μ¸É¨ ³μ¦´μ ´ °É¨ ¢ · ¡μÉ¥ [1].

‡�Š‹�—…�ˆ…

‚ÒÎ¨¸²¥´¨Ö ÔËË¥±Éμ¢ Ê¸±μ·¥´¨Ö ¢ ¸·¥¤ Ì ¶μ²ÊÎ¨²¨ §´ Î¨É¥²Ó´μ¥ · §¢¨-
É¨¥. “¦¥ É¥μ·¨Ö ¢μ§³ÊÐ¥´¨° ¶μ Ê¸±μ·¥´¨Õ ¢ ±¢ ´Éμ¢μ° ¸É É¨¸É¨±¥ [8Ä10],
μ¸´μ¢ ´´ Ö ´  Ëμ·³ ²¨§³¥ [11, 12], ¢ ¢Ò¸Ï¥° ¸É¥¶¥´¨ ´¥É·¨¢¨ ²Ó´  ¨§-§ 
´¥±μ³³ÊÉ É¨¢´μ¸É¨ £ ³¨²ÓÉμ´¨ ´  ¨ μ¶¥· Éμ·  ¡Ê¸É  ± ± ¸ ¢ÒÎ¨¸²¨É¥²Ó´μ°,
É ± ¨ ¸ ¶·¨´Í¨¶¨ ²Ó´μ° ÉμÎ¥± §·¥´¨Ö. � §· ¡μÉ ´´Ò¥ ³¥Éμ¤Ò [8Ä10] ¶μ²Ê-
Î¨²¨ ·¥Ï ÕÐ¥¥ ¶μ¤É¢¥·¦¤¥´¨¥ ¶ÊÉ¥³ ¸· ¢´¥´¨Ö ·¥§Ê²ÓÉ Éμ¢ ¸ ¶μ²ÊÎ¥´´Ò³¨
¤·Ê£¨³¨ ³¥Éμ¤ ³¨, ¸³. μ¡¸Ê¦¤¥´¨¥ ¢ÒÏ¥.

‚¶¥·¢Ò¥ ¸Ëμ·³Ê²¨·μ¢ ´Ò ¢μ§³μ¦´Ò¥ ´¥¶¥·ÉÊ·¡ É¨¢´Ò¥ ¶μ¤Ìμ¤Ò ¢ ¸É -
É¨¸É¨Î¥¸±μ° ±¢ ´Éμ¢μ° (μ¤´μ¶¥É²¥¢μ°) É¥μ·¨¨. �¥Ï ÕÐ¨³ Ö¢²Ö¥É¸Ö ´ ¡²Õ-
¤¥´¨¥, ÎÉμ ³´μ£¨¥ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ ¢Ò· ¦ ÕÉ¸Ö Î¥·¥§ ¶μ²¨´μ³¨ ²Ó´Ò¥
¨´É¥£· ²Ò ‡μ³³¥·Ë¥²Ó¤ . �  Ö§Ò±¥ ¨´É¥£· ²μ¢ ‡μ³³¥·Ë¥²Ó¤  ¢μ¸¶·μ¨§¢μ-
¤ÖÉ¸Ö ¨§¢¥¸É´Ò¥ ¸²¥¤¸É¢¨Ö ¨§ ±¨· ²Ó´ÒÌ  ´μ³ ²¨° É¥μ·¨¨ ¶μ²Ö. 	μ²¥¥ Éμ£μ,
¶μ²¨´μ³¨ ²Ó´μ¸ÉÓ μ¤´μ¶¥É²¥¢ÒÌ ¢±² ¤μ¢ ¢ ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨ ³μ¦¥É μ± -
§ ÉÓ¸Ö μ¡μ¡Ð¥´¨¥³ Ë¥´μ³¥´   ´μ³ ²¨°. �μ± § ´μ, ÎÉμ Ê¸±μ·¥´¨¥ ³μ¦¥É · ¸-
¸³ É·¨¢ ÉÓ¸Ö ± ± ³´¨³ Ö Î ¸ÉÓ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ² . �¡´ ·Ê¦¥´Ò ¶·¨-
³¥·Ò ¤Ê ²Ó´μ¸É¨ ±¢ ´Éμ¢μ° É¥μ·¨¨ ¶μ²Ö ¨ ±¢ ´Éμ¢μ° ¸É É¨¸É¨Î¥¸±μ° É¥μ·¨¨.
‚μ ¢¸¥Ì ¸²ÊÎ ÖÌ ·¥ÎÓ ¨¤¥É, ¸±μ·¥¥, μ ³´μ£μμ¡¥Ð ÕÐ¨Ì ¶¥·¢ÒÌ Ï £ Ì, Î¥³
μ § ±μ´Î¥´´μ³ É¥μ·¥É¨Î¥¸±μ³ · §¢¨É¨¨.
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�¥¸±μ²Ó±μ ¸²μ¢ μ ¢μ§³μ¦´ÒÌ ¶·¨²μ¦¥´¨ÖÌ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢. ‘μ-
μÉ´μÏ¥´¨¥ (24) ¤¥³μ´¸É·¨·Ê¥É, ÎÉμ ¶²μÉ´μ¸ÉÓ Ô´¥·£¨¨ ± ± ËÊ´±Í¨Ö É¥³¶¥-
· ÉÊ·Ò ´¥ ´ ²¨É¨Î´  ¶·¨ É¥³¶¥· ÉÊ·¥ “´·Ê TU = a/(2π) [1]. 	μ²¥¥ Éμ£μ,
Ëμ·³Ê²  (24) ¤μ¶Ê¸± ¥É  ´ ²¨É¨Î¥¸±μ¥ ¶·μ¤μ²¦¥´¨¥ ¢ μ¡² ¸ÉÓ É¥³¶¥· ÉÊ·
´¨¦¥ É¥³¶¥· ÉÊ·Ò “´·Ê. ’¥³¶¥· ÉÊ·  “´·Ê TU μ± §Ò¢ ¥É¸Ö ÉμÎ±μ° Ë §μ-
¢μ£μ ¶¥·¥Ìμ¤  ¢Éμ·μ£μ ·μ¤ ; ¸μ¸ÉμÖ´¨Ö ¸ É¥³¶¥· ÉÊ·μ° ´¨¦¥ TU ´¥¸É ¡¨²Ó´Ò.
®�μ¢ Ö  ´ ²¨É¨Î´μ¸ÉÓ¯ Ö¢²Ö¥É¸Ö ¶·μÖ¢²¥´¨¥³ Éμ£μ, ÎÉμ Ê¸±μ·¥´¨¥ ¨£· ¥É ·μ²Ó
³´¨³μ° Î ¸É¨ Ì¨³¨Î¥¸±μ£μ ¶μÉ¥´Í¨ ²  [21]. •μÉÖ ¡Ê±¢ ²Ó´μ ÊÉ¢¥·¦¤¥´¨¥ μ
´¥¸É ¡¨²Ó´μ¸É¨ ¢ ÉμÎ±¥ “´·Ê ¶μ²ÊÎ¥´μ ¢ μ¤´μ¶¥É²¥¢μ³ ¶·¨¡²¨¦¥´¨¨ ¨ ¤²Ö
¸¢μ¡μ¤´ÒÌ Ë¥·³¨μ´μ¢, ³μ¦´μ ¤Ê³ ÉÓ, ÎÉμ μ´μ Ê´¨¢¥·¸ ²Ó´μ ¨ ¶·¨³¥´¨³μ,
¢ Î ¸É´μ¸É¨, ¸ ÊÎ¥Éμ³ ±μ´Ë °´³¥´É . �´ ²μ£¨Î´μ Éμ³Ê, ± ± Ê´¨¢¥·¸ ²Ó´μ
ÊÉ¢¥·¦¤¥´¨¥ μ Éμ³, ÎÉμ Ê¸±μ·¥´´Ò° ´ ¡²Õ¤ É¥²Ó ¢¨¤¨É É¥¶²μ¢μ¥ · ¸¶·¥¤¥-
²¥´¨¥ Î ¸É¨Í ¸ É¥³¶¥· ÉÊ·μ° TU . ‚ ±μ´¥Î´μ³ ¸Î¥É¥ ÔÉ  Ê´¨¢¥·¸ ²Ó´μ¸ÉÓ
¢μ¸Ìμ¤¨É ± ¶·¨´Í¨¶Ê Ô±¢¨¢ ²¥´É´μ¸É¨. �μ¢μ¥ (ÌμÉÖ ¨ ±μ¸¢¥´´μ¥) ¶μ¤É¢¥·-
¦¤¥´¨¥ ÔÉμ° ¨¤¥¨ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° μ¡´ ·Ê¦¥´´ Ö ¤Ê ²Ó´μ¸ÉÓ (¸³. ¢ÒÏ¥).
�¥ ¨¸±²ÕÎ¥´μ ¶μÔÉμ³Ê, ÎÉμ Ë¥´μ³¥´μ²μ£¨Î¥¸±¨¥ ¸²¥¤¸É¢¨Ö ¨§ Ê± § ´´μ£μ Ë -
§μ¢μ£μ ¶¥·¥Ìμ¤  ¨ ´¥¸É ¡¨²Ó´μ¸É¨ ¢ ÉμÎ±¥ “´·Ê ³μ£ÊÉ ¡ÒÉÓ μ¡´ ·Ê¦¥´Ò ¶·¨
¸Éμ²±´μ¢¥´¨ÖÌ ÉÖ¦¥²ÒÌ ¨μ´μ¢ (μ¡¸Ê¦¤¥´¨¥ ¨ ¤ ²Ó´¥°Ï¨¥ ¸¸Ò²±¨ ¸³. ¢ [1]).

�² £μ¤ ·´μ¸É¨. ŒÒ ¡² £μ¤ ·´Ò ‚.”.ŒÊÌ ´μ¢Ê §  ¶μ²¥§´Ò¥ μ¡¸Ê¦¤¥´¨Ö
¨ ±μ³³¥´É ·¨¨. � ¸ÉμÖÐ Ö · ¡μÉ  ¶μ¤¤¥·¦ ´  �μ¸¸¨°¸±¨³ ´ ÊÎ´Ò³ Ëμ´¤μ³,
£· ´É º16-12-10059.
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