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Œμ¸±μ¢¸±¨° Ë¨§¨±μ-É¥Ì´¨Î¥¸±¨° ¨´¸É¨ÉÊÉ, „μ²£μ¶·Ê¤´Ò°, �μ¸¸¨Ö

‚ · ³± Ì ±¢ §¨±² ¸¸¨Î¥¸±μ£μ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ±¢ ´Éμ¢ ´¨Ö ¤¢¨¦¥´¨Ö Î ¸É¨Í, § ¶¥·ÉÒÌ
¶μ¤ £μ·¨§μ´Éμ³ Î¥·´μ° ¤Ò·Ò, Ê¸É ´μ¢²¥´μ ¸μ¸ÉμÖ´¨¥, ¢ ±μÉμ·μ³ ¶·¥±· Ð ¥É¸Ö ¨§²ÊÎ¥´¨¥ •μ±¨´£ 
±¢ ´Éμ¢ ´´μ° Î¥·´μ° ¤Ò·μ° ˜¢ ·ÍÏ¨²Ó¤ . �¶¨¸ ´ ³¥Ì ´¨§³  ¡¸μ·¡Í¨¨ ¨ ¨§²ÊÎ¥´¨Ö Î ¸É¨Í Î¥·-
´μ° ¤Ò·μ°.

We establish a state of stopping the Hawking radiation by quantum Schwarzschild black hole in the
framework of quasi-classical thermal quantization for particles behind the horizon. The mechanism of
absorption and radiation by the black hole is presented.

PACS: 04.70.Dy

‚‚…„…�ˆ…

ˆ¸Ìμ¤ÖÐ¥¥ μÉ Î¥·´μ° ¤Ò·Ò ¨§²ÊÎ¥´¨¥ •μ±¨´£  [1, 2], ± ± Ìμ·μÏμ ¨§¢¥¸É´μ, ¨³¥¥É
Ô´¥·£¥É¨Î¥¸±¨° ¸¶¥±É·, μÉ²¨Î ÕÐ¨°¸Ö μÉ É¥¶²μ¢μ£μ ¸¶¥±É·   ¡¸μ²ÕÉ´μ Î¥·´μ£μ É¥² .
�·¨Î¨´μ° É ±μ£μ μÉ²¨Î¨Ö, μ¡Ê¸²μ¢²¨¢ ÕÐ¥£μ, ± ± £μ¢μ·ÖÉ, ¸¶¥±É· ®¸¥·μ£μ É¥² ¯, Ö¢²Ö-
¥É¸Ö ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ¥ ¶¥·¥· ¸¸¥Ö´¨¥ ´  £· ¢¨É Í¨μ´´μ³ ¶μÉ¥´Í¨ ²¥ Î ¸É¨Í, · ¸-
¶·μ¸É· ´ÖÕÐ¨Ì¸Ö μÉ £μ·¨§μ´É  ± Ê¤ ²¥´´μ³Ê ´ ¡²Õ¤ É¥²Õ ´  ¡¥¸±μ´¥Î´μ¸É¨. �·μ¨²²Õ-
¸É·¨·Ê¥³ ÔÉμ ¶μ²μ¦¥´¨¥ ¢ ¶·μ¸É¥°Ï¥³ ¸²ÊÎ ¥ Î¥·´μ° ¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤ . ‚ ¸Ë¥·¨Î¥-
¸±¨Ì ¶·μ¸É· ´¸É¢¥´´ÒÌ ±μμ·¤¨´ É Ì ³¥É·¨±  § ¤ ¥É¸Ö ¨´É¥·¢ ²μ³ ¢ ¢¨¤¥

ds2 = gtt(r) d2t − 1
gtt(r)

dr2 − r2[dθ2 + sin2 θ dφ2] (1)

¸
gtt(r) = 1 − rg

r
, (2)

£¤¥ rg Å · ¤¨Ê¸ ¸Ë¥·Ò ˜¢ ·ÍÏ¨²Ó¤ , § ¤ ÕÐ¨° ¥¤¨´¸É¢¥´´Ò° £μ·¨§μ´É ÔÉμ° Î¥·-
´μ° ¤Ò·Ò.

„²Ö · ¤¨ ²Ó´ÒÌ £¥μ¤¥§¨Î¥¸±¨Ì ¤¥°¸É¢¨¥ ´  É· ¥±Éμ·¨¨ ³μ¦´μ ¶·¥¤¸É ¢¨ÉÓ ¢ ¢¨¤¥

SHJ = −Et + SHJ(r), (3)
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£¤¥ E Å ¸μÌ· ´ÖÕÐ Ö¸Ö Ô´¥·£¨Ö ³ ¸¸¨¢´μ° Î ¸É¨ÍÒ, ±μÉμ· Ö § ¤ ¥É ¡¥§· §³¥·´Ò° ¨´-
É¥£· ² ¤¢¨¦¥´¨Ö

A =
m2

E2
. (4)

“· ¢´¥´¨¥ ƒ ³¨²ÓÉμ´ ÄŸ±μ¡¨ § ¶¨Ï¥É¸Ö ¢ Ëμ·³¥

1
m2

(
∂SHJ

∂r∗

)2

= EA − U(r), EA =
1
A

, U(r) = gtt(r) = 1 − rg

r
, (5)

£¤¥ ®Î¥·¥¶ ÏÓÖ¯ ±μμ·¤¨´ É  μ¶·¥¤¥²Ö¥É¸Ö ± ±

r∗ =
∫

dr

gtt(r)
= r + rg ln

[
r

rg
− 1

]
. (6)

“· ¢´¥´¨¥ ƒ ³¨²ÓÉμ´ ÄŸ±μ¡¨ (5) £² ¸¨É, ÎÉμ ¶μ²´ Ö Ô´¥·£¨Ö EA · ¢´  ¸Ê³³¥ ±¨´¥É¨Î¥-
¸±μ£μ Î²¥´  (¶·μ¨§¢μ¤´ Ö ¶μ · ¤¨Ê¸Ê) ¨ ¶μÉ¥´Í¨ ²  U .

‡ ¤ Î  μ · ¤¨ ²Ó´μ³ ¤¢¨¦¥´¨¨ ¶·μ¨²²Õ¸É·¨·μ¢ ´  ´  ·¨¸. 1, £¤¥ ³Ò ¶μ± § ²¨ ®¶μÉ¥´-
Í¨ ²¯ ¨ μÉ· ¦¥´¨¥ ÊÌμ¤ÖÐ¨Ì ´  ¡¥¸±μ´¥Î´μ¸ÉÓ ¢μ²´, ¶μ± § ´´ÒÌ ¸Ì¥³ É¨Î´μ1. �μÔÉμ³Ê
¥¸ÉÓ ´¥´Ê²¥¢μ° ±μÔËË¨Í¨¥´É μÉ· ¦¥´¨Ö, μ¡Ê¸²μ¢²¨¢ ÕÐ¥£μ ¢μ§´¨±´μ¢¥´¨¥ Ë ±Éμ·μ¢

�¨¸. 1. �μÉ¥´Í¨ ² ¶·¨ · ¤¨ ²Ó´μ³
¤¢¨¦¥´¨¨ ¨ ±¢ ´Éμ¢μ¥, É. ¥. ´ ¤¡ -

·Ó¥·´μ¥, μÉ· ¦¥´¨¥ Î ¸É¨Í, ÊÌμ¤Ö-

Ð¨Ì ´  ¡¥¸±μ´¥Î´μ¸ÉÓ

®¸¥·μ£μ É¥² ¯, ±μÉμ·Ò¥ § ¢¨¸ÖÉ μÉ Ô´¥·£¨¨ Î ¸É¨ÍÒ.
ˆ§²ÊÎ¥´¨¥ •μ±¨´£  ¢μ§´¨± ¥É §  ¸Î¥É ¢ ±ÊÊ³´ÒÌ
Ë²Ê±ÉÊ Í¨° ¢¡²¨§¨ £μ·¨§μ´É . ‚¨·ÉÊ ²Ó´Ò¥ Ë²Ê±ÉÊ-
 Í¨¨ É· ´¸Ëμ·³¨·ÊÕÉ¸Ö ¢ ´ ¡²Õ¤ ¥³Ò¥ Î ¸É¨ÍÒ ¨§-
§  ¤¥°¸É¢¨Ö £· ¢¨É Í¨μ´´μ£μ ¶μ²Ö. � ·  Î ¸É¨Í ¢
Ë²Ê±ÉÊ Í¨¨ · ¸Ð¥¶²Ö¥É¸Ö ¶μ²¥³ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:
Î ¸É¨Í  ¸ ¶μ²μ¦¨É¥²Ó´μ° Ô´¥·£¨¥° ÊÌμ¤¨É ´  ¡¥¸±μ-
´¥Î´μ¸ÉÓ,   Î ¸É¨Í  ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ¶ ¤ ¥É
§  £μ·¨§μ´É, Ê³¥´ÓÏ Ö É ±¨³ μ¡· §μ³ ¶μ²´ÊÕ Ô´¥·-
£¨Õ Î¥·´μ° ¤Ò·Ò ¶·¨ ÉμÎ´μ³ ¡ ² ´¸¥ ¶μ μÉ´μÏ¥´¨Õ
± ¨§²ÊÎ¥´´μ° Ô´¥·£¨¨.

‚ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ¶·¨Î¨´ ³¨ ¢¢¥¤¥´¨Ö Ë ±-
Éμ·μ¢ ®¸¥·μ£μ É¥² ¯ ¢μ§´¨± ¥É ¥¸É¥¸É¢¥´´Ò° ¢μ¶·μ¸:
³μ¦¥É ²¨ ¶¥·¥· ¸¸¥Ö´¨¥ ¶ ¤ ÕÐ¥° ´  Î¥·´ÊÕ ¤Ò·Ê
Î ¸É¨ÍÒ ¶·¨¢¥¸É¨ ± ¥¥ μÉ· ¦¥´¨Õ μÉ Î¥·´μ° ¤Ò·Ò?
…¸²¨ É ±μ¥ μÉ· ¦¥´¨¥ ¤¥°¸É¢¨É¥²Ó´μ ¸ÊÐ¥¸É¢Ê¥É, Éμ
μ´μ ³μ£²μ ¡Ò ¢Ò§¢ ÉÓ ¶μ¤ ¢²¥´¨¥  ¡¸μ·¡Í¨¨ Î ¸É¨Í
Î¥·´μ° ¤Ò·μ°,   §´ Î¨É, ¢ Î ¸É´μ¸É¨, ¨ ¶μ¤ ¢²¥´¨¥ ¨§-
²ÊÎ¥´¨Ö •μ±¨´£ . 	μ²¥¥ Éμ£μ, ¶μ²´μ¥ μÉ· ¦¥´¨¥ μ§´ -
Î ²μ ¡Ò ¨ ¶μ²´μ¥ ¶·¥±· Ð¥´¨¥ ¨§²ÊÎ¥´¨Ö •μ±¨´£ .

„²Ö Éμ£μ ÎÉμ¡Ò μÉ¢¥É¨ÉÓ ´  ÔÉμÉ ¢μ¶·μ¸, ³Ò ¨¸-
¶μ²Ó§Ê¥³ ±¢ §¨±² ¸¸¨Î¥¸±¨° É¥·³μ¤¨´ ³¨Î¥¸±¨° ¶μ¤-
Ìμ¤ ± ¶·μ¸É· ´¸É¢Ê-¢·¥³¥´¨ ¶μ¤ £μ·¨§μ´Éμ³ Î¥·´μ°
¤Ò·Ò ¢ Éμ³ ¢¨¤¥, ¢ ±μÉμ·μ³ μ´ ¡Ò² ´¥¤ ¢´μ · §¢¨É

1�É· ¦¥´´Ò¥ ¢μ²´Ò ¨³¥ÕÉ, ±μ´¥Î´μ, ÉÊ ¦¥ Ô´¥·£¨Õ, ÎÉμ ¨ ÊÌμ¤ÖÐ¨¥.
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¢ [3, 4]. ‚¢¥¤¥´¨¥ ÔÉμ£μ Ëμ·³ ²¨§³  ¤¨±ÉÊ¥É¸Ö · ¸¸³μÉ·¥´¨¥³ É· ¥±Éμ·¨°, ¶μ²´μ¸ÉÓÕ
§ ±²ÕÎ¥´´ÒÌ ¶μ¤ £μ·¨§μ´Éμ³. “· ¢´¥´¨¥ (5) ¨ ·¨¸. 1 Ö¸´μ ¶μ± §Ò¢ ÕÉ, ÎÉμ É ±¨¥ É· -
¥±Éμ·¨¨ ¸μμÉ¢¥É¸É¢ÊÕÉ

EA � 0,

ÎÉμ μ§´ Î ¥É ¢¢¥¤¥´¨¥ Î¨¸Éμ ³´¨³ÒÌ ¢¥²¨Î¨´ Ô´¥·£¨¨ ¨ ¨´É¥·¢ ²μ¢ ¢·¥³¥´¨ ¨ É· ±ÉÊ¥É¸Ö
± ± Ê± § ´¨¥ ´  É¥¶²μ¢μ° Ì · ±É¥· ¤¢¨¦¥´¨Ö. ˆ³¥´´μ, ¶¥·¨μ¤ ¤¢¨¦¥´¨Ö ¶μ ³´¨³μ³Ê
¢·¥³¥´¨ · ¢¥´ μ¡· É´μ° É¥³¶¥· ÉÊ·¥ Î ¸É¨Í ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³  ´¸ ³¡²¥, ¸ÊÐ¥¸É¢ÊÕ-
Ð¥³ ¶μ¤ £μ·¨§μ´Éμ³. ’¥¶²μ¢μ¥ · ¢´μ¢¥¸¨¥, É·¥¡ÊÕÐ¥¥ ÉμÎ´μ° ¶¥·¨μ¤¨Î´μ¸É¨, ¶·¨¢μ¤¨É
± ±¢ §¨±² ¸¸¨Î¥¸±μ³Ê ±¢ ´Éμ¢ ´¨Õ ¤²Ö Î ¸É¨Í, § ±²ÕÎ¥´´ÒÌ ¶μ¤ £μ·¨§μ´Éμ³, ¶μ  ´ ²μ-
£¨¨ ¸ ¢¢¥¤¥´¨¥³ μ·¡¨É 	μ·  ¢ ®¸É ·μ° ±¢ ´Éμ¢μ° É¥μ·¨¨¯. ‚ ¤ ´´μ° ¸É ÉÓ¥ ³Ò ¤¥É ²Ó´μ
¨¸¸²¥¤Ê¥³ μ¸´μ¢´μ¥ ±¢ ´Éμ¢μ¥ ¸μ¸ÉμÖ´¨¥ Î¥·´μ° ¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤  ¨ ¥£μ ¢μ§¡Ê¦¤¥-
´¨Ö ¨ ¶μ± §Ò¢ ¥³, ± ± ¶¥·¥Ìμ¤Ò ³¥¦¤Ê ¢μ§¡Ê¦¤¥´´Ò³¨ Ê·μ¢´Ö³¨ ¶·¨¢μ¤ÖÉ ± ¨§²ÊÎ¥´¨Õ
•μ±¨´£  ¸ · ¸¶·¥¤¥²¥´¨¥³ ƒ¨¡¡¸  ¶μ Ô´¥·£¨¨

w ∼ e−βE,

£¤¥ β = 1/T Å μ¡· É´ Ö É¥³¶¥· ÉÊ·  Î¥·´μ° ¤Ò·Ò,   E Å Ô´¥·£¨Ö ±¢ ´É  ¨§²ÊÎ¥´¨Ö.
‡ É¥³ ³Ò Ê± §Ò¢ ¥³ Ê¸²μ¢¨Ö, ¶·¨ ±μÉμ·ÒÌ ¨§²ÊÎ¥´¨¥ •μ±¨´£  ¶·¥±· Ð ¥É¸Ö: Î¥·´ Ö
¤Ò·  ¶¥·¥¸É ¥É ¨§²ÊÎ ÉÓ, ¥¸²¨ ¢¸¥ ¢μ§¡Ê¦¤¥´¨Ö ¶¥·¥Ï²¨ ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥.

‘É ÉÓÖ ¶μ¸É·μ¥´  ¶μ ¸²¥¤ÊÕÐ¥³Ê ¶² ´Ê: ¢ · §¤. 1 ³Ò ¢μ¸¶·μ¨§¢μ¤¨³ μ¸´μ¢´Ò¥ ¶Ê´±ÉÒ
¢ ±² ¸¸¨Ë¨± Í¨¨ · ¤¨ ²Ó´ÒÌ É· ¥±Éμ·¨°, § ±²ÕÎ¥´´ÒÌ ¶μ¤ £μ·¨§μ´Éμ³ Î¥·´μ° ¤Ò·Ò, ¨
Ê£²Ê¡²Ö¥³  ´ ²¨§, · §¤¥²ÖÖ ·¥£Ê²Ö·´Ò¥ ¢±² ¤Ò, μ¶¨¸ ´´Ò¥ ¢ [3, 4], ¨ É ± ´ §Ò¢ ¥³Ò¥
®´¥³Ò¥¯ Î²¥´Ò, ±μÉμ·Ò¥, ¢ ´¥±μÉμ·μ³ ¸³Ò¸²¥,  ´ ²μ£¨Î´Ò ³μ·Õ „¨· ± , É ± ± ± μ´¨
¸μ±· Ð ÕÉ¸Ö ¢ ¶μ²´μ° Ô´¥·£¨¨ ¨ ¸É É¨¸É¨Î¥¸±μ° ¸Ê³³¥. Š·μ³¥ Éμ£μ, ³Ò ¶·¨¢μ¤¨³ Ö¸-
´Ò¥  ·£Ê³¥´ÉÒ ¢ ¶μ²Ó§Ê ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±μ° É· ±Éμ¢±¨ ÔÉ¨Ì ®´¥³ÒÌ¯ Î²¥´μ¢, ±μÉμ·Ò¥
μ¡Ê¸²μ¢²¥´Ò ¸¤¢¨£μ³ Ë §Ò ¢μ²´Ò ¶·¨ μÉ· ¦¥´¨¨ μÉ ¶μÉ¥´Í¨ ²Ó´μ£μ ¡ ·Ó¥· . ‡ É¥³ ³Ò
¶·¨³¥´Ö¥³ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨, ¤²Ö Éμ£μ ÎÉμ¡Ò μ¶¨¸ ÉÓ ¢μ§¡Ê¦¤¥´¨Ö. ‚μ§¡Ê¦¤¥-
´¨Ö μ¡· §ÊÕÉ¸Ö Ô´¥·£¨Î´Ò³¨ Î ¸É¨Í ³¨, ¸¶ ·¥´´Ò³¨ ¸ ¨Ì ® ´É¨¶μ¤ ³¨¯, ±μÉμ·Ò¥ ¨³¥ÕÉ
¶·μÉ¨¢μ¶μ²μ¦´Ò° §´ ± ¥¢±²¨¤μ¢μ° Ô´¥·£¨¨. ‚ · §¤. 2 ¶·¥¤¸É ¢²¥´ ³¥Ì ´¨§³  ¡¸μ·¡Í¨¨
Î ¸É¨Í Î¥·´μ° ¤Ò·μ° ¨ ¶·¥¤¥² ¡μ²ÓÏ¨Ì ±¢ ´Éμ¢ÒÌ Î¨¸¥² ¤²Ö ¨§²ÊÎ¥´¨Ö •μ±¨´£ , ±μÉμ-
·μ¥, ± ± ¶μ± § ´μ, ¶μ¤Î¨´Ö¥É¸Ö · ¸¶·¥¤¥²¥´¨Õ ƒ¨¡¡¸ . �¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ±¢ ´Éμ¢ ´-
´μ° Î¥·´μ° ¤Ò·Ò ´¥ ¶·μ¨§¢μ¤¨É ´¨± ±μ£μ ¨§²ÊÎ¥´¨Ö •μ±¨´£ . ‚ § ±²ÕÎ¥´¨¨ ¸Ê³³¨·Ê-
ÕÉ¸Ö ´ Ï¨ ¢Ò¢μ¤Ò.

1. Š‚��’�‚›… “��‚�ˆ

ƒ¥μ¤¥§¨Î¥¸±¨¥ ³ ¸¸¨¢´μ° Î ¸É¨ÍÒ, § ±²ÕÎ¥´´μ° ¶μ¤ £μ·¨§μ´Éμ³, ¸ ¢·¥³¥´¨¶μ¤μ¡-
´Ò³¨ ¨´É¥·¢ ² ³¨ μ¶¨¸Ò¢ ÕÉ¸Ö ¢ É¥·³¨´ Ì ³¥É·¨±¨ ¤²Ö Î¥·´μ° ¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤  [3]

ds2 =
rg

r
exp

(
− r

rg

)
(dρ2 + ρ2dϕ2

E) − r2(dθ2 + sin2 θ dφ2), (7)

£¤¥ ⎧⎪⎨
⎪⎩

t = −i2rgϕE , ϕE ∈ [0, 2π],

r∗ = 2rg ln
[
− ρ

2rg

]
, ρ ∈ [0, 2rg],

(8)
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  ¥¢±²¨¤μ¢  Ë §  ϕE ¨³¥¥É ¶¥·¨μ¤, · ¢´Ò° 2π, ÎÉμ μÉ¢¥Î ¥É μ¡· É´μ° É¥³¶¥· ÉÊ·¥

β = 4πrg. (9)

’· ¥±Éμ·¨Ö § ¤ ¥É¸Ö Ê· ¢´¥´¨¥³

dϕE

dr
=

1
2rg

√
1 − rc

rg

r

rg − r

√
r

rc − r
, (10)

£¤¥ ³ ±¸¨³ ²Ó´μ¥ Ê¤ ²¥´¨¥ Î ¸É¨ÍÒ μÉ ¸¨´£Ê²Ö·´μ¸É¨ ¶·¨ r = 0 μ¶·¥¤¥²Ö¥É¸Ö ¨´É¥£· ²μ³
¤¢¨¦¥´¨Ö

rc = −rg
A

1 − A
� rg ¶·¨ A < 0. (11)

�¥£Ê²Ö·´Ò° Í¨±² § ¤ ¥É¸Ö (10), ¨ ¥£μ §´ Î¥´¨¥ ¤²Ö ϕE · ¢´μ ¨´±·¥³¥´ÉÊ Ë §Ò ¢μ
¢·¥³Ö ¤¢¨¦¥´¨Ö μÉ ¸¨´£Ê²Ö·´μ¸É¨ ¤μ rc ¨ μ¡· É´μ,

ΔcϕE = 2

rc∫
0

dr
dϕE

dr
=

π

2

[
2 − (2 + x)

√
1 − x

]
, x =

rc

rg
. (12)

�μ¢Ò° Ô²¥³¥´É, ±μÉμ·Ò° ³Ò ¢¢μ¤¨³, Å ÔÉμ É ± ´ §Ò¢ ¥³μ¥ ®´¥³μ¥¯ ·¥Ï¥´¨¥ Ê· ¢´¥-
´¨Ö (10), ±μÉμ·μ¥ μ¶·¥¤¥²Ö¥É¸Ö

r ≡ rc ¶·¨ rc < rg, (13)

ÎÉμ ¢μ§³μ¦´μ ¨§-§  ¸¨´£Ê²Ö·´μ¸É¨ ¢ (10), É ± ± ±

dr

dϕE
≡ 0 ¶·¨ r ≡ rc < rg. (14)

…¸²¨ ¨£´μ·¨·μ¢ ÉÓ ®´¥³μ¥¯ ·¥Ï¥´¨¥, Éμ ·¥£Ê²Ö·´μ¥ Î¨¸²μ Í¨±²μ¢ §  ¶¥·¨μ¤ ´ ¨¢´μ
¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

ñ =
2π

ΔcϕE
, (15)

±μÉμ·μ¥ ³Ò ´ §Ò¢ ¥³ ®Î¨¸²μ³ ´ ³μÉ±¨¯. �·¨³¥·Ò £¥μ¤¥§¨Î¥¸±¨Ì ¶μ± § ´Ò ´  ·¨¸. 2.
�¤´ ±μ ¨§-§  ®´¥³ÒÌ¯ £¥μ¤¥§¨Î¥¸±¨Ì Î ¸É¨Í  ³μ¦¥É ´ Ìμ¤¨ÉÓ¸Ö ´  ¸³¥Ï ´´ÒÌ É· -

¥±Éμ·¨ÖÌ, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 3, É ± ± ± μ¡¥ £¥μ¤¥§¨Î¥¸±¨¥ Ö¢²ÖÕÉ¸Ö ± ¸ É¥²Ó´Ò³¨

�¨¸. 2. ƒ¥μ¤¥§¨Î¥¸±¨¥, § ±²ÕÎ¥´´Ò¥ ¶μ¤ £μ·¨§μ´Éμ³, ¢ ¶μ²Ö·´ÒÌ

±μμ·¤¨´ É Ì {ρ, ϕE}: Î¨¸²μ ´ ³μÉ±¨, · ¢´μ¥ 4, μÉ¢¥Î ¥É ¸¶²μÏ-

´Ò³ ¤Ê£ ³, ®´¥³ Ö¯ É· ¥±Éμ·¨Ö ¸ É¥³ ¦¥ §´ Î¥´¨¥³ rc ¶μ± § ´ 
ÏÉ·¨Ìμ¢μ° μ±·Ê¦´μ¸ÉÓÕ. ’μÎ±  ¢ Í¥´É·¥ ¸μμÉ¢¥É¸É¢Ê¥É £μ·¨§μ´ÉÊ

¶·¨ r = rg,   ¸¶²μÏ´ Ö μ±·Ê¦´μ¸ÉÓ ¶μ± §Ò¢ ¥É ¸¨´£Ê²Ö·´μ¸ÉÓ
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�¨¸. 3. ‘³¥Ï ´´ Ö £¥μ¤¥§¨-

Î¥¸± Ö, ¸μ¤¥·¦ Ð Ö ®´¥³Ò¥¯

¢±² ¤Ò

¶·¨ ³ ±¸¨³ ²Ó´μ³ Ê¤ ²¥´¨¨ μÉ ¸¨´£Ê²Ö·´μ¸É¨. Œμ¦´μ ¸± -
§ ÉÓ, ÎÉμ ·¥£Ê²Ö·´ Ö É· ¥±Éμ·¨Ö ¶·¨²¨¶ ¥É ± ®´¥³μ³Ê¯ ¶ÊÉ¨
¶·¨ r = rc. ‘²¥¤μ¢ É¥²Ó´μ, ´¥μ¡Ìμ¤¨³μ μ¶·¥¤¥²¨ÉÓ ·μ²Ó
®´¥³ÒÌ¯ £¥μ¤¥§¨Î¥¸±¨Ì.

‚ É ±μ³ ¸²ÊÎ ¥ ¢ÒÎ¨¸²¨³ ¸´ Î ²  ¤¥°¸É¢¨¥ ´  ®´¥³μ°¯
É· ¥±Éμ·¨¨ (dr ≡ 0):

Smute = −E
∮

dtE , (16)

£¤¥ ¥¢±²¨¤μ¢μ ¢·¥³Ö ¤ ¥É¸Ö ¢Ò· ¦¥´¨¥³

tE =
β

2π
ϕE , (17)

¢ Éμ ¢·¥³Ö ± ± E Å ¥¢±²¨¤μ¢  Ô´¥·£¨Ö, É ± ÎÉμ A = −m2/E2. ’μ£¤  ¤¥°¸É¢¨¥ §  ¶¥·¨μ¤

Smute = −βE . (18)

�μ¤Î¥·±´¥³, ÎÉμ ®´¥³μ¥¯ ¤¥°¸É¢¨¥ § ¢¨¸¨É μÉ §´ ±  Ô´¥·£¨¨ E .
‡ É¥³ ¨¸¶μ²Ó§Ê¥³ § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨. ‚ ¸ ³μ³ ¤¥²¥, ¶μ²´ Ö Ô´¥·£¨Ö Î¥·´μ°

¤Ò·Ò Å ÔÉμ ¥¥ ³ ¸¸  M , ±μÉμ· Ö Ö¢²Ö¥É¸Ö ¤¥°¸É¢¨É¥²Ó´Ò³ Î¨¸²μ³. �´¥·£¨Ö E μÉ¢¥Î ¥É
Î¨¸Éμ ³´¨³μ³Ê ¢±² ¤Ê ¢ ¶μ²´ÊÕ Ô´¥·£¨Õ. ‘²¥¤μ¢ É¥²Ó´μ, ÔÉμÉ ¢±² ¤ ¤μ²¦¥´ ¸μ±· Ð ÉÓ¸Ö
¸ Î²¥´μ³ ¶·μÉ¨¢μ¶μ²μ¦´μ£μ §´ ± . ’ ±¨³ μ¡· §μ³, ³Ò ¶μ¸ÉÊ²¨·Ê¥³, ÎÉμ ¤²Ö ± ¦¤μ°
Î ¸É¨ÍÒ ´  ®´¥³μ°¯ £¥μ¤¥§¨Î¥¸±μ° ¨³¥¥É¸Ö ®´¥³ Ö¯  ´É¨Î ¸É¨Í  ¸ ¶·μÉ¨¢μ¶μ²μ¦´Ò³
§´ ±μ³ Ô´¥·£¨¨. ‚ ¨Éμ£¥, ¸Ê³³  ¨Ì ¤¥°¸É¢¨° § ´Ê²Ö¥É¸Ö:

Smute + Santi-mute ≡ 0. (19)

‘²¥¤μ¢ É¥²Ó´μ, ®´¥³ Ö¯ ¶ ·  ´¥ ¤ ¥É ´¨± ±μ£μ ¢±² ¤  ± ± ¢ ¶μ²´ÊÕ Ô´¥·£¨Õ, É ± ¨ ¢
¸É É¸Ê³³Ê: ®´¥³Ò¥¯ Î²¥´Ò ¸μ±· Ð ÕÉ¸Ö. ’ ±¨³ μ¡· §μ³, ³μ¦´μ μÉ¡·μ¸¨ÉÓ ®´¥³Ò¥¯
¢±² ¤Ò ¢ ¤¥°¸É¢¨¨ ¢ ¶μ²´μ°  ´ ²μ£¨¨ ¸ ³μ·¥³ „¨· ± .

�¤´ ±μ ®´¥³Ò¥¯ ¶ÊÉ¨ ÊÎ ¸É¢ÊÕÉ ¢ ¤¨´ ³¨±¥ ´¥ ´ ¶·Ö³ÊÕ,   ±μ¸¢¥´´μ. ‚ ¸ ³μ³ ¤¥²¥,
¤²Ö ·¥£Ê²Ö·´ÒÌ Î²¥´μ¢ ¨´±·¥³¥´É ¤¥°¸É¢¨Ö §  Í¨±² · ¢¥´ [3]

ΔcS = −mπrgx
3/2. (20)

‡ ³¥É¨³, ÎÉμ ÔÉμÉ ¢±² ¤ ´¥ § ¢¨¸¨É μÉ §´ ±  Ô´¥·£¨¨ E . �μÔÉμ³Ê ¤¥°¸É¢¨¥ §  ¶¥·¨μ¤ § ¤ -
¥É¸Ö ¶·μ¨§¢¥¤¥´¨¥³ ÔÉμ£μ ¨´±·¥³¥´É  ´  Î¨¸²μ Í¨±²μ¢ ¸ ÊÎ¥Éμ³ ¶μ¶· ¢±¨, μ¡Ê¸²μ¢²¥´´μ°
Ë §μ°, ¶·¨´ ¤²¥¦ Ð¥° ®´¥³Ò³¯ ÊÎ ¸É± ³ ¶ÊÉ¨,

n =
2π − Δmute ϕE

ΔcϕE
, (21)

É ± ÎÉμ
S = −mπrgx

3/2
n n, (22)

£¤¥ ³Ò ¢ Ö¢´μ³ ¢¨¤¥ Ê± § ²¨ § ¢¨¸¨³μ¸ÉÓ μÉ ³ ±¸¨³ ²Ó´μ£μ Ê¤ ²¥´¨Ö μÉ ¸¨´£Ê²Ö·´μ¸É¨,
¢¢¥¤Ö ´ ÉÊ· ²Ó´Ò° ¨´¤¥±¸ Î¨¸²  ´ ³μÉ±¨ ¸ ÊÎ¥Éμ³ ¶μ¶· ¢±¨ ¢ É¥·³¨´ Ì x: rc = xn rg .
‘μμÉ¢¥É¸É¢ÊÕÐ¨° Î²¥´ ¢ ¤¥°¸É¢¨¨ ¨§-§  ®´¥³μ°¯ Î ¸É¨ ¶ÊÉ¨ § ¤ ¥É¸Ö

ΔSmute = −βEΔmute ϕE

2π
. (23)
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Š ± ¨ ¶·¥¦¤¥, ¢ ¸μ£² ¸¨¨ ¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ³Ò ¶μ¸ÉÊ²¨·Ê¥³, ÎÉμ ÔÉμ° Î -
¸É¨Í¥ ¤μ²¦´  ¸μ¸É ¢¨ÉÓ ±μ³¶ ´¨Õ ÉμÎ´μ É ± Ö ¦¥ Î ¸É¨Í  ¸ Éμ° ¦¥ É· ¥±Éμ·¨¥°, ´μ ¸
¶·μÉ¨¢μ¶μ²μ¦´Ò³ §´ ±μ³ Ô´¥·£¨¨. ’ ±ÊÕ §¥·± ²Ó´ÊÕ É· ¥±Éμ·¨Õ ³Ò ´ §Ò¢ ¥³ ® ´É¨-
¶μ¤μ³¯. ‚ ¨Éμ£¥, ®´¥³Ò¥¯ Î²¥´Ò μ¶ÖÉÓ ¦¥ ¸μ±· Ð ÕÉ¸Ö,   ·¥£Ê²Ö·´Ò° ¢±² ¤ Î ¸É¨ÍÒ ¨
 ´É¨¶μ¤  Ê¤¢ ¨¢ ¥É¸Ö:

Spair = −2mπrgx
3/2
n n. (24)

�ÉμÉ ¶μ¸ÉÊ² É ¨³¥¥É ¤¢  ¸²¥¤¸É¢¨Ö.
1) ‚ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨, E ≡ 0, Î ¸É¨ÍÒ ¨ ¨Ì  ´É¨¶μ¤Ò ´¥· §²¨Î¨³Ò; ¢ Éμ ¦¥ ¢·¥³Ö

´  μ¸´μ¢´μ³ Ê·μ¢´¥ ´¥É ®´¥³ÒÌ¯ ¢±² ¤μ¢ ¢ É· ¥±Éμ·¨¨.
2) ‚μ§¡Ê¦¤¥´¨Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¸ÊÐ¥¸É¢ÊÕÉ ¢ ¢¨¤¥ ¶ · ®Î ¸É¨Í Ä ´É¨¶μ¤¯.
„²Ö μ¶·¥¤¥²¥´´μ¸É¨ ´¥μ¡Ìμ¤¨³μ § Ë¨±¸¨·μ¢ ÉÓ §´ Î¥´¨¥ ¸¤¢¨£  Ë §Ò ΔmuteϕE .

‚ ÔÉμ³ ¸³Ò¸²¥ ¢¥¸Ó³  ¶μ± § É¥²Ó´μ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö: ¶·¨ ¡μ²ÓÏ¨Ì
Î¨¸² Ì ´ ³μÉ±¨ ±¢ §¨±² ¸¸¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¤μ²¦´μ ¨³¥ÉÓ ¸¢μ¨³ ¶·¥¤¥²μ³ ±² ¸¸¨Î¥-
¸±ÊÕ ¤¨´ ³¨±Ê. ‚ ´ Ï¥³ ¸²ÊÎ ¥ ÔÉμÉ ¶·¨´Í¨¶ μ§´ Î ¥É ¸²¥¤ÊÕÐ¥¥:

�·¥¤¥² n � 1 ¸μμÉ¢¥É¸É¢Ê¥É x → 0. ’μ£¤  ¨´±·¥³¥´É Ë §Ò · ¢¥´

ΔcϕE → 3π

8
1
x2

, (25)

¢ Éμ ¢·¥³Ö ± ±
m = |E|

√
−A → |E|x1/2. (26)

‘²¥¤μ¢ É¥²Ó´μ,

Spair = −βEpair ·
4
3

2π − Δmute ϕE

2π
, (27)

£¤¥ ¶μ²μ¦¨É¥²Ó´ Ö Ô´¥·£¨Ö ¶ ·Ò Î ¸É¨Í Ä ´É¨¶μ¤ μ¶·¥¤¥²Ö¥É¸Ö ± ±

Epair = 2|E|. (28)

Š ± ¡Ò²μ ¶μ± § ´μ ¢ [3, 4], ¤¥°¸É¢¨¥ ´  É ±¨Ì É· ¥±Éμ·¨ÖÌ ¸ Î¨¸Éμ ³´¨³Ò³ ¢·¥³¥´¥³
¤ ¥É ¢±² ¤ ¢ ¸É É¸Ê³³Ê ¸É ´¤ ·É´Ò³ μ¡· §μ³:

w = eS , (29)

ÎÉμ ¤μ²¦´μ ¢μ¸¶·μ¨§¢μ¤¨ÉÓ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  ¢ ±² ¸¸¨Î¥¸±μ³ ¶·¥¤¥²¥ n � 1,

w = e−βE.

‚ ¨Éμ£¥, ¶·¨´Í¨¶ ¸μμÉ¢¥É¸É¢¨Ö ¶·¨¢μ¤¨É ±

Δmute ϕE =
π

2
¶·¨ rc < rg, (30)

£¤¥ ³Ò ´ ¶μ³¨´ ¥³, ÎÉμ ¤ ´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ ¸¶· ¢¥¤²¨¢μ ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥°,
¢ Éμ ¢·¥³Ö ± ± ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨ ΔmuteϕE ≡ 0, É ± ± ± ¤²Ö ³ ¸¸¨¢´μ° Î ¸É¨ÍÒ ´¥
¸ÊÐ¥¸É¢Ê¥É ®´¥³ÒÌ¯ É· ¥±Éμ·¨° ¶·¨ r = rg (¨´É¥·¢ ² Éμ¦¤¥¸É¢¥´´μ μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó).

’¥¶¥·Ó ³μ¦´μ ²¥£±μ · ¸¸³μÉ·¥ÉÓ ¤¢  ¶·¥¤¥²  ¢ ¢ÒÎ¨¸²¥´¨¨ ¸É É¸Ê³³Ò.
1. …¸²¨ ¢¸¥ Î ¸É¨ÍÒ ´ Ìμ¤ÖÉ¸Ö ´  μ¸´μ¢´μ³ Ê·μ¢´¥, Éμ ¸Ê³³¨·μ¢ ´¨¥ ¤¥°¸É¢¨° ¸¢μ-

¤¨É¸Ö ± ¸Ê³³¨·μ¢ ´¨Õ ³ ¸¸ Î ¸É¨Í

G =
∑

S = −β

2

∑
m = −1

2
βM,
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£¤¥ M Å ³ ¸¸  Î¥·´μ° ¤Ò·Ò:

M =
∑

m.

’¥·³μ¤¨´ ³¨Î¥¸± Ö ËÊ´±Í¨Ö G ¢μ¸¶·μ¨§¢μ¤¨É ¶· ¢¨²Ó´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ¶·μ¨§¢¥¤¥´¨Ö
μ¡· É´μ° É¥³¶¥· ÉÊ·Ò ´  ¸¢μ¡μ¤´ÊÕ Ô´¥·£¨Õ F

G = −βF , F =
1
2

M.

2. …¸²¨ ¢¸¥ Î ¸É¨ÍÒ § ´¨³ ÕÉ ¸¨²Ó´μ ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨, Éμ ¸Ê³³  Ô´¥·£¨° ¶ ·
Î ¸É¨Í Ä ´É¨¶μ¤ μ¶ÖÉÓ ¤ ¥É ³ ¸¸Ê Î¥·´μ° ¤Ò·Ò

M =

M∫
0

dEpair,

£¤¥ ³Ò ¢¢¥²¨ ¤¨ËË¥·¥´Í¨ ² ¤²Ö μ¡μ§´ Î¥´¨Ö Ô´¥·£¨¨ ¶ ·Ò, ±μÉμ· Ö ¡¥¸±μ´¥Î´μ ³ ²  ¢
¸· ¢´¥´¨¨ ¸ ¶μ²´μ° Ô´¥·£¨¥°: Epair �→ dEpair,   É ±¦¥ ¨¸¶μ²Ó§μ¢ ²¨ ¨´É¥£·¨·μ¢ ´¨¥ ¢³¥-
¸Éμ ¸Ê³³¨·μ¢ ´¨Ö ¶μ ¶ · ³. ‚ ÔÉμ³ ¸²ÊÎ ¥ É¥³¶¥· ÉÊ·  μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¸Ê³³¨·μ¢ ´´μ°
Ô´¥·£¨¥° ¤·Ê£¨Ì ¶ ·, É ± ÎÉμ

β = 8πM �→ β(Epair) = 8πEpair,

¨ ¸²¥¤μ¢ É¥²Ó´μ, ËÊ´±Í¨Ö G ¶μ²ÊÎ ¥É¸Ö ¨´É¥£·¨·μ¢ ´¨¥³

G = −
M∫
0

β(Epair) dEpair = −4πE2
pair

∣∣∣∣
M

0

= −1
2

βM,

ÎÉμ μ¶ÖÉÓ ¢μ¸¶·μ¨§¢μ¤¨É ¶· ¢¨²Ó´μ¥ §´ Î¥´¨¥.
�¥É·Ê¤´μ ¶μ´ÖÉÓ, ÎÉμ ¸³¥Ï ´´ Ö ¸¨ÉÊ Í¨Ö ³μ¦¥É ¡ÒÉÓ μ¶¨¸ ´  ± ± ¶·μ¸É Ö ±μ³¡¨-

´ Í¨Ö ¤¢ÊÌ · ¸¸³μÉ·¥´´ÒÌ ´ ³¨ ¶·¥¤¥²μ¢. �μ± § É¥²Ó´μ, ÎÉμ ³ ¸¸  Î¥·´μ° ¤Ò·Ò ¤ ¥É¸Ö

�¨¸. 4. Š¢ ´Éμ¢ ´´ Ö ¸É·Ê±ÉÊ·  Î¥·´μ°

¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤ 

¸Ê³³μ° ± ± ³ ¸¸ Î ¸É¨Í ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨, É ±
¨ Ô´¥·£¨° Î ¸É¨Í ¨ ¨Ì  ´É¨¶μ¤μ¢ ´  ¢μ§¡Ê¦¤¥´´ÒÌ
Ê·μ¢´ÖÌ.

‘Ì¥³ É¨Î¥¸±¨ ¸É·Ê±ÉÊ·  ±¢ ´Éμ¢ ´´μ° Î¥·´μ°
¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤  ¶μ± § ´  ´  ·¨¸. 4.

’¥¶¥·Ó Ê± ¦¥³ ¶·μ¸ÉÊÕ  ´ ²μ£¨Õ, ¶μ§¢μ²ÖÕ-
ÐÊÕ ¶μ´ÖÉÓ §´ Î¥´¨¥ ¸¤¢¨£  Ë §Ò ¤²Ö ¢μ§¡Ê¦¤¥´-
´ÒÌ Ê·μ¢´¥° ¨ ¥£μ μÉ¸ÊÉ¸É¢¨¥ ¤²Ö μ¸´μ¢´μ£μ ¸μ-
¸ÉμÖ´¨Ö. � Î´¥³ ¸ μ¸´μ¢´μ° Ëμ·³Ê²Ò ¤²Ö ¶¥·¨μ-
¤¨Î¥¸±μ£μ ¤¢¨¦¥´¨Ö∮

dϕE = 2π. (31)

„²Ö Éμ£μ ÎÉμ¡Ò Ê¢¨¤¥ÉÓ  ´ ²μ£¨Õ ¸ ±¢ §¨±² ¸¸¨Î¥¸±¨³ ±¢ ´Éμ¢ ´¨¥³, ¤μ³´μ¦¨³ Ëμ·³Ê²Ê
´  Î¨¸²μ ´ ³μÉ±¨, É ± ÎÉμ ∮

ndϕE = 2πn. (32)
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�Éμ ¢Ò· ¦¥´¨¥ ¤ ¥É μ¸´μ¢ ´¨¥ ¤²Ö ¨´É¥·¶·¥É Í¨¨ ϕE ¢ ± Î¥¸É¢¥ ¤¨´ ³¨Î¥¸±μ° ¶¥·¥-
³¥´´μ°,   n ¢ ± Î¥¸É¢¥ ± ´μ´¨Î¥¸±¨ ¸μ¶·Ö¦¥´´μ£μ ± ϕE ¨³¶Ê²Ó¸ .

‡ É¥³ ¢Ò¤¥²¨³ ·¥£Ê²Ö·´Ò° Î²¥´, ±μÉμ·Ò° ¤ ¥É¸Ö ¨´É¥£·¨·μ¢ ´¨¥³ ¶μ · ¤¨Ê¸Ê,

∮
reg

n dϕE = n2n

rc∫
0

dϕE

dr
dr = n2ΔcϕE . (33)

�ÉμÉ ·¥£Ê²Ö·´Ò° ¢±² ¤ Å ÉμÎ´Ò°  ´ ²μ£ ±μ³¶²¥±¸´μ° Ë §Ò ¢μ²´μ¢μ° ËÊ´±Í¨¨ ¢ ±¢ §¨-
±² ¸¸¨Î¥¸±μ³ ¶·¨¡²¨¦¥´¨¨, ∮

reg

P dQ,

£¤¥ Q Å ¤¨´ ³¨Î¥¸± Ö ¶¥·¥³¥´´ Ö,   P Å ¸μ¶·Ö¦¥´´Ò° ± ´¥° ¨³¶Ê²Ó¸.
’μ£¤  ·¨¸. 1 ¶μ± §Ò¢ ¥É, ÎÉμ, ¸μ£² ¸´μ ¸É ´¤ ·É´μ³Ê ±¢ §¨±² ¸¸¨Î¥¸±μ³Ê · ¸¸³μÉ·¥-

´¨Õ μÉ· ¦¥´¨Ö ¢ ÉμÎ± Ì ¶μ¢μ·μÉ  ¶·¨ μ¤´μ³¥·´μ³ ¤¢¨¦¥´¨¨ Î ¸É¨ÍÒ ¢ ¢μ²´μ¢μ° ³¥-
Ì ´¨±¥, ± ¦¤μ¥ μÉ· ¦¥´¨¥ É· ¥±Éμ·¨¨ ¶·¨ r = rc ¤ ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ Ë §Ê, · ¢´ÊÕ
−π/2, ¤²Ö μÉ· ¦¥´´μ° ¢μ²´Ò ¶μ ¸· ¢´¥´¨Õ ¸ ¶ ¤ ÕÐ¥° ´  ¶μÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥·
¶·¨ r = rc,   É ±¦¥ ¤μ¶μ²´¨É¥²Ó´ÊÕ Ë §Ê, · ¢´ÊÕ π, ¶·¨ μÉ· ¦¥´¨¨ ¢ ÉμÎ±¥ r = 0,
É ± ± ± ¶μÉ¥´Í¨ ²Ó´ Ö ¸É¥´±  ¶·¨ r � 0 Ö¢²Ö¥É¸Ö ¡¥¸±μ´¥Î´μ ¢Ò¸μ±μ° ¨  ¡¸μ²ÕÉ´μ
´¥¶·μ´¨Í ¥³μ°. Š¢ §¨±² ¸¸¨Î¥¸±μ¥ ±¢ ´Éμ¢ ´¨¥ ¶μ 	μ·ÊÄ‡μ³³¥·Ë¥²Ó¤Ê ¤ ¥É∮

reg

n dϕE = 2πn + n
(π

2
− π

)
= n

3π

2
. (34)

‘²¥¤μ¢ É¥²Ó´μ, ¶· ¢¨²Ó´μ¥ §´ Î¥´¨¥ Î¨¸²  ´ ³μÉ±¨ ¶·¨ rc < rg · ¢´μ

n =
3π

2ΔcϕE
, (35)

ÎÉμ ¢ ÉμÎ´μ¸É¨ ¢μ¸¶·μ¨§¢μ¤¨É ·¥§Ê²ÓÉ É ´ Ï¥£μ · ¸¸³μÉ·¥´¨Ö ¢ É¥·³¨´ Ì ®´¥³ÒÌ¯ ¢±² -
¤μ¢ ¢ É· ¥±Éμ·¨¨. Š¢ ´Éμ¢ ´¨¥ ¶μ 	μ·ÊÄ‡μ³³¥·Ë¥²Ó¤Ê Ö¢²Ö¥É¸Ö ¤μ¸É ÉμÎ´μ ÉμÎ´Ò³
¶·¨ rc 	 rg ¶μ ¸²¥¤ÊÕÐ¥° ¶·¨Î¨´¥: ¢ ¤¥°¸É¢¨É¥²Ó´μ¸É¨ ¸²¥¤Ê¥É ¸Î¨É ÉÓ, ÎÉμ ¢μ²´μ-
¢ Ö ËÊ´±Í¨Ö μ¡· Ð ¥É¸Ö ¢ ´Ê²Ó ¶·¨ r = rg , ÎÉμ ¢μ§³μ¦´μ Éμ²Ó±μ, ¥¸²¨ μ¡¥, ¶ ¤ ÕÐ Ö
¨ · ¸ÉÊÐ Ö, Ô±¸¶μ´¥´ÉÒ ¤ ÕÉ ¢±² ¤ ¶·¨ r > rc. �¤´ ±μ · ¸ÉÊÐ¥° Ô±¸¶μ´¥´Éμ°, ±μÉμ· Ö
±μ³¶¥´¸¨·Ê¥É Ì¢μ¸É ¶ ¤ ÕÐ¥° Ô±¸¶μ´¥´ÉÒ ¶·¨ r = rg , ³μ¦´μ ¶·¥´¥¡·¥ÎÓ, ¥¸²¨ rc 	 rg .
’ ±¨³ μ¡· §μ³, ¶·¨³¥´¥´¨¥ ÔÉμ£μ ¶· ¢¨²  ±¢ ´Éμ¢ ´¨Ö ¢¶μ²´¥ μ¶· ¢¤ ´μ.

‘¨ÉÊ Í¨Ö ´¥³´μ£μ ³¥´Ö¥É¸Ö ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö, ¶μ¸±μ²Ó±Ê ¢μ²´μ¢ Ö ËÊ´±Í¨Ö
¤μ²¦´  ÉμÎ´μ § ´Ê²ÖÉÓ¸Ö ¶·¨ r = rg , ÎÉμ μ§´ Î ¥É ¶μ²´μ¥ μÉ· ¦¥´¨¥ ¢μ²´Ò ¢ ¶· ¢μ°
ÉμÎ±¥ ¶μ¢μ·μÉ . ‘μμÉ¢¥É¸É¢ÊÕÐ Ö ±μ³¶²¥±¸´ Ö Ë §  ³¥¦¤Ê ¶ ¤ ÕÐ¥° ¨ μÉ· ¦¥´´μ°
¢μ²´ ³¨ · ¢´  −π ¢³¥¸Éμ −π/2. ‚ ¨Éμ£¥, ¢μ¸¶·μ¨§¢μ¤¨É¸Ö ·¥£Ê²Ö·´μ¥ ¢Ò· ¦¥´¨¥ ¤²Ö
Î¨¸²  ´ ³μÉ±¨ ¢ μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨

nground =
2π

ΔcϕE
, (36)

¢ ¶μ²´μ³ ¸μ£² ¸¨¨ ¸ · ¸¸³μÉ·¥´¨¥³, μ¸ÊÐ¥¸É¢²¥´´Ò³ ¢ [3,4].
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�·μ¢¥¤¥´´μ¥ ¢ÒÏ¥ ¨¸¸²¥¤μ¢ ´¨¥ ¤ ¥É μ¸´μ¢ ´¨¥ ¤²Ö ¶·¥¤¸É ¢²¥´¨Ö ¢μ²´μ¢μ° ËÊ´±-
Í¨¨ ¶·¨ r < rc < rg ¢Ò· ¦¥´¨Ö³¨

Ψr>0 ∼ + cos

(
n

r∫
0

dϕE

dr
dr +

π

2

)
, (37)

Ψr<rc ∼ − cos

(
n

r∫
rc

dϕE

dr
dr +

π

4

)
, (38)

±μÉμ·Ò¥ ¸μ¢¶ ¤ ÕÉ, ¥¸²¨
1
2

nΔcϕE = π +
(π

4
− π

2

)
, (39)

ÎÉμ μ¶ÖÉÓ ¢μ¸¶·μ¨§¢μ¤¨É ¶· ¢¨²μ ±¢ ´Éμ¢ ´¨Ö, § ¶¨¸ ´´μ¥ ´ ³¨ ¢ÒÏ¥. Œμ¤¨Ë¨± Í¨Ö
ÔÉ¨Ì ¢Ò· ¦¥´¨° ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¤μ¢μ²Ó´μ ¶·μ§· Î´ .

�Éμ · ¸¸³μÉ·¥´¨¥ ¤¥² ¥É ·¥§μ´´μ° ¨ ¤μ¸É ÉμÎ´μ Ê¡¥¤¨É¥²Ó´μ° ´ ÏÊ É· ±Éμ¢±Ê ±¢ ´-
Éμ¢ÒÌ Ê·μ¢´¥° ¢ Î¥·´μ° ¤Ò·¥.

’ ±¨³ μ¡· §μ³, ±¢ ´Éμ¢ ´´ Ö Î¥·´ Ö ¤Ò·  ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°  ´¸ ³¡²Ó Î ¸É¨Í, § -
´¨³ ÕÐ¨Ì ± ± μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥, É ± ¨ ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨. —¨¸²μ ¢μ§¡Ê¦¤¥´¨°
§ ¢¨¸¨É μÉ ´ Î ²Ó´ÒÌ Ê¸²μ¢¨° ¤μ ±μ²² ¶¸ , ±μÉμ·Ò¥ μ¶·¥¤¥²ÖÕÉ ³ ¸¸Ê Î¥·´μ° ¤Ò·Ò.
‘¶¥±É· Ê·μ¢´¥° ¤¨¸±·¥É´Ò°, ÌμÉÖ ¶·¨ ¢Ò¸μ±¨Ì Ô´¥·£¨ÖÌ ¢μ§¡Ê¦¤¥´¨Ö ³μ¦´μ ¶·¨³¥´ÖÉÓ
±² ¸¸¨Î¥¸±μ¥ μ¶¨¸ ´¨¥ ¸ · ¸¶·¥¤¥²¥´¨¥³ ƒ¨¡¡¸ .

2. ��‘���–ˆŸ ˆ ˆ‡‹“—…�ˆ… •�Šˆ�ƒ�

� ¸¸³μÉ·¨³ ¨§³¥´¥´¨¥ ¸μ¸ÉμÖ´¨Ö ±¢ ´Éμ¢ ´´μ° Î¥·´μ° ¤Ò·Ò ¨§-§   ¡¸μ·¡Í¨¨ ¢´¥Ï-
´¥° Î ¸É¨ÍÒ, ¶ ¤ ÕÐ¥° §  £μ·¨§μ´É. ’ ± Ö Î ¸É¨Í  ¨³¥¥É ¶μ²μ¦¨É¥²Ó´ÊÕ ¶μ²´ÊÕ Ô´¥·-
£¨Õ (¶μ μÉ´μÏ¥´¨Õ ± Ê¤ ²¥´´μ³Ê ´ ¡²Õ¤ É¥²Õ ´  ¡¥¸±μ´¥Î´μ¸É¨ r = ∞). �¸´μ¢´μ°

�¨¸. 5. Œ¥Ì ´¨§³ ¶μ£²μÐ¥´¨Ö Î ¸É¨ÍÒ ¶·¨

E < m

¶Ê´±É Å § ±μ´ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨: Ô´¥·-
£¨Ö ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ Ê¢¥²¨Î¨¢ ¥É ³ ¸¸Ê
Î¥·´μ° ¤Ò·Ò. ŒÒ ¶μ² £ ¥³, ÎÉμ ¶ ¤¥´¨¥
Î ¸É¨ÍÒ ´  ¸¨´£Ê²Ö·´μ¸ÉÓ ¢Ò§Ò¢ ¥É ¨§³¥´¥-
´¨¥ ³ ¸¸Ò Î¥·´μ° ¤Ò·Ò ¨ ¶¥·¥Ìμ¤ Î ¸É¨ÍÒ
´  ±¢ ´Éμ¢Ò° Ê·μ¢¥´Ó. �¥·¥Ìμ¤ § ¢¨¸¨É μÉ
Ô´¥·£¨¨ Î ¸É¨ÍÒ.

‚μ-¶¥·¢ÒÌ, · ¸¸³μÉ·¨³ ¸²ÊÎ ° 0 < E
< m, É. ¥. Î ¸É¨ÍÊ, Ô´¥·£¨Ö ¸¢Ö§¨ ±μÉμ·μ°
É ± ¢Ò¸μ± , ÎÉμ ³ ±¸¨³ ²Ó´μ¥ Ê¤ ²¥´¨¥ μÉ
£μ·¨§μ´É  ±μ´¥Î´μ. ’μ£¤  ³¥Ì ´¨§³  ¡¸μ·¡-
Í¨¨ ¡Ê¤¥É É ±¨³, ± ± ¶μ± § ´´Ò° ´  ·¨¸. 5:
¶ ¤ ÕÐ Ö Î ¸É¨Í  § ´¨³ ¥É μ¸´μ¢´μ° Ê·μ-
¢¥´Ó, ¢ Éμ ¢·¥³Ö ± ± ¢μ§¡Ê¦¤¥´´ Ö ¶ · 
Î ¸É¨Í Ä ´É¨¶μ¤ ¶¥·¥Ìμ¤¨É ´  ¡μ²¥¥ ´¨§±¨°
Ê·μ¢¥´Ó.

‚ ¸μ£² ¸¨¨ ¸ § ±μ´μ³ ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨ ¸¤¢¨£ Ê·μ¢´Ö § ¤ ¥É¸Ö · §´μ¸ÉÓÕ ¨§³¥´¥´¨Ö
³ ¸¸Ò Î¥·´μ° ¤Ò·Ò ¨ ³ ¸¸Ò ¶μ£²μÐ¥´´μ° Î ¸É¨ÍÒ:

E − E ′ = dM − m = −dE , dM = E. (40)
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‘É É¸Ê³³  ¶μ²ÊÎ ¥É, ±μ´¥Î´μ, ¶· ¢¨²Ó´ÊÕ ¶μ¶· ¢±Ê: Ô´É·μ¶¨Ö Ê¢¥²¨Î¨¢ ¥É¸Ö ´  ¸μμÉ-
¢¥É¸É¢ÊÕÐ¥¥ §´ Î¥´¨¥.

‘²ÊÎ ° E > m, É. ¥. Î ¸É¨ÍÒ, ±μÉμ· Ö ³μ¦¥É ¨³¥ÉÓ ´¥´Ê²¥¢ÊÕ ¸±μ·μ¸ÉÓ ´  ¡¥¸±μ´¥Î-
´μ¸É¨, ¢¶μ²´¥  ´ ²μ£¨Î¥´: ¢μ§¡Ê¦¤¥´´Ò° Ê·μ¢¥´Ó ¶¥·¥Ìμ¤¨É ¢ ¸μ¸ÉμÖ´¨¥ ¢ÒÏ¥ (·¨¸. 6).
‚ ¶·¥¤¥²¥ ¡μ²ÓÏμ° Ô´¥·£¨¨ E � m ³μ¦´μ ¶·¥´¥¡·¥ÎÓ ¤¨¸±·¥É´μ¸ÉÓÕ Ê·μ¢´¥°, É ± ÎÉμ
¶ ¤ ÕÐ Ö Î ¸É¨Í  ³μ¦¥É ¢μ§¡Ê¤¨ÉÓ  ´É¨¶μ¤ ¸ μ¸´μ¢´μ£μ Ê·μ¢´Ö, ÎÉμ¡Ò ¸Ëμ·³¨·μ¢ ÉÓ
¶ ·Ê ¶·¨ ¡μ²ÓÏμ° Ô´¥·£¨¨, ± ± ÔÉμ ¶μ± § ´μ ´  ·¨¸. 7.

�¨¸. 6. Œ¥Ì ´¨§³ ¶μ£²μÐ¥´¨Ö Î ¸É¨ÍÒ ¶·¨

E > m

�¨¸. 7. Œ¥Ì ´¨§³ ¶μ£²μÐ¥´¨Ö Î ¸É¨ÍÒ ¶·¨

E � m

Š¢ ´Éμ¢Ò¥ μ£· ´¨Î¥´¨Ö ´   ¡¸μ·¡Í¨Õ ¤μ¢μ²Ó´μ μÎ¥¢¨¤´Ò. ‚μ-¶¥·¢ÒÌ, ¨³¥¥É¸Ö ¤¨¸-
±·¥É´Ò° ¸¶¥±É· ¶μ£²μÐ¥´¨Ö, ¨ ÔÉμ ¸ÊÐ¥¸É¢¥´´μ ¶·¨ E ∼ m. ‚μ-¢Éμ·ÒÌ, Î¥·´ Ö ¤Ò· 
´¥ ¸¶μ¸μ¡´  ¶μ£²μÉ¨ÉÓ Î ¸É¨ÍÊ ¸ E < m, ¥¸²¨ Î¥·´ Ö ¤Ò·  ¶μ²´μ¸ÉÓÕ ´ Ìμ¤¨É¸Ö ´ 
μ¸´μ¢´μ³ Ê·μ¢´¥, É. ¥. ¥¸²¨ ´¥É ¢μ§¡Ê¦¤¥´¨°. ’ ±¨³ μ¡· §μ³, ±¢ ´Éμ¢ ´´ Ö Î¥·´ Ö ¤Ò· 
¸¶μ¸μ¡´  ¶μ²´μ¸ÉÓÕ μÉ· §¨ÉÓ ¶ ¤ ÕÐÊÕ Î ¸É¨ÍÊ, ¥¸²¨ Î¥·´ Ö ¤Ò·  ´ Ìμ¤¨É¸Ö ¢ μ¸´μ¢´μ³
¸μ¸ÉμÖ´¨¨. „ ¦¥ ¶·¨ E > m Ô´¥·£¨Ö ³μ¦¥É ¡ÒÉÓ ¸²¨Ï±μ³ ³ ² , ÎÉμ¡Ò ¢μ§¡Ê¤¨ÉÓ ¢ÒÏ¥-
²¥¦ Ð¨° Ê·μ¢¥´Ó ¶ ·Ò Î ¸É¨Í Ä ´É¨¶μ¤ ¸ μ¸´μ¢´μ£μ Ê·μ¢´Ö. Š ± ³Ò Ê¦¥ Ê¶μ³¨´ ²¨ ¢μ
¢¢¥¤¥´¨¨, É ±μ¥ ¶μ²´μ¥ μÉ· ¦¥´¨¥ ¤μ²¦´μ É ±¦¥ ¢²¨ÖÉÓ ¨ ´  ¨§²ÊÎ¥´¨¥ •μ±¨´£ .

‚ ¸ ³μ³ ¤¥²¥, ÎÉμ¡Ò ¶·¨ E > m ¶μ²ÊÎ¨ÉÓ ¶·μÍ¥¸¸ ¨§²ÊÎ¥´¨Ö1, μ¡· É´Ò° ¶μ μÉ´μ-
Ï¥´¨Õ ± ¶·μÍ¥¸¸Ê, ¶μ± § ´´μ³Ê ´  ·¨¸. 6 ¨ 7, ¸²¥¤Ê¥É ¢³¥¸Éμ ¶ ¤ ÕÐ¥° Î ¸É¨ÍÒ Ê± -
§ ÉÓ ´   ´ ²μ£¨Î´μ³ ·¨¸Ê´±¥ ÊÌμ¤ÖÐÊÕ Î ¸É¨ÍÊ ¨§²ÊÎ¥´¨Ö •μ±¨´£ , ±μÉμ· Ö ¤μ¸É¨£ ¥É
Ê¤ ²¥´´μ£μ ´ ¡²Õ¤ É¥²Ö ´  ¡¥¸±μ´¥Î´μ¸É¨, ¨ ¶·¨ ÔÉμ³ ¨³¥ÉÓ ¢ ¢¨¤Ê ¶·μÉ¨¢μ¶μ²μ¦´μ¥
´ ¶· ¢²¥´¨¥ ¶·μÍ¥¸¸  ¤²Ö Î ¸É¨Í, ´ Ìμ¤ÖÐ¨Ì¸Ö ¶μ¤ £μ·¨§μ´Éμ³ Î¥·´μ° ¤Ò·Ò: ¢³¥¸Éμ
¢μ§¡Ê¦¤¥´¨Ö Ê·μ¢´¥° ¡Ê¤¥É ¨³¥ÉÓ ³¥¸Éμ ¶¥·¥Ìμ¤ ¢ ´¨§Ï¥¥ ¨²¨ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥.

�·¨ E � m ²¥£±μ μÍ¥´¨ÉÓ ¢¥·μÖÉ´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö, É ± ± ± μ´  · ¢´  ¢¥·μÖÉ´μ¸É¨
Éμ£μ, ÎÉμ ¶ ·  Î ¸É¨Í Ä ´É¨¶μ¤ ¡Ò²  ´  ¢μ§¡Ê¦¤¥´´μ³ Ê·μ¢´¥, É ± ÎÉμ

w = e−βEpair , (41)

1�¡· Ð¥´¨¥ ¶·μÍ¥¸¸  ´  ·¨¸. 5 ³μ¦¥É ¡ÒÉÓ § ¶·¥Ð¥´μ, ¥¸²¨ ¶ ·  Î ¸É¨Í Ä ´É¨¶μ¤ ¢μ§¡Ê¦¤ ¥É¸Ö ¸ μ¸´μ¢´μ£μ
Ê·μ¢´Ö ¨§-§  ´¥μ¡Ìμ¤¨³μ¸É¨ ÉμÎ´μ£μ ¡ ² ´¸  Ô´¥·£¨¨: ÊÌμ¤ Î ¸É¨ÍÒ ¸ ³ ¸¸μ° m ¸ μ¸´μ¢´μ£μ Ê·μ¢´Ö Ê³¥´ÓÏ ¥É
³ ¸¸Ê Î¥·´μ° ¤Ò·Ò ´  ¢¥²¨Î¨´Ê m, ±μÉμ· Ö ¤μ²¦´  ¡ÒÉÓ ¡μ²ÓÏ¥ Ô´¥·£¨¨ ¢μ§¡Ê¦¤¥´¨Ö Ê·μ¢´Ö, ÎÉμ ³μ¦¥É ¡ÒÉÓ
¶·μ¸Éμ ´¥¢μ§³μ¦´μ ¤²Ö ´¥±μÉμ·ÒÌ ¸μ¸ÉμÖ´¨°. �¤´ ±μ ·¨¸. 5 ¶·¥¤¸É ¢²Ö¥É  ²ÓÉ¥·´ É¨¢´Ò° ³¥Ì ´¨§³ ¨§²ÊÎ¥´¨Ö
Î ¸É¨Í: ¥¸²¨ Ê ±¢ ´Éμ¢μ° Î¥·´μ° ¤Ò·Ò ³´μ£μ ¢μ§¡Ê¦¤¥´¨°, Î ¸É¨ÍÒ ¸ μ¸´μ¢´μ£μ Ê·μ¢´Ö ³μ£ÊÉ ¨¸¶ ·ÖÉÓ¸Ö
§  ¸Î¥É ¢μ§¡Ê¦¤¥´¨Ö ¸ÊÐ¥¸É¢ÊÕÐ¨Ì ¢Ò¸μ±¨Ì Ê·μ¢´¥°. �μ ¨§²ÊÎ¥´´Ò¥ É ±¨³ ¶ÊÉ¥³ Î ¸É¨ÍÒ ¤μ²¦´Ò ¶ ¤ ÉÓ
μ¡· É´μ ¢ Î¥·´ÊÕ ¤Ò·Ê, ¶μ¸±μ²Ó±Ê ¨Ì Ô´¥·£¨Ö μ£· ´¨Î¥´  ³ ¸¸μ°, E < m.
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¶·¨Î¥³ Ô´¥·£¨Ö ¶ ·Ò ¶¥·¥¤ ¥É¸Ö ¨§²ÊÎ¥´´μ³Ê ±¢ ´ÉÊ (³Ò ¶·¥´¥¡·¥£ ¥³ ³ ¸¸μ° Î ¸É¨ÍÒ):

E ≈ Epair, dM ≈ −Epair. (42)

‘²¥¤μ¢ É¥²Ó´μ, ³Ò ¶μ²ÊÎ ¥³ · ¸¶·¥¤¥²¥´¨¥ ƒ¨¡¡¸  ¤²Ö ¨§²ÊÎ¥´¨Ö ¥¤¨´¨Î´μ£μ ±¢ ´É , ÎÉμ
¶·¨¢μ¤¨É ± ¸¶¥±É·Ê ¨§²ÊÎ¥´¨Ö  ¡¸μ²ÕÉ´μ Î¥·´μ£μ É¥²  ¸ ¶μ¶· ¢± ³¨ §  ¸Î¥É Ë ±Éμ·μ¢
®¸¥·μ£μ É¥² ¯, μ¡Ê¸²μ¢²¥´´ÒÌ ¶¥·¥· ¸¸¥Ö´¨¥³ ´  £· ¢¨É Í¨μ´´μ³ ¶μÉ¥´Í¨ ²¥1.

�μ¸²¥¤¸É¢¨Ö É ±μ£μ ±¢ ´Éμ¢μ£μ ³¥Ì ´¨§³  ¤²Ö ¨§²ÊÎ¥´¨Ö •μ±¨´£  ¸μ¢¥·Ï¥´´μ ¶μ-
´ÖÉ´Ò: ¨§²ÊÎ¥´¨¥ ¶μ²´μ¸ÉÓÕ ¶·¥±· Ð ¥É¸Ö, ¥¸²¨ ±¢ ´Éμ¢ ´´ Ö Î¥·´ Ö ¤Ò·  ´ Ìμ¤¨É¸Ö ¢
μ¸´μ¢´μ³ ¸μ¸ÉμÖ´¨¨!

‚Ò¸μ±μ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨ ¸μμÉ¢¥É¸É¢ÊÕÉ ±² ¸¸¨Î¥¸±μ³Ê μ¶¨¸ ´¨Õ Î¥·´μ° ¤Ò·Ò,
¶μ¸±μ²Ó±Ê Î ¸É¨ÍÒ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤¢¨¦ÊÉ¸Ö ¡¥¸±μ´¥Î´μ ¡²¨§±μ ± ¸¨´£Ê²Ö·´μ¸É¨. �¸´μ¢´μ¥
¸μ¸ÉμÖ´¨¥ Ö¢²Ö¥É¸Ö Î·¥§¢ÒÎ °´μ ±μ£¥·¥´É´Ò³ ¢ Éμ³ ¸³Ò¸²¥, ÎÉμ Î ¸É¨ÍÒ μ¤´μ·μ¤´μ
§ ¶μ²´ÖÕÉ ¢¸¥ ¶·μ¸É· ´¸É¢μ ¶μ¤ ¸Ë¥·μ° ˜¢ ·ÍÏ¨²Ó¤ 2. ’ ± Ö ±μ£¥·¥´É´μ¸ÉÓ ¶·¨¢μ¤¨É ±
£μ²μ£· Ë¨Î¥¸±μ³Ê ÔËË¥±ÉÊ [7]: ¸μ¸ÉμÖ´¨¥ ´  ¸Ë¥·¥ £μ·¨§μ´É  Ô±¢¨¢ ²¥´É´μ ±¢ ´Éμ¢μ³Ê
¸μ¸ÉμÖ´¨Õ Î¥·´μ° ¤Ò·Ò ¢ Í¥²μ³. �¤´ ±μ ¸É·μ£μ¥ ÊÉ¢¥·¦¤¥´¨¥ É·¥¡Ê¥É · ¸¸³μÉ·¥´¨Ö ¢
· ³± Ì ÉμÎ´μ° ±¢ ´Éμ¢μ° É¥μ·¨¨ Î¥·´ÒÌ ¤Ò·,   ´¥ ±¢ §¨±² ¸¸¨Î¥¸±μ£μ ¶·¨¡²¨¦¥´¨Ö,
ÌμÉÖ ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¨¸¶μ²Ó§μ¢ ´´ Ö ´ ³¨  ¶¶·μ±¸¨³ Í¨Ö ¤ ¥É ¤μ¸É ÉμÎ´μ ¢¥·´μ¥
± Î¥¸É¢¥´´μ¥ ¶·¥¤¸É ¢²¥´¨¥ μ ±¢ ´Éμ¢ ´´ÒÌ Î¥·´ÒÌ ¤Ò· Ì.

‡�Š‹�—…�ˆ…

‚±· ÉÍ¥, ³Ò ¤ ²¨ μ¶¨¸ ´¨¥ ¢´ÊÉ·¥´´¥° ¸É·Ê±ÉÊ·Ò Î¥·´μ° ¤Ò·Ò ˜¢ ·ÍÏ¨²Ó¤  ¢ · ³-
± Ì ±¢ §¨±² ¸¸¨Î¥¸±μ£μ É¥·³μ¤¨´ ³¨Î¥¸±μ£μ ¶μ¤Ìμ¤ . — ¸É¨Í  ¢ É¥·³μ¤¨´ ³¨Î¥¸±μ³  ´-
¸ ³¡²¥ ¨³¥¥É μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥ ¨ ¢μ§¡Ê¦¤¥´´Ò¥ Ê·μ¢´¨, μ¡· §μ¢ ´´Ò¥ ¶ · ³¨ Î ¸É¨Í Ä
 ´É¨¶μ¤. “  ´É¨¶μ¤  Ô´¥·£¨Ö ¨³¥¥É §´ ±, ¶·μÉ¨¢μ¶μ²μ¦´Ò° §´ ±Ê Ô´¥·£¨¨ Î ¸É¨ÍÒ, ÎÉμ
¸²¥¤Ê¥É ¨§ § ±μ´  ¸μÌ· ´¥´¨Ö Ô´¥·£¨¨. ‘ÊÐ¥¸É¢μ¢ ´¨¥ μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö ¶·¨¢μ¤¨É ±
¶·¥±· Ð¥´¨Õ ¨§²ÊÎ¥´¨Ö •μ±¨´£ , ¶μ¸²¥ Éμ£μ ± ± ¢¸¥ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö · ¸¶ ²¨¸Ó
¨ ¶¥·¥Ï²¨ ¢ μ¸´μ¢´μ¥ ¸μ¸ÉμÖ´¨¥. ŒÒ ¤¥É ²Ó´μ ¨¸¸²¥¤μ¢ ²¨ ³¥Ì ´¨§³Ò  ¡¸μ·¡Í¨¨ ¨
¨§²ÊÎ¥´¨Ö §  ¸Î¥É · ¸¶·¥¤¥²¥´¨Ö ƒ¨¡¡¸  ¤²Ö ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥°.

ŒÒ · ¸¸³ É·¨¢ ²¨ ¶μ£²μÐ¥´¨¥ ¨ ¨§²ÊÎ¥´¨¥ Î¥·´μ° ¤Ò·μ° ³ ¸¸¨¢´ÒÌ Î ¸É¨Í. Š ±¨¥
¶μÉ·¥¡ÊÕÉ¸Ö ³μ¤¨Ë¨± Í¨¨, ¥¸²¨ ¢±²ÕÎ¨ÉÓ ¢ ¸¨¸É¥³Ê ´¥°É· ²Ó´Ò¥ ¡¥§³ ¸¸μ¢Ò¥ Î ¸É¨ÍÒ?
�μ-¢¨¤¨³μ³Ê, ¸²¥¤Ê¥É μ¦¨¤ ÉÓ, ÎÉμ ¶¥·¥Ìμ¤Ò ³ ¸¸¨¢´ÒÌ Î ¸É¨Í ¸ ¢μ§¡Ê¦¤¥´´ÒÌ Ê·μ¢´¥°
´  ¡μ²¥¥ ´¨§±¨¥ ¡Ê¤ÊÉ ¶·¨¢μ¤¨ÉÓ ± ¨§²ÊÎ¥´¨Õ •μ±¨´£  ´¥°É· ²Ó´ÒÌ ¡¥§³ ¸¸μ¢ÒÌ Î ¸É¨Í
¤μ É¥Ì ¶μ·, ¶μ±  ¢¸¥ ¢μ§¡Ê¦¤¥´¨Ö ´¥ · ¸¶ ¤ÊÉ¸Ö ´  μ¸´μ¢´μ° Ê·μ¢¥´Ó. ‡ É¥³ ¨§²ÊÎ¥´¨¥
¶·¥±· É¨É¸Ö, ¶μ¸±μ²Ó±Ê Ô´¥·£¨Ö ´¥ ³μ¦¥É ¨§¢²¥± ÉÓ¸Ö ¨§ μ¸´μ¢´μ£μ ±¢ ´Éμ¢μ£μ ¸μ¸ÉμÖ´¨Ö
Î¥·´μ° ¤Ò·Ò. �·¨ ÔÉμ³ μ¸É ¥É¸Ö ÉÊ³ ´´Ò³ ¢μ¶·μ¸ μ ³¥Ì ´¨§³¥ ¶¥·¥¤ Î¨ Ô´¥·£¨¨ μÉ
³ ¸¸¨¢´ÒÌ Î ¸É¨Í ± ¡¥§³ ¸¸μ¢Ò³, É ± ¦¥ ± ± ¨ ¢μ¶·μ¸ μ ±¢ ´Éμ¢ÒÌ μ·¡¨É Ì ¡¥§³ ¸¸μ¢ÒÌ
Î ¸É¨Í ¢ Î¥·´μ° ¤Ò·¥.

„ ´´ Ö · ¡μÉ  Î ¸É¨Î´μ ¶μ¤¤¥·¦ ´  £· ´Éμ³ �””ˆ 10-02-00061.

1ˆ§²ÊÎ¥´¨¥ •μ±¨´£  ± ± ÉÊ´´¥²Ó´Ò° ÔËË¥±É ·μ¦¤¥´¨Ö ¶ · £· ¢¨É Í¨μ´´Ò³ ¶μ²¥³ ¢ ±¢ §¨±² ¸¸¨Î¥¸±μ³
¶·¨¡²¨¦¥´¨¨ ¡Ò²μ · ¸¸³μÉ·¥´μ ¢ [5, 6].

2�É³¥É¨³, ÎÉμ ·¥Ï¥´¨¥ ˜¢ ·ÍÏ¨²Ó¤  μÉ¢¥Î ¥É ¢ ±ÊÊ³Ê ¢μ ¢¸¥³ ¶·μ¸É· ´¸É¢¥, ±·μ³¥ Í¥´É· ²Ó´μ° ÉμÎ±¨
¸¨´£Ê²Ö·´μ¸É¨, £¤¥ · ¸¶μ²μ¦¥´ ¨¸ÉμÎ´¨±. ŒÒ ¦¥ £μ¢μ·¨³ μ Î ¸É¨Í Ì, § ±²ÕÎ¥´´ÒÌ ¶μ¤ £μ·¨§μ´Éμ³ Î¥·´μ°
¤Ò·Ò, ¸ ³μ¸μ£² ¸μ¢ ´´μ¥ ¶μ²¥ ±μÉμ·ÒÌ, É. ¥. ³¥É·¨± , § ¤ ¥É ¤¢¨¦¥´¨¥ ÔÉ¨Ì Î ¸É¨Í, ´μ ¶·¨ ÔÉμ³ Î ¸É¨Í  ¨ ¥¥
 ´É¨¶μ¤ ¸ μÉ·¨Í É¥²Ó´μ° Ô´¥·£¨¥° ¢ ¸Ê³³¥ ¨³¥ÕÉ ´Ê²¥¢ÊÕ Ô´¥·£¨Õ, ÌμÉÖ ¤¥°¸É¢¨¥ ´¥ · ¢´μ ´Ê²Õ.
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