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‚ · ³± Ì ¢ ·¨ Í¨μ´´μ£μ ³¥Éμ¤  ¸ ¶·μ¡´Ò³¨ ËÊ´±Í¨Ö³¨ Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ¨ £ Ê¸¸μ¢¸±μ£μ
É¨¶  ´ °¤¥´Ò ¢¥·Ì´¨¥ ¨ ´¨¦´¨¥ μÍ¥´±¨ Ô´¥·£¨¨ ¤²Ö É·¥Ì-, Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ Ö¤¥·´ÒÌ ¨
±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³. „¢ÊÌ¸Éμ·μ´´¨¥ μÍ¥´±¨ Ô´¥·£¨¨ ´¥ Éμ²Ó±μ ¶μ§¢μ²ÖÕÉ Ê¸É ´μ¢¨ÉÓ ¶·¥¤¥²Ò, ¢
±μÉμ·ÒÌ § ±²ÕÎ¥´μ ÉμÎ´μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨, ´μ ¨ ¤ ÕÉ ¤μ¶μ²´¨É¥²Ó´ÊÕ ¢μ§³μ¦´μ¸ÉÓ ¤²Ö Ô±¸É· -
¶μ²ÖÍ¨¨ ± ÉμÎ´μ³Ê §´ Î¥´¨Õ Ô´¥·£¨¨. �Éμ ¶μ§¢μ²Ö¥É ¶·¨ ¤μ¸É¨¦¥´¨¨ Éμ° ¦¥ ÉμÎ´μ¸É¨ Ê³¥´ÓÏ¨ÉÓ
μ¡Ñ¥³ ¢ÒÎ¨¸²¥´¨° §  ¸Î¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥´ÓÏ¥£μ Î¨¸²  ¶·μ¡´ÒÌ ËÊ´±Í¨°.

The upper and lower bounds of energy are found for three-, four- and ˇve-particle nuclear and
Coulomb systems in the framework of variational method with the trial functions of exponential and
Gaussian types. The two-sided estimates of energy not only allow one to ˇx the limits for the exact
value of energy but also provide an additional opportunity for extrapolation of the variational estimates
to the exact value of energy. This allows one to reduce the volume of calculations by shortening the
length of variational expansion without the loss of accuracy.

PACS: 21.10.Dr, 21.45.+v, 45.50.Jf

‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö ¤²Ö · ¸Î¥É  ¸¢Ö§ ´´ÒÌ ¸¨¸É¥³ ´¥¡μ²ÓÏμ£μ Î¨¸²  ´¥·¥²ÖÉ¨¢¨¸É-
¸±¨Ì Î ¸É¨Í ¶·¥¤²μ¦¥´ ·Ö¤ ¢¥¸Ó³  ÔËË¥±É¨¢´ÒÌ ±¢ ´Éμ¢μ-³¥Ì ´¨Î¥¸±¨Ì ³¥Éμ¤μ¢, ±μÉμ-
·Ò¥ ³μ£ÊÉ ¶·¥É¥´¤μ¢ ÉÓ ´  ¢Ò¸μ±ÊÕ ÉμÎ´μ¸ÉÓ μÍ¥´±¨ Ô´¥·£¨¨ E (¨´μ£¤  ¤μ ¤¢ÊÌ ¤¥¸ÖÉ±μ¢
¨ ¡μ²¥¥ §´ Î Ð¨Ì Í¨Ë·). �¡ÒÎ´μ ¢ · ¸Î¥É Ì ¨¸¶μ²Ó§Ê¥É¸Ö ¢ ·¨ Í¨μ´´Ò° ¶μ¤Ìμ¤, ¢
¸μμÉ¢¥É¸É¢¨¨ ¸ ±μÉμ·Ò³ ´ Ìμ¤ÖÉ¸Ö ¢¥·Ì´¨¥ μÍ¥´±¨ Ô´¥·£¨¨ EU , ±μÉμ·Ò¥ ¢ ¶·¥¤¥²¥ ¡¥¸-
±μ´¥Î´μ ¡μ²ÓÏμ£μ Î¨¸²  ¶·μ¡´ÒÌ ËÊ´±Í¨° n ¤μ²¦´Ò ¶·¨¢¥¸É¨ ± ÉμÎ´μ³Ê §´ Î¥´¨Õ
Ô´¥·£¨¨ ¸¨¸É¥³Ò E0. �·¨ ¥¸É¥¸É¢¥´´μ³ μ£· ´¨Î¥´¨¨ · ¸Î¥Éμ¢ ±μ´¥Î´Ò³ Î¨¸²μ³ ¶·μ¡-
´ÒÌ ËÊ´±Í¨° Ô´¥·£¨Ö E0 ´ Ìμ¤¨É¸Ö ¶ÊÉ¥³ Ô±¸É· ¶μ²ÖÍ¨¨ § ¢¨¸¨³μ¸É¨ EU μÉ n,   ´ 
μ¸´μ¢¥  ´ ²¨§  Ì · ±É¥·  ¸Ìμ¤¨³μ¸É¨ μÍ¥´μ± Ô´¥·£¨¨ ¤¥² ¥É¸Ö § ±²ÕÎ¥´¨¥ μ ÉμÎ´μ¸É¨
· ¸Î¥Éμ¢.

�¤´ ±μ É ± Ö ¶·μÍ¥¤Ê·  ´¥ Ö¢²Ö¥É¸Ö ¡¥§Ê¶·¥Î´μ°, ¨ ¤²Ö Éμ£μ ÎÉμ¡Ò ¨¸±²ÕÎ¨ÉÓ ¢¸¥
¢μ§³μ¦´Ò¥ ¸μ³´¥´¨Ö μÉ´μ¸¨É¥²Ó´μ ÉμÎ´μ£μ §´ Î¥´¨Ö Ô´¥·£¨¨, ¢²¨Ö´¨Ö ¢Ò¡μ·  ¡ §¨¸ ,  
É ±¦¥ ¨¸É¨´´ÒÌ ¶·¥¤¥²μ¢ ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢, ´¥μ¡Ìμ¤¨³  ´¨¦´ÖÖ μÍ¥´±  Ô´¥·£¨¨ EL.
‡´ ´¨¥ ´¨¦´¥° μÍ¥´±¨ Ô´¥·£¨¨ ´ ·Ö¤Ê ¸ ¢¥·Ì´¥° ´¥ Éμ²Ó±μ Ê¸É ´ ¢²¨¢ ¥É £· ´¨ÍÒ, ¢
¶·¥¤¥² Ì ±μÉμ·ÒÌ § ±²ÕÎ¥´μ ÉμÎ´μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨, ´μ ¨ ¤ ¥É ¤μ¶μ²´¨É¥²Ó´ÊÕ ¢μ§-
³μ¦´μ¸ÉÓ ¤²Ö Ô±¸É· ¶μ²ÖÍ¨¨ ± ÉμÎ´μ³Ê §´ Î¥´¨Õ Ô´¥·£¨¨, ÎÉμ ¶μ§¢μ²Ö¥É ¶·¨ ¤μ¸É¨-
¦¥´¨¨ Éμ° ¦¥ ÉμÎ´μ¸É¨ Ê³¥´ÓÏ¨ÉÓ μ¡Ñ¥³ ¢ÒÎ¨¸²¥´¨° §  ¸Î¥É ¨¸¶μ²Ó§μ¢ ´¨Ö ³¥´ÓÏ¥£μ
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Î¨¸²  ¶·μ¡´ÒÌ ËÊ´±Í¨°. �Éμ ¢ μ¸μ¡¥´´μ¸É¨ μÉ´μ¸¨É¸Ö ± ¸¨¸É¥³ ³ Ö¤¥·´μ£μ É¨¶  ¸ ±μ-
·μÉ±μ¤¥°¸É¢ÊÕÐ¨³¨ ¶μÉ¥´Í¨ ² ³¨ ¢§ ¨³μ¤¥°¸É¢¨Ö, ´  Î¥³ ³Ò ¶·¥¤¶μ² £ ¥³ ¸¶¥Í¨ ²Ó´μ
μ¸É ´μ¢¨ÉÓ¸Ö.

�¨¦¥ ¢ÒÎ¨¸²¥´¨Ö ¶·μ¢μ¤ÖÉ¸Ö ¢ · ³± Ì ¢ ·¨ Í¨μ´´μ£μ ³¥Éμ¤  ¸ ¶·μ¡´Ò³¨ ËÊ´±Í¨Ö³¨
Ô±¸¶μ´¥´Í¨ ²Ó´μ£μ ¨²¨ £ Ê¸¸μ¢¸±μ£μ É¨¶  [1,2], ±μÉμ·Ò¥ ¢ ¸²ÊÎ ¥ ´Ê²¥¢μ£μ μ·¡¨É ²Ó´μ£μ
³μ³¥´É  ¡Ê¤¥³ § ¶¨¸Ò¢ ÉÓ ¢ ¢¨¤¥

ψ =
n∑

α=1

Cn exp

(
−

A∑
p>q=1

αα
pqR

k
pq

)
, (1)

£¤¥ A Å Î¨¸²μ Î ¸É¨Í, k = 1 ¢ ¸²ÊÎ ¥ ¨¸¶μ²Ó§μ¢ ´¨Ö Ô±¸¶μ´¥´Í¨ ²Ó´ÒÌ ËÊ´±Í¨° ¨
k = 2 ¢ ¸²ÊÎ ¥ £ Ê¸¸μ¢¸±¨Ì ËÊ´±Í¨°; Rpq Å · ¸¸ÉμÖ´¨¥ ³¥¦¤Ê Î ¸É¨Í ³¨ p ¨ q; αα

pq ¨
Cn Å ¸μμÉ¢¥É¸É¢¥´´μ ´¥²¨´¥°´Ò° (· §³¥·´Ò°) ¨ ²¨´¥°´Ò° ¶ · ³¥É·Ò. �·¥¨³ÊÐ¥¸É¢μ³
¢Ò¡μ·  É ±μ£μ ¡ §¨¸  Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¡μ²ÓÏμ£μ Î¨¸²  · §³¥·´ÒÌ ¶ · ³¥É·μ¢, ÎÉμ μ¡¥¸-
¶¥Î¨¢ ¥É ¡	μ²ÓÏÊÕ £¨¡±μ¸ÉÓ ¶μ ¸· ¢´¥´¨Õ, ´ ¶·¨³¥·, ¸ ¶μ²¨´μ³¨ ²Ó´Ò³¨ ËÊ´±Í¨Ö³¨
Ì¨²²¥·  ¸μ¢¸±μ£μ É¨¶  [3Ä5].

‚ ¸μμÉ¢¥É¸É¢¨¨ ¸ ¢ ·¨ Í¨μ´´Ò³ ¶·¨´Í¨¶μ³ ¶·¨ § ¤ ´´μ³ £ ³¨²ÓÉμ´¨ ´¥ H ¢¥·Ì´ÖÖ
μÍ¥´±  Ô´¥·£¨¨ EU ´ Ìμ¤¨É¸Ö ¶ÊÉ¥³ ³¨´¨³¨§ Í¨¨ ËÊ´±Í¨μ´ ²  EU [ψ] = 〈ψ|H |ψ〉/〈ψ|ψ〉
¸ ¶·μ¡´μ° ËÊ´±Í¨¥° ψ. �¨¦´ÖÖ ¦¥ μÍ¥´±  ¸μ£² ¸´μ ’¥³¶²Ê [6] ¸μμÉ¢¥É¸É¢Ê¥É ³ ±¸¨³Ê³Ê
ËÊ´±Í¨μ´ ²  EL[ψ]:

ET
L = max

ψ, EU [ψ]<E1

EL[ψ] = max
ψ, EU [ψ]<E1

E1EU [ψ] − E2
Q[ψ]

E1 − EU [ψ]
, (2)

£¤¥ E1 Å Ô´¥·£¨Ö ¶¥·¢μ£μ ¢μ§¡Ê¦¤¥´´μ£μ Ê·μ¢´Ö (¨²¨ ¥£μ ´¨¦´ÖÖ μÍ¥´± ) ¸ É ±μ° ¦¥
¸¨³³¥É·¨¥° ¨ μ·¡¨É ²Ó´Ò³ ³μ³¥´Éμ³, ± ± ¤²Ö μ¸´μ¢´μ£μ ¸μ¸ÉμÖ´¨Ö,  

EQ[ψ] ≡ −
√

〈ψ|H2|ψ〉
〈ψ|ψ〉 . (3)

„²Ö ¢¢¥¤¥´´ÒÌ ËÊ´±Í¨μ´ ²μ¢ ¸¶· ¢¥¤²¨¢Ò ´¥· ¢¥´¸É¢ 

EL[ψ] < E0 < EU [ψ], (4)

EL[ψ] < EQ[ψ] < EU [ψ] < E1, (5)

¨§ ±μÉμ·ÒÌ ¢Éμ·μ¥ ¸¶· ¢¥¤²¨¢μ ¢ ¶μ¤¶·μ¸É· ´¸É¢¥ {ψ : E [ψ] < E1}, Ö¢²ÖÕÐe³¸Ö μ¡² -
¸ÉÓÕ μ¶·¥¤¥²¥´¨Ö EL[ψ]. �·¨ Ê¸É·¥³²¥´¨¨ Î¨¸²  Î²¥´μ¢ ¢ (1) ± n → ∞ ´¥· ¢¥´¸É¢ 
(4) ¨ (5) ¶·¥¢· Ð ÕÉ¸Ö ¢ · ¢¥´¸É¢ . “Î¨ÉÒ¢ Ö Éμ, ÎÉμ ¤²Ö EQ

L = min EQ ´μ·³ ²Ó´Ò³

Ö¢²Ö¥É¸Ö ¢μ§· ¸É ´¨¥ ¶·¨ Ê¢¥²¨Î¥´¨¨ n, ³μ¦´μ, ¸²¥¤ÊÖ [7], · ¸¸³ É·¨¢ ÉÓ EQ
L ± ± ´¨¦-

´ÕÕ μÍ¥´±Ê Ô´¥·£¨¨ (¸³. [8]). �É³¥É¨³, ÎÉμ ¢ · ¡μÉ¥ [9] ¶·¥¤² £ ²μ¸Ó É ±¦¥ ¢ ± Î¥¸É¢¥

´¨¦´¥° μÍ¥´±¨ ¨¸¶μ²Ó§μ¢ ÉÓ EW
L = EU −

√
EQ

L − E2
U .

‚ · ¡μÉ¥ •μ²²  ¨ �μ¸É  [10] ´ Ìμ¦¤¥´¨¥ ´¨¦´¥° μÍ¥´±¨ EH
L ¤²Ö ¸¨¸É¥³Ò Éμ¦¤¥-

¸É¢¥´´ÒÌ Î ¸É¨Í ¸¢μ¤¨É¸Ö ± ·¥Ï¥´¨Õ ÔËË¥±É¨¢´μ£μ μ¤´μÎ ¸É¨Î´μ£μ Ê· ¢´¥´¨Ö ˜·¥-
¤¨´£¥· ; ¨³¥¥É¸Ö É ±¦¥ μ¡μ¡Ð¥´¨¥ ´  ¸²ÊÎ ° ´¥Éμ¦¤¥¸É¢¥´´ÒÌ Î ¸É¨Í [11]. �¤´ ±μ
¤²Ö ´¥¡μ²ÓÏμ£μ Î¨¸²  Î ¸É¨Í É ± Ö μÍ¥´±  μ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  £·Ê¡μ°. � ¶·¨³¥·, ¶·¨



‚¥·Ì´¨¥ ¨ ´¨¦´¨¥ μÍ¥´±¨ Ô´¥·£¨¨ ¤²Ö Ö¤¥·´ÒÌ ¨ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³ ´¥¸±μ²Ó±¨Ì Î ¸É¨Í 71

· ¸Î¥É¥ É·¨É¨Ö ¸ ¶μÉ¥´Í¨ ²μ³ 
¥°±¥·  [12] ¡Ò²μ ´ °¤¥´μ EH
L = −14, 7 ŒÔ‚, ÎÉμ μÉ-

¸Éμ¨É §´ Î¨É¥²Ó´μ ¤ ²ÓÏ¥ μÉ ÉμÎ´μ£μ §´ Î¥´¨Ö −9,783 ŒÔ‚, Î¥³ μÍ¥´±  ¶μ ’¥³¶²Ê
ET

L = −10, 64 ŒÔ‚, · ¸¸Î¨É ´´ Ö ¢¸¥£μ ¸ ¤¢Ê³Ö Î²¥´ ³¨ ¢ · §²μ¦¥´¨¨ (1).
„²Ö ´ Ìμ¦¤¥´¨Ö ´¨¦´¨Ì μÍ¥´μ± (ET

L , EQ
L , EW

L ) ´¥μ¡Ìμ¤¨³μ §´ ÉÓ ³ É·¨Î´Ò¥ Ô²¥-
³¥´ÉÒ ´¥ Éμ²Ó±μ £ ³¨²ÓÉμ´¨ ´ , ´μ ¨ ¥£μ ±¢ ¤· É . „²Ö ¸²ÊÎ Ö £ Ê¸¸μ¢¸±μ£μ ¡ §¨¸  ³ -
É·¨Î´Ò¥ Ô²¥³¥´ÉÒ μ¶¥· Éμ·μ¢ H ¨ H2 ¢Ò· ¦ ÕÉ¸Ö, ± ± ¡Ò²μ ¶μ± § ´μ ¢ · ¡μÉ Ì [1,13],
Î¥·¥§  ²£¥¡· ¨Î¥¸±¨¥ ËÊ´±Í¨¨, ¨ ÔÉμ ¸¶· ¢¥¤²¨¢μ ¤²Ö ¶·μ¨§¢μ²Ó´μ£μ Î¨¸²  Î ¸É¨Í, ¤²Ö
¢¸¥Ì μ¡ÒÎ´μ ¨¸¶μ²Ó§Ê¥³ÒÌ ¶μÉ¥´Í¨ ²μ¢. ‚ ¸²ÊÎ ¥ Ô±¸¶μ´¥´Í¨ ²Ó´ÒÌ ËÊ´±Í¨° ³ É·¨Î-
´Ò¥ Ô²¥³¥´ÉÒ H ¨ H2 Ê¤ ¥É¸Ö ¶·¥¤¸É ¢¨ÉÓ ¢ § ³±´ÊÉμ° Ëμ·³¥ (Î¥·¥§ · Í¨μ´ ²Ó´Ò¥, ²μ-
£ ·¨Ë³¨Î¥¸±¨¥ ¨ ¤¨²μ£ ·¨Ë³¨Î¥¸±¨¥ ËÊ´±Í¨¨) ²¨ÏÓ ¤²Ö É·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ [2, 14],
  ¤²Ö Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ ÔÉμ ¢μ§³μ¦´μ Éμ²Ó±μ ¤²Ö H , ´μ ´¥ ¤²Ö ¥£μ ±¢ ¤· É .

‚ ± Î¥¸É¢¥ ¸¨¸É¥³ Ö¤¥·´μ£μ É¨¶  ¡Ò²¨ · ¸¸³μÉ·¥´Ò  ) ³μ¤¥²Ó´Ò¥ ¸¨¸É¥³Ò 2α, 3α,
4α, ¸¢Ö§ ´´Ò¥ ¶μÉ¥´Í¨ ²μ³ �²¨Ä
μ¤³¥· , ¢ ·¨ ´É d0 [15], ¡) Ö¤·  2H, 3H, 3He ¨ 4He,
¢) £¨¶¥·ÑÖ¤·  3

ΛH, 4
ΛH, 4

ΛHe, 5
ΛHe,   É ±¦¥ 9

ΛBe, · ¸¸³ É·¨¢ ¢Ï¨°¸Ö ± ± ±² ¸É¥·´ Ö ¸¨-
¸É¥³  α + α + Λ. �·¨ · ¸Î¥É¥ Ö¤¥· ¨ £¨¶¥·ÑÖ¤¥· ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¶μ²Ê·¥ ²¨¸É¨Î¥¸±¨°
Í¥´É· ²Ó´Ò° ¶ ·´Ò° NN -¶μÉ¥´Í¨ ² ¨§ · ¡μÉ [1, 16],   É ±¦¥ ΛN -¶μÉ¥´Í¨ ² [17, 18],
¸μ£² ¸μ¢ ´´Ò° ¸ μ¸´μ¢´Ò³¨ £¨¶¥·ÑÖ¤¥·´Ò³¨ ¤ ´´Ò³¨. Š·μ³¥ Ö¤¥·´ÒÌ ¸¨¸É¥³ ¢¥·Ì´¨¥
¨ ´¨¦´¨¥ μÍ¥´±¨ Ô´¥·£¨¨ ´ Ìμ¤¨²¨¸Ó ¤²Ö ·Ö¤  É·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ±Ê²μ´μ¢¸±¨Ì
¸¨¸É¥³: ¤²Ö  Éμ³  £¥²¨Ö, μÉ·¨Í É¥²Ó´μ£μ ¨μ´  ¢μ¤μ·μ¤ , Ô²¥±É·μ´´μ-¶μ§¨É·μ´´μ° ¸¨-
¸É¥³Ò e+e+e−, ¤²Ö ³Õμ´´ÒÌ ¸¨¸É¥³ μee, ppμ, μμe, ¤²Ö ¤¢ÊÌÍ¥´É·μ¢ÒÌ ¸¨¸É¥³ ppe,  
É ±¦¥ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³: ³μ²¥±Ê²Ò ¢μ¤μ·μ¤  H2 ¨ ¨μ´¨§¨·μ¢ ´´μ£μ £¨¤·¨¤  £¥-
²¨Ö HeH+. � ¸Î¥ÉÒ É·¥ÌÎ ¸É¨Î´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³ ¶·μ¨§¢μ¤¨²¨¸Ó ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
Ô±¸¶μ´¥´Í¨ ²Ó´ÒÌ ËÊ´±Í¨° (±μÉμ·Ò¥ μ¡¥¸¶¥Î¨¢ ÕÉ ¤²Ö ´¨Ì ¡μ²¥¥ ¢Ò¸μ±ÊÕ ÉμÎ´μ¸ÉÓ),
  ¢¸¥Ì ¸¨¸É¥³ Ö¤¥·´μ£μ É¨¶  ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³ Å £ Ê¸¸μ¢¸±¨x
ËÊ´±Í¨°.

�·¨³¥´Ö¥³ Ö ¢ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¶·μÍ¥¤Ê·  ¢ÒÎ¨¸²¥´¨° ¸μ¸Éμ¨É ¢ μ¶É¨³¨§ Í¨¨
¶μ ´¥²¨´¥°´Ò³ ¶ · ³¥É· ³, ±μÉμ· Ö ¢±²ÕÎ ¥É ¢ ¸¥¡Ö ±μ³¡¨´ Í¨Õ ¶μ±μμ·¤¨´ É´μ£μ
¸¶Ê¸±  ¨ ¸ÉμÌ ¸É¨Î¥¸±μ£μ ¶μ¨¸±  ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ËÊ´±Í¨° · ¸¶·¥¤¥²¥´¨Ö [2], ¸³.
É ±¦¥ [19].

‚ ¸²ÊÎ ¥ ¸¨¸É¥³ Ö¤¥·´μ£μ É¨¶  Ì · ±É¥· ¸Ìμ¤¨³μ¸É¨ ¢¥·Ì´¨Ì ¨ ´¨¦´¨Ì μÍ¥´μ± Ô´¥·-
£¨¨ μ± §Ò¢ ¥É¸Ö ¢¥¸Ó³  ¸Ìμ¤´Ò³, ¢ ¸¢Ö§¨ ¸ Î¥³ § ¢¨¸¨³μ¸É¨ ET

L μÉ EU ¨ EQ
L μÉ EU

¡²¨§±¨ ± ²¨´¥°´μ°1, ´  ÎÉμ ¡Ò²μ μ¡· Ð¥´μ ¢´¨³ ´¨¥ ¢ · ¡μÉ¥ [20] ¨ ÎÉμ ¨¸¶μ²Ó§μ¢ ²μ¸Ó
¤²Ö Ô±¸É· ¶μ²ÖÍ¨¨ ± ÉμÎ´μ³Ê §´ Î¥´¨Õ Ô´¥·£¨¨ E0 [2, 18]. ‹¨´¥°´Ò° Ì · ±É¥· § ¢¨¸¨-
³μ¸É¨ ET

L ¨ EQ
L μÉ EU ¨²²Õ¸É·¨·Ê¥É¸Ö ´  ¶·¨³¥·¥ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ¸¨¸É¥³ 4α ¨ 4He,

  É ±¦¥ ¶ÖÉ¨Î ¸É¨Î´μ° ¸¨¸É¥³Ò 5
ΛHe ´  ·¨¸. 1, 2 ¨ 3 ¸μμÉ¢¥É¸É¢¥´´μ. �μ £μ·¨§μ´É ²Ó´μ°

μ¸¨ ´  ·¨¸. 1, 2 ¨ 3 μÉ±² ¤Ò¢ ²¨¸Ó (¢ ŒÔ‚) §´ Î¥´¨Ö ET
L ¨ EQ

L ,   ¶μ ¢¥·É¨± ²Ó´μ° Å
§´ Î¥´¨Ö EU , Í¨Ë·Ò Ê ´ ´¥¸¥´´ÒÌ ÉμÎ¥± Ê± §Ò¢ ÕÉ Î¨¸²μ ¶·μ¡´ÒÌ ËÊ´±Í¨° n. � 
·¨¸. 2 ¨ 3 ¶μ £μ·¨§μ´É ²Ó´μ° μ¸¨ μÉ±² ¤Ò¢ ²¨¸Ó É ±¦¥ §´ Î¥´¨Ö n−1 ¨ ¸É·μ¨² ¸Ó § ¢¨-
¸¨³μ¸ÉÓ EU = EU (n−1). ’μÎ±  ¶¥·¥¸¥Î¥´¨Ö ²¨´¨¨ EU = EU (ET

L ) ¸ ²¨´¨¥° EU = ET
L

¸μμÉ¢¥É¸É¢Ê¥É Ô±¸É· ¶μ²¨·μ¢ ´´μ³Ê ± n → ∞ §´ Î¥´¨Õ Ô´¥·£¨¨ ET
0 . �´ ²μ£¨Î´μ ¶¥·¥-

¸¥Î¥´¨¥ ²¨´¨° EU = EU (EQ
L ) ¨ EU = EQ

L μ¶·¥¤¥²Ö¥É Ô±¸É· ¶μ²¨·μ¢ ´´μ¥ ± n → ∞
§´ Î¥´¨¥ EQ

0 . “¸·¥¤´¥´´μ¥ ¶μ ¤¢Ê³ Ô±¸É· ¶μ²ÖÍ¨Ö³ §´ Î¥´¨¥ Ô´¥·£¨¨ ´ Ìμ¤¨É¸Ö ± ±

1‚ Éμ ¦¥ ¢·¥³Ö, ± ± ¶μ± § ²¨ ¶·μ¢μ¤¨¢Ï¨¥¸Ö ´ ³¨ · ¸Î¥ÉÒ, § ¢¨¸¨³μ¸ÉÓ EW
L μÉ EU §´ Î¨É¥²Ó´μ μÉ²¨Î ¥É¸Ö

μÉ ²¨´¥°´μ°, ¨ ¶μÔÉμ³Ê ¥¥ Ô±¸É· ¶μ²ÖÍ¨Ö ± n → ∞ ´¥´ ¤¥¦´ .
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E0 =
1
2

(
ET

0 + EQ
0

)
,   ÉμÎ´μ¸ÉÓ · ¸Î¥É  E0 μ¶·¥¤¥²Ö¥É¸Ö ± ± ¸·¥¤´¥±¢ ¤· É¨Î´μ¥ μÉ-

±²μ´¥´¨¥ μÉ ¸·¥¤´¥£μ.

�¨¸. 1. ƒ· Ë¨± ¸Ìμ¤¨³μ¸É¨ ¤²Ö ¸¨¸É¥³Ò 4α

�¨¸. 2. ƒ· Ë¨± ¸Ìμ¤¨³μ¸É¨ ¤²Ö ¸¨¸É¥³Ò 4He

‚ ¸²ÊÎ ¥, ±μ£¤  § ¢¨¸¨³μ¸ÉÓ EU μÉ
1
n

¶·¨¡²¨¦ ² ¸Ó ± ²¨´¥°´μ° (± ± ÔÉμ ¨³¥¥É ³¥¸Éμ

´  ·¨¸. 2 ¨ 3), ±·μ³¥ ET
0 ¨ EQ

0 ´ Ìμ¤¨²μ¸Ó É ±¦¥ Ô±¸É· ¶μ²¨·μ¢ ´´μ¥ §´ Î¥´¨¥ EU
0 ,  

E0 ¢ÒÎ¨¸²Ö²μ¸Ó ¸ ÊÎ¥Éμ³ É·μ°´μ° Ô±¸É· ¶μ²ÖÍ¨¨.
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�¨¸. 3. ƒ· Ë¨± ¸Ìμ¤¨³μ¸É¨ ¤²Ö ¸¨¸É¥³Ò 5
ΛHe

„²Ö ¶·μ¢¥·±¨ ´ ¤¥¦´μ¸É¨ ¨ ÉμÎ´μ¸É¨ μ¶·¥¤¥²¥´¨Ö Ô´¥·£¨¨ ¶ÊÉ¥³ ¤¢μ°´μ° (¨²¨ É·μ°-
´μ°) Ô±¸É· ¶μ²ÖÍ¨¨ ¶·μ¢μ¤¨²¨¸Ó ±μ´É·μ²Ó´Ò¥ · ¸Î¥ÉÒ ¤²Ö ¸¨¸É¥³ 2α, 3α ¨ 4α. „²Ö ÔÉμ£μ
EU ¨ ET

L · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¶·¨ §´ Î¥´¨ÖÌ n, ´ ³´μ£μ ¶·¥¢μ¸Ìμ¤ÖÐ¨Ì É¥ nmax, ±μÉμ·Ò³¨
μ£· ´¨Î¨¢ ²¨¸Ó · ¸Î¥ÉÒ, ¨¸¶μ²Ó§μ¢ ¢Ï¨¥¸Ö ¤²Ö Ô±¸É· ¶μ²ÖÍ¨¨.

’ ±, ¤²Ö ¸¨¸É¥³Ò 3α ¶·¨ · ¸Î¥É Ì ¸ Î¨¸²μ³ ËÊ´±Í¨° ¤μ nmax = 70 ¡Ò²μ ´ °¤¥´μ ¶Ê-
É¥³ Ô±¸É· ¶μ²ÖÍ¨¨ ET

0 = −5,124112 ŒÔ‚, EQ
0 = −5,124135 ŒÔ‚ ¨ E0 = −5,124125(20),

  · ¸Î¥É ¶·¨ n = 200 ¤ ² EU = −5,122038 ŒÔ‚ ¨ ET
L = −5,125085 ŒÔ‚,   ¸²¥¤μ¢ -

É¥²Ó´μ, E0 ´¥ ¢ÒÌμ¤¨É §  ¶·¥¤¥²Ò ¨´É¥·¢ ²  ³¥¦¤Ê EU (200) ¨ ET
L (200).

�´ ²μ£¨Î´μ ¤²Ö ¸¨¸É¥³Ò 4α ¶·¨ · ¸Î¥É¥ ¸ Î¨¸²μ³ ËÊ´±Í¨° nmax = 200 ¡Ò²μ ´ °¤¥´μ
¶ÊÉ¥³ Ô±¸É· ¶μ²ÖÍ¨¨ ET

0 = −11,150 ŒÔ‚, EQ
0 = −11,160 ŒÔ‚ ¨ E0 = −11,155(5) ŒÔ‚,

  · ¸Î¥É ¸ n = 1000 ¶·¨¢¥² ± EU = −11,154 ŒÔ‚, ET
L = −11,322 ŒÔ‚.

‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò 2α ¶·¨ nmax = 7 ¡Ò²μ ´ °¤¥´μ ET
0 = −1,3498 ŒÔ‚, EQ

0 =
−1,3502 ŒÔ‚,   E0 = −1,3500(1), ÎÉμ ¸μ¢¶ ¤ ¥É ¸μ §´ Î¥´¨¥³ E0, ´ °¤¥´´Ò³ ¡¥§
¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ·¨ Í¨μ´´μ£μ ³¥Éμ¤  ¶ÊÉ¥³ ¶μÏ £μ¢μ£μ ¨´É¥£·¨·μ¢ ´¨Ö Ê· ¢´¥´¨Ö ˜·¥-
¤¨´£¥· .

�·¨¢¥¤¥´´Ò¥ ¶·¨³¥·Ò ±μ´É·μ²Ó´ÒÌ · ¸Î¥Éμ¢,   É ±¦¥ ·¨¸. 1, 2 ¨ 3 ¤¥³μ´¸É·¨·ÊÕÉ μ¡-
ÐÊÕ ¤²Ö ¸¨¸É¥³ Ö¤¥·´μ£μ É¨¶  ²¨´¥°´ÊÕ (¸ Ìμ·μÏ¥° ¸É¥¶¥´ÓÕ ÉμÎ´μ¸É¨) § ¢¨¸¨³μ¸ÉÓ ET

L

¨ EQ
L μÉ EU , ¶·¨Î¥³ ÔÉμ μ± §Ò¢ ¥É¸Ö ¸¶· ¢¥¤²¨¢Ò³ ¨ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±μ£¤  § ¢¨¸¨³μ¸ÉÓ

EU μÉ
1
n

¤ ²¥±  μÉ ²¨´¥°´μ°. �¸´μ¢Ò¢ Ö¸Ó ´  ÔÉμ³, ³μ¦´μ, μ£· ´¨Î¨¢ Ö¸Ó ¸· ¢´¨É¥²Ó´μ

´¥¡μ²ÓÏ¨³ Î¨¸²μ³ ¶·μ¡´ÒÌ ËÊ´±Í¨° ¸ n � nmax, ´ Ìμ¤¨ÉÓ ¶μ¸·¥¤¸É¢μ³ Ô±¸É· ¶μ²Ö-
Í¨¨ ET

L ¨ EQ
L Ô´¥·£¨Õ ¸¨¸É¥³Ò E0 ¶·¨ ´¥μ¶·¥¤¥²¥´´μ¸É¨ ¢ ¢¥²¨Î¨´¥ E0, §´ Î¨É¥²Ó´μ

³¥´ÓÏ¥° (  ÉμÎ´μ¸É¨ §´ Î¨É¥²Ó´μ ¡μ²ÓÏ¥°), Î¥³ · §´μ¸É¨ |ET
L (nmax) − EU (nmax)| ¨

|EQ
L (nmax) − EU (nmax)|.
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’ ¡²¨Í  1. �´¥·£¨¨ EU , ET
L ¨ EQ

L ¤²Ö Ö¤¥·´ÒÌ ¸¨¸É¥³

‘¨¸É¥³  E1 n EU ET
L EQ

L Ē0 BΛ

1 2 3 4 5 6 7 8
3H Ä0,429 20 Ä8,37 Ä24 Ä13,2

50 Ä8,446 Ä10,1 Ä9,07
100 Ä8,4535 Ä8,56 Ä8,497
120 Ä8,4542 Ä8,489 Ä8,468 Ä8,455(1)

4He Ä8,4548 100 Ä29,38 Ä39,5 Ä32,9
200 Ä29,448 Ä34,17 Ä31,17
300 Ä29,472 1 Ä32,010 Ä30,40
500 Ä29,485 1 Ä31,068 Ä30,071 Ä29,508(5)

3α Ä1,35 20 Ä5,107 505 Ä5,533 946 Ä5,262 030
50 Ä5,122 207 Ä5,187 867 Ä5,146 328
60 Ä5,123 155 Ä5,157 298 Ä5,135 712
70 Ä5,123 370 Ä5,147 416 Ä5,131 830 Ä5,124 125(20)

4α Ä5,12 50 Ä10,88 Ä20,1 Ä13,5
100 Ä11,01 Ä15,8 Ä12,4
200 Ä11,05 Ä14,30 Ä12,05 Ä11,155(5)

3
ΛH Ä2,225 150 Ä2,3602 Ä77,7 Ä4,20

200 Ä2,36061 Ä71,9 Ä4,11
250 Ä2,36068 Ä70,9 Ä4,09 Ä2,369(3) 0,144(3)

4
ΛH Ä8,4548 100 Ä10,39 Ä72,3 Ä15,41

300 Ä10,43 Ä44,4 Ä13,64
500 Ä10,444 Ä35,52 Ä12,93 Ä10,48(2) 2,03(2)

4
ΛHe Ä7,7623 100 Ä10,01 Ä84,319 Ä16,69

200 Ä10,047 Ä68,863 Ä15,75
300 Ä10,069 Ä56,372 Ä14,93
500 Ä10,094 Ä44,333 Ä13,99 Ä10,16(6) 2,44(6)

5
ΛHe Ä29,5 100 Ä32,35 Ä235,27 Ä40,78

200 Ä32,49 Ä156,35 Ä38,00
300 Ä32,53 Ä136,71 Ä37,33
500 Ä32,56 Ä125,14 Ä36,91 Ä32,70(6) 3,19(6)

9
ΛBe Ä3,12 30 Ä6,477 Ä6,740 Ä6,557

50 Ä6,480 Ä6,589 Ä6,511
90 Ä6,481 Ä6,517 Ä6,491 Ä6,4816(2) 6,4816(2)

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ Ô´¥·£¨¨ EU , ET
L ¨ EQ

L ¶·¨ · §²¨Î´ÒÌ §´ Î¥´¨Öx n ¤²Ö É·¥Ì-,
Î¥ÉÒ·¥Ì- ¨ ¶ÖÉ¨Î ¸É¨Î´ÒÌ Ö¤¥·´ÒÌ ¨ £¨¶¥·ÑÖ¤¥·´ÒÌ ¸¨¸É¥³ 3H, 4He, 3

ΛH, 4
ΛH, 4

ΛHe, 5
ΛHe,

  É ±¦¥ ¤²Ö 9
ΛBe (± ± ±² ¸É¥·´μ° ¸¨¸É¥³Ò α + α + Λ) ¨ ¤²Ö ³μ¤¥²Ó´ÒÌ ¸¨¸É¥³ 3α ¨

4α ¶·¥¤¸É ¢²¥´Ò ¢ É ¡². 1 ¢ ¸Éμ²¡Í Ì 4Ä6. ‚ ¸Éμ²¡Í¥ 7 ¤ ÕÉ¸Ö ´ °¤¥´´Ò¥ ¶μ¸·¥¤¸É¢μ³
μ¶¨¸ ´´μ° ¢ÒÏ¥ ¶·μÍ¥¤Ê·Ò Ô±¸É· ¶μ²ÖÍ¨¨ §´ Î¥´¨Ö ¶μ²´μ° Ô´¥·£¨¨ E0 ¸ (¶·¨¢¥¤¥´´μ°
¢ ¸±μ¡± Ì) μÍ¥´±μ° ÉμÎ´μ¸É¨ · ¸Î¥É ,   ¢ ¸Éμ²¡Í¥ 8 ¤²Ö £¨¶¥·ÑÖ¤¥· Ê± § ´  Ô´¥·£¨Ö
¸¢Ö§¨ Λ-Î ¸É¨ÍÒ, ¢ÒÎ¨¸²¥´´ Ö ± ± · §´μ¸ÉÓ ³¥¦¤Ê ¶μ²´μ° Ô´¥·£¨¥° ¸¢Ö§¨ £¨¶¥·ÑÖ¤· 
¨ Ô´¥·£¨¥° ¸¢Ö§¨ Ö¤· -μ¸Éμ¢ . ˆ¸¶μ²Ó§Ê¥³Ò¥ ¤²Ö · ¸Î¥É  ET

L Ô´¥·£¨¨ E1 ¸μ¤¥·¦ É¸Ö ¢
¸Éμ²¡Í¥ 2 É ¡²¨ÍÒ1.

1“± ¦¥³ ¤²Ö ¸· ¢´¥´¨Ö §´ Î¥´¨Ö ´¨¦´¥° μÍ¥´±¨ EH
L : −7,48, −20,0 ¨ −17,48 ŒÔ‚ ¤²Ö ¸¨¸É¥³ 3α, 4α ¨

3H ¸μμÉ¢¥É¸É¢¥´´μ.
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’ ¡²¨Í  2. �´¥·£¨¨ EU , ET
L ¨ EQ

L ¤²Ö É·¥Ì- ¨ Î¥ÉÒ·¥ÌÎ ¸É¨Î´ÒÌ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³

‘¨¸É¥³  E1 n EU ET
L EQ

L δv

1 2 3 4 5 6 7
∞He Ä2,146 10 Ä2,903 723 6 Ä2,903 83 Ä2,903 737 6,0

30 Ä2,903 724 373 Ä2,903 725 8 Ä2,903 724 6 8,3
100 Ä2,903 724 377 01 Ä2,903 724 414 Ä2,903 724 381 10,6
300 Ä2,903 724 377 033 15 Ä2,903 724 380 41 Ä2,903 724 37747 12,1

αe−e− Ä2,146 300 Ä2,903 304 557 732 27 Ä2,903 304 561 11 Ä2,903 304 558 17 12,6
∞H− Ä0,500 10 Ä0,527 750 54 Ä0,528 06 Ä0,527 759

30 Ä0,527 751 009 4 Ä0,527 764 Ä0,527 751 3
50 Ä0,527 751 016 10 Ä0,527 752 7 Ä0,527 751 06

100 Ä0,527 751 016 400 Ä0,527 751 66 Ä0,527 751 033 9,0
pe−e− Ä0,500 100 Ä0,527 445 880 971 Ä0,527 446 533 Ä0,527 445 898 9,2
μee Ä0,500 100 Ä0,525 054 806 098 Ä0,525 055 501 Ä0,525 054 827 8,6
e+e−e− Ä0,250 10 Ä0,262 003 5 Ä0,262 74 Ä0,262 020 5

30 Ä0,262 005 053 Ä0,262 026 Ä0,262 005 53
50 Ä0,262 005 068 6 Ä0,262 008 7 Ä0,262 005 220 7,6

ppμ Ä0,450 10 Ä0,494 374 Ä0,495 7 Ä0,494 434
30 Ä0,494 386 64 Ä0,494 408 Ä0,494 387 6
50 Ä0,494 386 790 Ä0,494 391 1 Ä0,494 387 12 6,8

μμe Ä0,560 10 Ä0,583 3 Ä0,604 Ä0,599
30 Ä0,584 75 Ä0,600 Ä0,592 1
50 Ä0,584 971 Ä0,594 4 Ä0,586 55 3,2
50 Ä0,585 126 095 200∗ 7,5

ppe Ä0,580 10 Ä0,591 Ä0,745 Ä0,702
30 Ä0,595 0 Ä0,652 Ä0,636
50 Ä0,595 67 Ä0,618 Ä0,600 6 3,3
50 Ä0,597 139 063 059∗ 9,2

ppe−e− Ä1,145 200 Ä1,158 Ä9,8 Ä1,21
(H2) 300 Ä1,159 2 Ä6,73 Ä1,196

500 Ä1,160 2 Ä4,78 Ä1,187 2,3
200 Ä1,164 01∗ 3,8

pαe−e− Ä2,9567 200 Ä2,964 Ä75 Ä3,068
(HeH+) 300 Ä2,965 0 Ä61 Ä3,053 3,0

200 Ä2,970 9∗ 3,5

∗� ¸¸Î¨É ´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ± ·± ¸´ÒÌ ËÊ´±Í¨° [21].

�¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ¢¥·Ì´¥° ¨ ´¨¦´¨Ì μÍ¥´μ± Ô´¥·£¨¨ ¤²Ö ¸¨¸É¥³ ±Ê²μ´μ¢¸±μ£μ É¨¶ 
¸μ¡· ´Ò ¢ É ¡². 2. „²Ö ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³, ¢ μÉ²¨Î¨¥ μÉ Ö¤¥·´ÒÌ ¸¨¸É¥³, § ¢¨¸¨³μ¸ÉÓ
ET

L ¨ EQ
L μÉ EU μÉ±²μ´Ö¥É¸Ö μÉ ²¨´¥°´μ°, ¶μÔÉμ³Ê Ô±¸É· ¶μ²ÖÍ¨Ö ± n → ∞ ´¥´ -

¤¥¦´ . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢ É ¡². 2 ¶·¨¢¥¤¥´Ò Éμ²Ó±μ · ¸¸Î¨É ´´Ò¥ §´ Î¥´¨Ö EU , ET
L ¨ EQ

L

¤²Ö · §²¨Î´μ£μ Î¨¸²  ¶·μ¡´ÒÌ ËÊ´±Í¨° n. ‚ ± Î¥¸É¢¥ ¤μ¶μ²´¨É¥²Ó´μ° Ì · ±É¥·¨¸É¨±¨
ÉμÎ´μ¸É¨ · ¸Î¥É  ¢ ¸Éμ²¡Í¥ 7 É ¡²¨ÍÒ ¶·¨¢μ¤¨É¸Ö ¢¥²¨Î¨´  ¢¨·¨ ²Ó´μ£μ ¨´¤¥±¸  δν =
− lg |1 + 2〈T 〉/〈V 〉|. „²Ö  Éμ³´ÒÌ ¨ ³μ²¥±Ê²Ö·´ÒÌ ¸¨¸É¥³ Ô´¥·£¨¨ ¢Ò· ¦ ÕÉ¸Ö ¢  Éμ³-
´ÒÌ ¥¤¨´¨Í Ì,   ¤²Ö ³¥§μ Éμ³´ÒÌ ¸¨¸É¥³ Å ¢ ³¥§μ Éμ³´ÒÌ. ‚ ¸Éμ²¡Í¥ 2 Ê± §Ò¢ ¥É¸Ö
Ô´¥·£¨Ö E1. ‚ · ¸Î¥É Ì ¶·¨´¨³ ¥É¸Ö ¸²¥¤ÊÕÐ¥¥ μÉ´μÏ¥´¨¥ ³ ¸¸: mp/me = 1836,1524;
mα/me = 7294,2996; mμ/me = 206,76826 ¨ mp/mμ = 8,8802444.
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„²Ö  Éμ³  £¥²¨Ö ¶·¨¢μ¤ÖÉ¸Ö ·¥§Ê²ÓÉ ÉÒ · ¸Î¥Éμ¢ ± ± ¤²Ö ¸É ´¤ ·É´μ° ¸¨¸É¥³Ò ∞He
(¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¡¥¸±μ´¥Î´μ ÉÖ¦¥²μ³Ê Ö¤·Ê), É ± ¨ ¤²Ö ·¥ ²Ó´μ° ¸¨¸É¥³Ò αe−e−. „²Ö
μÉ·¨Í É¥²Ó´μ£μ ¨μ´  ¢μ¤μ·μ¤  · ¸Î¥ÉÒ ¶·μ¢μ¤¨²¨¸Ó  ´ ²μ£¨Î´Ò³ μ¡· §μ³ ± ± ¤²Ö ¸É ´-
¤ ·É´μ° ¸¨¸É¥³Ò ∞H−, É ± ¨ ¤²Ö ·¥ ²Ó´μ° ¸¨¸É¥³Ò pe−e−. �¸É ²Ó´Ò¥ ±Ê²μ´μ¢¸±¨¥
¸¨¸É¥³Ò · ¸¸Î¨ÉÒ¢ ²¨¸Ó ¸ Î ¸É¨Í ³¨ ·¥ ²Ó´ÒÌ ³ ¸¸. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³ ±Ê²μ´μ¢¸±μ£μ
É¨¶  μ ÉμÎ´μ¸É¨ · ¸Î¥Éμ¢ ¨ ¥¥ § ¢¨¸¨³μ¸É¨ μÉ n ³μ¦´μ ¸Ê¤¨ÉÓ ¶μ · §´μ¸É¨ ³¥¦¤Ê EU ¨
ET

L ,   É ±¦¥ EU ¨ EQ
L (  ±·μ³¥ Éμ£μ, ¶μ ¢¥²¨Î¨´¥ δν). Š ± ¢¨¤´μ ¨§ É ¡². 2, ÉμÎ´μ¸ÉÓ

· ¸Î¥É  ¢ÒÏ¥ ¤²Ö  Éμ³´ÒÌ (μ¤´μÍ¥´É·μ¢ÒÌ) ¸¨¸É¥³ ¨ ´¨¦¥ ¢¸¥£μ ¤²Ö ¤¢ÊÌÍ¥´É·μ¢ÒÌ ¸¨-
¸É¥³. ‚¨¤´μ É ±¦¥, ÎÉμ ¨³¥¥É ³¥¸Éμ ±μ··¥²ÖÍ¨Ö ³¥¦¤Ê Î¨¸²μ³ ¶· ¢¨²Ó´ÒÌ §´ ±μ¢ δ ¢
¢ ·¨ Í¨μ´´ÒÌ μÍ¥´± Ì ¨ ¢¨·¨ ²Ó´Ò³ ¨´¤¥±¸μ³; £·Ê¡μ £μ¢μ·Ö, δ = δv − 2. �É³¥É¨³, ÎÉμ
ÉμÎ´μ¸ÉÓ · ¸Î¥Éμ¢ ±Ê²μ´μ¢¸±¨Ì ¸¨¸É¥³ ¸ £ Ê¸¸μ¢¸±¨³¨ ËÊ´±Í¨Ö³¨ ´ ³´μ£μ ´¨¦¥, Î¥³
¸ Ô±¸¶μ´¥´Í¨ ²Ó´Ò³¨. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¤²Ö · ¸Î¥É  ¤¢ÊÌÍ¥´É·μ¢ÒÌ ¸¨¸É¥³ ¢³¥¸Éμ Ô±¸¶μ-
´¥´Í¨ ²Ó´ÒÌ ËÊ´±Í¨° μ¡μ¡Ð¥´´μ-Ô±¸¶μ´¥´Í¨ ²Ó´ÒÌ (± ·± ¸´ÒÌ) ËÊ´±Í¨° [21] ·¥§±μ
Ê²ÊÎÏ ¥É ÉμÎ´μ¸ÉÓ · ¸Î¥É . �¤´ ±μ ÔÉμ μÉ´μ¸¨É¸Ö Éμ²Ó±μ ± · ¸Î¥ÉÊ EU , ´μ ´¥ ± EL, ¶μ-
¸±μ²Ó±Ê ¸ ¶μ³μÐÓÕ ± ·± ¸´ÒÌ ËÊ´±Í¨° ´¥ Ê¤ ¥É¸Ö ¢ÒÎ¨¸²¨ÉÓ ³ É·¨Î´Ò¥ Ô²¥³¥´ÉÒ H2.

�¢Éμ·Ò ¢Ò· ¦ ÕÉ ¡² £μ¤ ·´μ¸ÉÓ ‚. 
. 
¥²Ö¥¢Ê, ‚. ƒ. �¥Ê¤ Î¨´Ê, �.�.�¤¨´Ê, ’. Ÿ.Šμ-
·¥´³ ´Ê, ‚. ‘. �μ¸Éμ¢¸±μ³Ê §  μ¡¸Ê¦¤¥´¨¥ ·¥§Ê²ÓÉ Éμ¢ · ¡μÉÒ ¨ Í¥´´Ò¥ § ³¥Î ´¨Ö.
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