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� ¸¸³μÉ·¥´ Î¨¸²¥´´Ò° ³¥Éμ¤ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ ¢ ¸·¥¤¥ ¸ ¨¸¶μ²Ó§μ¢ -
´¨¥³ · §²μ¦¥´¨Ö Œ £´Ê¸ . „²Ö É·¥Ì´¥°É·¨´´μ£μ ¸²ÊÎ Ö ¶μ¸É·μ¥´  § ¢¨¸¨³μ¸ÉÓ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨-
¢ ´¨Ö Ô²¥±É·μ´´μ£μ ´¥°É·¨´μ μÉ Ô´¥·£¨¨ ¨ ¶·μ¢¥¤¥´  ´ ²¨§ § ¢¨¸¨³μ¸É¨ μÉ Ê£²μ¢ ¸³¥Ï¨¢ ´¨Ö ¨
Ê¶· ¢²ÖÕÐ¥£μ ¶ · ³¥É·   ²£μ·¨É³  ¶·¨ · ¸¶·μ¸É· ´¥´¨¨ ¢ ¢¥Ð¥¸É¢¥ ‘μ²´Í  ¨ ¸¢¥·Ì´μ¢μ°.

The numerical solution of equation of neutrino oscillation in matter using Magnus expansion is
considered. For three-neutrino case the survival probability of electron neutrino as function of energy is
calculated and dependence on mixing angles and algorithm control parameter is analyzed for Sun and
supernova models.
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‚ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö · ¡μÉ ¥É ´¥¸±μ²Ó±μ ±·Ê¶´ÒÌ ´¥°É·¨´´ÒÌ Ô±¸¶¥·¨³¥´Éμ¢
(IceCube, Baikal-GVD, KM3NeT ¨ Daya Bay), ±μÉμ·Ò¥ ·¥£¨¸É·¨·ÊÕÉ ¸μ¡ÒÉ¨Ö μÉ ¶·¨-
Ìμ¤ÖÐ¨Ì ´¥°É·¨´μ, ¶·μÌμ¤ÖÐ¨Ì ¶μ ³¥·¥ ¸¢μ¥£μ · ¸¶·μ¸É· ´¥´¨Ö ± ± Î¥·¥§ ¢ ±ÊÊ³, É ±
¨ Î¥·¥§ ¢¥Ð¥¸É¢μ, ÎÉμ ´¥μ¡Ìμ¤¨³μ ÊÎ¨ÉÒ¢ ÉÓ ¶·¨  ´ ²¨§¥ ¸μ¡· ´´ÒÌ ¤ ´´ÒÌ. ‚ ¸²ÊÎ ¥
μ¡ÒÎ´μ£μ ¢¥Ð¥¸É¢  ¶ÊÉÓ μÉ ¸μ¡· ´´ÒÌ ¤ ´´ÒÌ ¤μ ¤μ¸Éμ¢¥·´μ£μ μ¶·¥¤¥²¥´¨Ö §´ Î¥´¨° ¶ -
· ³¥É·μ¢ É·¥¡Ê¥É ³ ¸¸¨¢´ÒÌ Î¨¸²¥´´ÒÌ ¨´É¥£·¨·μ¢ ´¨° ²¨´¥°´μ° μ¤´μ·μ¤´μ° ¸¨¸É¥³Ò
μ¡Ò±´μ¢¥´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¸ ±μÔËË¨Í¨¥´É ³¨, § ¢¨¸ÖÐ¨³¨ μÉ · ¸¸Éμ-
Ö´¨Ö, ±μÉμ·μ¥ ´¥°É·¨´μ ¶·μÌμ¤ÖÉ ¢¤μ²Ó ¸·¥¤Ò.

‚¥±Éμ· ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ μ¡² ¤ ¥É ¢ ¦´Ò³ ¸¢μ°¸É¢μ³: ´μ·-
³¨·μ¢ ´ ´  ¥¤¨´¨ÍÊ. ‚ ²Õ¡μ° ÉμÎ±¥ · ¸¶·μ¸É· ´¥´¨Ö ÔÉ  ´μ·³  ¤μ²¦´  ¸μÌ· ´ÖÉÓ¸Ö.

‚ μ¡Ð¥³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´μ£μ Ê· ¢´¥´¨Ö ¸É ´¤ ·É´Ò³¨ ³¥Éμ¤ ³¨ ¢Ò-
¸μ±μ£μ ¶μ·Ö¤± , É ±¨³¨ ± ± ³¥Éμ¤ �Ê´£¥ÄŠÊÉÉÒ, ´¥ ¸μÌ· ´Ö¥É ¸¢μÕ ´μ·³Ê ´  ± ¦¤μ³

1E-mail: v.p.lomov@yandex.ru
2E-mail: arinolololo@mail.ru
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ÔÉ ¶¥ ¨´É¥£·¨·μ¢ ´¨Ö. „²Ö ¶μ²ÊÎ¥´¨Ö ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö ´¥°É·¨´´ÒÌ μ¸Í¨²²ÖÍ¨° ¢ ¢¥-
Ð¥¸É¢¥ É ±μ° ³¥Éμ¤ ¡Ê¤¥É ´¥¶·¨³¥´¨³. ‚ ¸²ÊÎ ¥ ¤ ´´μ° § ¤ Î¨ £¥μ³¥É·¨Î¥¸±¨¥ ¨´É¥-
£· Éμ·Ò ¨³¥ÕÉ ¡μ²ÓÏμ¥ ¶·¥¨³ÊÐ¥¸É¢μ: Ê´¨É ·´μ¸ÉÓ ¶·¨³¥´Ö¥³ÒÌ μ¶¥· Éμ·μ¢ Ô¢μ²Õ-
Í¨¨ ¸μÌ· ´Ö¥É ´μ·³Ê ¢μ²´μ¢ÒÌ ËÊ´±Í¨°, É¥³ ¸ ³Ò³ £ · ´É¨·Ê¥É¸Ö ¸μÌ· ´¥´¨¥ ¶²μÉ´μ-
¸É¨ ¢¥·μÖÉ´μ¸É¨ ¨ ´ ¤¥¦´μ¸É¨ Î¨¸²¥´´ÒÌ ¸Ì¥³. ƒ¥μ³¥É·¨Î¥¸±¨¥ ³¥Éμ¤Ò ¨´É¥£·¨·μ¢ ´¨Ö
¶·¥¤´ §´ Î¥´Ò ¤²Ö ÉμÎ´μ£μ ¸μÌ· ´¥´¨Ö ÔÉμ£μ ¸¢μ°¸É¢  (¤μ μÏ¨¡±¨ μ±·Ê£²¥´¨Ö). ˆÌ
· §· ¡μÉ±  ¢ ¶μ¸²¥¤´¨¥ £μ¤Ò ¢ μ¡² ¸É¨ Î¨¸²¥´´μ£μ  ´ ²¨§  ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢-
´¥´¨° [1, 2] ¢¥² ¸Ó ¸ Í¥²ÓÕ ¸μÌ· ´¥´¨Ö ¶·¨ ¤¨¸±·¥É¨§ Í¨¨ ± Î¥¸É¢¥´´ÒÌ (μÎ¥´Ó Î ¸Éμ
£¥μ³¥É·¨Î¥¸±¨Ì) ¸¢μ°¸É¢, ±μÉμ·Ò³¨ μ¡² ¤ ¥É ¤¨ËË¥·¥´Í¨ ²Ó´μ¥ Ê· ¢´¥´¨¥. ‚ ± Î¥¸É¢¥
É ±μ£μ ³¥Éμ¤  ¢Ò¡· ´ ¶μ¤Ìμ¤, μ¸´μ¢ ´´Ò° ´  · §²μ¦¥´¨¨ Œ £´Ê¸  [3,4].

�É²¨Î¨É¥²Ó´μ° μ¸μ¡¥´´μ¸ÉÓÕ · §²μ¦¥´¨Ö Œ £´Ê¸  Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ¶·¨¡²¨¦¥´´μ¥
·¥Ï¥´¨¥, ¶·¥¤μ¸É ¢²Ö¥³μ¥ ¶·μÍ¥¤Ê·μ°, · §¤¥²Ö¥É ¸ ÉμÎ´Ò³ ·¥Ï¥´¨¥³ ¸μμÉ¢¥É¸É¢ÊÕÐ¨¥
£¥μ³¥É·¨Î¥¸±¨¥ ¸¢μ°¸É¢ . 	μ²¥¥ ±μ´±·¥É´μ, ¤²Ö · ¸¸³ É·¨¢ ¥³μ£μ ¸²ÊÎ Ö ¸μμÉ¢¥É¸É¢Ê-
ÕÐ¥¥ ¸¢μ°¸É¢μ μÉ¢¥Î ¥É Ê´¨É ·´μ³Ê Ì · ±É¥·Ê μ¶¥· Éμ·  Ô¢μ²ÕÍ¨¨ ¢·¥³¥´¨ ¨, ¸²¥¤μ-
¢ É¥²Ó´μ, ´μ·³¥ ¢¥±Éμ·  ·¥Ï¥´¨Ö. ‚ Î¨¸²¥´´μ³ · ¸Î¥É¥ ÔÉμ ¶·μ¢¥·Ö¥É¸Ö ´  ± ¦¤μ³
Ï £¥ ¨´É¥£·¨·μ¢ ´¨Ö, ¨, ¸²¥¤μ¢ É¥²Ó´μ, ¢¥·μÖÉ´μ¸ÉÓ ¸μÌ· ´Ö¥É¸Ö §  ¸Î¥É μ±μ´Î É¥²Ó´μ£μ
·¥Ï¥´¨Ö, ¶μ²ÊÎ¥´´μ£μ ¶ÊÉ¥³ ¸μ¸É ¢²¥´¨Ö ¶μ¸²¥¤μ¢ É¥²Ó´ÒÌ Ï £μ¢.

� ¸¸³μÉ·¨³ Ê· ¢´¥´¨¥ ´¥°É·¨´´ÒÌ μ¸Í¨²²ÖÍ¨° ¢ ¢¥Ð¥¸É¢¥. ‘ÊÉÓ μ¸Í¨²²ÖÍ¨° § -
±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ ´¥°É·¨´μ ´ Ìμ¤ÖÉ¸Ö ¢ ¸μ¸ÉμÖ´¨¨ ¸Ê¶¥·¶μ§¨Í¨¨ ¨§ ¸μ¡¸É¢¥´´ÒÌ
¢¥±Éμ·μ¢, μÉ¢¥Î ÕÐ¨Ì §   ·μ³ É (Ë²Ô°¢μ·) να, α ∈ {e, μ, τ}. ”²Ô°¢μ·´Ò¥ ¸μ¸ÉμÖ´¨Ö ´¥
¨¤¥´É¨Î´Ò ³ ¸¸μ¢Ò³ ¸μ¸ÉμÖ´¨Ö³ νk, k ∈ {1, 2, 3}.

�É  ¸Ê¶¥·¶μ§¨Í¨Ö μ¸ÊÐ¥¸É¢²Ö¥É¸Ö ¸ ¶μ³μÐÓÕ Ê´¨É ·´μ° ³ É·¨ÍÒ ¸³¥Ï¨¢ ´¨Ö. Œ -
É·¨Í  ¸³¥Ï¨¢ ´¨Ö U ¢ ¸²ÊÎ ¥ ¸ É·¥³Ö ´¥°É·¨´μ Ö¢²Ö¥É¸Ö PMNS-³ É·¨Í¥° (�μ´É¥±μ·¢μÄ
Œ ±¨Ä� ± £ ¢ Ä‘ ± É )

|να〉 =
∑

k

U∗
αk|νk〉. (1)

’ ± ± ± ¢ÒÎ¨¸²¨É¥²Ó´ Ö ¶·μ£· ³³  ¤²Ö ¤ ´´μ° · ¡μÉÒ · §· ¡ ÉÒ¢ ² ¸Ó ¤²Ö  ´ ²¨§ 
 ¸É·μË¨§¨Î¥¸±¨Ì ´¥°É·¨´μ, · ¸¸³ É·¨¢ ² ¸Ó ³μ¤¥²Ó ®Ô±¸¶¥·¨³¥´É ¯, £¤¥ ·¥²ÖÉ¨¢¨¸É¸±μ¥
´¥°É·¨´μ να ·μ¦¤ ²μ¸Ó ¢ Í¥´É·¥ ¸·¥¤Ò ¢ ³μ³¥´É ¢·¥³¥´¨ t0, · ¸¶·μ¸É· ´Ö²μ¸Ó ¢ ´¥³ ¤μ
£· ´¨ÍÒ r∗, ¶μ¸²¥ Î¥£μ ¶·μ¤μ²¦ ²μ ¸¢μ° ¶ÊÉÓ ¢ ¢ ±ÊÊ³¥.

‘μ¸ÉμÖ´¨¥ ¸¨¸É¥³Ò |ψ(t)〉 ¢μ ¢·¥³Ö t � t0 ³μ¦¥É ¡ÒÉÓ ¢Ò· ¦¥´μ ± ± |ψ(t)〉 =∑
β

ψβ(t)|νβ〉 ¸ Ê¸²μ¢¨¥³ ψβ(t0) = δαβ . ‚·¥³Ö t ³¥¦¤Ê ·μ¦¤¥´¨¥³ ´¥°É·¨´μ ¨ ¥£μ ¤¥É¥±-

É¨·μ¢ ´¨¥³ ¢ Ô±¸¶¥·¨³¥´É Ì μ¡ÒÎ´μ ´¥¨§¢¥¸É´μ, μ¤´ ±μ Ìμ·μÏ¨³ ¶·¨¡²¨¦¥´¨¥³ ¡Ê¤¥É
¶·¨´ÖÉÓ t = r, £¤¥ r Å ¶¥·¥³¥´´ Ö, · ¢´ Ö · ¸¸ÉμÖ´¨Õ, ±μÉμ·μ¥ ´¥°É·¨´μ ¶·¥μ¤μ²¥²μ.
ˆ¸¶μ²Ó§ÊÕÉ¸Ö ¢´¥¸¨¸É¥³´Ò¥ ¥¤¨´¨ÍÒ (� = c = 1). ’μ£¤  ¢¥·μÖÉ´μ¸ÉÓ ¶¥·¥Ìμ¤  Ë²Ô°¢μ· 
´¥°É·¨´μ μÉ α ¢ β § ¶¨Ï¥É¸Ö ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:

Pαβ(r) = |ψβ(r)|2, (2)

±μÉμ· Ö ¶μ¤Î¨´Ö¥É¸Ö Ê¸²μ¢¨Õ
∑
β

Pαβ(r) = 1.

Š ± Éμ²Ó±μ ´¥°É·¨´μ ¶μ±¨¤ ÕÉ ¸·¥¤Ê,  ³¶²¨ÉÊ¤Ò Ô¢μ²ÕÍ¨μ´¨·ÊÕÉ ¢ ¸μμÉ¢¥É¸É¢¨¨ ¸
Ê· ¢´¥´¨¥³, μ¶·¥¤¥²ÖÕÐ¨³ μ¸Í¨²²ÖÍ¨¨ ¢ ¢ ±ÊÊ³¥, ·¥Ï¥´¨¥ ±μÉμ·μ£μ ¶·μÐ¥, ¥¸²¨ § ¶¨-
¸ ÉÓ ¨Ì Î¥·¥§ ³ ¸¸μ¢Ò¥ ¸μ¸ÉμÖ´¨Ö. �¡μ§´ Î Ö Î¥·¥§ Aj = φj(r∗)  ³¶²¨ÉÊ¤Ê ¢¥·μÖÉ´μ¸É¨
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μ¡´ ·Ê¦¥´¨Ö ¸μ¸ÉμÖ´¨Ö  ·μ³ É  Î ¸É¨ÍÒ νj ´  ±· Õ ¸·¥¤Ò, ¤²Ö r � r∗ ³μ¦´μ § ¶¨¸ ÉÓ

ψβ(r) =
3∑

j=1

Uβj Aj e−iEjL, (3)

£¤¥ Ej Å §´ Î¥´¨¥ Ô´¥·£¨¨ ´¥°É·¨´μ ¨ L = r − r∗ Å · ¸¸ÉμÖ´¨¥, ±μÉμ·μ¥ ´¥°É·¨´μ
¶·¥μ¤μ²¥²μ ¢ ¢ ±ÊÊ³¥.

’ ± ± ± §´ Î¨É¥²Ó´ Ö Î ¸ÉÓ ´¥°É·¨´μ Ö¢²Ö¥É¸Ö Ê²ÓÉ· ·¥²ÖÉ¨¢¨¸É¸±¨³¨ Î ¸É¨Í ³¨, Éμ
Ìμ·μÏ¥°  ¶¶·μ±¸¨³ Í¨¥° ¡Ê¤¥É, ¥¸²¨ · §²μ¦¨ÉÓ Ô´¥·£¨Õ ¢ ·Ö¤ ’¥°²μ·  ¤μ ²¨´¥°´μ£μ
Î²¥´ :

Ek ≈ E +
m2

k

2E
, Ek − En ≈ Δm2

kn

2E
, (4)

£¤¥ Δm2
kn ≡ m2

k − m2
n Å · ¸Ð¥¶²¥´¨¥ ³ ¸¸ ´¥°É·¨´μ,   E = |p| Å Ô´¥·£¨Ö ´¥°É·¨´μ ¢

¶·¥´¥¡·¥¦¥´¨¨ ¢±² ¤μ³ ³ ¸¸Ò.
�μ¤¸É ¢²ÖÖ (3) ¢ (2), ¶μ²ÊÎ ¥³

Pαβ =
∑

j

|Uβj|2|Aj |2 + 2
∑
i>j

Re
[
UβiU

∗
βjAiA∗

j e−iΔijL
]
, (5)

¸ μ¡μ§´ Î¥´¨¥³ Δij = Δm2
ij/(2E). ‡¤¥¸Ó ´¥É ³´¨³μ° Î ¸É¨, É ± ± ± δCP ¶·¨´ÖÉ  · ¢-

´μ° ´Ê²Õ.
’ ±¨³ μ¡· §μ³, ¶·μ¡²¥³  ¢ÒÎ¨¸²¥´¨Ö Pαβ ¸¢μ¤¨É¸Ö ± ¶·μ¡²¥³¥ μ¶·¥¤¥²¥´¨Ö ¢¥²¨-

Î¨´Ò Aj , É. ¥. ± μ¶·¥¤¥²¥´¨Õ  ³¶²¨ÉÊ¤ ¢¥·μÖÉ´μ¸É¨ ³ ¸¸μ¢ÒÌ ¸μ¸ÉμÖ´¨° φj(r) ¢ ¸·¥¤¥,
¸ ´ Î ²Ó´Ò³ Ê¸²μ¢¨¥³ φj(r0) = U∗

αj .
� ¸¸³ É·¨¢ Ö μ¸Í¨²²ÖÍ¨¨, ÊÎ¨ÉÒ¢ ÕÉ Éμ²Ó±μ ¢§ ¨³μ¤¥°¸É¢¨¥ ¶μ § ·Ö¦¥´´μ³Ê ± ´ ²Ê,

É ± ± ± NC-¢§ ¨³μ¤¥°¸É¢¨¥ ¤¨ £μ´ ²Ó´μ ¨ μ¤¨´ ±μ¢μ ¤²Ö ¢¸¥Ì É¨¶μ¢ ´¥°É·¨´μ ¨ £¥´¥-
·¨·Ê¥É μ¡ÐÊÕ ¤²Ö ¢¸¥Ì  ·μ³ Éμ¢ ´¥°É·¨´μ (£²μ¡ ²Ó´ÊÕ) Ë §Ê, ±μÉμ· Ö ´¥ ¢²¨Ö¥É ´ 
§´ Î¥´¨¥ ¢¥·μÖÉ´μ¸É¨.

„²Ö ·¥²ÖÉ¨¢¨¸É¸±¨Ì ´¥°É·¨´μ, · ¸¶·μ¸É· ´ÖÕÐ¨Ì¸Ö ¢ ´μ·³ ²Ó´μ³ ¢¥Ð¥¸É¢¥, ¶μ¸²¥
¢ÒÎ¨É ´¨Ö £²μ¡ ²Ó´μ° Ë §Ò Ô¢μ²ÕÍ¨μ´´μ¥ Ê· ¢´¥´¨¥ ¤²Ö ¨Ì  ³¶²¨ÉÊ¤ ¨³¥¥É ¢¨¤

i
d

dr
Φ(r) =

[
H0 + U †V U

]
Φ(r), (6)

¸ ΦT (r) = (φ1(r), φ2(r), φ3(r)), V = diag (VCC, 0, 0). H0 = diag (0, Δ21, Δ31) μ¡μ-
§´ Î ¥É £ ³¨²ÓÉμ´¨ ´ ¤²Ö Ô¢μ²ÕÍ¨¨ ¢ ¢ ±ÊÊ³¥, ¢ Éμ ¢·¥³Ö ± ± ¢Éμ·μ° Î²¥´ ÊÎ¨ÉÒ¢ ¥É
ÔËË¥±ÉÒ ¢¥Ð¥¸É¢  ¨§-§  ±μ£¥·¥´É´μ£μ ¢§ ¨³μ¤¥°¸É¢¨Ö ´¥°É·¨´μ ¸ Ëμ´μ¢Ò³¨ Î ¸É¨Í ³¨
¸ U ≡ UPMNS.

’ ± ± ± ´  Ô¢μ²ÕÍ¨Õ Ë²Ô°¢μ·  ¢²¨Ö¥É Éμ²Ó±μ ·¥ ±Í¨Ö ±μ£¥·¥´É´μ£μ · ¸¸¥Ö´¨Ö ¶μ
§ ·Ö¦¥´´μ³Ê ± ´ ²Ê, ¨¸¶μ²Ó§Ê¥É¸Ö ¶μÉ¥´Í¨ ² § ·Ö¦¥´´μ£μ Éμ±  VCC. ’ ±¨³ μ¡· §μ³,
¶·¨ · ¸¶·μ¸É· ´¥´¨¨ Î¥·¥§ μ¡ÒÎ´μ¥ ¢¥Ð¥¸É¢μ (¸·¥¤  Ô²¥±É·μ´¥°É· ²Ó´ Ö, ´¥³ £´¨É´ Ö,
´¥·¥²ÖÉ¨¢¨¸É¸± Ö) ¢ ¸²ÊÎ ¥ ·¥ ±Í¨¨ νe → νe ¢ É ±μ° ¸·¥¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö ÔËË¥±É¨¢´Ò°
¶μÉ¥´Í¨ ² VCC ≡ v(r) =

√
2GF Ne(r), GF Å ±μ´¸É ´É  ”¥·³¨ ¨ Ne(r) Å ±μ´Í¥´É· Í¨Ö

Ô²¥±É·μ´μ¢ ´  ¶ÊÉ¨ · ¸¶·μ¸É· ´¥´¨Ö ´¥°É·¨´μ. �Éμ ¸ ³Ò° ¨´É¥·¥¸´Ò° ¸²ÊÎ ° ¨§-§  ¥£μ
¶·¨³¥´¥´¨Ö ± ¸μ²´¥Î´Ò³ ´¥°É·¨´μ, ±μÉμ·Ò¥ ¸μ§¤ ÕÉ¸Ö ¨ · ¸¶·μ¸É· ´ÖÕÉ¸Ö ¢ ¶²μÉ´ÒÌ
´¥¤· Ì ‘μ²´Í .
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“· ¢´¥´¨¥ (6) ³μ¦´μ ¶¥·¥¶¨¸ ÉÓ ¢ ¡μ²¥¥ ¶·μ¸Éμ° Ëμ·³¥

i
d

dr
Ψ(r) = HM (r)Ψ(r), HM (r) = H0 + v(r)W, (7)

¥¸²¨ ¸¤¥² ÉÓ ¶·¥μ¡· §μ¢ ´¨¥ Ψ(r) = Γ†
DΦ(r), ¢Ò´¥¸É¨ VCC ≡ v(r) ¨ ¢¢¥¸É¨ μ¡μ§´ Î¥´¨¥

¤²Ö ³ É·¨ÍÒ W = U † diag (1, 0, 0)U . ˆ¸¶μ²Ó§ÊÕÐ Ö¸Ö ³ É·¨Í  W ¢ Ö¢´μ³ ¢¨¤¥:

W =

⎛
⎜⎝

c2
13 c2

12 c12 s12 c2
13 c12 c13 s13

c12 s12 c2
13 s2

12 c2
13 s12 c13 s13

c12 s13 c13 s12 c13 s13 s2
13

⎞
⎟⎠, (8)

£¤¥ sij = sin θij ¨ cij = cos θij , θij Å Ê£μ² ¸³¥Ï¨¢ ´¨Ö.
�¥Ï¥´¨¥ ³ É·¨Î´μ£μ Ê· ¢´¥´¨Ö (7) ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ´¥É·¨¢¨ ²Ó´ÊÕ § ¤ ÎÊ, ¨ ´ 

¤ ´´Ò° ³μ³¥´É  ´ ²¨É¨Î¥¸±¨¥ ¸¢μ°¸É¢  ·¥Ï¥´¨Ö ´¥¨§¢¥¸É´Ò.

1. ��„•�„ Œ�ƒ�“‘�

�¥Ï¥´¨¥ ´¥¸É Í¨μ´ ·´μ£μ Ê· ¢´¥´¨Ö ˜·¥¤¨´£¥·  (7) ¢ É¥·³¨´ Ì μ¶¥· Éμ·  A(t) =
−iH(t)

d

dt
Ψ(t) = A(t)Ψ(t), A ∈ C

n×n, Ψ ∈ C
n, (9)

¤ ¥É¸Ö ¸²¥¤ÊÕÐ¥° Ëμ·³Ê²μ°:

Ψ(t) = eΩ(t,t0) Ψ(t0), Ω(t, t0) ∈ C
n×n, Ω(t0, t0) = 0. (10)

‚Ò¨£·ÒÏ ¸ Ô±¸¶μ´¥´Í¨ ²Ó´Ò³ ¶·¥¤¸É ¢²¥´¨¥³ μ¶¥· Éμ·  Ô¢μ²ÕÍ¨¨ ¶μÖ¢²Ö¥É¸Ö, ±μ£¤  Ω
¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥ ·Ö¤ , ±μÉμ·Ò° ´ §Ò¢ ¥É¸Ö ·Ö¤μ³ Œ £´Ê¸ ,

Ω =
∞∑

n=1

Ωk, Ωn(t0, t0) = 0, (11)

¨ ¶¥·¢Ò¥ É·¨ Î²¥´  ÔÉμ£μ ·Ö¤ :

Ω1(t, t0) =

t∫
t0

dt1 A1,

Ω2(t, t0) =
1
2

t∫
t0

dt1

t1∫
t0

dt2 [A1, A2],

Ω3(t, t0) =
1
6

t∫
t0

dt1

t1∫
t0

dt2

t2∫
t0

dt3

(
[A1, [A2, A3]] + [[A1, A2], A3]

)
,

(12)

£¤¥ ¨¸¶μ²Ó§μ¢ ´μ μ¡μ§´ Î¥´¨¥ Ai ≡ A(ti).
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1.1. ‘Ì¥³   ²£μ·¨É³  ¨ · ¸¸³ É·¨¢ ¥³Ò¥ ³μ¤¥²¨. ‚ Í¥²ÖÌ ¨¸¶μ²Ó§μ¢ ´¨Ö · §²μ¦¥´¨Ö
Œ £´Ê¸  ¢ ± Î¥¸É¢¥ Î¨¸²μ¢μ£μ ¨´É¥£· Éμ· , ±μÉμ·Ò° ¤ ¥É ·¥Ï¥´¨¥ Ψ(t), ´ Î¨´ Ö ¸ Ψ(t0),
¢μ¶·μ¸ ¸μ¸·¥¤μÉμÎ¥´ ´  Éμ³, ± ± ÔËË¥±É¨¢´μ μ¡· ¡ ÉÒ¢ ÉÓ μ¤¨´ Ï £ ¨´É¥£·¨·μ¢ ´¨Ö.

�É¤¥²Ó´Ò¥ ÉμÎ±¨, ¢ ±μÉμ·ÒÌ ¨Ð¥É¸Ö ·¥Ï¥´¨¥ ´  ¨´É¥·¢ ²¥ [t0, tf ], (t0 < t1 < . . . <
tN = tf ), ¸¢Ö§ ´Ò ¸ ¶·¨· Ð¥´¨¥³ ¢·¥³¥´¨ ´  ¢¥²¨Î¨´Ê hn = tn+1−tn, £¤¥ 0 � n � N−1.
�¶·¥¤¥²¨³ ·¥Ï¥´¨¥ ¢ ÉμÎ±¥ tn+1

Ψ(tn+1) = eΩ(tn+hn,tn) Ψ(tn). (13)

�μ¸²¥ ¢¸¥Ì ¨É¥· Í¨° ·¥Ï¥´¨¥ ¢ ±μ´¥Î´μ° ÉμÎ±¥ ¨´É¥·¢ ²  ¤ ¥É

Ψ(tf) =
N−1∏
n=0

eΩ(tn;hn) Ψ(t0), (14)

¸ ¸μ±· Ð¥´´Ò³ μ¡μ§´ Î¥´¨¥³ Ω(tn; hn) ≡ Ω(tn + hn, tn).
�¡μ§´ Î¨³ §  r′ ¶μ·Ö¤μ± ÉμÎ´μ¸É¨ ·¥Ï¥´¨Ö ¶μ ¸É¥¶¥´Ö³ hn. „·Ê£¨³¨ ¸²μ¢ ³¨, ·¥Ï¥-

´¨¥ ¢ ÉμÎ±¥ Ψ(ξn + hn) ¢ÒÎ¨¸²Ö¥É¸Ö ¸ ÉμÎ´μ¸ÉÓÕ ¤μ O(hr′+1
n ). ‡  ÔÉμÉ ¶μ·Ö¤μ± μÉ¢¥Î ¥É

Éμ, ± ±μ° ¶·¨¡²¨¦¥´´Ò° ³¥Éμ¤ ¡Ê¤¥É ¨¸¶μ²Ó§μ¢ ÉÓ¸Ö ¤²Ö ´ Ìμ¦¤¥´¨Ö Ωk ¨ ± ±μ¥ §´ Î¥-
´¨¥ k ¢ ·Ö¤¥ Œ £´Ê¸  (11) ¡Ê¤¥É ¶·¨´ÖÉμ ¶μ¸²¥¤´¨³. �·¨¡²¨¦¥´¨¥ ± Ê¸¥Î¥´´μ³Ê ·Ö¤Ê
Œ £´Ê¸  ¶μ·Ö¤±  r′: Ω(ξn; hn) � Ω[r′](ξn; hn).

’ ±¨³ μ¡· §μ³, ·¥Ï¥´¨¥ ¶μ·Ö¤±  ÉμÎ´μ¸É¨ r′ ¶μ hn ¡Ê¤¥É ·¥ ²¨§μ¢ ´μ ¸²¥¤ÊÕÐ¥°
Ëμ·³Ê²μ°:

Ψ(ξn+1) = eΩ[r′](ξn;hn) Ψ(ξn). (15)

„¨ËË¥·¥´Í¨ ²Ó´ Ö ¸¨¸É¥³ , Ê¶· ¢²ÖÕÐ Ö Ô¢μ²ÕÍ¨¥° ¸μ¸ÉμÖ´¨° ¢ É·¥Ì´¥°É·¨´´μ³
¸²ÊÎ ¥ μ¸Í¨²²ÖÍ¨° ¢ ¸·¥¤¥, Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ É¨¶μ¢ Ê· ¢´¥´¨° (9), £¤¥ n = 3, t = r, ¨
A ≡ −iH :

i
d

dr
Ψ(r) = H(r)Ψ(r), (16)

H(r) = H0 + v(r)W ,   Ö¢´Ò° ¢¨¤ ³ É·¨ÍÒ W ¢ (8).
� Î ²Ó´μ¥ ¸μ¸ÉμÖ´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É Ô²¥±É·μ´´μ³Ê ´¥°É·¨´μ

Ψ(r0) =

⎛
⎝c12 c13

s12 c13

s13

⎞
⎠ . (17)

ˆ¸¶μ²Ó§μ¢ ´Ò §´ Î¥´¨Ö ¤ ´´ÒÌ ¶ · ³¥É·μ¢ ¸μ£² ¸´μ PDG [5]:

sin2 θ12 = 0,307, Δm2
21 = 7,53 · 10−5 Ô‚2,

sin2 θ23 = 0,417, Δm2
32 = 2,51 · 10−3 Ô‚2,

sin2 θ13 = 0,0212.

(18)

‚ ÔÉμ³ ¸²ÊÎ ¥ ³ É·¨Í  H0 ¶¥·¥¸Î¨ÉÒ¢ ¥É¸Ö ¢ ¢¨¤¥

H0 =
a

E

⎛
⎝0 0 0

0 b 0
0 0 1

⎞
⎠ , (19)
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£¤¥ E Å Î¨¸²¥´´μ¥ §´ Î¥´¨¥ Ô´¥·£¨¨ ´¥°É·¨´μ ¢ ŒÔ‚ ¨ a = 4,35196·106, b = 0,030554 Å
¡¥§· §³¥·´Ò¥ ¶ · ³¥É·Ò.

� ¸¸³μÉ·¥´Ò ¤¢¥ ³μ¤¥²¨: ‘μ²´Í  ¨ ¸¢¥·Ì´μ¢μ°. ‚ ‘μ²´Í¥ Ô²¥±É·μ´´ Ö ¶²μÉ´μ¸ÉÓ
Ìμ·μÏμ  ¶¶·μ±¸¨³¨·Ê¥É¸Ö Ô±¸¶μ´¥´Í¨ ²Ó´Ò³ ¶·μË¨²¥³ [6], ¢ ¥¤¨´¨Í Ì ¸μ²´¥Î´μ£μ · -
¤¨Ê¸  ξ ≡ r/R�

v(ξ) = γ̄ e−ηξ (20)

¸ γ̄ = 6,5956 · 104 ¨ η = 10,54. ˆ´É¥£·¨·μ¢ ´¨¥ ¢¥²μ¸Ó ¢ ¶·¥¤¥² Ì ξ ∈ [0, 1; 1]. ‚ ¸²ÊÎ ¥
¸¢¥·Ì´μ¢μ° ¢ ¤ ´´μ° · ¡μÉ¥ ¶·¨³¥´¥´ § ±μ´ ¤²Ö v(ξ), ¨¸¶μ²Ó§Ê¥³Ò° ¢ [7]:

v(ξ) = γ̄/ξ3, (21)

¸ γ̄ = 52,934. ‘μμÉ¢¥É¸É¢ÊÕÐ¨¥ ¶·¥¤¥²Ò ¨´É¥£·¨·μ¢ ´¨Ö ξ ∈ [0, 02; 20].
1.2. �²£μ·¨É³ M2. �·¨¡²¨¦¥´¨¥ ¢Éμ·μ£μ ¶μ·Ö¤±  (Œ2) Ö¢²Ö¥É¸Ö ¸ ³Ò³ ¶·μ¸ÉÒ³, É ±

± ± ¨§ ·Ö¤  Œ £´Ê¸  μ¸É ¥É¸Ö Éμ²Ó±μ ¶¥·¢μ¥ ¸² £ ¥³μ¥ Ω[2] = Ω1:

Ω1(ξn; hn) = −i

ξn+hn∫
ξn

dt H(t), (22)

¨ ¤²Ö ¤μ¸É¨¦¥´¨Ö § ¤ ´´μ° ÉμÎ´μ¸É¨ ¤μ¸É ÉμÎ´μ μ¤´μ° ÉμÎ±¨, ÎÉμ¡Ò μÍ¥´¨ÉÓ §´ Î¥´¨¥
¨´É¥£· ²  (22).

’ ±¨³ μ¡· §μ³, ¢Éμ·μ° ¶μ·Ö¤μ± ÉμÎ´μ¸É¨ ·¥ ²¨§Ê¥É¸Ö Ëμ·³Ê²μ°

Ω[2](ξn; hn) = −iH(ξ̄)hn = −i(H0 + v̄ W )hn, (23)

£¤¥ ¢§ÖÉ  ¸·¥¤´ÖÖ ÉμÎ±  ¨´É¥·¢ ²  ¨´É¥£·¨·μ¢ ´¨Ö ξ̄ ≡ ξn + hn/2. ‚¥²¨Î¨´  v̄ ≡ v(ξ̄)
¶¥·¥¸Î¨ÉÒ¢ ¥É¸Ö ´  ± ¦¤μ³ Ï £¥.

1.3. �²£μ·¨É³ Œ4. „²Ö ¤ ´´μ° · ¡μÉÒ ¶·¨³¥´Ö²¸Ö  ²£μ·¨É³ c r′ = 4, ´ §¢ ´´Ò°
Œ4. „²Ö ¤μ¸É¨¦¥´¨Ö ÔÉμ° ÉμÎ´μ¸É¨ ´¥μ¡Ìμ¤¨³μ ¸Î¨É ÉÓ ¶¥·¢Ò¥ ¤¢  Î²¥´  · §²μ¦¥´¨Ö
Ω[4] = Ω1 + Ω2,    ¶¶·μ±¸¨³¨·μ¢ ÉÓ ¨´É¥£· ²Ò ¤¢ÊÌÉμÎ¥Î´Ò³¨ ±¢ ¤· ÉÊ· ³¨ ƒ Ê¸¸ Ä
‹¥¦ ´¤·  [1].

’μÎ±¨ ¢ÒÎ¨¸²¥´¨Ö ±¢ ¤· ÉÊ·

ξ± = ξn +
(

1 ± 1√
3

)
hn

2
, (24)

¢ ±μÉμ·ÒÌ μ¶·¥¤¥²¥´Ò ¢¥²¨Î¨´Ò H± = H(ξ±).
Šμ´¥Î´ Ö Ëμ·³Ê²  É ±μ£μ ³¥Éμ¤  ¸¢μ¤¨É¸Ö ± ¸²¥¤ÊÕÐ¥³Ê ¢Ò· ¦¥´¨Õ:

Ω[4](ξn; hn) = −i(H+ + H−)
hn

2
+

√
3

12
[H−, H+]h2

n. (25)

1.4. „¨´ ³¨Î¥¸±¨° Ï £. �¥ ²¨§ Í¨Ö ¶μ¸ÉμÖ´´μ£μ Ï £  ´¥ Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´μ°, É ±
± ± ·¥Ï¥´¨¥ Ψ(ξ) ³μ¦¥É ¨¸¶ÒÉÒ¢ ÉÓ ¡Ò¸É·Ò¥ ¨§³¥´¥´¨Ö ¢¤μ²Ó Ô¢μ²ÕÍ¨¨ ´  ´¥±μÉμ-
·ÒÌ ¶·μ³¥¦ÊÉ± Ì ¨ ³¥¤²¥´´μ · §¢¨¢ ÉÓ¸Ö ´  ¤·Ê£¨Ì, ÎÉμ ³μ¦¥É § ³¥É´μ μÉ· §¨ÉÓ¸Ö ´ 
±μ´¥Î´μ³ ·¥Ï¥´¨¨. � ¨¡μ²¥¥ μ¶É¨³ ²Ó´μ ¨¸¶μ²Ó§μ¢ ÉÓ Ï £, ±μÉμ·Ò° ·¥£Ê²¨·Ê¥É¸Ö  ¢Éμ-
³ É¨Î¥¸±¨ ¢ ¶·μÍ¥¸¸¥ ¸Î¥É  ´ ¨¡μ²¥¥ ¶μ¤Ìμ¤ÖÐ¨³ μ¡· §μ³. �¤¨´ ¨§ ¢μ§³μ¦´ÒÌ ¸¶μ¸μ¡μ¢
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·¥ ²¨§ Í¨¨ Å ¢¢¥¸É¨ Ê¸²μ¢¨¥, ÎÉμ¡Ò ²μ± ²Ó´ Ö μÏ¨¡±  ¡Ò²  ´¨¦¥ Ê¸É ´μ¢²¥´´μ£μ §´ -
Î¥´¨Ö tol (ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ¸Î¥É ), ¥¸²¨ ÔÉμ ´¥ É ± Å ¸²¥¤Ê¥É Ê³¥´ÓÏ¨ÉÓ Ï £.

„²Ö μÍ¥´±¨ ²μ± ²Ó´μ° μÏ¨¡±¨ Er ¢ ÉμÎ±¥ ξn+1 ¶μ´ ¤μ¡ÖÉ¸Ö §´ Î¥´¨Ö μ¡μ¨Ì · ¸¸³μ-
É·¥´´ÒÌ ¢ÒÏ¥ ³¥Éμ¤μ¢

Ψ̂n+1 = eΩ[2](ξn,hn) Ψn, Ψn+1 = eΩ[4](ξn,hn) Ψn, (26)

Œ2 ¨ Œ4 ¸μμÉ¢¥É¸É¢¥´´μ. ’μ£¤  ²μ± ²Ó´ÊÕ μÏ¨¡±Ê ³¥Éμ¤  Œ2 ³μ¦´μ ¢Ò· §¨ÉÓ ¸²¥¤ÊÕ-
Ð¨³ μ¡· §μ³:

Er = ||Ψ̂n+1 − Ψn+1||, (27)

£¤¥ ¨¸¶μ²Ó§Ê¥É¸Ö Ô¢±²¨¤μ¢  ´μ·³  ¢¥±Éμ·  ||X || =
√∑

i

x2
i .

’ ±¨³ μ¡· §μ³, ¥¸²¨ ¢ ¤ ´´μ° ÉμÎ±¥ Er > tol, Éμ ¨´É¥£· Éμ· ¢μ§¢· Ð ¥É¸Ö ´  Ï £
´ § ¤ ¨ ¸Î¨É ¥É § ´μ¢μ ¢ ÔÉμ° ÉμÎ±¥ ¸ ´μ¢Ò³ ³¥´ÓÏ¨³ Ï £μ³ hnew,

hnew = shc

(
tol
Er

)1/3

, (28)

£¤¥ hc μ§´ Î ¥É É¥±ÊÐ¥¥ §´ Î¥´¨¥ Ï £  ¨ s (safety factor) μ¡¥¸¶¥Î¨¢ ¥É Ê³¥´ÓÏ¥´¨¥
¢¥·μÖÉ´μ¸É¨ Éμ£μ, ÎÉμ ¶·¨ ¸²¥¤ÊÕÐ¥³ Ï £¥ μ¶ÖÉÓ ¸· ¡μÉ ¥É Ê¸²μ¢¨¥ Er > tol. ‚ ¤ ´´μ°
· ¡μÉ¥ ¨¸¶μ²Ó§μ¢ ´μ §´ Î¥´¨¥ s = 0,8.

�·Ö³ Ö μÍ¥´±  Er, ± ± (27), ³μ¦¥É §´ Î¨É¥²Ó´μ Ê¢¥²¨Î¨ÉÓ μ¡Ð¥¥ ¢·¥³Ö ¢ÒÎ¨¸²¨-
É¥²Ó´μ° · ¡μÉÒ  ²£μ·¨É³ . Œμ¦´μ ¶μ¸Î¨É ÉÓ ²μ± ²Ó´ÊÕ μÏ¨¡±Ê ¶·¨¡²¨¦¥´´μ ¨ ³¥´¥¥
¢·¥³Ö§ É· É´μ ¸²¥¤ÊÕÐ¨³ μ¡· §μ³:

Er �
∣∣∣∣
∣∣∣∣
(

h2
nS1 + h3

nS2 +
1
2
h4

nS2
1

)
Ψn+1

∣∣∣∣
∣∣∣∣ + O(h5

n), (29)

£¤¥ ¢¢¥¤¥´Ò μ¡μ§´ Î¥´¨Ö

S1 = −
√

3
12

(v+ − v−)[H0, W ],

S2 = i

√
3

24
(v+ − v−)

([
H0, [H0, W ]

]
+

1
2
(v+ + v−)

[
W, [H0, W ]

])
.

(30)

1.5. ‚ÒÎ¨¸²¥´¨¥ ³ É·¨Î´μ° Ô±¸¶μ´¥´ÉÒ. „²Ö ¶μ²ÊÎ¥´¨Ö ·¥Ï¥´¨Ö ´¥μ¡Ìμ¤¨³μ ¢Ò-
Î¨¸²ÖÉÓ ¤¥°¸É¢¨¥ ³ É·¨Î´μ° Ô±¸¶μ´¥´ÉÒ ´  ± ¦¤μ³ ÔÉ ¶¥ ¨´É¥£·¨·μ¢ ´¨Ö (15). ‘ ÔÉμ°
Í¥²ÓÕ ¤²Ö ÔËË¥±É¨¢´μ£μ ¸Î¥É  ¡Ò² ¨¸¶μ²Ó§μ¢ ´  ²£μ·¨É³ �ÊÉÍ¥·  [8].

�·¨¢¥¤¥³ ±μ´¥Î´μ¥  ²£¥¡· ¨Î¥¸±μ¥ ¢Ò· ¦¥´¨¥ ¢ ¸²ÊÎ ¥ Ô·³¨Éμ¢μ° ³ É·¨ÍÒ A · §-
³¥·´μ¸É¨ É·¨ ¤²Ö Ö¢´μ£μ ¢ÒÎ¨¸²¥´¨Ö Ê´¨É ·´μ° ³ É·¨ÍÒ eitA, £¤¥ t Å ¶ · ³¥É·.

�¥·¢Ò° Ï £ § ±²ÕÎ ¥É¸Ö ¢ Éμ³, ÎÉμ¡Ò ¸¤¥² ÉÓ ³ É·¨ÍÊ A ¡¥¸¸²¥¤μ¢μ°, ¨¸¶μ²Ó§ÊÖ ¸²¥-
¤ÊÕÐ¥¥: eitA = eitzI eitA0 , £¤¥ I Å ¥¤¨´¨Î´ Ö ³ É·¨Í , z = Tr (A)/3. ’μ£¤  ¡¥¸¸²¥¤μ¢ Ö
³ É·¨Í  ¢Ò· §¨É¸Ö ± ± A0 = A − zI . ‘μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö ¡¥¸¸²¥¤μ¢μ° ³ É·¨ÍÒ A0

¤¥°¸É¢¨É¥²Ó´Ò ¨ ¤²Ö ¸²ÊÎ Ö · §³¥·´μ¸É¨ 3× 3 § ¤ ÕÉ¸Ö Ì · ±É¥·¨¸É¨Î¥¸±¨³ Ê· ¢´¥´¨¥³

λ3 − 1
2

Tr (A2
0)λ + det (A0) = 0, (31)
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Ö¢´Ò¥ ·¥Ï¥´¨Ö ±μÉμ·μ£μ ³μ£ÊÉ ¡ÒÉÓ § ¶¨¸ ´Ò ± ±

λk = ±
√

p

3
cos

(
1
3

arccos
(

3q

2p

√
3
p

)
− 2πk

3

)
(32)

¤²Ö k = 0, 1, 2, ¸ p = Tr (A2
0)/2 ¨ q = det (A0). �μ²μ¦¨É¥²Ó´Ò° §´ ± ¸μμÉ¢¥É¸É¢Ê¥É

q � 0, ¢ ¶·μÉ¨¢´μ³ ¸²ÊÎ ¥ ¶·¨³¥´Ö¥É¸Ö μÉ·¨Í É¥²Ó´Ò° §´ ±. ” ±É p > 0 μ¡¥¸¶¥Î¨¢ ¥É
¢¥Ð¥¸É¢¥´´μ¸ÉÓ ±μ·´¥°.

�¥·¥Ê¶μ·Ö¤μÎ¨¢ ¸μ¡¸É¢¥´´Ò¥ §´ Î¥´¨Ö λk É ±, ÎÉμ λ0 < λ1 < λ2, μ¶·¥¤¥²¨³ ¶ · -
³¥É·Ò

r0 = −1 − eiat

a
,

r1 = − 1
a− b

(1 − eiat

a
− 1 − eibt

b

)
,

(33)

£¤¥ ¢¢¥¤¥´Ò ¢¥²¨Î¨´Ò a = λ1 − λ0 ¨ b = λ2 − λ0.
� ±μ´¥Í, ¨¸¶μ²Ó§ÊÖ  ²£μ·¨É³ �ÊÉÍ¥·  [8], ¶μ²ÊÎ ¥³

eitA0 = eiλ0t
[(

1 − λ0(r0 − λ1r1)
)
I + (r0 + λ2r1)A0 + r1A

2
0

]
. (34)

2. ��‘“†„…�ˆ… �‹ƒ��ˆ’Œ�

‚¸¥ ·¥§Ê²ÓÉ ÉÒ, §  ¨¸±²ÕÎ¥´¨¥³ § ¢¨¸¨³μ¸É¨ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö μÉ Ô´¥·£¨¨,
¸μμÉ¢¥É¸É¢ÊÕÉ Ô´¥·£¨¨ ´¥°É·¨´μ E = 100 ŒÔ‚.

‚ · ¡μÉ¥ [9] ¶·¨¢¥¤¥´Ò £· Ë¨±¨ ¸ ·¥§Ê²ÓÉ É ³¨ · ¡μÉÒ  ²£μ·¨É³  ³¥Éμ¤  Œ4 ¶·¨
¥£μ ·¥ ²¨§ Í¨¨ ´  Fortran; ¢ ´¥°  ¢Éμ·Ò μ¶¨· ²¨¸Ó ´  ±μ²¨Î¥¸É¢¥´´Ò°  ´ ²¨§ ¢·¥³¥´´ÒÌ
§ É· É ¶·¨ · ¡μÉ¥  ²£μ·¨É³ .

�¨¦¥ ³Ò ¶·¨¢μ¤¨³ ·¥§Ê²ÓÉ ÉÒ · ¡μÉÒ ´ Ï¥£μ  ²£μ·¨É³  ¢ ¸· ¢´¥´¨¨ ¸ Ê¶μ³Ö´ÊÉÒ³¨
¢ÒÏ¥ ·¥Ë¥·¥´¸´Ò³¨ ¤ ´´Ò³¨.

2.1. —¨¸²¥´´ Ö ÉμÎ´μ¸ÉÓ ¨ Ê¸Éμ°Î¨¢μ¸ÉÓ  ²£μ·¨É³ . �  ·¨¸. 1 ¨ 2 ¶·¨¢¥¤¥´  ¢¥·μ-
ÖÉ´μ¸ÉÓ ¢Ò¦¨¢ ´¨Ö Pee ¤²Ö Ô²¥±É·μ´´μ£μ ´¥°É·¨´μ. Œ ²μ¥ ±μ²¨Î¥¸É¢μ ÉμÎ¥± ¶·¨ ³ ²ÒÌ
§´ Î¥´¨ÖÌ Ô´¥·£¨¨ ¸¢Ö§ ´μ ¸ É¥³, ÎÉμ ¶·¨ Ê³¥´ÓÏ¥´¨¨ Ô´¥·£¨¨ §´ Î¨É¥²Ó´μ Ê¢¥²¨Î¨¢ -
¥É¸Ö ¢·¥³Ö ¸Î¥É .

�¨¸. 1. ‘· ¢´¥´¨¥ ¸ ·¥Ë¥·¥´¸´Ò³¨ ¤ ´´Ò³¨ ¤²Ö ¸μ²´¥Î´μ° ³μ¤¥²¨
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�¨¸. 2. ‘· ¢´¥´¨¥ ¸ ·¥Ë¥·¥´¸´Ò³¨ ¤ ´´Ò³¨ ¤²Ö ³μ¤¥²¨ ¸¢¥·Ì´μ¢μ°

‚ μ¡¥¨Ì ³μ¤¥²ÖÌ ¸μμÉ¢¥É¸É¢ÊÕÐ¨° £· Ë¨± ¨³¥¥É ¢¨¤ ®¢ ´´Ò¯, ±μÉμ·Ò° É¨¶¨Î¥´ ¤²Ö
¶·μË¨²¥° ¢¥Ð¥¸É¢  ¸ Ê³¥´ÓÏ ÕÐ¥°¸Ö ¶²μÉ´μ¸ÉÓÕ · ¸¸¥¨¢ ÕÐ¨Ì Î ¸É¨Í. �¡ÑÖ¸´¥´¨¥
¶μ¤μ¡´μ° § ¢¨¸¨³μ¸É¨ ¶·¨¢¥¤¥´μ ¢ [10]. ƒμ¢μ·Ö ±· É±μ, ¶·¨ ´¨§±¨Ì Ô´¥·£¨ÖÌ §´ Î¥-
´¨¥ Pee ¶·¨¡²¨¦¥´´μ ¸μμÉ¢¥É¸É¢Ê¥É ¸²ÊÎ Õ μ¸Í¨²²ÖÍ¨° ¢ ¢ ±ÊÊ³¥, ¶·¨ ¡μ²¥¥ ¢Ò¸μ±¨Ì
Ô´¥·£¨ÖÌ ¶·μ¨¸Ìμ¤¨É ¶¥·¥Ìμ¤ ´   ¤¨ ¡ É¨Î¥¸±¨° ·¥¦¨³ μ¸Í¨²²ÖÍ¨°, ¤ ²¥¥ Å ´  ´¥ ¤¨-
 ¡ É¨Î¥¸±¨°.

�É³¥É¨³, ÎÉμ É¥μ·¥É¨Î¥¸±μ¥  ¸¨³¶ÉμÉ¨Î¥¸±μ¥ §´ Î¥´¨¥ 〈Pee〉theor = 0,547829 ¶· -
¢¨²Ó´μ ¢μ¸¶·μ¨§¢¥¤¥´μ ± ± ¢ ¶·¥¤¥² Ì ¢Ò¸μ±¨Ì, É ± ¨ ´¨§±¨Ì Ê·μ¢´¥° Ô´¥·£¨¨. �É´μ-
¸¨É¥²Ó´ Ö · §´¨Í  ³¥¦¤Ê Î¨¸²¥´´Ò³ §´ Î¥´¨¥³ 〈Pee〉num = 0,547738 ¨ É¥μ·¥É¨Î¥¸±¨³
¸μ¸É ¢²Ö¥É δ = 0,0166%.

� ¡μÉ   ²£μ·¨É³  ¸μμÉ¢¥É¸É¢Ê¥É · ¡μÉ ³ ¤·Ê£¨Ì  ¢Éμ·μ¢, ÔÉμ ¶μ± §Ò¢ ¥É ¸· ¢´¥´¨¥
¶μ²ÊÎ¥´´ÒÌ ¤ ´´ÒÌ ¸ ·¥Ë¥·¥´¸´Ò³¨ ¨ ¸μ£² ¸μ¢ ´¨¥ ·¥§Ê²ÓÉ Éμ¢ ¸ É¥μ·¨¥°.

„²Ö ¶·μ¢¥·±¨ ¸É ¡¨²Ó´μ¸É¨ ·¥Ï¥´¨Ö ¨ Î¨¸²¥´´μ° ÉμÎ´μ¸É¨ ¡Ò² ¶·μ¢¥¤¥´ · ¸Î¥É ¢¥-
·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö ¶·¨ · §´ÒÌ §´ Î¥´¨ÖÌ ¢´¥Ï´¥£μ ¶ · ³¥É·  tol. �  μ¸´μ¢¥ ¶μ²ÊÎ¥´-
´ÒÌ ¤ ´´ÒÌ ³Ò ¶μ¸É·μ¨²¨ § ¢¨¸¨³μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ° · §´¨ÍÒ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö
Ô²¥±É·μ´´μ£μ ´¥°É·¨´μ, μÉ´¥¸¥´´μ° ± §´ Î¥´¨Õ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö ¶·¨ ´¥±μÉμ·μ³
´μ·³¨·μ¢μÎ´μ³ §´ Î¥´¨¨ ¶ · ³¥É·  ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ P 0

ee = Pee(tol = 10−5), ¸μ¢¶ ¤ -

�¨¸. 3. ‡ ¢¨¸¨³μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ° · §´¨ÍÒ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö Ô²¥±É·μ´´μ£μ ´¥°É·¨´μ μÉ

¶ · ³¥É·  tol ¤²Ö ¸μ²´¥Î´μ° ³μ¤¥²¨
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�¨¸. 4. ‡ ¢¨¸¨³μ¸ÉÓ μÉ´μ¸¨É¥²Ó´μ° · §´¨ÍÒ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö Ô²¥±É·μ´´μ£μ ´¥°É·¨´μ μÉ

¶ · ³¥É·  tol ¤²Ö ³μ¤¥²¨ ¸¢¥·Ì´μ¢μ°

ÕÐ¥³ ¤²Ö μ¡¥¨Ì · ¸¸³μÉ·¥´´ÒÌ ³μ¤¥²¥°. „²Ö ³μ¤¥²¥° ‘μ²´Í  ¨ ¸¢¥·Ì´μ¢μ° £· Ë¨±¨
¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 3 ¨ 4 ¸μμÉ¢¥É¸É¢¥´´μ.

�  £· Ë¨± Ì ¢¨¤´μ, ÎÉμ ¶·¨ ³ ²ÒÌ §´ Î¥´¨ÖÌ ¶ · ³¥É·  tol ·¥§Ê²ÓÉ É ¶¥·¥¸É ¥É ¡ÒÉÓ
¸É ¡¨²Ó´Ò³ Å §¤¥¸Ó ´ Î¨´ ÕÉ ¸± §Ò¢ ÉÓ¸Ö ¶μ£·¥Ï´μ¸É¨ ¸Î¥É , ¸¢Ö§ ´´Ò¥ ¸ ¶·¥¤¥²μ³
³ Ï¨´´μ° ÉμÎ´μ¸É¨. ’¥³ ´¥ ³¥´¥¥ ·¥§Ê²ÓÉ É ±μ²¥¡²¥É¸Ö ¢ ¶·¥¤¥² Ì ¢μ¸Ó³μ£μ §´ ±  ¶μ-
¸²¥ § ¶ÖÉμ°, ÎÉμ £ · ´É¨·Ê¥É ¸μÌ· ´¥´¨¥ ± ± ³¨´¨³Ê³ ¸¥³¨ §´ Î Ð¨Ì Í¨Ë· ´  ¢¸¥³
¶·¥¤¸É ¢²¥´´μ³ ¨´É¥·¢ ²¥ ¶ · ³¥É·  ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨.

2.2. ‡ ¢¨¸¨³μ¸ÉÓ μÉ Ê£²μ¢ ¸³¥Ï¨¢ ´¨Ö. ‡¤¥¸Ó ³Ò · ¸¸³ É·¨¢ ¥³ ¨¸±²ÕÎ¨É¥²Ó´μ ¸μ²-
´¥Î´ÊÕ ³μ¤¥²Ó ¢¥Ð¥¸É¢ , ÎÉμ¡Ò ¶μ± § ÉÓ ± Î¥¸É¢¥´´Ò¥ Ì · ±É¥·¨¸É¨±¨ ·¥Ï¥´¨Ö Ê· ¢´¥-
´¨Ö ´¥°É·¨´´ÒÌ μ¸Í¨²²ÖÍ¨° ¢ ¸·¥¤¥.

„²Ö ¶·μ¢¥·±¨ § ¢¨¸¨³μ¸É¨ ·¥Ï¥´¨Ö μÉ ¢Ìμ¤´ÒÌ ¶ · ³¥É·μ¢ ¡Ò²  ¨¸¶μ²Ó§μ¢ ´  ¢ -
·¨ Í¨Ö ¶ · ³¥É·μ¢ μÉ § ¤ ´´μ£μ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö t0 ¤μ ¨§³¥´ÖÕÐ¨Ì¸Ö ´  n % ¶μ
Ëμ·³Ê²¥ tnew = t0(1 + n/100), ¶μ¸²¥ Î¥£μ ¶·μ¢μ¤¨²¸Ö · ¸Î¥É ¸ ´μ¢Ò³ §´ Î¥´¨¥³ ¶μ
· ¸¸³ É·¨¢ ¥³μ³Ê ¤¨ ¶ §μ´Ê Ô´¥·£¨¨.

�¥§Ê²ÓÉ ÉÒ ´¥§ ¢¨¸¨³μ£μ ¨§³¥´¥´¨Ö ¶ · ³¥É·  s2
12 ´  5 ¨ 10% μÉ § ¤ ´´μ£μ §´ Î¥-

´¨Ö ¶μ± § ´Ò ´  ·¨¸. 5. �ÉμÉ £· Ë¨± μÎ¥´Ó ¨´Ëμ·³ É¨¢¥´ Å ´  ´¥³ μÉÎ¥É²¨¢μ ¢¨¤´μ,

�¨¸. 5. ‚ ·¨ Í¨Ö s2
12 ´  5 ¨ 10% μÉ § ¤ ´´μ£μ §´ Î¥´¨Ö
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�¨¸. 6. ‚ ·¨ Í¨Ö s2
13 ´  15% μÉ § ¤ ´´μ£μ §´ Î¥´¨Ö

�¨¸. 7. ‚ ·¨ Í¨Ö s2
12 ¨ s2

13 ´  10 ¨ 30% ¸μμÉ¢¥É¸É¢¥´´μ μÉ § ¤ ´´μ£μ §´ Î¥´¨Ö

ÎÉμ ·¥Ï¥´¨¥ ¸¨²Ó´μ § ¢¨¸¨É μÉ ¨§³¥´¥´¨Ö ¤ ´´μ£μ ¶ · ³¥É·  ´  μÉ¤¥²Ó´ÒÌ ¢Ò¤¥²¥´´ÒÌ
ÊÎ ¸É± Ì Ô´¥·£¥É¨Î¥¸±μ£μ ¸¶¥±É· .

�´ ²μ£¨Î´ Ö ¸¨ÉÊ Í¨Ö ´ ¡²Õ¤ ¥É¸Ö ¨ ¶·¨ ¢ ·Ó¨·μ¢ ´¨¨ ¶ · ³¥É·  s2
13, ÎÉμ ¶μ± § ´μ

´  ·¨¸. 6. ‚ ÔÉμ³ ¸²ÊÎ ¥ ·¥Ï¥´¨¥ μ± § ²μ¸Ó ³¥´¥¥ § ¢¨¸¨³Ò³, Î¥³ ¢ ¶·¥¤Ò¤ÊÐ¥° ¢ -
·¨ Í¨¨ ¶ · ³¥É· , ´μ Ê ´¥£μ ´ ¡²Õ¤ ¥É¸Ö Éμ ¦¥ ¸¢μ°¸É¢μ Å ¶·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É· 
³¥´ÖÕÉ¸Ö μ¶·¥¤¥²¥´´Ò¥ μ¡² ¸É¨ Ô´¥·£¨¨. ‚ ¦´Ò³ ³μ³¥´Éμ³ §¤¥¸Ó Ö¢²Ö¥É¸Ö Éμ, ÎÉμ ÔÉ¨
μ¡² ¸É¨ μÉ²¨Î´Ò ¤·Ê£ μÉ ¤·Ê£ . �Éμ ²¥£±μ Ê¢¨¤¥ÉÓ, ¥¸²¨ ´ ²μ¦¨ÉÓ § ¢¨¸¨³μ¸É¨, ± ± ¶·¥¤-
¸É ¢²¥´μ ´  ·¨¸. 7. ˆ¸¶μ²Ó§μ¢ ´´Ò¥ ¶·μÍ¥´ÉÒ μÉ±²μ´¥´¨° μÉ ´ Î ²Ó´μ£μ §´ Î¥´¨Ö ¡Ò²¨
¢§ÖÉÒ ¤²Ö ´ £²Ö¤´μ¸É¨.

�¡´ ·Ê¦¥´´ Ö μ¸μ¡¥´´μ¸ÉÓ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ´¥§ ¢¨¸¨³μ£μ Ô±¸¶¥·¨³¥´É ²Ó´μ£μ  ´ -
²¨§  · ¸¸³μÉ·¥´´ÒÌ ¶ · ³¥É·μ¢ s2

12, s2
13 ¨ ÊÉμÎ´¥´¨Ö §´ Î¥´¨°.

2.3. ’μÎ´μ¸ÉÓ ¸Î¥É  ¶·¨ ¤¥²¥´¨¨ ¨´É¥·¢ ² . � ³¨ ¡Ò² · ¸¸³μÉ·¥´ ¸²ÊÎ ° ¨¸¶μ²Ó§μ-
¢ ´¨Ö É ± ´ §Ò¢ ¥³μ£μ Î ¸É¨Î´μ£μ ¸Î¥É . �´ § ±²ÕÎ ¥É¸Ö ¢ · §¡¨¥´¨¨ ÊÎ ¸É±  ¨´É¥£·¨-
·μ¢ ´¨Ö ´  N Î ¸É¥°. �¥·¥Ìμ¤ ¶·¨ ¸Î¥É¥ μÉ μ¤´μ° Î ¸É¨ ± ¤·Ê£μ° ¶·μ¨¸Ìμ¤¨É ´¥ ´¥¶·¥-
·Ò¢´μ: ¸´ Î ²  ¸Î¨É ¥É¸Ö ¶¥·¢Ò° μÉ·¥§μ±, ¶μ¸²¥ Î¥£μ ·¥§Ê²ÓÉ É § ¶¨¸Ò¢ ¥É¸Ö ¢ Ë °², ¨
¶·¨ ¸Î¥É¥ ¢Éμ·μ£μ μÉ·¥§±  ÔÉ¨ ¤ ´´Ò¥ ¶·μ£· ³³  ¸Î¨ÉÒ¢ ¥É ± ± ´ Î ²Ó´Ò¥ ¶ · ³¥É·Ò.
Šμ´¥Î´ Ö ÉμÎ±  n-£μ μÉ·¥§±  · §¡¨¥´¨Ö ¢Ò· ¦ ¥É¸Ö Ëμ·³Ê²μ° b(a) = a0 + (b0 − a0)n/N ,
±μÉμ· Ö § ¢¨¸¨É μÉ £· ´¨Í ¢¸¥£μ ¨´É¥·¢ ²  ¨´É¥£·¨·μ¢ ´¨Ö a0 ¨ b0.
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�¨¸. 8 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‘· ¢´¥´¨¥ μÉ´μ¸¨É¥²Ó´μ° · §´¨ÍÒ ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö
¶·¨ · §´μ³ Î ¸É¨Î´μ³ ¸Î¥É¥ ¤²Ö ¸²ÊÎ Ö · §¡¨¥´¨° μÉ·¥§±  ´  2, 3, 4 ¨ 5 Î ¸É¥°

�ÉμÉ  ´ ²¨§ ¶μ§¢μ²Ö¥É μÍ¥´¨ÉÓ · ¡μÉÊ  ²£μ·¨É³  ¢ § ¢¨¸¨³μ¸É¨ μÉ · §²¨Î´ÒÌ Éμ-
Î¥± ¸É ·É  ¨´É¥£·¨·μ¢ ´¨Ö, ´μ ¶·¨ Éμ° ¦¥ Ë¨§¨Î¥¸±μ° § ¤ Î¥. ˆ μÉ¢¥Î ¥É ´  ¢μ¶·μ¸:
³μ¦´μ ²¨ ¨¸¶μ²Ó§μ¢ ÉÓ ¶·¨ · ¸Î¥É Ì Ê¦¥ Î ¸É¨Î´μ ¶·μ¸Î¨É ´´Ò¥ ÔÉ ¶Ò ¨ ¶·μ¤μ²¦¨ÉÓ
¸Î¨É ÉÓ μÉ ´¨Ì?

�¥μ¡Ìμ¤¨³μ¸ÉÓ μÍ¥´±¨ · ¡μÉÒ  ²£μ·¨É³  ¢ § ¢¨¸¨³μ¸É¨ μÉ · §²¨Î´ÒÌ ÉμÎ¥± ¸É ·É 
¨´É¥£·¨·μ¢ ´¨Ö ¸¢Ö§ ´  ¸ ¢μ§³μ¦´μ¸ÉÓÕ ¶·¨³¥´¥´¨Ö Î ¸É¨Î´μ£μ ¸Î¥É .

�¥§Ê²ÓÉ É ¤¥²¥´¨Ö ¨´É¥·¢ ²  ¨´É¥£·¨·μ¢ ´¨Ö ´  γ Î ¸É¥° ¸ γ ∈ {2, 3, 4, 5} ¶·¥¤¸É ¢²¥´
´  ·¨¸. 8, £¤¥ ¶μ± § ´Ò ¢¥·μÖÉ´μ¸É¨ ¢Ò¦¨¢ ´¨Ö, μÉ´¥¸¥´´Ò¥ ± ¸²ÊÎ Õ γ = 1.

ˆ¸Ìμ¤Ö ¨§ ¶μ²ÊÎ¥´´μ£μ £· Ë¨± , ³μ¦´μ ¸¤¥² ÉÓ ¢Ò¢μ¤, ÎÉμ, ´ Î¨´ Ö ¸μ §´ Î¥´¨Ö
Ô´¥·£¨¨ ´¥°É·¨´μ E ∼ 10−2 ŒÔ‚ ¨ ¢ÒÏ¥, ¶μ£·¥Ï´μ¸É¨, ¸¢Ö§ ´´Ò¥ ¸ Î ¸É¨Î´Ò³ ¸Î¥Éμ³,
´¥ ¶·¨¢¥¤ÊÉ ± ¶μÉ¥·¥ ÉμÎ´μ¸É¨.

‡�Š‹	—…�ˆ…

� ¸¸³μÉ·¥´´Ò° Î¨¸²¥´´Ò° ³¥Éμ¤ ·¥Ï¥´¨Ö Ê· ¢´¥´¨Ö μ¸Í¨²²ÖÍ¨° ´¥°É·¨´μ ¢ ¸·¥¤¥
¨ ¥£μ ·¥ ²¨§ Í¨Ö ´  Ö§Ò±¥ ¶·μ£· ³³¨·μ¢ ´¨Ö C ´ Ìμ¤¨É¸Ö ¢ ¸μ£² ¸¨¨ ¸ ·¥§Ê²ÓÉ É ³¨
Î¨¸²¥´´μ£μ · ¸Î¥É , ¶μ²ÊÎ¥´´Ò³¨  ¢Éμ· ³¨ [9], ¨ ¸ É¥μ·¥É¨Î¥¸±¨³¨ · ¸Î¥É ³¨.

‘± ´¨·μ¢ ´¨¥ ¶μ ¶·μ¸É· ´¸É¢Ê ¶ · ³¥É·μ¢ ¶μ§¢μ²Ö¥É ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢μ¤Ò.
• ®“¸Éμ°Î¨¢μ¸ÉÓ¯ ·¥Ï¥´¨Ö § ¢¨¸¨É μÉ ¢¥²¨Î¨´Ò Ê¶· ¢²ÖÕÐ¥£μ ¶ · ³¥É·  tol, ¶·¨

§´ Î¥´¨ÖÌ tol ∈ (10−10, 10−4) ·¥Ï¥´¨¥ ¸É ¡¨²Ó´μ. �¶É¨³ ²Ó´Ò³ ¤²Ö μ¡¥¨Ì ³μ¤¥²¥°
Ö¢²Ö¥É¸Ö §´ Î¥´¨¥ tol = 10−6. ’ ± ± ± ·¥§Ê²ÓÉ É ±μ²¥¡²¥É¸Ö ¢ ¶·¥¤¥² Ì ¢μ¸Ó³μ£μ §´ ± 
¶μ¸²¥ § ¶ÖÉμ°, ÔÉμ £ · ´É¨·Ê¥É ¸μÌ· ´¥´¨¥, ± ± ³¨´¨³Ê³, ¸¥³¨ §´ Î Ð¨Ì Í¨Ë· ´  ¢¸¥³
¶·¥¤¸É ¢²¥´´μ³ ¨´É¥·¢ ²¥ ¶ · ³¥É·  ÎÊ¢¸É¢¨É¥²Ó´μ¸É¨. �·¨ μ¶É¨³ ²Ó´μ³ §´ Î¥´¨¨ Å
¢μ¸Ó³¨.

• ˆ§³¥´¥´¨¥ · §´ÒÌ Ê£²μ¢ ¸³¥Ï¨¢ ´¨Ö, θ12 ¨ θ13, μ± §Ò¢ ¥É ¢²¨Ö´¨¥ ´  · §´ÒÌ
¨´É¥·¢ ² Ì ¤¨ ¶ §μ´  Ô´¥·£¨¨ ´¥°É·¨´μ, ÎÉμ ¤ ¥É ¢μ§³μ¦´μ¸ÉÓ ± ¨Ì ´¥§ ¢¨¸¨³μ³Ê Ô±¸-
¶¥·¨³¥´É ²Ó´μ³Ê  ´ ²¨§Ê ¨ ÊÉμÎ´¥´¨Õ §´ Î¥´¨°.

• �·¨ Ô´¥·£¨ÖÌ � 10−2 ŒÔ‚ ³μ¦´μ ¨¸¶μ²Ó§μ¢ ÉÓ ³¥Éμ¤¨±¨ ¶ · ²²¥²Ó´ÒÌ ¢ÒÎ¨¸²¥´¨°
¸ ¸μÌ· ´¥´¨¥³ ¨ ¶μ¸²¥¤ÊÕÐ¨³ ¨¸¶μ²Ó§μ¢ ´¨¥³ ¶·μ³¥¦ÊÉμÎ´ÒÌ §´ Î¥´¨° ¡¥§ ¸ÊÐ¥¸É¢¥´-
´μ° ¶μÉ¥·¨ ÉμÎ´μ¸É¨.
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�² £μ¤ ·´μ¸É¨. — ¸ÉÓ · ¸Î¥Éμ¢ ¢Ò¶μ²´¥´  ´  ¢ÒÎ¨¸²¨É¥²Ó´μ³ ±² ¸É¥·¥ ®�± ¤¥³¨±
‚.Œ. Œ É·μ¸μ¢¯ ¢ ˆ„‘’“ ‘� ��� ¶μ £μ¸Ê¤ ·¸É¢¥´´μ³Ê § ¤ ´¨Õ ®� §¢¨É¨¥ ³ É¥³ É¨-
Î¥¸±¨Ì ³¥Éμ¤μ¢ μ¶¨¸ ´¨Ö ¶·μÍ¥¸¸μ¢ ¢ Ë¨§¨±¥ ¢Ò¸μ±¨Ì Ô´¥·£¨°, ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´μ°
¶² §³¥ ¨ ³¥Ì ´¨±¥ ¸¶²μÏ´ÒÌ ¸·¥¤ (0348-2016-0001)¯ ����-�17-117032210076-0.
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