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О 4н̋̃́̈̉̐̌́̎́̑̎ы̖ ̏̓̏̂̑́̇̆̎̉я̖
̐̏̌̔̋̃́̓̆̑̎̉̏̎̎ы̖ ̋̆̌̆̑̏̃ы̖

̍̎̏̄̏̏̂̑́̈̉̊

͞. ͣ. ͠ΉΆͷͶΈ΄͸Ͷ

Abstractо Earlier Вe introdАces a concept of a semi-qАaternion strАctАre on a manifold
Вith aࢺne connection generated bД a coАple of almost compleГ strАctАres. We also
inБestigated 4-qАasiplanar mappings of spaces Вith semi-qАaternion strАctАres Аnder
БarioАs conditions of diࢷerential character. In the present article Вe continАe stАdД
of 4-qАasiplanar mappings of semi-qАaternion Kählerian spaces. Geometrical objects
being inБariant Аnder the considered mappings are constrАcted. The class of the semi-
qАaternion Kählerian spaces admiting a 4-qАasiplanar mapping on a atࢹ space (4-
qАasiplane) is allocated. Their tensor sign is receiБed. It is proБed that anД 4-qАasiplane
semi-qАaternion Kählerian space admits non-triБial 4-qАasiplanar mappings (it is an
analog of the theorem of Beltrami in the theorД of geodetic mappings of Riemannian
spaces). It is shoВn that the 4-qАasiplane semi-qАaternion Kahlerian space represents
a direct prodАct of tВo Kählerian spaces of constant holomorphic cАrБatАre.

А̗̎̎̏̓́̉яо ͦͶ΃ͻͻ ΂Α ͸͸ͻ΁; ͸ ΆͶ··΂΄ΈΆͻ΃;ͻ ΅΄΃ΕΈ;ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄Ϳ ·ΈΆΉ΀-
ΈΉΆΑ ΃Ͷ ΅Ά΄·ΈΆͶ΃·Έ͸ͻ ͶΊΊ;΃΃΄Ϳ ·͸Εͽ΃΄·Έ;, ΅΄Ά΄ͼͺͻ΃΃΄Ϳ ΅ͶΆ΄Ϳ ΅΄΍Έ; ΀΄΂΅΁ͻ΀·-
΃Α΋ ·ΈΆΉ΀ΈΉΆ, ΀΄΂΂ΉΈ;ΆΉΔΏ;΋ ͺΆΉ͹ · ͺΆΉ͹΄΂. ͢Α ΈͶ΀ͼͻ ;··΁ͻͺ΄͸Ͷ΁; 4-΀͸Ͷͽ;-
΅΁Ͷ΃ͶΆ΃Αͻ ΄Έ΄ͷΆͶͼͻ΃;Ε ΅Ά΄·ΈΆͶ΃·Έ͸ ͶΊΊ;΃΃΄Ϳ ·͸Εͽ΃΄·Έ; · ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΂;
·ΈΆΉ΀ΈΉΆͶ΂; ΅Ά; ΆͶͽ΁;΍΃Α΋ Ή·΁΄͸;Ε΋ ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃΄͹΄ ΋ͶΆͶ΀ΈͻΆͶ. ͘ ΃Ͷ·Έ΄Ε-
ΏͻͿ ·ΈͶΈΒͻ ΅Ά΄ͺ΄΁ͼͶͻΈ·Ε ;ͽΉ΍ͻ΃;ͻ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ ΅΄΁Ή΀͸ͶΈͻΆ-
΃;΄΃΃Α΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸. ͧΈΆ΄ΕΈ·Ε ͹ͻ΄΂ͻΈΆ;΍ͻ·΀;ͻ ΄ͷΐͻ΀ΈΑ, ;΃͸ͶΆ;Ͷ΃Έ-
΃Αͻ ΄Έ΃΄·;Έͻ΁Β΃΄ ΆͶ··΂ͶΈΆ;͸Ͷͻ΂Α΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ. ͘Αͺͻ΁ͻ΃ ΀΁Ͷ·· ΅΄΁Ή΀͸ͶΈͻΆ΃;-
΄΃΃Α΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ (4-΀͸Ͷͽ;΅΁΄·΀;ͻ), ͺ΄΅Ή·΀ͶΔΏ;΋ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃΄ͻ
΄Έ΄ͷΆͶͼͻ΃;ͻ ΃Ͷ ΅΁΄·΀΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄. ͥ΄΁Ή΍ͻ΃ ;΋ Έͻ΃ͽ΄Ά΃ΑͿ ΅Ά;ͽ΃Ͷ΀. ͚΄΀ͶͽͶ-
΃΄, ΍Έ΄ ΁Δͷ΄ͻ 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃Έ͸΄ ͺ΄΅Ή·΀ͶͻΈ
΃ͻΈΆ;͸;Ͷ΁Β΃Αͻ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Αͻ ΄Έ΄ͷΆͶͼͻ΃;Ε (ΓΈ΄ Ͷ΃Ͷ΁΄͹ Έͻ΄Άͻ΂Α ͗ͻ΁ΒΈΆͶ΂; ͸
Έͻ΄Ά;; ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸). ͥ΄΀ͶͽͶ΃΄, ΍Έ΄ 4-΀͸Ͷ-
ͽ;΅΁΄·΀΄ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ ΅Άͻͺ·ΈͶ͸΁ΕͻΈ ·΄ͷ΄Ϳ ΅ΆΕ΂΄ͻ
΅Ά΄;ͽ͸ͻͺͻ΃;ͻ ͺ͸Ή΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ ΅΄·Έ΄Ε΃΃΄Ϳ ͹΄΁΄΂΄ΆΊ΃΄Ϳ ΀Ά;͸;ͽ΃Α.

ȱɒюɞɌɉɢɌ ɘɒɕɉɇ: ͦ;΂Ͷ΃΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄, ΀͸ͶΈͻΆ΃;΄΃΃ͶΕ ·ΈΆΉ΀ΈΉΆͶ, ΀ͻ΁ͻΆ΄͸Ͷ
·ΈΆΉ΀ΈΉΆͶ
Ⱥȫȱ 517.764
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1. ݲݵݺݲݱݲݯ͘

͘ ·΄͸Άͻ΂ͻ΃΃΄Ϳ ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃΄Ϳ ͹ͻ΄΂ͻΈΆ;; ;΃Έͻ΃·;͸΃΄ ΆͶͽ͸;͸ͶͻΈ-
·Ε Έͻ΄Ά;Ε ͺ;ΊΊͻ΄΂΄ΆΊ;ͽ΂΄͸ ΂΃΄͹΄΄ͷΆͶͽ;Ϳ · ͶΊΊ;΃΄Ά΃Α΂; ·ΈΆΉ΀ΈΉ-
ΆͶ΂; ΆͶͽ΁;΍΃Α΋ Έ;΅΄͸.
͘ ΃Ͷ·Έ΄ΕΏͻͿ ·ΈͶΈΒͻ ΅Ά΄ͺ΄΁ͼͶͻΈ·Ε ΃Ͷ΍ͶΈ΄ͻ ΃Ͷ΂; ͸ [4], [5], [6] ;ͽΉ-

΍ͻ΃;ͻ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ (4ͥͤ͠) ΅·ͻ͸ͺ΄-Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄-
·ΈΆͶ΃·Έ͸ · ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄Ϳ ·ΈΆΉ΀ΈΉΆ΄Ϳ.
͞··΁ͻͺ΄͸Ͷ΃;Ε ΃΄·ΕΈ ΁΄΀Ͷ΁Β΃ΑͿ ΋ͶΆͶ΀ΈͻΆ ; ΅Ά΄͸΄ͺΕΈ·Ε ͸ ΀΁Ͷ··ͻ ͺ΄-

·ΈͶΈ΄΍΃΄ ͹΁Ͷͺ΀;΋ ΊΉ΃΀Ό;Ϳ.
ͣͶ΅΄΂΃;΂, ΍Έ΄ [6] ΃ͶͽΑ͸ͶͻΈ·Ε ·ΈΆΉ΀ΈΉΆͶ, ΀΄Έ΄-

ΆͶΕ ΅΄Ά΄ͼͺͶͻΈ·Ε ΅ͶΆ΄Ϳ ΅΄΍Έ; ΀΄΂΅΁ͻ΀·΃Α΋ ·ΈΆΉ΀ΈΉΆ [3], ΀΄΂΂ΉΈ;ΆΉ-
ΔΏ;΋ ΂ͻͼͺΉ ·΄ͷ΄Ϳ. ͧ΄΄Έ͸ͻΈ·Έ͸ͻ΃΃΄, ΃Ͷ-
ͽΑ͸ͶͻΈ·Ε ΅·ͻ͸ͺ΄-Ά;΂Ͷ΃΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ Vn c ͽͶͺͶ΃΃Α΂; ΃Ͷ ΃ͻ΂ ΅΄΍Έ;

΀΄΂΅΁ͻ΀·΃Α΂; ·ΈΆΉ΀ΈΉΆͶ΂;
1

F ;
2

F , ΀΄Έ΄ΆΑͻ ΃ͶΆΕͺΉ ·

1

Fα
i

1

F h
α = −δhi ,

2

Fα
i

2

F h
α = −δhi (1.1)

Ήͺ΄͸΁ͻΈ͸΄ΆΕΔΈ Ή·΁΄͸;Ε΂

1

Fα
i

2

F h
α =

2

Fα
i

1

F h
α. (1.2)

ͤΈ·ΔͺͶ ·΁ͻͺΉͻΈ, ΍Έ΄ Έͻ΃ͽ΄Ά

3

F h
i =

1

Fα
i

2

F h
α,

΄΅Άͻͺͻ΁ΕͻΈ ΃Ͷ Vn ·ΈΆΉ΀ΈΉΆΉ ΅΄΍Έ; ΅Ά΄;ͽ͸ͻͺͻ΃;Ε [7]

3

Fα
i

3

F h
α = δhi . (1.3)

ͧ͸ΕͽΒ ΂ͻͼͺΉ
1

F ,
2

F ,
3

F ;΂ͻͻΈ ͸;ͺ:

1

Fα
i

2

F h
α =

2

Fα
i

1

F h
α =

3

F h
i ,

2

Fα
i

3

F h
α =

3

Fα
i

2

F h
α = −

1

F h
i ,

3

Fα
i

1

F h
α =

1

Fα
i

3

F h
α = −

2

F h
i .

(1.4)

͢Α ΅΄΁Ͷ͹Ͷͻ΂, ΍Έ΄ ͶΊΊ;΃΄ΆΑ
1

F ,
2

F , ΃Ͷ Vn ΄΅Άͻͺͻ΁ΕΔΈ ΅΄΍Έ; ΓΆ΂;Έ΄͸Ή
·ΈΆΉ΀ΈΉΆΉ [3], Έ΄ ͻ·ΈΒ

1

F ij = −

1

F ji,
2

F ij = −

2

F ji,
1

F ij = giα
1

Fα
j ,

2

F ij = giα
2

Fα
j . (1.5)
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͞ͽ (1.4) ·΁ͻͺΉͻΈ, ΍Έ΄

3
F ij =

3
F ji,

3
F ij = giα

3
Fα

j . (1.6)

͠Ͷ΀ ΄ͷΑ΍΃΄, ΅΄ͺ ɑɌɒɌɗɕɉɕɐ ·ΈΆΉ΀ΈΉΆ΄Ϳ ͷΉͺͻ΂ ΅΄΃;΂ͶΈΒ ΅΄΁Ή΀͸ͶΈͻΆ-
΃;΄΃΃ΉΔ ·ΈΆΉ΀ΈΉΆΉ ΃Ͷ Vn, ͺ΁Ε ΀΄Έ΄Ά΄Ϳ

s

F h
i,j = 0, s = 1, 2, 3.

͝ͺͻ·Β <,>—ͽ΃Ͷ΀ ΀΄͸ͶΆ;Ͷ΃Έ΃΄Ϳ ΅Ά΄;ͽ͸΄ͺ΃΄Ϳ ͸ Vn.
ͦͶ··΂΄ΈΆ;΂ (΅·ͻ͸ͺ΄-)Ά;΂Ͷ΃΄͸Α ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ (Vn, gij) ; (V n, gij) c

΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΂; ΀ͻ΁ͻΆ΄͸Α΂; ·ΈΆΉ΀ΈΉΆͶ΂;
s

F ,
s

F , s = 1, 2, 3, ΃Ͷ΋΄-
ͺΕΏ;ͻ·Ε ͸ 4ͥͤ͠, ·΄΋ΆͶ΃ΕΔΏͻ΂ ·ΈΆΉ΀ΈΉΆΉ. ΄ͨ͹ͺͶ ͸ ΄ͷΏͻͿ ΅΄ ΄Έ΄ͷΆͶ-
ͼͻ΃;Δ ·;·Έͻ΂ͻ ΀΄΄Άͺ;΃ͶΈ (xi) ΅Ά; Ή·΁΄͸;Ε΋ (1.1)-(1.6) ;΂ͻΔΈ ΂ͻ·Έ΄
·΄΄Έ΃΄Ύͻ΃;Ε

Γ
h

ij(x) = Γh
ij(x) +

3∑

s=0

s
q(i(x)

s

F h
j)(x), (1.7)

͹ͺͻ

◦
F h

i = δhi ,
3
F h

i =
1
Fα

i

2
F h

α,
s

F h
i (x) =

s

F
h
i (x),

s

F h
i,j = 0,

s

F h
i|j = 0, s = 1, 2, 3, (1.8)

͹ͺͻ
s
qi(x)—΃ͻ΀΄Έ΄ΆΑͻ ΀΄͸ͻ΀Έ΄ΆΑ; (·, ·) ΄ͽ΃Ͷ΍ͶͻΈ ΄΅ͻΆͶΌ;Δ ·;΂΂ͻΈΆ;Ά΄-

͸Ͷ΃;Ε ΅΄ ·΄΄Έ͸ͻΈ·Έ͸ΉΔΏ;΂ ;΃ͺͻ΀·Ͷ΂; <,>, <|>—ͽ΃Ͷ΀; ΀΄͸ͶΆ;Ͷ΃Έ΃΄Ϳ
΅Ά΄;ͽ͸΄ͺ΃΄Ϳ ͸ Vn ; V n, ·΄΄Έ͸ͻΈ·Έ͸ͻ΃΃΄.
ͣͶͽ΄͸ͻ΂ 4-ɑɉɇɎɏɖɒɇɔɇɗɔɕɐ ΁;΃;ͻͿ ΀Ά;͸ΉΔ L ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄͹΄

΅Ά΄·ΈΆͶ΃·Έ͸Ͷ (Vn, gij ,
s

F ), ͽͶͺͶ΃΃ΉΔ ͸ ΅ͶΆͶ΂ͻΈΆ;΍ͻ·΀΄Ϳ Ί΄Ά΂ͻ

xh = xh(t), h = 1, 2, . . . n,

͸ͺ΄΁Β ΀΄Έ΄Ά΄Ϳ ΊΉ΃΀Ό;; λh = dxh

dt
Ήͺ΄͸΁ͻΈ͸΄ΆΕΔΈ ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃Α΂

ΉΆͶ͸΃ͻ΃;Ε΂

dλh(t)

dt
+ Γh

αβ(x)λ
α(t)λβ(t) = λα

3∑

s=0

s
a(t)

s

F h
α,

͹ͺͻ
s
a(t)—΃ͻ΀΄Έ΄ΆΑͻ ΊΉ΃΀Ό;; ΅ͶΆͶ΂ͻΈΆͶ t.
ͳΈ; ΀Ά;͸Αͻ ΅Άͻͺ·ΈͶ͸΁ΕΔΈ ·΄ͷ΄Ϳ Ͷ΃Ͷ΁΄͹ ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΁;΃;Ϳ ΅Ά΄-

·ΈΆͶ΃·Έ͸ ͶΊΊ;΃΃΄Ϳ ·͸Εͽ΃΄·Έ; ; Ͷ΃Ͷ΁;Έ;΍ͻ·΀; ΅΁Ͷ΃ͶΆ΃Α΋ ΀Ά;͸Α΋ ΅΄-
΍Έ; ΀΄΂΅΁ͻ΀·΃Α΋ ΂΃΄͹΄΄ͷΆͶͽ;Ϳ [7], [2].

ͥ΄΀Ͷͼͻ΂, ΍Έ΄ ΄ͷΆͶͽ΄΂ ΀Ͷͼͺ΄Ϳ ͹ͻ΄ͺͻͽ;΍ͻ·΀΄Ϳ ͸ (Vn, gij ,
s

F ) ΅Ά; 4ͥͤ͠

Ε͸΁ΕͻΈ·Ε 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃ͶΕ ΀Ά;͸ͶΕ ͸ (V n, gij ,
s

F ).
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͛·΁; L—͹ͻ΄ͺͻͽ;΍ͻ·΀ͶΕ ͸ Vn · ΅ͶΆͶ΂ͻΈΆ;΍ͻ·΀;΂; ΉΆͶ͸΃ͻ΃;Ε΂;

xh = xh(t), h = 1, 2, . . . n,

Έ΄ ͸ͺ΄΁Β ΃ͻͻ λh = dxh

dt
Ήͺ΄͸΁ͻΈ͸΄ΆΕΔΈ ΉΆͶ͸΃ͻ΃;Ε΂

dλh(t)

dt
+ Γh

αβ(x)λ
α(t)λβ(t) = ρ(t)λh(t).

͘ ΄ͷΏͻͿ ΅΄ 4ͥͤ͠ ·;·Έͻ΂ͻ ΀΄΄Άͺ;΃ͶΈ (xi) ΀Ά;͸ͶΕ L ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ
V n, Ε͸΁ΕΔΏͶΕ·Ε ΄ͷΆͶͽ΄΂ ΀Ά;͸΄Ϳ L, ΄΅Άͻͺͻ΁ΕͻΈ·Ε Έͻ΂; ͼͻ ΅ͶΆͶ΂ͻΈ-
Ά;΍ͻ·΀;΂; ΉΆͶ͸΃ͻ΃;Ε΂; xh = xh(t), h = 1, 2, . . . n, Ͷ ·΄΄Έ͸ͻΈ·Έ͸ΉΔΏ;ͻ
Έ΄΍΀; ΓΈ;΋ ΀Ά;͸Α΋ ;΂ͻΔΈ ΄ͺ;΃Ͷ΀΄͸Αͻ ͽ΃Ͷ΍ͻ΃;Ε ΅ͶΆͶ΂ͻΈΆͶ t. ͥΆ; ΓΈ΄΂
ͻ·΁; ͸ ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃Αͻ ΉΆͶ͸΃ͻ΃;Ε ͹ͻ΄ͺͻͽ;΍ͻ·΀΄Ϳ L ΅΄ͺ·ΈͶ͸;ΈΒ Γh

αβ

;ͽ (1.7), Έ΄ ΄΃; ΅Ά;΂ΉΈ ͸;ͺ

dλh(t)

dt
+ Γ

h

αβ(x)λ
α(t)λβ(t) = λα

3∑

s=0

s
a(t)

s

F h
α,

Έ΄ ͻ·ΈΒ L ͷΉͺͻΈ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃΄Ϳ ͸ V n.
͖΃Ͷ΁΄͹;΍΃΄ ΅Ά΄͸ͻΆΕͻΈ·Ε, ΍Έ΄ Ͷ΃Ͷ΁;Έ;΍ͻ·΀; ΅΁Ͷ΃ͶΆ΃Αͻ ; 4-΀͸Ͷͽ;΅΁Ͷ-

΃ͶΆ΃Αͻ ΀Ά;͸Αͻ Vn ΅Ά; 4ͥͤ͠ ΈͶ΀ͼͻ ΅ͻΆͻ΋΄ͺΕΈ ͸ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Αͻ ΁;-
΃;; V n.
͘ [6] ΂Α ΅΄΀ͶͽͶ΁;, ΍Έ΄ ;ͽ ͽͶ͸;·;΂΄·Έ; ΂ͻͼͺΉ ΀΄͸ͶΆ;Ͷ΃Έ΃Α΂; ΅Ά΄-

;ͽ͸΄ͺ΃Α΂;
s

F ͸ Vn ; V n · Ή΍ͻΈ΄΂ (1.1)-(1.8) ·΁ͻͺΉͻΈ, ΍Έ΄

◦

qi =
1
qα

1
Fα

i =
2
qα

2
Fα

i =
3
qα

3
Fα

i (1.9)

΅Ά;
3
Fα

α ̸= ±n.

ͤΈ΂ͻΈ;΂, ΍Έ΄
3
Fα

α = ±n ·΄΄Έ͸ͻΈ·Έ͸ΉͻΈ
3
F h

i = ±δhi ;, ·΁ͻͺ΄͸ͶΈͻ΁Β΃΄,
1
F h

i = ±
2
F h

i , Έ΄ ͻ·ΈΒ ͸ ΓΈ΄΂ ·΁Ή΍Ͷͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃ͶΕ ΀ͻ΁ͻΆ΄͸Ͷ ·ΈΆΉ΀-
ΈΉΆͶ ͸ΑΆ΄ͼͺͶͻΈ·Ε ͸ ΀΁Ͷ··;΍ͻ·΀ΉΔ ΀ͻ΁ͻΆ΄͸Ή [3].

2. ݭݯݿݾݶݻݯͧ ނވݺݺݻݵݺݽݲݿݭݯݷހݸݻݼ ނވݯݻݽݲݸݲݷ ݯݿݾݺݭݽݿݾݻݽݼ

2.1. ͘͸;ͺΉ ΀΄͸ͶΆ;Ͷ΃Έ΃΄͹΄ ΅΄·Έ΄Ε΃·Έ͸Ͷ ·ΈΆΉ΀ΈΉΆ΃Α΋ ͶΊΊ;΃΄Ά΄͸ ͸ ΅΄-

΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄΂ ΀ͻ΁ͻΆ΄͸΄΂ ΅Ά΄·ΈΆͶ΃·Έ͸ͻ (Vn, gij ,
s

F h
i ) ;΂ͻΔΈ ΂ͻ·Έ΄ ΆͶ-

͸ͻ΃·Έ͸Ͷ:
s

F h
i,[kl] = 0,

΄Έ΀ΉͺͶ · Ή΍ͻΈ΄΂ Έ΄ͼͺͻ·Έ͸Ͷ ͦ;΍΍; ; (1.1)-(1.5) ΅΄΁Ή΍ͶΔΈ·Ε ·͸΄Ϳ·Έ͸Ͷ
Έͻ΃ͽ΄Ά΄͸ ͦ;΂Ͷ΃Ͷ ; ͦ;΍΍;:
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Rαijk

1

Fα
h = −Rhαjk

1

Fα
i , Rαi

1

Fα
h = −Rhα

1

Fα
i , (2.10)

Rαijk

2

Fα
h = −Rhαjk

2

Fα
i , Rαi

2

Fα
h = −Rhα

2

Fα
i , (2.11)

Rαijk

3

Fα
h = Rhαjk

3

Fα
i , Rαi

3

Fα
h = Rhα

3

Fα
i . (2.12)

2.2. ͥ΄·΀΄΁Β΀Ή
3

F h
i,j = 0, ͶΊΊ;΃΄Ά΃ͶΕ ·ΈΆΉ΀ΈΉΆͶ

3

F h
i ;΃Έͻ͹Ά;ΆΉͻ΂Ͷ [7],

ΈͶ΀ ΍Έ΄ ͸ ΆͶ··΂ͶΈΆ;͸Ͷͻ΂΄Ϳ ΄΀Άͻ·Έ΃΄·Έ; ΂΄ͼ΃΄ ͸ΑͷΆͶΈΒ ·;·Έͻ΂Ή ΀΄΄Ά-

ͺ;΃ͶΈ, ΃ͶͽΑ͸Ͷͻ΂ΉΔ (΀ ͶΊΊ;΃΄ΆΉ), ͸ ΀΄Έ΄Ά΄Ϳ
3

F h
i ΅Ά;-

͸΄ͺ;Έ·Ε ΀ ͸;ͺΉ:

(
3

F h
i ) =

(

Em 0
0 −En−m

)

, (2.13)

Έ΄ ͻ·ΈΒ
3

F a
b = δab ,

3

FA
B = δAB,

3

FA
b =

3

F a
B = 0, (2.14)

ͺ΁Ε a, b = 1, 2, . . . ,m, A,B = m+ 1,m+ 2, . . . , n.
͘ ΍Ͷ·Έ΃΄·Έ;,

3

Fα
α = 2m− n. (2.15)

͘ [6] ΂Α ͺ΄΀ͶͽͶ΁;, ΍Έ΄ ΀ͻ΁ͻΆ΄͸΄ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄

(Vn, gij ,
s

F h
i ) ΅Ά;͸΄ͺ;΂΄, ; Ί΄Ά΂Ή΁Α (1.4)-(1.6), ͽͶ΅;·Ͷ΃΃Αͻ ͸ ͶͺͶ΅Έ;Ά΄-

͸Ͷ΃΃΄Ϳ ΀
3

F h
i ·;·Έͻ΂ͻ ΀΄΄Άͺ;΃ͶΈ, ͺͶΔΈ ΃Ͷ΂

gab = gab(x
c), gAB = gAB(x

C), gaB(x) = 0, (2.16)

1

F a
B =

1

FA
b = 0,

2

F a
B =

2

FA
b = 0,

2

F a
b = −

1

F a
b = F a

b ,
2

FA
B =

1

FA
B = FA

B,

(2.17)

΅Ά;΍ͻ΂

F a
c F

c
b = −δab , gacF

c
b = −gbcF

c
a , F a

b,c = 0,

FA
C FC

B = −δAB, gACF
C
B = −gBCF

C
A , FA

B,C = 0.

ͳΈ΄ ΄ͽ΃Ͷ΍ͶͻΈ, ΍Έ΄ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ Vn ΅Άͻͺ-
·ΈͶ͸΁ΕͻΈ ·΄ͷ΄Ϳ ΅ΆΕ΂΄ͻ ΅Ά΄;ͽ͸ͻͺͻ΃;ͻ Vn = Vm×Vn−m, ͹ͺͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄
(Vm(xa), gab(x

c)) Ε͸΁ΕͻΈ·Ε ΄ͷΑ΍΃Α΂ ΀ͻ΁ͻΆ΄͸Α΂ ΄Έ΃΄·;Έͻ΁Β΃΄ ͶΊΊ;΃΄ΆͶ
1

F a
b (x

c), Ͷ ΅Ά΄·ΈΆͶ΃·Έ͸΄ (Vn−m(xA), gAB(x
C)), ·΄΄Έ͸ͻΈ·Έ͸ͻ΃΃΄, ΄ͷΑ΍΃Α΂

΀ͻ΁ͻΆ΄͸Α΂ ΄Έ΃΄·;Έͻ΁Β΃΄ ͶΊΊ;΃΄ΆͶ
1

FB
A(x

C).
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3. ݲݵݷݾݲބݵݽݿݲݹݻݲ͙ ,ވݿݷݲއݮݻ ݲވݺݿݺݭݵݽݭݯݺݵ ݻݺމݸݲݿݵݾݻݺݿݻ
4ͥͤ͠ ނވݺݺݻݵݺݽݲݿݭݯݷހݸݻݼ ނވݯݻݽݲݸݲݷ ݯݿݾݺݭݽݿݾݻݽݼ

3.1. ͦͶ··΂΄ΈΆ;΂ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Αͻ ΀ͻ΁ͻΆ΄͸Α ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ

(Vn, gij ,
s

F ), (V n, gij ,
s

F ), s = 1, 2, 3,

΃Ͷ΋΄ͺΕΏ;ͻ·Ε ͸ 4ͥͤ͠, ·΄΋ΆͶ΃ΕΔΏͻ΂ ·ΈΆΉ΀ΈΉΆΉ. ͥΆ; ΓΈ΄΂ ΅΄΁Ͷ͹Ͷͻ΂,
΍Έ΄ ΃ͶΆΕͺΉ · (1.1)-(1.6) ͸ V n ͸Α΅΄΁΃ΕΔΈ·Ε Ͷ΃Ͷ΁΄͹;΍΃Αͻ (1.5), (1.6) ΆͶ-
͸ͻ΃·Έ͸Ͷ

1

F ij = −

1

F ji,
2

F ij = −

2

F ji,

1

F ij = giα
1
Fα

j ,
2

F ij = giα
2
Fα

j ,

3

F ij =
3

F ji,
3

F ij = giα
3
Fα

j .

ͧ͸ͻΆΈΑ͸Ͷ΃;ͻ ΄·΃΄͸΃Α΋ ΉΆͶ͸΃ͻ΃;Ϳ 4ͥͤ͠ (1.7) ΅΄ ;΃ͺͻ΀·Ͷ΂ i, j · Ή΍ͻ-
Έ΄΂ (1.4), (1.9) ͺͶͻΈ ΃Ͷ΂

2(m+ 2)
◦

qi = Γ
α

iα − Γα
iα. (3.18)

ͤΈ·ΔͺͶ ·΁ͻͺΉͻΈ, ΍Έ΄ ͸ͻ΀Έ΄Ά
◦

qi ͹ΆͶͺ;ͻ΃Έͻ΃.
͚Ͷ΁ͻͻ, ͸͸;ͺΉ (3.18) ΉΆͶ͸΃ͻ΃;Ε (1.7) ΂΄ͼ΃΄ ΅Άͻͺ·ΈͶ͸;ΈΒ ͸ Ί΄Ά΂ͻ

T
h

ij = T h
ij ,

͹ͺͻ

T h
ij = Γh

ij −
1

2(m+ 2)
Γα
βαQ

βh
ij , (3.19)

Qkh
ij = δki δ

h
j −

1
F k

i

1
F h

j −

2
F k

i

2
F h

j +
3
F k

i

3
F h

j . (3.20)

͖΃Ͷ΁΄͹;΍΃΄ ͽͶ΅;·Α͸ͶΔΈ·Ε ΀΄΂΅΄΃ͻ΃ΈΑ T
h

ij ͸ V n.

3.2. ͣͶ ΄·΃΄͸Ͷ΃;; (1.7) ͽͶ͸;·;΂΄·ΈΒ ΂ͻͼͺΉ ΀΄΂΅΄΃ͻ΃ΈͶ΂; Έͻ΃ͽ΄Ά΄͸
ͦ;΂Ͷ΃Ͷ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸

(Vn, gij ,
s

F ), (V n, gij ,
s

F ),

΃Ͷ΋΄ͺΕΏ;΋·Ε ͸ 4ͥͤ͠, ;΂ͻͻΈ ͸;ͺ:

R
h

ijk = Rh
ijk + qα[jQ

(hα)
k]i , (3.21)

͹ͺͻ

qij =
◦

qi,j −
◦

qα
◦

qβQ
αβ
ij , (3.22)

[·, ·] ΄ͷ΄ͽ΃Ͷ΍ͻ΃΄ Ͷ΁ΒΈͻΆ΃;Ά΄͸Ͷ΃;ͻ ΅΄ ·΄΄Έ͸ͻΈ·Έ͸ΉΔΏ;΂ ;΃ͺͻ΀·Ͷ΂.

͞ͽ ͹ΆͶͺ;ͻ΃Έ΃΄·Έ;
◦

qi ΄΍ͻ͸;ͺ΃΄, ΍Έ΄ qij = qji.
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ͧ͸ͻΆΈΑ͸Ͷ΃;ͻ (3.21) ΅΄ ;΃ͺͻ΀·Ͷ΂ h, k ͺͶͻΈ ΃Ͷ΂

Rij = Rij + (n+ 4)qij − 2qαβQ
αβ
ij + (2m− n)qαi

3
Fα

j . (3.23)

ͤΈ·ΔͺͶ · Ή΍ͻΈ΄΂ ͹ΆͶͺ;ͻ΃Έ΃΄·Έ;
◦

qi ΃Ͷ΋΄ͺ;΂, ΍Έ΄

qαi
3
Fα

j = qαj
3
Fα

i

;, ·΁ͻͺ΄͸ͶΈͻ΁Β΃΄,

qαβ
3
Fα

i

3
F

β
j = qij , qαβ

1
Fα

i

1
F

β
j = qαβ

2
Fα

i

2
F

β
j . (3.24)

ͻͨ΅ͻΆΒ (3.23) ΅Ά;΃;΂ͶΔΈ ͸;ͺ

Rij = Rij + nqij + 4qαβ
1
Fα

i

1
F

β
j + (2m− n)qαi

3
Fα

j . (3.25)

͘Α΍;ΈͶΕ ;ͽ (3.25) ΆͻͽΉ΁ΒΈͶΈ ;΋ ·͸ͻΆΈΑ͸Ͷ΃;Ε ·
1
F i

k

1
F

j
l ΅΄ ;΃ͺͻ΀·Ͷ΂ i, j,

΅΄΁Ή΍;΂

(n− 4)
(
qij − qαβ

1
Fα

i

1
F

β
j

)
+ (2m− n)

(
qαj

3
Fα

i + qαβ
2
Fα

i

1
F

β
j

)
= 0.

͖΃Ͷ΁΄͹;΍΃΄, ·΀΁ͶͺΑ͸ͶΕ (3.25), ·͸ͻΆ΃ΉΈΑͻ ·
3
F i

k ΅΄ ;΃ͺͻ΀·Ή i, · ΆͻͽΉ΁Β-

ΈͶΈ΄΂ ·͸ͻΆΈΑ͸Ͷ΃;Ε (3.25) ·
2
F i

k

1
F

j
l ΅΄ ;΃ͺͻ΀·Ͷ΂ i, j, ;΂ͻͻ΂

(2m− n)
(
qij − qαβ

1
Fα

i

1
F

β
j

)
+ (n− 4)

(
qαj

3
Fα

i + qαβ
2
Fα

i

1
F

β
j

)
= 0.

͞ͽ ͺ͸Ή΋ ΅΄·΁ͻͺ΃;΋ ΆͶ͸ͻ΃·Έ͸, ·΄΄Έ͸ͻΈ·Έ͸ͻ΃΃΄, ΃Ͷ΋΄ͺ;΂

qij = qαβ
1
Fα

i

1
F

β
j , qαj

3
Fα

i = −qαβ
2
Fα

i

1
F

β
j , (3.26)

΅Ά; m ̸= 2, n−m ̸= 2.
ͣͶ΀΄΃ͻΌ, (3.25) · Ή΍ͻΈ΄΂ (3.26) ͺͶΔΈ ΃Ͷ΂

(
Rαj −Rαj

) (
(n+ 4)δαi − (2m− n)

3
Fα

i

)
= 4(m+ 2)(n−m+ 2)qij .

ͣͶ ΄·΃΄͸Ͷ΃;; ΅΄΁Ή΍ͻ΃΃Α΋ ·΄΄Έ΃΄Ύͻ΃;Ϳ (3.21) ΂΄ͼ΃΄ ΅Άͻͺ·ΈͶ͸;ΈΒ ͸
Ί΄Ά΂ͻ

T
h

ijk = T h
ijk,

͹ͺͻ

T h
ijk = Rh

ijk − R̃α[jQ
hα
k]i − 2R̃αk

( 1
F h

i

1
Fα

j −
2
F h

i

2
Fα

j

)
, (3.27)

R̃ij =
1

4(m+ 2)(n−m+ 2)
Rαj

(
(n+ 4)δαi − (2m− n)

3
Fα

i

)
(3.28)

΅Ά; m ̸= 2, n−m ̸= 2.
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͖΃Ͷ΁΄͹;΍΃Α΂ ΄ͷΆͶͽ΄΂ ΅Άͻͺ·ΈͶ͸΁ΕΔΈ·Ε ͸ V n ΀΄΂΅΄΃ͻ΃ΈΑ T
h

ijk.
ͣͶ΂; ͺ΄΀ͶͽͶ΃Ͷ

Т̆̏̑̆̍́ уоуо ȪɌɕɓɌəɗɏɞɌɘɑɏɌ ɕɈɡɌɑəɢ (3.19) ɏ (3.27) ɏɔɉɇɗɏɇɔəɔɢ
ɕəɔɕɘɏəɌɒɣɔɕ 4ȱȶȵ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɢɜ ɑɌɒɌɗɕɉɢɜ ɖɗɕɘəɗɇɔɘəɉ.

ͤͷΐͻ΀Έ (3.19) ΃΄·;Έ ΃ͻΈͻ΃ͽ΄Ά΃ΑͿ ΋ͶΆͶ΀ΈͻΆ ; Ε͸΁ΕͻΈ·Ε Ͷ΃Ͷ΁΄͹΄΂ ;ͽ-
͸ͻ·Έ΃Α΋ ΅ͶΆͶ΂ͻΈΆ΄͸ ΄ͨ΂Ͷ·Ͷ ͸ Έͻ΄Ά;; ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;-
΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ [7].
͛͹΄ ·΄΋ΆͶ΃ͻ΃;ͻ ΃ͻ΄ͷ΋΄ͺ;΂΄ ; ͺ΄·ΈͶΈ΄΍΃΄ ͺ΁Ε Έ΄͹΄, ΍Έ΄ͷΑ ΄Έ΄ͷΆͶͼͻ-

΃;ͻ ΂ͻͼͺΉ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΂; ΀ͻ΁ͻΆ΄͸Α΂; ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ΂; ͷΑ΁΄ 4-
΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΂.
ͤͷΐͻ΀Έ (3.27)— Ͷ΃Ͷ΁΄͹ Έͻ΃ͽ΄ΆͶ ͘ͻͿ΁Ε ͸ Έͻ΄Ά;; ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷ-

ΆͶͼͻ΃;Ϳ [7] ; Έͻ΃ͽ΄ΆͶ ͹΄΁΄΂΄ΆΊ΃΄-΅Ά΄ͻ΀Έ;͸΃΄Ϳ ΀Ά;͸;ͽ΃Α ͸ Έͻ΄Ά;;
HP -΄Έ΄ͷΆͶͼͻ΃;Ϳ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ [1].
ͧ΄΋ΆͶ΃ͻ΃;ͻ ΄ͷΐͻ΀ΈͶ (3.27)— ΁;ΎΒ ΃ͻ΄ͷ΋΄ͺ;΂΄ͻ Ή·΁΄͸;ͻ ͺ΁Ε Έ΄͹΄,

΍Έ΄ͷΑ ΆͶ··΂ͶΈΆ;͸Ͷͻ΂΄ͻ ΄Έ΄ͷΆͶͼͻ΃;ͻ ͷΑ΁΄ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΂.

4. ݲݵݷݾݻݸݼݵݴݭݯݷ-4 ݲވݺݺݻݵݺݽݲݿݭݯݷހݸݻݼ ވݯݻݽݲݸݲݷ
.ݭݯݿݾݺݭݽݿݾݻݽݼ

4.1. ͗Ήͺͻ΂ ΃ͶͽΑ͸ͶΈΒ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Αͻ ΀ͻ΁ͻΆ΄͸Α ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ, ͺ΄-
΅Ή·΀ͶΔΏ;ͻ 4ͥͤ͠ ΃Ͷ ΅΁΄·΀΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄, 4-ɑɉɇɎɏɖɒɕɘɑɏɓɏ. ͦͶ··΂΄Έ-

Ά;΂ 4ͥͤ͠ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄͹΄ ΀ͻ΁ͻΆ΄͸Ͷ ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ (Vn, gij ,
s

F ) ΃Ͷ

΅΁΄·΀΄ͻ V n = En. ΄ͨ͹ͺͶ ;ͽ R
h

ijk = 0 ·΁ͻͺΉͻΈ T
h

ijk = T h
ijk = 0 ;, ͽ΃Ͷ΍;Έ,

(3.27) ΅Ά;΃;΂ͶΔΈ ͸;ͺ:

Rh
ijk = R̃α[jQ

hα
k]i + 2R̃αk

( 1
F h

i

1
Fα

j −

2
F h

i

2
Fα

j

)
. (4.29)

ͤ΅Ή·΀ͶΕ ͽͺͻ·Β ;΃ͺͻ΀· h ͸ Vn ; ·͸ͻΆΈΑ͸ͶΕ ΆͻͽΉ΁ΒΈͶΈ · g
ij ΅΄ ;΃ͺͻ΀·Ͷ΂

i, j, · Ή΍ͻΈ΄΂ (3.28) ΅΄΁Ή΍Ͷͻ΂:

4(n−m2 +mn)Rhk + 4(2m− n)Rαk

3
Fα

h−

−

(
(n+ 4)

3
R− (2m− n)R

) 3
F hk+

+
(
(2m− n)

3
R− (n+ 4)R

)
ghk = 0, (4.30)

͹ͺͻ R = Rα
α—·΀Ͷ΁ΕΆ΃ͶΕ ΀Ά;͸;ͽ΃Ͷ Vn ;

3
R = Rα

β

3
F

β
α.
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͞·΀΁Δ΍ͶΕ ;ͽ (4.30) ; ΆͻͽΉ΁ΒΈͶΈͶ ;΋ ·͸ͻΆΈΑ͸Ͷ΃;Ε ·
3

F h
l ΅΄ ;΃ͺͻ΀·Ή h

·΁Ͷ͹Ͷͻ΂΄ͻ Rαk

3
Fα

h , ΃Ͷ΋΄ͺ;΂:

4m(n−m)Rhk =
(
nR− (2m−n)

3
R
)
ghk −

(
(2m−n)R−n

3
R
) 3
F hk. (4.31)

ͥΆ΄ͺ;ΊΊͻΆͻ΃Ό;ΆΉͻ΂ ΓΈ΄ ΆͶ͸ͻ΃·Έ͸΄ ΀΄͸ͶΆ;Ͷ΃Έ΃΄ ΅΄ xl:

4m(n−m)Rhk,l =
(
nR,l − (2m− n)

3
R,l

)
ghk−

−
(
(2m− n)R,l − n

3
R,l

) 3
F hk. (4.32)

ͧΆͶ͸΃;͸ͶΕ ΆͻͽΉ΁ΒΈͶΈ ΅΄΄΍ͻΆͻͺ΃΄͹΄ ·͸ͻΆΈΑ͸Ͷ΃;Ε (4.32) · ghl ;
3
F hl ΅΄

;΃ͺͻ΀·Ͷ΂ h, l, ΄ͷ΃ͶΆΉͼ;͸Ͷͻ΂, ΍Έ΄ R,k = 0 ;
3
R,l = 0, Έ΄ ͻ·ΈΒ R ;

3
R—

΀΄΃·ΈͶ΃ΈΑ.
ͩ΍;ΈΑ͸ͶΕ ͸ΑΎͻ·΀ͶͽͶ΃΃΄ͻ, ;ͽ (4.31) ; (3.28) ΅΄΁Ή΍Ͷͻ΂

R̃hk =
(
C1R− C2

3
R
)
ghk −

(
C2R− C1

3
R
) 3
F hk, (4.33)

͹ͺͻ

C1 =
n2 + 2n+ 2m2 − 2mn

8m(n−m)(m+ 2)(n−m+ 2)
,

C2 =
(2m− n)(n+ 2)

8m(n−m)(m+ 2)(n−m+ 2)

—΀΄΃·ΈͶ΃ΈΑ ΅Ά; m ̸= 2, n−m ̸= 2.
ͣͶ΂; ͺ΄΀ͶͽͶ΃Ͷ

Т̆̏̑̆̍́ 4ото ȹɌɔɎɕɗ ȷɏɓɇɔɇ 4-ɑɉɇɎɏɖɒɕɘɑɕɊɕ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɕɊɕ ɑɌ-

ɒɌɗɕɉɇ ɖɗɕɘəɗɇɔɘəɉɇ (Vn, gij ,
s

F ) ɖɕ ɔɌɕɈɜɕɋɏɓɕɘəɏ ɏɓɌɌə ɘəɗɚɑəɚɗɚ

Rh
ijk = R̃α[jQ

hα
k]i + 2R̃αk

( 1
F h

i

1
Fα

j −
2
F h

i

2
Fα

j

)
,

R̃hk =
(
C1R− C2

3
R
)
ghk −

(
C2R− C1

3
R
) 3
F hk,

ɊɋɌ

C1 =
n2 + 2n+ 2m2 − 2mn

8m(n−m)(m+ 2)(n−m+ 2)
,

C2 =
(2m− n)(n+ 2)

8m(n−m)(m+ 2)(n−m+ 2)

—ɑɕɔɘəɇɔəɢ ɖɗɏ m ̸= 2, n−m ̸= 2.



58 ͞. ͣ. ͠ΉΆͷͶΈ΄͸Ͷ

4.3. ͛·΁; Vn— 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄, Έ΄, ͸
·΄΄Έ͸ͻΈ·Έ͸;; · Έͻ΄Άͻ΂΄Ϳ 4.2, ͻ͹΄ Έͻ΃ͽ΄Ά ͦ;΂Ͷ΃Ͷ ;΂ͻͻΈ ·ΈΆΉ΀ΈΉΆΉ (4.29),
(4.33). ͥ΄ͺ·ΈͶ͸΁ΕΕ ΓΈ; ·΄΄Έ΃΄Ύͻ΃;Ε ͸ ͸ΑΆͶͼͻ΃;ͻ (3.27) ͺ΁Ε T h

ijk, ΅΄΁Ή-

΍Ͷͻ΂ ΍Έ΄ ͸ Vn ;΂ͻͻΈ ΂ͻ·Έ΄ T h
ijk = 0.

ͥΉ·ΈΒ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ (Vn, gij ,
s

F ) ͺ΄΅Ή·-

΀ͶͻΈ 4ͥͤ͠ ΃Ͷ 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ (V n, gij ,
s

F ).

΄ͨ͹ͺͶ ͸ V n Έͻ΃ͽ΄Ά ͦ;΂Ͷ΃Ͷ ;΂ͻͻΈ ·ΈΆΉ΀ΈΉΆΉ, Ή΀ͶͽͶ΃΃ΉΔ ͸ (4.29), (4.33)

;, ·΁ͻͺ΄͸ͶΈͻ΁Β΃΄, T
h

ijk = 0. ͘ ·;΁Ή ;΃͸ͶΆ;Ͷ΃Έ΃΄·Έ;, T h
ijk = T

h

ijk = 0 ͸

Vn. ͤΈ·ΔͺͶ, ͸ ·͸΄Δ ΄΍ͻΆͻͺΒ, ͸ΑΈͻ΀ͶΔΈ (4.29), (4.33).
Ͷͨ΀;΂ ΄ͷΆͶͽ΄΂, ·΅ΆͶ͸ͻͺ΁;͸Ͷ

Т̆̏̑̆̍́ 4о4о Ȭɘɒɏ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɕɌ ɑɌɒɌɗɕɉɕ ɖɗɕɘəɗɇɔɘəɉɕ

(Vn, gij ,
s

F )

ɋɕɖɚɘɑɇɌə 4ȱȶȵ ɔɇ 4-ɑɉɇɎɏɖɒɕɘɑɕɌ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɕɌ ɑɌɒɌɗɕɉɕ

(V n, gij ,
s

F ),

əɕ əɌɔɎɕɗ ȷɏɓɇɔɇ Vn ɖɕ ɔɌɕɈɜɕɋɏɓɕɘəɏ ɚɋɕɉɒɌəɉɕɗяɌə (4.29), (4.33).

ͳΈͶ Έͻ΄Άͻ΂Ͷ ΅΄ ·ΉΈ; ͹΄͸΄Ά;Έ ΄ Έ΄΂, ΍Έ΄ ΀΁Ͷ·· ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΋ ΀ͻ-
΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸, Έͻ΃ͽ΄Ά ͦ;΂Ͷ΃Ͷ ΀΄Έ΄ΆΑ΋ ;΂ͻͻΈ ·ΈΆΉ΀ΈΉΆΉ (4.29),
(4.33), ͽͶ΂΀΃ΉΈ ΄Έ΃΄·;Έͻ΁Β΃΄ 4ͥͤ͠.

4.5. ͛·Έͻ·Έ͸ͻ΃΃΄ ͸΄ͽ΃;΀ͶͻΈ ͸΄΅Ά΄· ΄ Έ΄΂, ͺ΄΅Ή·΀ͶͻΈ ΁; ΅΄΁Ή΀͸ͶΈͻΆ΃;-
΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ Vn, ͸ ΀΄Έ΄Ά΄΂ ;΂ͻΔΈ ΂ͻ·Έ΄ (4.29),(4.33),
΃ͻΈΆ;͸;Ͷ΁Β΃΄ͻ 4ͥͤ͠.
ͥΆͻͺ΅΄΁΄ͼ;΂, ΍Έ΄ 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄-

·ΈΆͶ΃·Έ͸΄ (Vn, gij ,
s

F ) ΃Ͷ΂ ͽͶͺͶ΃΄. ͛·΁; ·ΉΏͻ·Έ͸ΉͻΈ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄ͻ
΀ͻ΁ͻΆ΄͸΄ ΄Έ΃΄·;Έͻ΁Β΃΄ Έ΄Ϳ ͼͻ ͶΊΊ;΃΄Ά΃΄Ϳ ·ΈΆΉ΀ΈΉΆΑ ΅Ά΄·ΈΆͶ΃·Έ͸΄
V n · ΂ͻΈΆ;΍ͻ·΀;΂ Έͻ΃ͽ΄Ά΄΂ gij(x), ΃Ͷ ΀΄Έ΄Ά΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄ Vn ͺ΄΅Ή·-

΀ͶͻΈ 4ͥͤ͠ ·΄΄Έ͸ͻΈ·Έ͸ΉΔΏͻͻ ͸ͻ΀Έ΄ΆΉ
◦

qi ̸= 0, Έ΄, ͸͸;ͺΉ ;΃͸ͶΆ;Ͷ΃Έ΃΄·Έ;

T h
ijk, ;΂ͻͻ΂ T h

ijk = T
h

ijk = 0. ΄ͨ͹ͺͶ ΅΄·΁ͻ ·͸ͻΆΈΑ͸Ͷ΃;Ε (3.27) ΅΄ h, k

͸͸;ͺΉ (3.22), (4.31), (4.33) ·΁ͻͺΉͻΈ, ΍Έ΄

◦

qi,j −
◦

qα
◦

qβQ
αβ
ij = (r1gij − r1gij) + (r2

3

F ij − r2
3

F ij), (4.34)

͹ͺͻ r1, r2, r1, r2—΃ͻ΀΄Έ΄ΆΑͻ ΀΄΃·ΈͶ΃ΈΑ.
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͚Ͷ΁ͻͻ, ͸͸;ͺΉ (1.1)-(1.6), (1.8) ; (1.9) ΄·΃΄͸΃Αͻ ΉΆͶ͸΃ͻ΃;Ε 4ͥͤ͠ (1.7)
΂΄ͼ΃΄ ΅Άͻͺ·ΈͶ͸;ΈΒ ͸ Γ΀͸;͸Ͷ΁ͻ΃Έ΃΄Ϳ Ί΄Ά΂ͻ:

gij,k = 2
◦
qkgij + 2

◦
qα

3

Fα
k

3

F ij +
◦
qαgβkQ

αβ

(ij). (4.35)

ͧ΄͸΄΀Ή΅΃΄·ΈΒ ΉΆͶ͸΃ͻ΃;Ϳ (4.34), (4.35) ΄ͷΆͶͽΉͻΈ ·;·Έͻ΂Ή ͠΄Ύ; ͸ ΀΄-
͸ͶΆ;Ͷ΃Έ΃Α΋ ΅Ά΄;ͽ͸΄ͺ΃Α΋ ΅ͻΆ͸΄͹΄ ΅΄ΆΕͺ΀Ͷ ͸ Vn ΄Έ΃΄·;Έͻ΁Β΃΄ gij(x) ;
◦
qk. ͠Ά΄΂ͻ ΓΈ΄͹΄ ͸ V n ΂Α ΈͶ΀ͼͻ ͺ΄΁ͼ΃Α ΈΆͻͷ΄͸ͶΈΒ ͸Α΅΄΁΃ͻ΃;Ε Ή·΁΄͸;Ϳ

giα
1
Fα

j + gjα
1
Fα

i = 0,

giα
2
Fα

j + gjα
2
Fα

i = 0,

giα
3
Fα

j − gjα
3
Fα

i = 0.

(4.36)

͞··΁ͻͺΉͻ΂ ·΂ͻΎͶ΃΃ΉΔ ·;·Έͻ΂Ή (4.34), (4.35), (4.36) ͸ Vn. ͝Ͷ΂ͻΈ;΂,

΍Έ΄ ΅Ά; ΓΈ;΋ Ή·΁΄͸;Ε΋ ͸ V n Ͷ͸Έ΄΂ͶΈ;΍ͻ·΀; ·΁ͻͺΉͻΈ
s

F i
k|l ≡ 0. ͧΉΏͻ-

·Έ͸΄͸Ͷ΃;ͻ ΆͻΎͻ΃;Ε

gij(x) ≡ gji(x), (det ∥gij∥ ̸= 0),
◦
qk(x) ̸= 0 (4.37)

·;·Έͻ΂Α ΉΆͶ͸΃ͻ΃;Ϳ (4.34), (4.35), (4.36) ͸ 4-΀͸Ͷͽ;΅΁΄·΀΄΂ ΅΄΁Ή΀͸ͶΈͻΆ-
΃;΄΃΃΄΂ ΀ͻ΁ͻΆ΄͸΄΂ ΅Ά΄·ΈΆͶ΃·Έ͸ͻ Vn ΃ͻ΄ͷ΋΄ͺ;΂΄ ; ͺ΄·ΈͶΈ΄΍΃΄, ΍Έ΄ͷΑ
ΓΈ΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ ͺ΄΅Ή·΀Ͷ΁΄ 4ͥͤ͠.

·ͩ΁΄͸;Ε ;΃Έͻ͹Ά;ΆΉͻ΂΄·Έ; (4.34) ; (4.35) ;΂ͻΔΈ ͸;ͺ:

◦
qαR

α
ijk −

◦
qα,k

◦
qβQ

αβ
ij −

◦
qα

◦
qβ,kQ

αβ
ij =

+
◦
qα,j

◦
qβQ

αβ
ik +

◦
qα

◦
qβ,jQ

αβ
ik = gα[j,k]

(

r1δ
α
i + r2

3
Fα

i

)

,

gαjR
α
ikl + giαR

α
jkl = 2gij,[l

◦
qk + 2

◦
qα,[l

3
Fα

k]

3

F ij+

+ 2
3
F

β
j gβi,[l

3
Fα

k]

◦
qα +

◦
qα,[lgk]βQ

αβ

(ij) +
◦
qαgβ[k,l]Q

αβ

(ij)

͘͸;ͺΉ (4.29), (4.33), (4.34), (4.35), ΓΈ; Ή·΁΄͸;Ε ;΃Έͻ͹Ά;ΆΉͻ΂΄·Έ; ͸Α΅΄΁-
΃ΕΔΈ·Ε Έ΄ͼͺͻ·Έ͸ͻ΃΃΄.
͚;ΊΊͻΆͻ΃Ό;ΆΉΕ ΀΄͸ͶΆ;Ͷ΃Έ΃΄ ͸ Vn (4.36) ; ;·΅΄΁ΒͽΉΕ (4.35), Ήͷͻͼ-

ͺͶͻ΂·Ε, ΍Έ΄ ΅ͻΆ͸΄ͻ ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃΄ͻ ΅Ά΄ͺ΄΁ͼͻ΃;ͻ Ή·΁΄͸;Ϳ (4.37) ͸Α-
΅΄΁΃ΕͻΈ·Ε.
͞ͽ ͸ΑΎͻ·΀ͶͽͶ΃΃΄͹΄ ; ;ͽ Έͻ΄Ά;; ͺ;ΊΊͻΆͻ΃Ό;Ͷ΁Β΃Α΋ ΉΆͶ͸΃ͻ΃;Ϳ ·΁ͻ-

ͺΉͻΈ, ΍Έ΄ ·΂ͻΎͶ΃΃ͶΕ ·;·Έͻ΂Ͷ ΉΆͶ͸΃ͻ΃;Ϳ (4.34), (4.35), (4.36) ;΂ͻͻΈ ͸ 4-
΀͸Ͷͽ;΅΁΄·΀΄΂ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄΂ ΀ͻ΁ͻΆ΄͸΄΂ ΅Ά΄·ΈΆͶ΃·Έ͸ͻ Vn ΆͻΎͻ΃;ͻ
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ͺ΁Ε ΁ΔͷΑ΋ ΃Ͷ΍Ͷ΁Β΃Α΋ ͽ΃Ͷ΍ͻ΃;Ε΋ ;·΀΄΂Α΋ ΊΉ΃΀Ό;Ϳ (4.37), Ήͺ΄͸΁ͻΈ͸΄-
ΆΕΔΏ;΋ ͸ Έ΄΍΀ͻ M0 Ή·΁΄͸;Ε΂ (4.36).
͞ΈͶ΀, ΃Ͷ΂; ͺ΄΀ͶͽͶ΃Ͷ

Т̆̏̑̆̍́ 4оцо ȲюɈɕɌ 4-ɑɉɇɎɏɖɒɕɘɑɕɌ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɕɌ ɑɌɒɌɗɕɉɕ ɖɗɕ-
ɘəɗɇɔɘəɉɕ ɋɕɖɚɘɑɇɌə ɔɌəɗɏɉɏɇɒɣɔɢɌ 4ȱȶȵ.

͚͸ͻ ΅΄·΁ͻͺ΃;ͻ Έͻ΄Άͻ΂Α ΅Άͻͺ·ΈͶ͸΁ΕΔΈ ·΄ͷ΄Ϳ Ͷ΃Ͷ΁΄͹ Έͻ΄Άͻ΂Α ͗ͻ΁Β-
ΈΆͶ΂; ͸ Έͻ΄Ά;; ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸.

5. ݲݵݺݲݻݽݿͧ ނݵݷݾݻݸݼݵݴݭݯݷ-4 ނވݺݺݻݵݺݽݲݿݭݯݷހݸݻݼ ނވݯݻݽݲݸݲݷ
ݯݿݾݺݭݽݿݾݻݽݼ

ͦͶ··΂΄ΈΆ;΂ Έͻ΃ͽ΄Ά ͦ;΂Ͷ΃Ͷ 4-΀͸Ͷͽ;΅΁΄·΀΄͹΄ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄͹΄ ΀ͻ-
΁ͻΆ΄͸Ͷ ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ

Rh
ijk = R̃α[jQ

hα
k]i + 2R̃αk

( 1
F h

i

1
Fα

j −

2
F h

i

2
Fα

j

)
,

R̃hk =
(
C1R− C2

3
R
)
ghk −

(
C2R− C1

3
R
) 3
F hk

͸ ͶͺͶ΅Έ;Ά΄͸Ͷ΃΃΄Ϳ ΀ ͶΊΊ;΃΄ΆΉ
3
F ·;·Έͻ΂ͻ ΀΄΄Άͺ;΃ͶΈ. ΄ͨ͹ͺͶ, ΀Ͷ΀ Ή΀Ͷ-

ͽΑ͸Ͷ΁΄·Β ΆͶ΃ͻͻ, ;΂ͻͻ΂

(
3
F h

i ) =

(
Em 0
0 −En−m

)
,

3
F a

b = δab ,
3
FA

B = δAB,
3
FA

b =
3
F a

B = 0,

gab = gab(x
c), gAB = gAB(x

C), gaB(x) = 0,

1
F a

B =
1
FA

b = 0,
2
F a

B =
2
FA

b = 0,

2
F a

b = −

1
F a

b = F a
b ,

2
FA

B =
1
FA

B = FA
B,

F a
c F

c
b = −δab , gacF

c
b = −gbcF

c
a , F a

b,c = 0,

FA
C FC

B = −δAB, gACF
C
B = −gBCF

C
A , FA

B,C = 0,

͹ͺͻ a, b = 1, 2, . . . ,m, A,B = m+ 1,m+ 2, . . . , n.
ͩ΍;ΈΑ͸ͶΕ ͸·ͻ ΓΈ΄, ΅Ά; h = a, i = b, j = c, k = d ΅΄΁Ή΍;΂, ΍Έ΄

Ra
bcd = C3

(
δa[cgd]b +

1
F a

[c

1
F d]b + 2

1
F a

b

1
F cd

)
, (5.38)
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Ͷ ΅Ά; h = A, i = B, j = C, k = D—΍Έ΄

RA
BCD = C4

(

δA[CgD]B +
1
F a

[c

1
F d]b + 2

1
FA

B

1
F cd

)

, (5.39)

͹ͺͻ C3, C4—΃ͻ΀΄Έ΄ΆΑͻ ΀΄΃·ΈͶ΃ΈΑ. ͤ·ΈͶ΁Β΃Αͻ ΀΄΂΅΄΃ͻ΃ΈΑ Έͻ΃ͽ΄ΆͶ ͦ;-
΂Ͷ΃Ͷ ΆͶ͸΃Α ΃Ή΁Δ.
ͧ΄΄Έ΃΄Ύͻ΃;Ε (5.38) ·͸;ͺͻΈͻ΁Β·Έ͸ΉΔΈ ΄ Έ΄΂, ΍Έ΄ ΀΄΂΅΄΃ͻ΃ΈͶ Vm ΅Άͻͺ-

·ΈͶ͸΁ΕͻΈ ·΄ͷ΄Ϳ ΀΁Ͷ··;΍ͻ·΀΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ ΅΄·Έ΄Ε΃΃΄Ϳ ͹΄΁΄-

΂΄ΆΊ΃΄Ϳ ΀Ά;͸;ͽ΃Α [1] ΄Έ΃΄·;Έͻ΁Β΃΄ ͶΊΊ;΃΄ΆͶ
1
F a

b (x
c).

͖΃Ͷ΁΄͹;΍΃΄ (5.39) ͹΄͸΄Ά;Έ ΄ Έ΄΂, ΍Έ΄ ΀΄΂΅΄΃ͻ΃ΈͶ Vn−m ΅Άͻͺ·ΈͶ͸΁Ε-
ͻΈ ·΄ͷ΄Ϳ ΀΁Ͷ··;΍ͻ·΀΄ͻ ΀ͻ΁ͻΆ΄͸΄ ΅Ά΄·ΈΆͶ΃·Έ͸΄ ΅΄·Έ΄Ε΃΃΄Ϳ ͹΄΁΄΂΄ΆΊ΃΄Ϳ

΀Ά;͸;ͽ΃Α ΄Έ΃΄·;Έͻ΁Β΃΄ ͶΊΊ;΃΄ΆͶ
1

FA
B (xC).

ͣͶ΂; ͺ΄΀ͶͽͶ΃Ͷ

Т̆̏̑̆̍́ хосо 4-ɑɉɇɎɏɖɒɕɘɑɕɌ ɖɕɒɚɑɉɇəɌɗɔɏɕɔɔɕɌ ɑɌɒɌɗɕɉɕ ɖɗɕɘəɗɇɔ-

ɘəɉɕ
(

Vn, gij(x
i),

s

F (xi)
)

Ɍɘəɣ ɖɗяɓɕɌ ɖɗɕɏɎɉɌɋɌɔɏɌ Vn = Vm × Vn−m,

ɊɋɌ
(

Vm(xa), gab(x
c),

1
F a

b (x
c)
)

яɉɒяɌəɘя ɑɌɒɌɗɕɉɢɓ ɕəɔɕɘɏəɌɒɣɔɕ ɇɛ-

ɛɏɔɕɗɇ
1
F a

b (x
c) ɖɗɕɘəɗɇɔɘəɉɕɓ ɖɕɘəɕяɔɔɕɐ Ɋɕɒɕɓɕɗɛɔɕɐ ɑɗɏɉɏɎɔɢ, ɇ

(

Vn−m(xA), gAB(x
C),

1
FB

A(x
C)

)

—ɘɕɕəɉɌəɘəɉɌɔɔɕ, ɑɌɒɌɗɕɉɢɓ ɕəɔɕɘɏ-

əɌɒɣɔɕ ɇɛɛɏɔɕɗɇ
1
FB

A(x
C) ɖɗɕɘəɗɇɔɘəɉɕɓ ɖɕɘəɕяɔɔɕɐ Ɋɕɒɕɓɕɗɛɔɕɐ

ɑɗɏɉɏɎɔɢ.

6. ݲݵݺݲބЮݸݷݭ͝

͘ ΃Ͷ·Έ΄ΕΏͻͿ ·ΈͶΈΒͻ ΂Α ΆͻΎͶͻ΂ ͽͶͺͶ΍;, ΈΆͶͺ;Ό;΄΃΃Αͻ ͺ΁Ε ΁Δͷ΄͹΄
Έ;΅Ͷ ΄Έ΄ͷΆͶͼͻ΃;Ϳ ͶΊΊ;΃΃΄·͸Εͽ΃Α΋ ; Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸, Ͷ ;΂ͻ΃-
΃΄, ΅΄·ΈΆ΄ͻ΃;ͻ ͹ͻ΄΂ͻΈΆ;΍ͻ·΀;΋ ΄ͷΐͻ΀Έ΄͸, ;΃͸ͶΆ;Ͷ΃Έ΃Α΋ ΄Έ΃΄·;Έͻ΁Β΃΄
ΆͶ··΂ͶΈΆ;͸Ͷͻ΂Α΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ, ; ΃Ͷ΋΄ͼͺͻ΃;ͻ ΀΁Ͷ··΄͸ ΅Ά΄·ΈΆͶ΃·Έ͸, ;΋
ͺ΄΅Ή·΀ͶΔΏ;΋.
͢Α ΅΄·ΈΆ΄;΁; ͹ͻ΄΂ͻΈΆ;΍ͻ·΀;ͻ ΄ͷΐͻ΀ΈΑ, ;΃͸ͶΆ;Ͷ΃Έ΃Αͻ ΄Έ΃΄·;Έͻ΁Β-

΃΄ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃Α΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄-
·ΈΆͶ΃·Έ͸.
ͤͺ;΃ ;ͽ ΃;΋ T h

ij ΃΄·;Έ ΃ͻΈͻ΃ͽ΄Ά΃ΑͿ ΋ͶΆͶ΀ΈͻΆ (Έ;΅Ͷ ΅Ά΄ͻ΀Έ;͸΃Α΋ ΅Ͷ-
ΆͶ΂ͻΈΆ΄͸ ΄ͨ΂Ͷ·Ͷ ͸ Έͻ΄Ά;; ͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄-
·ΈΆͶ΃·Έ͸), ͸ ΍ͻ΂ ·΄·Έ΄;Έ ΃ͻΉͺ΄ͷ·Έ͸΄ ͻ͹΄ ΅Ά;΂ͻ΃ͻ΃;Ε. ͧ΄΋ΆͶ΃ͻ΃;ͻ ΓΈ΄-
͹΄ ΄ͷΐͻ΀ΈͶ Ε͸΁ΕͻΈ·Ε ΃ͻ΄ͷ΋΄ͺ;΂Α΂ ; ͺ΄·ΈͶΈ΄΍΃Α΂ Ή·΁΄͸;ͻ΂ Έ΄͹΄, ΍Έ΄-
ͷΑ ΄Έ΄ͷΆͶͼͻ΃;ͻ ΄ͺ΃΄͹΄ ΅΄΁Ή΀͸ͶΈͻΆ΃;΄΃΃΄͹΄ ΀ͻ΁ͻΆ΄͸Ͷ ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ ΃Ͷ
ͺΆΉ͹΄ͻ ͷΑ΁΄ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΂.
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͚ΆΉ͹΄Ϳ ΄ͷΐͻ΀Έ T h
ijkىΈͻ΃ͽ΄Ά΃ΑͿ (Έ;΅Ͷ Έͻ΃ͽ΄ΆͶ ͘ͻͿ΁Ε ͸ Έͻ΄Ά;; ͹ͻ΄ͺͻ-

ͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ ;΁; Έͻ΃ͽ΄ΆͶ ͹΄΁΄΂΄ΆΊ-
΃΄ ΅Ά΄ͻ΀Έ;͸΃΄Ϳ ΀Ά;͸;ͽ΃Α ͸ Έͻ΄Ά;; ͹΄΁΄΂΄ΆΊ΃΄-΅Ά΄ͻ΀Έ;͸΃Α΋ ΄Έ΄ͷΆͶ-
ͼͻ΃;Ϳ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸). ͛͹΄ ·΄΋ΆͶ΃ͻ΃;ͻ Ε͸΁ΕͻΈ·Ε ΁;ΎΒ ΃ͻ΄ͷ΋΄-
ͺ;΂Α΂ Ή·΁΄͸;ͻ΂ Έ΄͹΄, ΍Έ΄ͷΑ ·΄΄Έ͸ͻΈ·Έ͸;ͻ ΂ͻͼͺΉ ͺ͸Ή΂Ε ΅΄΁Ή΀͸ͶΈͻΆ-
΃;΄΃΃Α΂; ΀ͻ΁ͻΆ΄͸Α΂; ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ΂; ͷΑ΁΄ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Α΂.
͢Α ͸Αͺͻ΁;΁; ΀΁Ͷ·· ΅Ά΄·ΈΆͶ΃·Έ͸, ΃Ͷͽ͸Ͷ΃΃Α΋ 4-ɑɉɇɎɏɖɒɕɘɑɏɓɏ, ΀΄-

Έ΄ΆΑͻ ͺ΄΅Ή·΀ͶΔΈ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃΄ͻ ΄Έ΄ͷΆͶͼͻ΃;ͻ ΃Ͷ ΅΁΄·΀΄ͻ ΅Ά΄·ΈΆͶ΃-
·Έ͸΄. ͧ ΅΄΂΄ΏΒΔ ΄ͷΐͻ΀ΈͶ T h

ijk ΅΄΁Ή΍ͻ΃ ͸΃ΉΈΆͻ΃΃;Ϳ Έͻ΃ͽ΄Ά΃ΑͿ ΅Ά;ͽ΃Ͷ΀
ΓΈ;΋ ΅Ά΄·ΈΆͶ΃·Έ͸ ; ͺ΄΀ͶͽͶ΃΄, ΍Έ΄ ΁Δͷ΄ͻ 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄
ͺ΄΅Ή·΀ͶͻΈ ΃ͻΈΆ;͸;Ͷ΁Β΃Αͻ 4-΀͸Ͷͽ;΅΁Ͷ΃ͶΆ΃Αͻ ΄Έ΄ͷΆͶͼͻ΃;Ε ΃Ͷ ͺΆΉ͹;ͻ 4-
΀͸Ͷͽ;΅΁΄·΀;ͻ ΅Ά΄·ΈΆͶ΃·Έ͸Ͷ (ΓΈ΄ Ͷ΃Ͷ΁΄͹ Έͻ΄Άͻ΂Α ͗ͻ΁ΒΈΆͶ΂; ;ͽ Έͻ΄Ά;;
͹ͻ΄ͺͻͽ;΍ͻ·΀;΋ ΄Έ΄ͷΆͶͼͻ΃;Ϳ Ά;΂Ͷ΃΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸).
ͥ΄΀ͶͽͶ΃΄, ΍Έ΄ 4-΀͸Ͷͽ;΅΁΄·΀΄ͻ ΅Ά΄·ΈΆͶ΃·Έ͸΄ ΅Άͻͺ·ΈͶ͸΁ΕͻΈ ·΄ͷ΄Δ ΅ΆΕ-

΂΄ͻ ΅Ά΄;ͽ͸ͻͺͻ΃;ͻ ͺ͸Ή΋ ΀ͻ΁ͻΆ΄͸Α΋ ΅Ά΄·ΈΆͶ΃·Έ͸ ΅΄·Έ΄Ε΃΃΄Ϳ ͹΄΁΄΂΄ΆΊ-
΃΄Ϳ ΀Ά;͸;ͽ΃Α.
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