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αΛਖ਼ͷఆͱͯ͠ɼத৺ྗϙςϯγϟϧ

U (r) = −α

r
(i)

ʹ͓͚Δ࣭ྔmͷ࣭ͷӡಈΛ͑ߟΔɽ࣭ͷҐஔ࠲ඪΛ rrrͱͯ͠ɼr = |rrr|ݪ O͔Β
ͷڑͰ͋ΔɽҎԼͷʹ͑Αɽ

(1) Λؒ࣌ tͱͯ͠ɼ࣭ͷӡಈྔ ppp = m
drrr

dt
ͱॻ͚Δɽ࣭ͷ֯ӡಈྔ rrr ×ppp͕อଘ͢Δ

͜ͱΛࣔͤɽ

(2) ࣭ͷӡಈ͕ɼݪΛ௨Δ͋Δฏ໘ʢΣͱ͢Δʣʹݶఆ͞ΕΔ͜ͱΛઆ໌ͤΑɽ

(3) ࣭ͷҐஔΛ Pͱ͢ΔͱɼઢOPฏ໘Σ্Λಈ͍͍ͯ͘ɽઢOP͕ඍখؒ࣌∆t

ͷؒʹ௨ա͢ΔྖҬͷ໘ੵɼؒ࣌ tʹΑΒͣҰఆͱͳΔ͜ͱΛઆ໌ͤΑɽ

(4) ฏ໘ ΣΛ x-yฏ໘ʹͱΓɼ2࠲ۃݩ࣍ඪ r, φΛಋೖ͢Δɽx-yฏ໘্ͷ࣭ͷ࠲ඪɼ
x = r cosφɼy = r sinφͱॻ͚ΔɽM = mr2 dφ

dt
ʹΑΓM Λఆٛ͢ΔͱɼM ͕Ұఆͱ

ͳΔ͜ͱΛࣔ͠ɼ
d2r

dt2 Λm, r, M , αΛ༻͍ͯදͤɽ

(5) ࣭ͷΤωϧΪʔ͕औΓ͏ΔͷൣғΛٻΊΑɽ·ͨɼ࣭ͷΤωϧΪʔ͕ਖ਼ͷ߹
ͱɼෛͷ߹ͱͰ࣭ͷӡಈ͕ͲͷΑ͏ʹҟͳΔ͔Λઆ໌ͤΑɽͳ͓ɼӡಈํఔࣜͷղ
ࣔ͞ͳͯ͘Α͍ɽ
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 rrr1ʹଘ͢ࡏΔిՙ q1ͱ rrr2ʹଘ͢ࡏΔిՙ q2ͷؒʹ࡞༻͢Δྗɼਅۭͷ༠ిΛ
ε0ͱ͢Δͱ

FFF q = q1q2
4πε0

rrr12
r3

12
(i)

ͱॻ͚Δɽͨͩ͠ɼrrr12 = rrr1 −rrr2 ͓Αͼ r12 = |rrr1 − rrr2| Ͱ͋ΔɽҰํɼྖҬ V1 ΛྲྀΕΔిྲྀ
ີͱྖҬ V2 ΛྲྀΕΔిྲྀີ͕ଘ͠ࡏɼྖҬ V1ͷ rrr1 ʹ͓͚ΔిྲྀີΛ jjj1ɼྖҬ
V2 ͷ rrr2 ʹ͓͚ΔిྲྀີΛ jjj2 ͱͯ͠ɼ͜ΕΒͷ 2ͭͷిྲྀີͷؒʹ࡞༻͢Δྗɼ
µ0Λਅۭͷಁ࣓ͱͯ͠ɼࣜ࣍Ͱ༩͑Β͑Δɽ

FFF j = µ0
4π

∫

V1

dv1

∫

V2

dv2
jjj1 × (jjj2 × rrr12)

r3
12

(ii)

͜͜Ͱӈลʹ͓͚Δ 2ͭͷੵɼdv1͓Αͼ dv2ΛͦΕͧΕྖҬ V1͓ΑͼྖҬ V2ʹ͓͚
Δແݶখମੵཁૉͱ͢ΔମੵੵͰ͋Δɽ͞ͷݩ࣍Λ Lɼ࣭ྔͷݩ࣍ΛMɼؒ࣌ͷݩ࣍Λ
T ͱͯ͠ɼҎԼͷʹ͑Αɽ

(1) ࣜ (i)Ͱ 4πε0 = 1ͱ͓͘୯Ґܥʹ͓͍ͯɼిՙͷ͕ݩ࣍ɼLɼMɼT Λ༻͍ͯͲͷΑ͏
ʹද͞ΕΔ͔Λઆ໌ͤΑɽ

(2) ࣜ (ii)Ͱ µ0 = 4πͱ͓͘ͱɼిྲྀͷ 2ͷ୯Ґͱྗͷ୯Ґ͕͘͠ͳΔ͜ͱΛઆ໌ͤΑɽ

(3) લͷ୯Ґܥʹ͓͍ͯɼిྲྀͷ୯ҐΞϒΞϯϖΞΛ 1 ΞϒΞϯϖΞͷిྲྀͷ 2 ͕
1 dyn = 10−5 N ʢχϡʔτϯʣʹ͍͠ͱͯ͠ఆٛͨ͠ͱ͢ΔɽҰํɼిྲྀͷ୯ҐΛ
AʢΞϯϖΞʣͱ͢Δ୯ҐܥͰɼµ0 4πͱҟͳΔΛͱΓɼmʢϝʔτϧʣ, kg
ʢΩϩάϥϜʣɼsʢඵʣͱిྲྀͷ୯ҐAΛ༻͍ͯද͞ΕΔݩ࣍ΛͭྔͱͳΔɽ͜ͷి
ྲྀͷ୯ҐΛAͱ͢Δ୯Ґܥʹ͓͍ͯɼ1ΞϒΞϯϖΞ͕ 10 Aʹ͍͠ͱͨ͠ͱ͖ɼµ0
ͷΛ༗ޮࣈ 3ܻͰٻΊΑɽʢͳ͓ɼ͜͜Ͱͷ µ0ͷఆٛɼ2019ͷࡍࠃ୯Ґܥͷվ
ఆޙͷఆٛͱҟͳΔɽʣ

(4) લͰٻΊͨిྲྀͷ୯ҐΛAͱ͢Δ୯Ґܥʹ͓͚Δ µ0ͷΛ༻͍ͯɼε0ͷΛ༗ޮ
ࣈ 1ܻͰٻΊΑɽ·ͨɼε0ͷ୯Ґ͕ FʢϑΝϥυʣͱmʢϝʔτϧʣΛ༻͍ͯͲͷΑ͏
ʹදͤΔ͔ʹ͍ͭͯઆ໌ͤΑɽ

(5) Ұ༷ͳిྲྀ͕ྲྀΕ͍ͯΔಋମΛ͑ߟΔɽిྲྀɼಋମதͷࣗ༝ి͕ࢠɼฏۉ vvv ͷӡ
ಈΛ͢Δ͜ͱʹΑͬͯੜ͍ͯ͡Δͱ͢Δɽಋମதͷࣗ༝ిࢠͷిՙີΛ ρͱ͢Δͱɼ
ిྲྀີ

jjj = λρvvv (iii)

ͱॻ͚Δɽµ0 = 4π͓Αͼ 4πε0 = 1ͱ͢Δ୯Ґܥʹ͓͍ͯɼλͷ͕ݩ࣍LɼMɼT Λ༻
͍ͯͲͷΑ͏ʹද͞ΕΔ͔Λઆ໌ͤΑɽ
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࣭ྔmͷཻ͕ࢠɼωΛਖ਼ͷఆͱͯ͠ɼϙςϯγϟϧ V = 1
2mω2x2ͷͱͰɼx্࣠Λৼಈ

͢ΔɽཻࢠͷӡಈྔԋࢠࢉΛ pͱ͢ΔͱɼϋϛϧτχΞϯࣜ࣍Ͱ༩͑ΒΕΔɽ

H = p2

2m
+ 1

2mω2x2 (i)

xͱ pͷަؔɼ[x,p] = xp − px = ih̄Ͱ͋Δɽ͜͜Ͱɼh̄ hΛϓϥϯΫఆͱͯ͠ɼ

h̄ = h

2π
Ͱ༩͑ΒΕΔɽҎԼͷʹ͑Αɽ

(1) [x,H]͓Αͼ [p,H]Λ͠ࢉܭɼͦΕͧΕΛ x·ͨ pͷ Ͱදͤɽࣜ࣍1

(2) |n⟩͓Αͼ |ℓ⟩Λܥͷݻ༗ঢ়ଶͱͯ͠ɼ͜ΕΒͷঢ়ଶͷΤωϧΪʔΛͦΕͧΕ εnɼεℓͱ
͢ΔɽҎԼͷ͕ࣜΓཱͭ͜ͱΛࣔͤɽ

(εn −εℓ)⟨ℓ|x |n⟩ = ih̄
m

⟨ℓ|p |n⟩ (ii)

(εn −εℓ)⟨ℓ|p |n⟩ = −ih̄mω2 ⟨ℓ|x |n⟩ (iii)

(3) ԋࢠࢉAΛɼA = x+ i
mω

pʹΑͬͯఆٛ͢Δɽܥͷݻ༗ঢ়ଶʹAΛ࡞༻ͤ͞ΔͱɼΤ

ωϧΪʔ͕ h̄ω͚͍ͩঢ়ଶ͕ੜ͞ΕΔ͜ͱΛઆ໌ͤΑɽ

(4) A†AΛϋϛϧτχΞϯH ͱm,ω,h̄Λ༻͍ͯද͠ɼجఈঢ়ଶͷΤωϧΪʔ͕ɼ1
2 h̄ωͰ

͋Δ͜ͱΛࣔͤɽͳ͓ɼA†AͷΤϧϛʔτڞԋࢠࢉͰ͋Δɽ

(5) ఈঢ়ଶͱA†Λ༻͍ͯͲͷΑ͏ʹද͞ΕΔ͔Λઆ໌ͤΑɽͳ͓ɼجঢ়ଶ͕ɼىͷྭܥ
ಈؔͷ֨نԽఆٻΊͳͯ͘ྑ͍ɽ
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N ͔ΒͳΔࢠͷ֨ݸ ʹɼେ͖͞ࢠͷ֤֨ࢠ֨ํཱݩ࣍3 Sͷεϐϯ͕ଘ͠ࡏɼྡ࠷ͷ
εϐϯؒʹੑ࣓ڧతͳ૬࡞ޓ༻͕ଘ͢ࡏΔܥΛ͑ߟΔɽϋϛϧτχΞϯࣜ࣍Ͱ༩͑ΒΕΔɽ

H = −J
∑

⟨i,j⟩
SSSi ·SSSj (i)

J ਖ਼ͷఆͰɼ⟨i, j⟩ ʹ͍ͭͯͷɼྡ࠷ͷ 2ͭͷ֨ࢠͷͯ͢ʹ͍ͭͯͷΛද
͢ɽSSSj =

(
Sx

j ,Sy
j ,Sz

j

)
 j൪ͷ֨ࢠʹ͓͚ΔεϐϯͰ͋Δɽ͜ͷܥʹ͓͚Δੑ࣓ڧ૬స

ҠΛฏۉۙࣅͰ͑ߟΔɽϘϧπϚϯఆΛ kBͱͯ͠ɼҎԼͷʹ͑Αɽ

(1) εϐϯͷྔࢠԽ࣠Λ z ࣠ʹͱΔͱɼSz
i ͕ͱΓ͏ΔɼSz

i = −S,−S + 1, ...,S Ͱ͋
ΔɽฏۉۙࣅͰɼ֤εϐϯͱ૬࡞ޓ༻͢Δ ζ = ظͷεϐϯΛɼ͍ͣΕݸ6
⟨SSSj⟩ ≡ (0,0,m)Ͱஔ͖͑Δɽ͜ͷͱ͖ɼฏۉۙࣅͷϋϛϧτχΞϯ͕ࣜ࣍Ͱ༩͑Β
ΕΔ͜ͱΛઆ໌ͤΑɽ

HMF = −ζmJ
N∑

j=1
Sz

j + 1
2ζNJm2 (ii)

(2) ཋʹ͓ͯ͠ΓԹܥ T ͷฏߧঢ়ଶʹ͋Δͱ͢ΔɽܥͷؔΛɼmΛؚΉ
ࣜͰදͤɽ

(3) ฏۉۙࣅͷͱͰɼεϐϯͷظ֨ࢠʹґଘ͠ͳ͍ɽεϐϯͷظΛm

ΛؚΉࣜͰදͤɽ

(4) ฏۉۙࣅͰͷੑ࣓ڧ૬సҠԹΛٻΊΑɽͨͩ͠ɼ|x| ≪ 1ͷ߹ʹΓཱͭҎԼͷ
Λ༻͍ͯΑ͍ɽࣜࣅۙ

2S +1
2S

coth
(2S +1

2S
x

)
− 1

2S
coth

(
x

2S

)
≃ S +1

3S
x (iii)

(5) ઈରྵ͓ΑͼߴԹݶۃʹ͓͍ͯɼܥͷΤϯτϩϐʔͦΕͧΕͲͷΑ͏ʹදͤΔ͔ɽ
ͦͷ݁ՌΛࣔ͠ɼཧతղऍΛड़Αɽ
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