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ୈ1ষ ॹݴ

χϡʔτϦϊ 1
2 ͷεϐϯΛͪ࣋ɺϑΣϧϛΦϯʹྨ͞Ε͍ͯΔɻి

͕ࢠ 1
2 ͷεϐϯΛͪ࣋ϑΣϧϛɾσΟϥοΫ౷ܭʹै͏͜ͱ࣮ݧతʹ

΄΅͍͕ٙͳ͍ͨΊ [1]ɺχϡʔτϦϊີݫʹϑΣϧϛ౷ܭʹै͏ͱߟ
͑Δ͜ͱࣗવʹࢥΘΕΔɻ͔͠͠ɺχϡʔτϦϊͷͭ࣋ಛੑɺଞ
ͷεϐϯ 1

2 ͷཻࢠͱେ͖͘ҟͳΔɻχϡʔτϦϊɺۃΊͯখ͍࣭͞ྔ
Λͪ࣋ɺେ͖ͳࠞ߹Λࣔ͠ɺిؾతʹதੑͰ͋ΔɻҰํɺଞͷ εϐϯ 1

2

ͷཻࢠɺχϡʔτϦϊΑΓΔ͔ʹେ͖ͳ࣭ྔΛͪ࣋ɺ΄ͱΜͲࠞ
߹ͤͣɺిՙΛ͍ͯͬ࣋Δ [2, 3]ɻχϡʔτϦϊͷ͜ͷΑ͏ͳಛҟੑΛߟ
͑ΔͱɺిࢠͱҟͳΓχϡʔτϦϊʹ͍ͭͯύϦͷഉଞ͕ഁΒ
ΕΔՄੑ͋Δ [4, 5, 6, 7]ɻ
ॳظӉͷྗֶతਐԽɺχϡʔτϦϊͷ౷ੑܭͷӨڹΛड͚Δɻ

CucurullΒɺॳظӉͷཻࢠੜͷ͔ߟΒɺχϡʔτϦϊͷ౷ܭ
ੑΛධՁͨ͠ [8]ɻ·ͨDolgovΒɺϑΣϧϛɾϘʔεύϥϝʔλʔΛಋ
ೖͯ͠χϡʔτϦϊͷ౷ੑܭΛϑΣϧϛɾσΟϥοΫ౷͔ܭΒϘʔεɾΞ
ΠϯγϡλΠϯ౷ܭʹ࿈ଓతʹมԽͤ͞Δ͜ͱͰɺϏοάόϯݩૉ߹
ʹ͓͚Δ༗ޮχϡʔτϦϊͷޮՌͳͲΛͨ͠ߟ [9]ɻ
ຊͷओɺඇ७ਮϑΣϧϛΦϯχϡʔτϦϊ͕ॳظӉʢ์ࣹ༏

Δ͜ͱʹ͋ΔɻӉ͢ߟΛڹʣͰɺ૬ରత༗ޮࣗ༝ʹ༩͑ΔӨظ
ͷ์ࣹ༏ظͰͷϨϓτϯඇରশͱ૬ରత༗ޮࣗ༝ͷؔ͢Ͱʹ
StukeΒʹΑͬͯٞ͞Ε͍ͯΔ͕ [10]ɺχϡʔτϦϊ͕७ਮͳϑΣϧϛ
ΦϯͰ͋Δͱ͍͏લఏͰͷٞͰ͋ΔɻຊڀݚͰɼΑΓҰൠతʹχϡʔ
τϦϊͷྔࢠ౷ੑܭͷҧ͍͕ٴ΅͢ॳظӉͰͷ૬ରత༗ޮࣗ༝ʹ
ɽͨ͠ߟ͍ͯͭ
ͳ͓ຊڀݚͷతɼχϡʔτϦϊ͕ϑΣϧϛɾσΟϥοΫ౷ܭʹै͏

ͱ͍͏௨આΛ൱ఆ͢Δ͜ͱͰͳ͍ɽ࣮ݧతʹχϡʔτϦϊ͕७ਮͳ
ϑΣϧϛɾσΟϥοΫ౷ܭʹै͍ͬͯͳ͍Մੑ͕͋Δ͜ͱ͔Βɼ͋͘
·ͰՄੑͷ 1ͭͱͯ͠ɼχϡʔτϦϊ͕७ਮͳϑΣϧϛɾσΟϥοΫ
౷ܭʹैΘͳ͍߹ʹ͜ىΓ͏ΔཧݱΛ͢ߟΔͷͰ͋Δɽͯ͞ɼ
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ύϦͷഉଞ (PEP)ΛഁΔ͜ͱʹ͍͕ͭͯੜͣΔɻPEPͷഁΕ
ΛؚΉγφϦΦΛඳ͘͜ͱҰൠతͳ͜ͱͰͳ͍ɻຊͰͳͥզʑ͕ɺ
͜ͷγφϦΦΛඞཁͱ͢Δʹ͔ͨͬࢸΛ͍ٞͨ͠ɻ
ཧతʹɼPEPͷഁΕΛؚΉඇඪ४ܕͷ౷ܭͱͯ͠ύϥ౷ܭͳͲ͕

͋Δ [11, 12]ɻ·ͨɼIgnatievͱKuzumin७ਮͳϑΣϧϛ౷ܭϘʔε
౷ܭʹैΘͳཻ͍ࢠͷަؔʹ͍͍ͭͯٞͯ͠Δɻ͞ΒʹɼCucurull

ΒχϡʔτϦϊͷεϐϯ౷ܭఆཧ͕࣮ݧతʹཱূ͞Ε͍ͯͳ͍͜ͱΛ
ࣔͨ͠ [8]ɻ͜ΕɼҰݴͰ͑ݴχϡʔτϦϊ͕ऑ͍૬࡞ޓ༻͔͠͠ͳ
͍ͨΊʹɼχϡʔτϦϊͷմΛͨͬ࡞ΓɼେྔͷχϡʔτϦϊͷྲྀΕΛޮ
తʹݕग़͢Δํ๏͕ͳ͍͜ͱʹىҼ͢Δɽͨͱ͑ిࢠͷ߹࣭
ʹ͋ࢁΓɼ֩ࢠݪͱͱʹմΛ࡞Δ͜ͱ͕Ͱ͖Δɻ͜ͷͨΊɼ࣮ࡍ
ʹۚଐΛ༻ҙͯ͠Թʹ͢Δ͜ͱͰɼి͕ࢠϑΣϧϛσΟϥοΫ౷ܭʹ
ै͏͔Ͳ͏͔Λ͢ূݕΔ͜ͱ͕Ͱ͖Δɻ·ͨɼޫͷ߹ݕग़͕༰қͰ
͋Γɼࠇମ์ࣹʢӉഎܠࣹͳͲʣ͕ϘʔεΞΠϯγϡλΠϯ౷ܭʹ
ै͏͜ͱ͕ࣔ͞Ε͍ͯΔɻ͔͠͠ͳ͕ΒɺχϡʔτϦϊɺ৽֩Λ
আ͚ରͷ؍ଌ͕ࠔͰ͋Γ [4]ɼχϡʔτϦϊͷ౷ܭతͳৼΔ͍ͷ
Ͱ͋ΔɻΑͬͯɺύϦͷഉଞχϡʔτϦϊͰࠔূݕతݧ࣮
ඞͣ͠ີݫʹཱ͍ͯ͠ͳ͍͔͠Εͳ͍ɻ
͜ͷΑ͏ʹχϡʔτϦϊͷྔࢠ౷ੑܭΛࢹڊతͳରΛ༻͍࣮ͨݧͰ

ࠂ͔Βͷௐࠪ݁ՌใࢹతͳࢹͰ͋Δ͕ɼඍࠔௐΔ͜ͱʹࡍ࣮
͞Ε͍ͯΔɽ100Mo͕ 100Ruʹ่յ͢ΔࡍͷχϡʔτϦϊͷμϒϧϕʔ
λ่յͷ࣮ݧͰ͋Δ [5, 6]ɽ͜ͷ࣮݁ݧՌ·ͩσʔλ͕Γͣʹ౷ܭ
తͳ༏Ґੑ͍͕ɼχϡʔτϦϊͷ౷ੑܭʹؔ͢ΔॏཁͳσʔλΛใ
Δ͍ͯ͠ࠂ [9, 13]ɻ
͜ͷμϒϧϕʔλ่յͷ่յϞʔυ 0+ → 0+χϡʔτϦϊ͕Ϙκϯ

ͷ߹ʹ͑ΒΕΔɻҰํɺ่յϞʔυ 0+ → 2+χϡʔτϦϊ͕Ϙ
ιϯͷ߹ʹڧΊΒΕΔɽ͕ͨͬͯ͠ɼ͜ͷ 2ͭͷ่յϞʔυʹؔ࿈͠
ͷൺ࣍ͨ

R(Jπ) =
T1/2(Jπ)

T1/2(0+g.s.)
(1.1)

χϡʔτϦϊͷྔࢠ౷ܭͷূݕʹ༻͍Δ͜ͱ͕ՄͰ͋Δ [13]ɽ͜͜
ͰɼT1/2(0+g.s.)

100Moͷجఈঢ়ଶ 0+g.s.ͷ่յͷظݮͰ͋ΓɼT1/2(Jπ)

 100Moͷྭىঢ়ଶͷظݮͰ͋ΔɻཧతʹɼχϡʔτϦϊ͕७ਮ
ͳϑΣϧϛΦϯͰ͋Δ߹ͷൺRFD

theo.(0
+
1 )ͱɼ७ਮͳϘιϯͰ͋Δ߹ͷ

ൺRBE
theo.(0

+
1 )
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RFD
theo.(0

+
1 ) ≃ 61

RBE
theo.(0

+
1 ) ≃ 73 (1.2)

ͷΑ͏ʹಘΒΕΔɻ
৽ͷNEMO-3ͷσʔλɼT1/2(0࠷

+
1 )=(7.5±0.6(stat)±0.6(syst))ʷ 1020

[6]ͱɺT1/2(0+g.s.) = (7.11± 0.02(stat)± 0.54(syst)) ʷ 1018[7]ͱ͍͏େ͖
ͳ࣮͕͋ࠩޡݧΔஈ֊Ͱ͋Δ͕ɼ

Rexp.(0
+
1 ) ≃ 82− 132. (1.3)

͕ಘΒΕ͍ͯΔɻ͜ͷ݁Ռ͚ͩͰஅ͢ΕɼχϡʔτϦϊ͕ϑΣϧϛ
ΦϯͰͳ͘Ϙιϯʹ߹க͍ͯ͠ΔΑ͏ʹ͑ݟΔɻޙࠓɼ࣮ݧਫ਼͕
Ε݁ՌมΘΔ͜ͱ͕ଟ͍ʹ༧͞ΕΔ͕ɼχϡʔτϦϊ͕७্͢
ਮͳϑΣϧϛΦϯͰͳ͍ՄੑഉআͰ͖ͳ͍ɽ
͜ͷμϒϧϕʔλ่յͷిࢠεϖΫτϧͷ࣮݁ݧՌɼχϡʔτϦϊ

͕७ਮͳϑΣϧϛΦϯͰͳ͘෦తʹϘιϯ͕͞ڐΕ͍ͯΔͱΈ
ͳ͢͜ͱͰ͖ΔɽຊͰɺPEPͷഁΕͷ۩ମతͳߏػʹ͍ͭͯ
ʹஔ͖ɺݱతͳٞʹ͢ߟͯͬߜΔɻ
ຊͷߏҎԼͷͱ͓ΓͰ͋Δɽୈ 2ষͰɼຊڀݚͷૅجͱͳΔ

ͱχϡʔτϦϊཧֶΛ·ͱΊΔɽֶྗܭ౷ࢠྔ
ୈ 3ষͰɼχϡʔτϦϊ͕७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭʹै͏ͷ

Ͱͳ͘ɼ७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭ (F.D.)͔Β७ਮͳϚΫεΣ
ϧɾϘϧπϚϯ౷ܭ (M.B.)ͷؒͷதؒͷ౷ܭʹै͏ͱ͢Δɽͦͯ͠ɼॳظ
Ӊʢ0.5 ∼ 500GeVͷԹʣʹ͓͚Δඇ७ਮϑΣϧϛΦϯͰ͋Δχϡʔ
τϦϊͱ૬ରత༗ޮࣗ༝ͷؔ͢ߟ͍ͯͭʹΔɻ௨ৗɼ์ࣹ༏
ܭΔΤωϧΪʔີχϡʔτϦϊͷϑΣϧϛɾσΟϥοΫ౷͚͓ʹظ
͔ΒͷͣΕʹͬͯ૿Ճ͢Δɻ͔͠͠ͳ͕ΒɼզʑGeVεέʔϧͷӉ
Ͱେ͖ͳϨϓτϯඇରশ͕͋Δͱ͖ɺχϡʔτϦϊͷϑΣϧϛɾσΟ
ϥοΫ౷͔ܭΒͷͣΕʹͬͯ૬ରత༗ޮࣗ༝͕ݮগ͢Δ͜ͱ͕ࣔ
͞ΕΔɽ·ͨɼχϡʔτϦϊͷ౷͕ੑܭϑΣϧϛɾσΟϥοΫ౷͔ܭΒϚ
ΫεΣϧɾϘϧπϚϯ౷ܭมԽ͢Δ͚ͩͰɼ༗ޮχϡʔτϦϊ
ͷաΛઆ໌Ͱ͖ͳ͍͜ͱΛࣔ͢ɽ
ୈ 4ষͰ౷ੑܭͷมԽΛ֦ு͠ɺχϡʔτϦϊͷ౷͕ੑܭϑΣϧϛɾ

σΟϥοΫ౷ܭʢFDʣ͔ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣΛհ͠
ͯϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣ·ͰมԽͰ͖Δͷͱ͢ΔɻҰ
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ൠʹɼ७ਮͳϘκϯͷॖୀύϥϝʔλʢέϛΧϧϙςϯγϟϧʣແࢹ
Ͱ͖Δɻ͔͠͠ɺχϡʔτϦϊͷྔࢠ౷͕ܭ७ਮͳ BE͔Β७ਮͳMB

มԽ͢Δ͜ͱΛ͢ڐͱɼॖୀύϥϝʔλ͕ແݶେ·Ͱ૿ՃͰ͖Δ͜ͱ
Λࣔ͢ɽ·ͨɼඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊʹΑΔݱత݁ؼ
Λٞͨ͠ɻ ྫ͑ඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊμʔΫϚλʔ
ͷଘྔࡏΛݮগͤ͞ɺόϦΦϯ - ൺΛ૿Ճͤ͞Δ͜ͱΛࣔ͢ɽࢠޫ
ୈ 5ষͰɼతʹಘΒΕͨ݁ؼΛΑΓ໌֬ʹཧղ͢ΔͨΊʹɼਖ਼

ຯΤωϧΪʔີͱ૬ରత༗ޮࣗ༝ͷۙࣅతͳղੳࣜΛಋ͖ɼ૬ର
త༗ޮࣗ༝͕Ϩϓτϯඇରশੑʹେ͖͘ґଘ͢Δ͜ͱΛࣔͨ͠ɽ
ୈ 6ষͰɼ݁ݴͱͯ͠ຊڀݚͷ·ͱΊΛߦͳͬͨɽ
ຊڀݚʹΑͬͯ໌Β͔ʹͳͬͨɼχϡʔτϦϊ͕ϑΣϧϛɾσΟϥοΫ

౷͔ܭΒͣΕͨ౷ܭʹैͬͨ߹ͷ૬ରత༗ޮࣗ༝ͷมԽɼχϡʔ
τϦϊ͕ϑΣϧϛɾσΟϥοΫ౷ີݫʹܭʹै͏ͱ͑ߟΔඪ४తͳཧ
Ͱະղ໌ͳΛղ໌͢Δख͕͔Γͷ 1ͭʹͳΔͱظͰ͖Δɽ
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ୈ2ষ ཧૅج

2.1 ֶྗܭ౷ࢠྔ
·ͣɼຊڀݚͷૅجͱͳΔྔࢠ౷ֶྗܭʹ͍ͭͯΛղઆ͢Δ [14]ɽ

2.1.1 ड़هঢ়ଶͷࢠྔ

γϡϨʔσΟϯΨʔํఔࣜͱಈؔ

࣋తͳੑ࣭Λࢠɺಈཻͪ࣋ಈతͳੑ࣭ΛࢠͰɺֶཻྗࢠྔ
ͭɻ͜͜Ͱ࠷جຊతͳҰཻࢠͷྔࢠঢ়ଶΛهड़͢Δख๏ʹ͍ͭͯड़
Δɻྔֶྗࢠʹ͓͚ΔཻࢠͱಈͷೋॏੑΛෳૉؔͰද͢ݱΔͨΊʹɺ
ಈؔΨΛಋೖ͠ɺ͜ͷઈରͷೋɺ

|Ψ(t, x)|2dx (2.1)

͕ɺࠁ࣌ tʹ͓͍ͯ xͱ x+ dxͷؒͷඍখ෦ʹཻݟ͕ࢠग़͞ΕΔ֬
ʹൺྫ͢Δͱղऍ͞Ε͍ͯΔɻ
ͦͷൃؒ࣌లγϡϨʔσΟϯΨʔํఔࣜ

i!∂Ψ
∂t

= HΨ (2.2)

Ͱද͞Εɺಈؔ͜ΕΛຬͨ͢ɺͭ·Γ͜ͷํఔࣜͷղͰ͋Δඞཁ
͕͋Δɻ
ϋϛϧτχΞϯH ɺԋࣜܗࢠࢉͰɺxyzํͷӡಈྔϕΫτϧΛ p⃗

ͱͨ࣌͠ɺ

p⃗x =
!
i

∂

∂x
, p⃗y =

!
i

∂

∂y
, p⃗z =

!
i

∂

∂z
(2.3)

ͱද͢هΔ͜ͱͰ͖ɺ·ͨφϒϥه߸Λ༻͍ͯɺ

p⃗ = (!/i)
(
∂

∂x
+

∂

∂y
+

∂

∂z

)
= (!/i)ɾ∇ (2.4)
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ͱ·ͱΊΔ͜ͱͰ͖ΔɻಛʹಈؔΨ(t, x)͕ɺ

Ψ(t, x)ʹ exp(−iEt/!)ψ(x) (2.5)

ͱॻ͚Εɺࣜ (2.2)ɺ
Hψ = Eψ (2.6)

ͱͳΔɻʢEΛΤωϧΪʔͷݻ༗ɺψΛݻ༗ؔʣ
ྗࢠΕΔ͕ɺྔ͞ڐຊతʹͲΜͳͰجయྗֶͰΤωϧΪʔݹ

ֶͰࣜ (2.6)Λຬͨ͢ඈͼඈͼͷ͔͠ͱΔ͜ͱ͕Ͱ͖ͳ͍ɻ͜ͷղ
ɻ͜͜Ͱͭ࣋ͷΑ͏ͳੑ࣭Λ࣍

Hψi = Eiψi, Hψj = Ejψj (2.7)

Λຬͨ͢ ψi,ψj ͕ଘ͢ࡏΔͱ͖ɺEi ̸= Ej Ͱ͋Εɺ

ʢψiψjʣ=
∫
ψ∗
i (x)ψj(x)dx = 0 (2.8)

(ψ∗
i  ψiͷෳૉڞͰ͋ΔʣͱͳΔɻ
͜ͷࣜͷࠨลɺψiͱψj ͷεΧϥʔੵΛఆٛͨ͠ͱ͑ݴΔɻ͜ͷ

߹ɺ͢ߦΔঢ়ଶҟͳΔΤωϧΪʔʹର͢ΔͷͰ͋Δͱ͑ݴΔɻ·
ͨɺಉ͡ΤωϧΪʔͷݻ༗ʹҰ࣍ಠཱͳෳݸͷݻ༗͕ଘ͢ࡏΔ
߹͕͋Δ͕ɺ͜ͷΛmͱ͢Δͱ͖ɺ͜ΕΛmॏʹॖୀ͍ͯ͠Δͱ͍͏ɻ
͜ͷmݸͷݻ༗ؔɺదͳํ๏ʹΑΓɺ͍ޓʹަ͍ͯ͠ΔΑ͏ʹબ
Ϳ͜ͱ͕Ͱ͖Δɻࣜ (2.6)͔ΒΘ͔ΔΑ͏ʹɺψʹҙͷఆΛ͔͚ͯɺ
͜ΕΓํఔࣜͷղͱ͍͏͜ͱ͕Ͱ͖Α͏ɻ͕ͨͬͯ͠ɺ(ψψ) = 1

͕Γཱͭͱͯ͠ɺҰൠੑΛࣦΘͳ͍ɻ͜ΕΒΛ·ͱΊͯɺΫϩωοΧʔ
ͷσϧλɺ

δij =

{
1 (i = j)

0 (i ≠ j)

Λ༻͍

ʢψiψjʣ= δij (2.9)

Λຬͨ͢ɻࣜ (2.9)͕ຬͨ͞ΕΔ࣌ɺؔܥψ1,ψ2ɾɾɾ֨نަܥΛͳ͢
ͱ͍͏ɻ͞Βʹɺҙͷ͕ؔ͜ܥͷ ψ1,ψ2ɾɾɾͰ

Ψ(x) = a1ψ1(x) + a2ψ2(x) + .......... (2.10)

ͷΑ͏ʹల։Մͳ߹ɺͦΕશܥΛ࡞Δͱ͍͏ɻ
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ԋࢠࢉͷྻߦදݱͱର֯

ϋϛϧτχΞϯͳͲҙͷԋࢠࢉAʹ͍ͭͯ͑ߟΔɻશܥ ψ1,ψ2ɾɾɾ
Λجʹͯ͠ɺ

Aij = (ψiAψj) =

∫
ψ∗
i (x)Aψj(x)dx (2.11)

ʹΑΓɺԋࢠࢉAྻߦͷܗʹද͢͜ͱ͕Ͱ͖ΔɻҰͭͷશ͔ܥΒଞ
ͷશܥʹҠΔͱɺ্ड़ͷྻߦ͋ΔมΛड͚Δɻࠓɺφ1,φ2ɾɾɾ͕ࣜ
(2.9)Λຬͨ͢શܥͰ͋Δͱ͢ΔɻψiΛ ψ1,ψ2ɾɾɾͰల։͠ɺ

ψi =
∑

k

aikψk (2.12)

ͱ͓͘ɻࠓεΧϥʔੵΛ࡞ΔͨΊ͜ͷ྆ลʹ φ∗
i Λ͔͚ɺaij = (φiψi)Λಘ

Δͱɺ

ψi =
∑

k

(φkψi)ψk (2.13)

ͱͳΓɺ͜ΕΛ (ψiψj) = δij ʹೖ͢Εɺ
∑

k

(ψiφk)(φkψj) = δij (2.14)

ΛಘΔɻಉ༷ʹ φͷؔܥΛ ψͷؔܥͰల։͢Εɺࣜ (2.14)ͷ φ ͱ
ψΛަͯ͠ɺ ∑

k

(φiψk)(ψkφj) = δij (2.15)

ΛಘΔɻ͍͔ͳΔશܥΛऔ͔ͬͨʹΑͬͯྻߦͷද͞Ε͔ͨҟͳΔ
͕ɺ͜ͷࣜ (2.11)Ͱද͞ΕΔྻߦͷର֯ཁૉͷɺࣜ (2.12),(2.15)Λ
ɺ͑
∑

i

(ψiAψi) =
∑

ijk

(ψiφj)(φjAφk)(φkψi) =
∑

jk

δjk(φjAφk) =
∑

i

(φiAφj)

(2.16)

͕ΓཱͭͨΊऔΒΕͨશܥͱແؔʹৗʹҰఆͰ͋ΔɻΑͬͯɺA

ͷର֯ɺͦͷԋࢠࢉʹର͢Δݻ༗ͷྔͱ͑ݴΔɻ͜ΕAͷτϨʔ
εͱͯ͠ද͞ΕɺtrAͱॻ͔ΕΔɻ͢ͳΘͪɺ

trA =
∑

i

(ψiAψi) (2.17)

ͱͳΓɺӈลͷશܥͲͷΑ͏ͳͷΛબΜͰྑ͍ɻ
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ϒϥέοτදࣔ

ࠓΛϒϥέοτͰද͢͜ͱͰ͖Δɻྻߦɺ͍͓ͯʹࢉܭͷֶྗࢠྔ
ͷঢ়ଶͦͷؔΛܥΔମ͍ͯ͑ߟ (2.10)ͷΑ͏ʹల։͞ΕΔͱ͖͜ͷ
Λͱ͢ΔϕΫτϧʹΑΓ

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

a1
a2
a3
.

.

.

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

= |P ⟩ (2.18)

ͱද͞Ε͜ΕΛέοτϕΫτϧͱݺͿɻɻ͜ͷෳૉڞͳϕΫτϧΛ
(
a∗1 a∗2 a∗3......

)
= ⟨P | (2.19)

ͱॻ͘͜ͱͰ͖ɺ͜ΕΛϒϥϕΫτϧͱݺͿɻ͜ͷؔͷੵΛऔΔ
͜ͱʹΑΓɺಈؔͷੵද͞Εɺ

(
a∗1 a∗2 a∗3......

)

⎛

⎜⎜⎜⎜⎜⎜⎜⎜⎝

a1
a2
a3
.

.

.

⎞

⎟⎟⎟⎟⎟⎟⎟⎟⎠

= ⟨P |P ⟩ =
∫
ψ∗(x)ψ(x)dx (2.20)

ͱͳΔɻ
͜ͷه߸Λ༻͍Δͱɺྫ͑ࣜ (2.2)ɺ

H |E⟩ = E |E⟩ (2.21)

ͱ͔͘͜ͱ͕Ͱ͖ɺ͜ͷݻ༗ํఔࣜͷɺ|E⟩͕ݻ༗ϕΫτϧʢݻ༗έοτ
ͱʣɺE͕ݻ༗Ͱ͋Δɻ·ͨɺࣜ (2.11)ʹ૬͢ΔԋࢠࢉAͷྻߦཁ
ૉɺ⟨Pi|A|Pi⟩ͱఆٛ͞Εɺಛʹɺࣜ (2.9)ʹରԠͯ͠ ⟨Pi|Pj⟩ = δij Ͱ
͋Δɻ
ྫͱͯ͠ɺࠓҰͭͷશܥ |Pi⟩͕͋Δ࣌ɺ

∑

i

|Pi⟩ ⟨Pi| = 1 (2.22)
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͕Γཱͭɻ͜ͷੑ࣭Λ͑ɺࣜ (2.16)ͷূ໌ɺ
∑

i

⟨Pi|A|Pi⟩ =
∑

ijk

⟨Pi| |Qi⟩ ⟨Qj|A|Qk⟩ ⟨Qk| |Pi⟩

=
∑

jk

δjk ⟨Qj|A|Qk⟩ =
∑

i

⟨Qj|A|Qj⟩ (2.23)

ͱͳΔɻ

Τϧϛʔτڞ

͋Δԋࢠࢉ Aʹରͯ͠ɺ࣍ͷࣜʹΑΓ AͱΤϧϛʔτڞͳ A† ͕ఆ
ٛ͞ΕΔɻ

(A†)ij = (Aji)
∗ (2.24)

͢ͳΘͪA† ͷ ijͷཁૉɺAji ͷڞෳૉͰ͋ΔɻಛʹA† = A͕
ཱ͢Δ߹ɺԋࢠࢉAΤϧϛʔτԋࢠࢉͱݺΕɺͦͷݻ༗ඞͣ
࣮ͱͳΔɻ͜ͷݻ༗ɺԋ͕ࣔ͢ࢠࢉΦϒβʔόϒϧͷ࣮ࡍͷ؍ଌ
ྔͱͯ͠ղऍ͞Ε͍ͯΔɻ͜ͷ͕ಈؔʹΑͬͯ֬తʹද͞ݱΕ
Δͱ͞ΕΔྔֶྗࢠʹ͓͍ͯɺ֤ཧྔ࣮ͰٻΊΒΕΔͨΊɺ
ཧྔΛද͢ԋࢠࢉඞͣΤϧϛʔτͰ͋Δ͜ͱ͕ཁ͞ٻΕΔɻ͜͜ʹͦ
ͷূ໌Λ༩͑Δɻ
Τϧϛʔτྻߦ Hͷݻ༗ λͱݻ༗ϕΫτϧ |x⟩ʹҎԼͷΑ͏ͳؔ

Δɻ͕͋

H |x⟩ = λ |x⟩ (2.25)

͜ͷ྆ลͷΤϧϛʔτڞΛͱΔɻӈลʹ͍ͭͯ

⟨x|H† = λ∗ ⟨x| (2.26)

͜͜ͰHΤϧϛʔτྻߦͳͷͰ

H† = H (2.27)

Ͱ͋ΔɻͦΕͰ ࣜʢ2.27ʣ ࣜΛ࣍ͷΑ͏ʹॻ͍ͯಉ͡Ͱ͋Δɻ

|x⟩H = λ∗ |x⟩ (2.28)
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͜͜Ͱɺࣜʢ2.25ʣͷ྆ลʹ͔ࠨΒ ⟨x| Λֻ͚ɺࣜʢ2.28ʣͷ྆ลʹ
ӈ͔Β |x⟩Λֻ͚Δͱ,

⟨x|H |x⟩ = λ ⟨x|x⟩
⟨x|H |x⟩ = λ∗ ⟨x|x⟩ (2.29)

ͱͳΓɺࠨล۠ผ͕ͳ͘ͳΓɺ͍͜͠ͱ͕͑ݴΔɻ͜ΕΑΓ λ = λ∗

Ͱ͋Δ͜ͱ͕͑ݴΔɻෳૉڞΛऔͬͯͷมΘΒͳ͍ఆͰ͋Δͨ
Ί͜Ε࣮Ͱ͋Δ͜ͱ͕ࣔ͞Εͨɻ
͜͜Ͱྫͱͯ͠ɺҰลͷ͞Lͷཱํମʹ͋Δ࣭ྔmͷࣗ༝ཻࢠΛ

యతϋϛϧτχΞϯݹࢠΔɻ͜ͷཻ͑ߟ p2/2mΛͭ࣋ɻ͜ΕΛྔࢠ
ྗֶతʹஔ͖͑Δͱɺ

Hʹ− !2
2m

∇2 = − !2
2m

(
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
(2.30)

ͱද͞ΕΔɻ͜ΕΛ༻͍ͯɺψʹର͢Δڥք݅Λઃఆͯ͠ΤωϧΪʔ
ք͕݅Αڥతͳظք݅ʹपڥΊΔɻ௨ৗɺ͜ͷΑ͏ͳٻ༗Λݻ
͘༻͍ΒΕɺxํʹର͠

ψ(x+ L) = ψ(x),
∂

∂x
ψ(x+ L) =

∂

∂x
ψ(x) (2.31)

ͱ͠ɺyɺzํʹ͍ͭͯಉ༷ʹऔΔɻ͢Δͱ ψɺ

ψ ∝ exp(ikxx+ ikyy + ikzz) (2.32)

ͱͳΓɺkx, ky, kz ͦΕͧΕɺ

kx =
2π

L
l, ky =

2π

L
m, kz =

2π

L
n (2.33)

ͱͳΔɻ͜͜Ͱɺl,m, n = 0,±1,±2....Ͱ͋Δɻ͜͜ͰϕΫτϧ
ͱݺΕΔ kx, ky, kz Λ x, y, zͱ͢ΔϕΫτϧ kΛ༻͍ͨɻࣜ (2.32)

Λࣜ (2.2)ʹೖͯࣜ͠ (2.30)Λ͑ɺٻΊΒΕΔΤωϧΪʔݻ༗E

ɺ

E =
!2
2m

(k2
x + k2

y + k2
z) =

!2k2

2m
(2.34)

ͱͳΔɻҰํɺಈؔମੵ V ͷதͰ֨نԽ͞Ε͍ͯΔͱ͢Εɺ

ψk(x) = V −1/2eikɾx (2.35)
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ͱͳΔɻ͜ͷಈ͕ؔࣜ (2.14)ͷ݅ɺ͢ͳΘͪɺ
∫
ψ∗
k(x)ψ

′
k(x)dx = δ(k, k′) (2.36)

Λຬͨ͢͜ͱΛ༰қʹ֬ೝͰ͖Δɻ͜ΕΒͷࢉܭΛ࣮͏ߦʹࡍʹɺ
ϕΫτϧ kʹ͍ͭͯͷΛٻΊΔඞཁ͕ੜ͡Δɻ͜ͷ kͷࣜ (2.36)Ͱ
༩͑ΒΕΔ l,m, nʹؔ͢ΔͰ͋Δ͕ɺL͕ेʹେ͖͍ͱ͖ɺkx, ky, kz
࿈ଓతʹมԽ͢Δͱۙ͢ࣅΔ͜ͱͰ͖Δɻ͜ͷ࣌ kͷɺL → ∞
ͷݶۃͰੵʹஔ͖͑Δ͜ͱ͕Ͱ͖ɺࣜ (2.36)Λ༻͍ͯ

∑

lmn

=

∫
∆l∆m∆n =

L3

(2π)3

∫
∆kx∆ky∆kz (2.37)

ม͑ΒΕΔɻ͜͜ͰɺL3͕ମੵVʹ͍͜͠ͱʹཹҙ͢Δͱɺؔ

∑

k

→ V

(2π)3

∫
dk(L → ∞) (2.38)

Λ͑ΒΕΔɻ

2.1.2 ଟཻܥࢠͷྔֶྗࢠ

͜͜·ͰҰཻܥࢠʹ͓͚ΔྔࢠԽͷख๏Λड़͖͕ͯͨɺ͔͜͜Β
͜ΕΛଟཻܥࢠʹ֦ுͨ͠ܥʹ͍ͭͯड़Δɻ͜͜Ͱɺܥશମͷϋϛ
ϧτχΞϯ͕ɺ͜ͷܥΛߏ͢Δཻ֤ࢠͷϋϛϧτχΞϯͷͰ͋Δܥ
Λ͑ߟΔɻྫ͑ɺલઅͷࣗ༝ཻ͕ࢠശʹN͋ݸΔ࣌ɺi൪ͷཻࢠͷ
ϋϛϧτχΞϯΛH(i)ͱ͢ΕɺશମͷHɺ

HʹH(1) +H(2) + ..........+H(N) (2.39)

Ͱ͋Δɻ͜ͷ߹ͷࣜ (2.2)ͷࣜܗతͳղɺ

ψ(1, 2, ......N) = ψr1(1) + ψr2(2) + .........ψrN (N)

E = er1 + er2 + .......erN (2.40)

Ͱ༩͑ΒΕΔɻͨͩ͠ɺer1 ɺ

H(1)ψr1(i) (2.41)
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Λຬཻͨ̍͢ࢠͷݻ༗Ͱ͋Δɻࣜ (2.1.2)ͷಈؔɺ̍൪ͷཻࢠ
͕ r1ͱ͏ݴঢ়ଶɺೋ൪ͷཻ͕ࢠ r2...ͱ͍͏ঢ়ଶʹೖ͍ͬͯΔঢ়ଶʹ૬
͢Δɻ͜ΕɺཻࢠͷݸผੑΛೝΊͨܗͱ͍ྑͯͬݴɻ͔͠͠ͳ͕Βɺ
ͷ۠ผ͕Ͱࢠผੑ൱ఆ͞Εಉछཻݸɺ͜ͷΑ͏ͳ͍͓ͯʹֶྗࢠྔ
͖ͳ͍ɻ͜ͷͨΊɺͨͱ͑ೋཻࢠͷঢ়ଶΛಈؔ ψ(x1, x2)Ͱදͨ͠
ɺ͜ͷಈؔͷઈରͷೋ࣌ |ψ(x1, x2)|2ͱ |ψ(x2, x1)|2ͷ۠ผ͕Ͱ͖
ͳ͍ɻͭ·Γ

|ψ(x1, x2)|2 = |ψ(x2, x1)|2 (2.42)

ͱͳΓɺ
ψ(x1, x2) = ±ψ(x2, x1) (2.43)

Ͱ͋Δ͜ͱΛҙຯ͢Δɻ

2.1.3 ϘʔεͱϑΣϧϛ

Ұൠʹɺྔ ݺඪxͳͲͷଞʹεϐϯσͱ࠲ɺҐஔࢠΔཻ͚͓ʹֶྗࢠ
ΕΔ෦ࣗ༝Λͭɽεϐϯͷେ͖͞!Λ୯Ґͱͯ͠1, 1/2, 1, 3/2......

ͱ͍͏Λͭ࣋ɻεϐϯͷେ͖͕͞ 0,1,2......ͷΛࢠཻͭ࣋Ϙʔε
,ʢϘιϯʣɺ1/2ࢠཻ 3/2.....ͷΛࢠཻͭ࣋ϑΣϧϛཻࢠʢϑΣ
ϧϛΦϯʣͱݺΕΔɻྫ͑ɺిࢠεϐϯ 1/2ͰϑΣϧϛཻࢠɺ4He

ͷࢠݪεϐϯ̌Λͭ࣋ϘʔεཻࢠͰ͋Δɻࣗ༝ཻࢠʹ͋ͬͯɺҰൠ
ʹεϐϯ sͷঢ়ଶ̎ sʴ̍ॏʹॖୀ͍ͯ͠Δɻ
Ϙʔεཻࢠɺ·ͨϑΣϧϛཻࢠͷू·Γ͕͋Δͱ͖ɺͦͷશܥΛͦ

ΕͧΕϘʔεཻܥࢠɺϑΣϧϛཻܥࢠͱ͍͏ɻ·ͨɼϘʔζཻܥࢠϑΣ
ϧϛཻܥࢠͷ౷ֶྗܭΛྔࢠ౷ֶྗܭͱݺͼɺ͜Εಈؔʹෳࡶͳ
ରশੑΛཁ͢ٻΔɻه߸ͷ؆ུԽͷͨΊɺ࠲ඪ xi,εϐϯΛද͢࠲ඪ siΛ
Ұॹʹͯ͠ॻ͘ͱࣜʢ2.43ʣʹஔ͍ͯɺಈؔͷೖΕସ͕͑ରͰ͋Δ
߹͕ɺϘʔε౷ܭͰ

ψ(2, 1, 3....) = ψ(1, 2, 3....) (2.44)

ͱͳΓɺରশͰ͋Δ߹͕ϑΣϧϛ౷ܭͰ

ψ(2, 1, 3....) = −ψ(1, 2, 3....) (2.45)

ͱͳΔɻҰൠʹ Pʢ1,2.....,NʣΛʢi1, i2......iNʣʹ ஔ͖͑ΔԋࢉͰ͋
Δͱ͢Εɺ
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Pψʢ1, 2....., Nʣ= ψʢ1, 2....., Nʣ (2.46)

Pψʢ1, 2....., Nʣ= (−1)δ(P )ʢ1, 2....., Nʣ (2.47)

Ͱ͋Δɻͨͩ͠ɺ্ࣜͰ (2.46)Ϙʔε౷ܭʹɺ(2.47)ϑΣϧϛ౷ܭʹ
ରԠ͍ͯ͠ΔɻʢҎԼɺ͜Εͱಉ͡ه߸Λ༻͍Δʣɻ·ͨɺδ(P )ɺP ͕
ΛͦΕͧΕද͍ͯ͠Δɻ͜ͷରশੑɺحͳΒஔحɺۮͳΒஔۮ
ࣗ༝ཻࢠͷ͚ͩ࣌Ͱͳ͘ɺҰൠʹཻؒࢠ૬࡞ޓ༻͕͋ͬͯΓཱͭͱ
Ͱ͋ΕɺࣜࢠΒΕΔɻಛʹɺࣗ༝ཻ͑ߟ (2.1.2)ͷҰ݁࣍߹Λ࡞Γɺ͔
ͭࣜ (2.47)ʢΛຬͨ͢ͷͱͯ͠ɺ

ψʢ1, 2....., Nʣ=
1√
Nʂ

∑

P

Pψr1(1) + ψr2(2) + .........ψrN (N) (2.48)

ψʢ1, 2....., Nʣ=
1√
Nʂ

∑

P

(−1)δ(P )Pψr1(1) + ψr2(2) + .........ψrN (N)

(2.49)

ΛಘΔɻ͜͜Ͱ P ཻࢠͷ࠲ඪΛೖΕସ͑ΔԋࢉͰ͋Γɺ؆ུԽͷͨ
Ίɺཻ֤ࢠͷঢ়ଶҟͳΔͷͱͨ͠ɻ

√
NʂͷҼ֨نԽ݅

∫
ψ∗ʢ1, 2....., N)ψʢ1, 2....., Nʣdt1......dtN = 1 (2.50)

Λຬͤ͞ΔͨΊʹඞཁͰ͋Δɻͨ ͩ͠ɺࣜ (2.50)Ͱ tͷੵɺۭ ඪ࠲ؒ
xͷੵͱεϐϯ࠲ඪ sʹର͢Δͷ྆ํΛҙຯ͢ΔɻಛʹϑΣϧϛཻࢠ
ͷ߹ɺεϨΠλʔྻߦͰಈ͕ؔද͞ΕΔɻΑͬͯɺrk = rl(k ̸= l)

Ͱ͋ΔͳΒɺશମͷಈؔ߃తʹ̌ͱͳΔɻΏ͑ʹɺϑΣϧϛ
ೖΕͳ͍ɻ͜ΕΛɺ͕ࢠঢ়ଶʹೋͭҎ্ͷཻࢠͷྔࢠͰɺಉཻ̍͡ࢠཻ
ύϦͷഉଞͱݺͿɻҰํɺϘʔεཻࢠͰͦͷΑ͏ͳ͜ͱͳ͘ɺಉ
͡ঢ়ଶʹཻ͍͕ͭ͘ࢠೖͬͯྑ͍ɻ͜ͷੑ࣭Λදͨ͢Ίʹɺཻ̍ࢠͷ
ঢ়ଶ rΛΊΔཻࢠͷ nr Λ͑ߟΔͷ͕ศརͰ͋Δɻͦͷ߹ɺϘʔε
ͳΒࢠཻ nr = 0, 1, 2.....Ͱ͋Γɺ·ͨϑΣϧϛཻࢠͳΒ nr = 0, 1Ͱ͋Δɻ
͍ͣΕͷ߹શܥͷΤωϧΪʔɺ

E =
∑

r

ernr (2.51)

ͱද͞ΕΔɻࣗ༝ཻࢠͰ͋ΕɺrϕΫτϧ kΛɺεϐϯ·Ͱྀߟ
͢Δ߹ɺk, σͷํΛද͢ɻσεϐϯͷঢ়ଶΛࢦఆ͢ΔมͰ͋Δɻ
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·ͨɺ
er = !2k2/2m (2.52)

ͷ͕ؔ͋Γɺ͜Εεϐϯঢ়ଶ σʹΑΒͳ͍ɻཻࢠͷ૯ແ

N ʹ
∑

r

nr (2.53)

Ͱ͋Δɻ
༗ঢ়ଶࣜݻͷܥΔͱɺશ͕͋༺࡞ޓ૬ʹؒࢠཻ (2.49)ͷΑ͏ʹॻ

͚ͳ͍ɻશܥͷΤωϧΪʔݻ༗ٴͼݻ༗ؔΛٻΊΔͷɺҰൠʹͱ
͍ͯ͠ɻ͔͠͠ɺྫ͑͜ͷΑ͏ͳଟཻܥࢠA,BΛఆ͠ɺͦͷؒ
ʹ૬࡞ޓ༻͕ͳ͚ΕɺશܥͷΤωϧΪʔEɺ

E = EA + EB (2.54)

ͱද͞ΕΔɻͨͩ͠ɺEA, EB ͦΕͧΕ AܥɺBܥͷΤωϧΪʔݻ༗
Ͱ͋ΔɻҰൠʹɺ͜ͷΑ͏ͳܥA,B,C....ͷ͋Δ࣌ɺશମͷܥͷΤωϧ
Ϊʔɺ

E = EA + EB + EC ........ (2.55)

Ͱ༩͑ΒΕΔɻ
Δਖ਼४ूஂɺେਖ਼४ूஂʹ͍ͭͯड़Δɻ͜͜Ͱɺଟ͚͓ʹܭ౷ࢠྔ

͘ͷཻ͔ࢠΒΓཱ͍ͬͯΔܥΛ͑ߟΔɻ͜ͷମܥͷϋϛϧτχΞϯΛ
Hͱॻ͖ɺ͜ͷମܥͱશ͘ಉ͡ߏΛͭ࣋ମܥΛMݸͱΓɺͦΕΛฒ
ͨͱ͢Δɻ͜ΕΒͷମܥͷؒʹऑ͍૬࡞ޓ༻͕͋ΓɺΤωϧΪʔΛަ
Δ͕ɺM͢ શମͰ֎ͱͷަবͳ͘શମͷΤωϧΪʔݸ E0 Ұఆ
ʹอͭͱ͢ΔɻҰͭͷମܥʹର͢ΔΤωϧΪʔݻ༗ΛEiɼM ͷ͏ͪݸ
Ͱͦͷঢ়ଶͷΛऔ͍ͬͯΔͷ͕Mi͋ݸΔͱ͢Δɻ
͜ͷΑ͏ͳ݅ԼͰɺݹయͷग़ൃʹͳͬͨૅجʹཱͪฦΔͱɺ

(i) W = Mʂ
ΠMiʂ

,ɹ
∑

Mi = M ,
∑

EiMi = E0

(ii) (M1,M2....)ͷ͕࣮͢ݱΔ֬Wʹൺྫ͢Δɻ

(iii) ฏߧঢ়ଶͰɺW࠷େʹͳ͍ͬͯΔɻ

ͷ 3͕ॏཁͳ߲ࣄͱͳΔ [14]ɻ͜͜ͰW ΤωϧΪʔEiΛͱΔඍࢹత
ঢ়ଶͷ૯Ͱ͋Γɺྔࢠʹ͓͍ͯɺ(i)ͷ࠷ॳͷೋཱͭ͠ɺ·ͨ࠷
ͷ݅ɺࣜޙ (2.55)ͱরΒ͠߹ΘͤΕਖ਼͍͠ͱ͑ݴΔɻ͕ͨͬͯ͠ɺ
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(ii)(iii)ΛೝΊΔͱɺݹయͱશ͘ಉ݅͡Ͱͷ͕ٞՄͱͳΔɻʢiiiʣ
ɺΤϧΰʔυԾઆΛྔࢠʹ֦ுͨ͠ͷͰɺMݸશମΛͨ͑ߟ߹ɺ
ͦͷՄͳྔࢠঢ়ଶಉ֬͡Ͱ࣮͞ݱΕΔͱ͍ͬͯྑ͍ɻΑͬͯ͜ͷ
աఔΛೝΊΕɺ

Mi =
M

Z
e−βEi , Z =

∑

i

e−βEi (2.56)

͕ಘΒΕΔɻࣜ (2.56)ͷ
∑

ɺͱ͍ͯ͠ΔମܥͷΤωϧΪʔݻ༗
ঢ়ଶʹର͢Δ૯Ͱ͋Δɻ͜ΕɺZ͕ঢ়ଶͱݺΕΔཧ༝Ͱ͋Δɻ
β, Zͷҙຯݹయͱશ͘ಉ͡Ͱ͋Δɻ
͜͜Ͱɺ͞Βʹཻࢠͷަ͞ڐΕΔͱ͢ΔͳΒɺେਖ਼४ूஂΛऔΓ

ѻ͏͜ͱͱͳΔɻ͜ͷ߹ɺݹయͱಉʹٞ͢Δ͜ͱ͕Ͱ͖ɺ

ZG =
∞∑

N=0

∑

j

e−β(E(N.j)−µN) (2.57)

Ͱେ͕ؔ༩͑ΒΕΔɻͨͩ͠ɺE(N, j)N ܥΛؚΉମࢠͷཻݸ
ͷ j൪ͷΤωϧΪʔݻ༗Ͱ͋Δɻ
લઅͷɺࣜ (2.51)ɺࣜ (2.53)Λ༻͍Δͱɺࣗ༝ཻࢠʹؔ͢Δঢ়ଶ Z

ɺ
Zʹ

∑
exp(−β

∑

r

ernr) (2.58)

ͱද͞ΕΔɻͨͩ͜͜͠ʹ
∑

nr = N ͱ͍͏੍͕ݶඞཁͰ͋Γɺ͜ͷ
ͨΊࣜ (2.58)ͷࢉܭ؆୯Ͱͳ͍ɻ͔͠͠ɺZGͰɺNʹର͢ΔΛ
ͱΔͨΊɺ͜ͷΑ͏ͳ੍ݶΕɺnr ಠཱʹมԽ͢Δͱͯ͠ྑ͍ɻ͢
ͳΘͪɺ

ZG =
∑

nr

exp[−β(
∑

r

ernr − µ
∑

r

nr)]

=
∑

nr

exp(−β
∑

r

εrnr) (2.59)

ͱͳΔɻͨͩ͠ɺεr  µ͔Βଌཻͬͨ̍ࢠͷΤωϧΪʔͰɺ

εr = er − µ (2.60)

Λҙຯ͢Δɻ͜͜Ͱɺexp(
∑

r xr) = Πrexp(xr)Ͱ͋Δ͔Βɺࣜ (2.59)ʢ̐
̑ʣɺ

ZG =
∑

nr

Πrexp(−βεrnr) (2.61)
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Ͱ͋Δɻnr Ϙʔεɺ·ͨϑΣϧϛ౷ܭʹର͠ɺ

nr = 0, 1, 2...... (2.62)

nr = 0, 1 (2.63)

Ͱ͋Δ͔Βɺnr ʹର͢ΔΛऔͬͯɺؔɺϘʔεཻࢠͷ߹

Zb ʹ
∞∑

n1=0

....
∞∑

n∞=0

exp(−β(n1(ε1 − µʣʴ n2(ε2 − µ) + )) (2.64)

֤ nj ͕ಠཱͰ͋Δ͜ͱΛྀͯ͠ߟ

ɹ = exp(−β(n1(ε1 − µʣ) ʷ exp(−β(n2(ε2 − µ)) ʷ ........

ɹ = (1 + exp(−β(ε1 − µ)ʴ (exp(−β(ε1 − µ)))2 + .........)

ɹɹɹ ʷ (1 + exp(−β(ε2 − µ)) + (exp(−β(ε2 − µ)))2 + ) ʷ ..........

(2.65)

ൺڃͷެࣜɹ 1 +X +X2 + = 1/(1−X)Λ༻͍ͯɹɹ

ɹɹ =
1

1− exp(−β(ε1 − µ)
ʷ

1

exp(−β(ε2 − µ))
ʷ .......

=
∞∏

j=1

1− exp(−β(εj − µ) (2.66)

ɹ
ϑΣϧϛཻࢠͷ߹ɺ

ZF =
1∑

n1=0

......
1∑

n∞=0

exp(−β(n1(ε1 − µ)ʴ n2(ε2 − µ)ʴ)) (2.67)

ɹɹɹɹ֤ njɹʹ͍ͭͯಠཱʹΛͱͬͯɼɹ

ɹɹɹ ʹ
1∑

n1=0

exp(−βn2(ε2 − µ)ʴ.........)) ʷɹ
1∑

n2=0

exp(−βn2(ε2 − µʣ) ʷ .........

ɹ ʹ (1 + exp(−β(ε1 − µ))) ʷ (1 + exp(−(ε2 − µ))) ʷ .........

ɹɹɹɹ ʹ
∞∏

j=1

(1 + exp(−β(εj − µ))) (2.68)
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ΑͬͯɺϘʔεɺϑΣϧϛཻࢠͷେؔ

ZG = Πr(1− e(−βεr))−1 (2.69)

ZG = Πr(1− e(−βεr)) (2.70)

ͱͳΔɻ͜ΕΑΓɺΤωϧΪʔʹॖୀ͕ͳ͍߹ͷάϥϯυϙςϯγϟϧ

J = −kT lnZG (2.71)

ɺϘʔεཻࢠͷ߹

J = −kT
∑

j

In(1 + exp(−β(εj − µ)) (2.72)

ϑΣϧϛཻࢠͷ߹

J = kT
∑

j

In(1− exp(−β(εj − µ)) (2.73)

ͱͳΔɻ͜Ε·ͰͷٞΑΓɺҰཻࢠͷݻ༗ঢ়ଶ jʹ͋Δཻࢠͷظ
ʢ༗֬ʣ< nj >ɺ

N(T, V, µ) = −
(
∂(−kT InZG)

∂µ

)
(2.74)

ʹ͓͍ͯɺϘʔεཻࢠͷ߹ɹ

< nj >=
exp(−β(εj − µ))

1− exp(−β(εj − µ))
=

1

exp(−β(εj − µ))− 1
(2.75)

ϑΣϧϛཻࢠͷ߹

< nj >=
exp(−β(εj − µ))

1 + exp(−β(εj − µ))
=

1

exp(β(εj − µ)) + 1
(2.76)

ΑͬͯɺؔͦΕͧΕ

fr =
1

e(βεr) − 1
(2.77)

fr =
1

e(βεr) + 1
(2.78)
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͕ಘΒΕΔɻࣜ (2.78)ΛϘʔεؔɺࣜ (2.77)ΛϑΣϧϛؔ
ͱݺͿɻ͜͜Ͱ βεr ͕ඇৗʹେ͖͚Εɺ

fr ≈ e−βεr (2.79)

ͱͳΓɺ͜ΕݹయతͳϚΫεΣϧɾϘϧπϚϯʹҰக͢Δɻ·ͨɺ

dΩ = −SdT − pdV − N̄dµ (2.80)

Ͱ༩͑ΒΕΔύϥϝʔλΩΛఆٛ͢Εɺ͔͜͜ΒछʑͷྗֶతؔΛ
Δ͜ͱ͕Ͱ͖Δɻ͜ͷؔ͢ࢉܭ ͷΩΛΩ0ͱॻ͚ɺ࣌(2.70)(2.69)

Ω0 = ± 1

β

∑

r

In(1∓ e(−βεr)) (2.81)

͕ಘΒΕΔɻ͜͜Ͱɺ্ූ߸Ϙʔε౷ܭɺԼූ߸ϑΣϧϛ౷ܭʹର
Ԡ͢Δɻ
͜ͷܥͷΤϯτϩϐʔʹ͍ͭͯɺࣜ (2.80)ΑΓɺ

S = −(∂Ω/∂T )V,µ (2.82)

Ͱ͋ΔͷͰɺΩ0Λೖ͢Εɺ

S0 = ∓kB
∑

r

In(1∓ e−βεr) + T−1
∑

r

(eβεr ∓ 1)−1εr (2.83)

͋Δ͍ɺfr Λ༻͍ͯɺ

S0 = −kB
∑

r

[frInfr ∓ (1± fr)In(1± fr)] (2.84)

ͱද͞ΕΔɻ

2.2 χϡʔτϦϊཧֶ
ղઆ͢Δ͍ͯͭʹૅجχϡʔτϦϊཧֶͷʹ࣍ [2, 3, 15]ɽ
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2.2.1 ૉཻࢠཧֶͷ֓ཁ

χϡʔτϦϊཧֶͷৄࡉΛղઆ͢Δલʹɼૉཻࢠཧֶͷ֓ཁΛड़
͓ͯ͘ɽૉཻࢠཧֶͷతɺओʹೋͭͰ͋ΔɽୈҰʹɺ࣭Λߏ
͍ͯ͠ΔࠜݯతͳཻࢠͷಉఆɺୈೋʹɺͦΕΒཻؒࢠʹಇ͘ྗͷ૬ޓ
ͷ๏ଇͷղ໌Ͱ͋Δɻ༺࡞
࣭Λߏ͍ͯ͠ΔࠜݯతͳཻࢠԿͰ͋Ζ͏͔ɽ࣭ࢠʹΑͬ

ࢠݪ͞Ε͍ͯΔɻ͜ͷߏΑͬͯʹࢠݪࢠ͞Εɺ͞Βʹ͜ͷߏͯ
Ͱ֩ࢠݪͷपΓΛిࢠྔ͕ࢠతͳঢ়ଶΛͯͬ࣋ӡಈ͍ͯ͠Δɻ֩ࢠݪ
Ͱɼࢠݪશମͷ 10ສͷ̍ͱ͍͏େ͖͞ͷதʹɺཅࢠͱதੑ͕ࢠКத
֩ࢠݪͳͲͷࢠதੑࢠऩ͠ͳ͕Βೖ͍ͬͯΔɻཅٵͳͲΛ์ग़ɾࢠؒ
ͷதͳͲʹଘྗ͍ڧͯ͠ࡏΛࢠཻ͏߹͠΅ٴʮόϦΦϯʯɺКதؒࢠͳ
Ͳʮϝιϯʯʹྨ͞Ε͍ͯΔɽ
খ୯ҐόϦΦϯͱϝιϯ࠷తʹɼ1960લ·Ͱ࣭ͷ࢙ྺ

ͱిͩࢠͱ͑ߟΒΕ͍ͯͨɽ͕ͩɼ1964ɺήϧϚϯΒόϦΦϯͱϝ
ιϯ͕ɼ͞ΒͳΔجຊཻࢠͰ͋ΔΫΥʔΫ͔Βߏ͞ΕΔͱ͍͏ԾઆΛఏ
এͨ͠ɻ͜ͷԾઆਖ਼͘͠ɼόϦΦϯ̏ͭͷΫΥʔΫͰͰ͖͓ͯΓɼϝ
ιϯ̎ͭͷΫΥʔΫͰͰ͖͍ͯΔɽͳ͓ɼ1964͝ΖʹΫΥʔΫɺ
ΞοϓΫΥʔΫ (u)ɺμϯΫΥʔΫ (d)ɺετϨϯδΫΥʔΫ (s)ͷࡾछ
ྨ͔͠ͳ͍ͱ͑ߟΒΕ͍ͯͨɽ͕ͩ 1974ɺୈ࢛ͷΫΥʔΫͰ͋Δνϟʔ
ϜΫΥʔΫ (c)ΛؚΉϝιϯ͕ൃ͞ݟΕΔɻ͜ͷޙ͞ΒͳΔΫΥʔΫͰ
͋ΔϘτϜΫΥʔΫ (b)ͱτοϓΫΥʔΫ (t)ͷൃ͕ݟଓ͖ɺલड़ͨ͠Α
Ͱࡏݱʹ͏ 6छྨͷΫΥʔΫ͕ൃ͞ݟΕ͍ͯΔɻҰํϨϓτϯ·ͨɺ
ࢠి (e−)ͷଞʹϛϡʔΦϯ (µ−)ɼλΦϯ (τ−)ɼిࢠχϡʔτϦϊ (νe)ɼ
ϛϡʔχϡʔτϦϊ (νµ)ɼλχϡʔτϦϊ (ντ )ͷ 6छྨ͕ൃ͞ݟΕͯ
͍Δɽ͜ΕΒΫΥʔΫͱϨϓτϯͷੑ࣭Λɺද 2.1ʹ·ͱΊͨ [3]ɻ

ද 2.1: ΫΥʔΫɾϨϓτϯ

ՙిQ ૬࡞ޓ༻ ୈҰੈ ୈೋੈ ୈੈࡾɹɹɹ
2/3 S,E,W u(2.33) c(677) t(181,000)

-1/3 S,E,W d(4.69) s(93) b(3000)

0 W νe(?) νµ(?) ντ (?)

-1 E,W e−(0.511) ν−(105.7) τ−(1777)

ද 2.1ͷதͷ૬࡞ޓ༻ͷه߸E,W,SɺͦΕͧΕి࣓૬࡞ޓ༻ɺऑ͍૬
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Λද͢ɻද༺࡞ޓ૬͍ڧɺ༺࡞ޓ ࢠຊཻجΔΑ͏ʹɺݟʹ2.1 (u, d, νe, e−)

ͱಉ͡ੑ࣭Λͭ࣋άϧʔϓ (c, s, νµ, ν−)ɺ(t, b, ντ , τ−)͕࣭ྔͷΈΛҧ͍ͱ
ͯ͠ଘ͍ͯ͠ࡏΔɻ͜ΕΒͭࡾͷάϧʔϓΛੈͱݺΜͰ۠ผ͍ͯ͠Δɻ
ɺ͜ΕΒͷࢠతͳཻݯ͢ΔࠜߏΛࢠɺ༷ʑͳཻࡏݱ 6छྨͷΫΥʔ

Ϋͱ 6छྨͷϨϓτϯͩͱ͑ߟΒΕ͍ͯΔɻ͜ΕΒཻࢠͷྔࢠʹ
ؾɺऑ͍ྗɺి࣓ྗ͍ڧಇ͘ྗɺॏྗɺʹࢠड़͞ΕΔɻཻه͍ͯͮج
ྗͷ 4छྨ͕ΒΕ͍ͯΔɻॏྗ૬࡞ޓ༻ͷӨڹۃΊͯऑ͍ͨΊɺૉ
Ε͍ͯΔɻ͞ࢹՄͳྖҬͰɺແ͕ݧ࣮ࢠཻ ऑ͍ྗͱి࣓ྗؾɺϫ
ΠϯόʔάɾαϥϜཧʹΑͬͯཧతʹ౷Ұ͞ΕɺిऑྗͱݺΕͯ
͍Δɻ
͜ͷిऑཧͱྗ͍ڧͷཧʢྔࢠ৭ྗֶʣΛ߹Θͤͨཧମܥඪ

४ܕͱΑΕ͍ͯΔɻඪ४ܕʹొ͢ΔͷɺΫΥʔΫɺϨϓτϯͳ
Ͳεϐϯ̍/̎Λ࣭ͪΛߏ͢ΔʮϑΣϧϛཻࢠʯͷ΄͔ɼޫࢠ (γ)ɺ
W ϘιϯɼZϘιϯɼάϧʔΦϯ gͳͲͷྗΛഔհ͢Δεϐϯ̍Λͬ࣋
ͨʮήʔδཻࢠʯɺͦͯࣗ͠ൃతରੑͷഁΕʹΑΔώοάεߏػʹΑͬ
ͯϑΣϧϛཻࢠʹ࣭ྔΛ༩͑Δʮώοάεཻࢠ (h)ʯͰ͋Δɻ
ͱໃ६͠ͳ͍݁ՌΛಘͯܕՌɺඪ४݁ݧͰͷ΄ͱΜͲͷ࣮·ࡏݱ

͍Δɻ͔͠͠ͳ͕Βɺඪ४ܕʹΑͬͯɺૉཻࢠͷͯ͢ͷಾ͕ղ໌Ͱ͖
ΔΘ͚Ͱͳ͍ɻඪ४ܕʹະͩʹܾఆͰ͖ͳ͍͍͔ͭ͘ͷύϥϝʔ
λʔؚ͕·Ε͍ͯΔɻ·ͨΫΥʔΫϨϓτϯͷϑϨʔόʔ͕ͳͥੈࡾ
ͳͷ͔ͳͲʹ͍ͭͯඪ४͔͚ͩܕΒͰઆ໌Ͱ͖ͳ͍ɻ͜͏ͨ͠
ٙΛղܾ͢ΔͨΊʹɺཧɺ࣮ݧํ͔Βͷྗ͕ଓ͚ΒΕ͍ͯΔ͕ɺ
Ͱ༷ʑͳཧ͕ཚཱ͍ͯ͠Δঢ়ଶͰ͋Δɻ࣌ݱ
ྫ͑ɺి࣓ྗؾΛهड़͢ΔU(1)ήʔδཧ͕ SU(2) ʷ U(1)ରশੑ

ͷഁΕʹΑͬͯͨΒ͞ΕͨΑ͏ʹɺྗ͍ڧ·Ͱ౷Ұ͍ͯ͠Δඪ४ܕ
ͷ SU(3) ʷ SU(2) ʷ U(1)ରশੑ·ͨ SU(5) SO(10)ͳͲͷΑΓ࣍ߴ
ͷରশੑ͕ഁΕͨ͜ͱʹΑΔͷͳͷͰͳ͍͔ͱ͍͏Ծઆʹཱͬͨେ
౷Ұཧ͕͋Δɻ·ͨඪ४ܕʹొ͢ΔཻࢠʹɺϘʔεཻࢠͱϑΣϧ
ϛཻࢠΛೖΕସ͑Δରশมͱ͍͏ֶతૢ࡞ʹΑͬͯද͞ΕΔύʔ
τφʔཻ͕ࢠଘ͢ࡏΔͱ͍͏ରশੑԾઆͳͲ͕ఏএ͞Ε͍ͯΔɻ
ඪ४ܕΛ͑Δཧߏஙʹؔͯ͠ண͖͢ݱͷ̍ͭɺεʔύʔ

ΧϛΦΧϯσͳͲͰ࣮؍ʹࡍଌ͕ͳ͞ΕͨχϡʔτϦϊৼಈͰ͋Δɻඪ
४ܕͰ࣭ྔ̌ͱ͞Ε͍ͯͨχϡʔτϦϊʹ͔ۇͳ࣭ྔ͕͋Δ͜ͱ͕
χϡʔτϦϊৼಈΛ௨ͯࣔ͡͞Εͨɻ͜ͷ͜ͱɺχϡʔτϦϊʹண
͢Δ͜ͱͰඪ४ܕΛ͑ͨ৽ͨͳΈΛݟग़͢͜ͱ͕Ͱ͖ɺͦΕʹ
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ΑͬͯະղܾʹޫΛ͋ͯΔՄੑ͕͋Δͱ֬৴ͤ͞ΔͷͰ͋Δɽ

2.2.2 χϡʔτϦϊͷओͳੑ࣭

χϡʔτϦϊͷओͳੑ࣭ʹ͍ͭͯɺࡏݱ໌͍ͯ͠Δ͜ͱΛॱ࣍ड़Δɻ

తʹதੑͰ͋Δؾి

Ϩϓτϯ͍ڧ૬࡞ޓ༻Λ͠ͳ͍͜ͱΒΕ͍ͯΔ͕ɺχϡʔτϦϊ
ͦͷதͰిؾతʹதੑͰ͋ΔɻΫΥʔΫٴͼՙిϨϓτϯʢe−, µ−, τ−ʣ
ͷΑ͏ʹిՙΛͣͨ࣋ɺɺ͕ͨͬͯ͠ి࣓૬࡞ޓ༻ߦΘͳ͍ɻ
͜ͷ࣮ࣄɺχϡʔτϦϊͷ؍ଌ࣮ࠔ͍͓ͯʹݧΛͨΒ͍ͯ͠Δɻ

ՙిཻࢠͰ͋ΔͳΒɺࣸਅס൘ͷ؍ଌثػΛͪ࣋ɺͦͷཻ͕ࢠ௨ա
ΑͬͯɺͦͷඈΛଊ͑Δ͜ͱ͕Ͱ͖Δͷ͕ͩɺʹ༺࡞ޓͷి࣓૬ࡍͨ͠
ిՙΛͨ࣋ͳཻ͍ࢠ͜ͷΑ͏ͳख๏Ͱ؍ଌʹ͔͔Βͣɺ؍ଌʹಛ
घͳ͕ඞཁʹͳΔɻ͜ͷΑ͏ͳࣄʹΑΓɺχϡʔτϦϊ࣮
ͱͯ͠ѻΘΕ͖ͯͨɻࢠଌ͕ͳ͞ΕͣʹɺԾઆཻ؍ͷࡍ
·ͨҰൠʹɺཻࢠʹඞͣͦͷରͱͳΔཻ͕ࢠଘ͢ࡏΔɻྫͱͯ͠ɺ

Q = −1ͷిՙΛࢠిͭ࣋ʹɺQ = +1ͷిՙΛͭ࣋ཅిࢠͱ͍͏ཻ
֎ɺͦͷ࣭ྔΛಉ͘͢͡Δͱ͍͏͜ͱҎࢠͱཻࢠΔɻཻ͢ࡏଘ͕ࢠ
ͯ͢ٯͷੑ࣭Λͭ࣋͜ͱ͕ҰൠʹΒΕ͍ͯΔɻ
ͷ۠ผࢠͱཻࢠͳΒཻࢠཻ߹Ͱ͋ͬͯɼෳࢠతʹதੑͳཻؾి

͕ͭ͘ɻྫ͑ɺిؾతʹதੑͳόϦΦϯͰ͋ΔதੑࢠɺҰͭͷΞοϓ
ΫΥʔΫͱೋͭͷμϯΫΥʔΫΑΓͳΔʢuddʣ͕ ͜ͷཻࢠͰ͋Δ
தੑࢠɺͦΕͧΕͷΫΥʔΫ͔ΒͳΓ͍ͨͬͯΔɺͭ·Γ (ūd̄d̄)ͱ͍
ͷͳ͍χϡʔτϦϊɺߏͰ͋Γɼ෦ࢠΛͱΔɻ͔͠͠ɺૉཻߏ͏
͜ͷΑ͏ͳߏ͔ΒཻࢠΛ୳Δ͜ͱͰ͖ͣɺχϡʔτϦϊʹ͍ͭͯ
༷ʑͳԾઆ͕ఏএ͞Ε͖͕ͯͨɺνͱ ν̄ಠཱͳཻࢠͰͳ͘ɺχϡʔ
τϦϊͦΕࣗମཻ͕ࢠͳͷͰͳ͍͔ͱ͍͏Ծઆ͕͋Δɻ͜ͷΑ͏ͳ
ࢠΕΔɻҰํཻݺͱࢠಉҰͰ͋ΔͷϚϤϥφཻ͕ࢠͱཻࢠཻ
ͱཻ͕ࢠҟͳΔɺɺν ̸= ν̄ͳΒɺσΟϥοΫཻࢠͱͳΔɻχϡʔτϦϊ
͕͜ͷͲͪΒʹ֘͢Δͷ͔ʹ͍ͭͯະͩʹ݁ग़͍ͯͳ͍ɻ

23



࣭ྔ͕ஶ͘͠খ͍͞

ΫΥʔΫͱՙిϨϓτϯͷ࣭ྔද 2.1ʹࣔͨ͠Α͏ʹɺ࠷࣭ྔͷখ
Ͱࢠి͍͞ 0.5MeVͷ࣭ྔΛ͍ͯͬ࣋ΔɻҰํɺχϡʔτϦϊͷ࣭ྔ
ɺ·ͩ֬ఆ͍ͯ͠ͳ͍͕ɺ؍ଌثػͰݕग़͢Δͷ͕ࠔͳ΄Ͳʹখ
͍͞ɻҰظ࣭࣌ྔθϩͰ͋Δͱ͑͑͞ߟΒΕ͍͕ͯͨɺχϡʔτϦϊ
ৼಈͷൃݟʹΑΓ͜Ε൱ఆ͞Εͨɻࡏݱɺͦͷ࣭ྔ eVΦʔμʔҎԼ
Ͱ͋Δͱਪ͞Ε͍ͯΔɻ

࣭தΛ΄ͱΜͲࣗ༝ʹ௨աͰ͖Δ

χϡʔτϦϊऑ͍૬࡞ޓ༻ʹΑ͔ͬͯ͠ଞͷཻࢠͱԠ͠ͳ͍ɻ͠
͕ͨͬͯɺ࣭தΛχϡʔτϦϊ͕௨աͨ͠ͱͯ͠ɺଞͷཻࢠͱԠ
Λ֬͢͜ىۃΊͯখ͍͞ɻ͜ͷ͜ͱɺχϡʔτϦϊΛ؍ଌ͢Δ͜
ͱΛࠔʹ͍ͯ͠Δ࠷େ͖ͳཁҼͷҰͭͰ͋Δɻ͕ͨͬͯ͠χϡʔτ
Ϧϊͷ؍ଌثػେܕͰ͋ΓɺԼਂ͘ʹઃஔ͞Ε͍ͯΔɻ͜ΕʹΑͬ
ͯதΛ؏௨͠ͳ͍ଞͷཻࢠΛল͖ɺχϡʔτϦϊ͚ͩΛݕग़͘͢͠
ͳΔͷͰ͋ΔɻҰํɺ͜ͷಁ͍ߴաੑΛੜ͔ͨ͠ɺٿΛ௨ա͖ͯͨ͠
χϡʔτϦϊΛ؍ଌ͢Δ͜ͱʹΑΔٿ෦୳ࠪɺଠཅͷ֩༥߹͔Β์
ग़͞ΕΔχϡʔτϦϊʹΑΔଠཅ෦୳ࠪͳͲͷࣗવՊֶͷԠ༻ߟ
Ҋ͞Ε͍ͯΔɻ

ࡏݱ 3छྨͷ͕ؒΒΕ͍ͯΔ

Ε͍ͯΔχϡʔτϦϊ͞ݟͰൃݧ࣮

• νeిࢠχϡʔτϦϊ

• νµϛϡʔχϡʔτϦϊ

• ντ λχϡʔτϦϊ

ͷ 3छྨͰ͋Δɻ͜ΕΒऑ͍૬࡞ޓ༻ʹ͓͍ͯɺͦΕͧΕ e−, ν−, τ−ͱ
ϖΞΛͳͨ͢Ίɺ͜ͷΑ͏ͳ໊͕͍͍ͯΔɻྫ͑ɺKϝιϯ͕ऑ͍૬
+ͰK༺࡞ޓ → µ++ νͱ่յ͢Δͱ͖ͷ νɺνµͰ͋ΓɺK+ → e++ ν

ͱ่յ͢Δ࣌ͷ νɺνe Ͱ͋Δɻ͜ͷೋͭͷχϡʔτϦϊ͕ผݸͷͷ
Ͱ͋Δͱ͍͏͜ͱ࣮࣮ࣄݧͰ͋Δɻྫ͑ π+ → µ++ νµʹΑͬͯ࡞Β
Εͨ νµ Λதੑࢠʹিಥͤͯ͞ɺνµ + n → µ− + pͱ͍͏Ԡ͜ىΔ
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͕ɺνµ + n → e− + p͜ىΒͳ͍ͱ͍͏͜ͱ͕ɺ1962ɺϒϧοΫϔϒ
ϯڀݚཱࠃॴͰߦΘΕ࣮ͨݧͰ֬ೝ͞Ε͍ͯΔɻ

2.2.3 ऑ͍૬࡞ޓ༻

χϡʔτϦϊલ߲Ͱड़ͨΑ͏ʹऑ͍૬࡞ޓ༻͔͠͠ͳ͍ɻΑͬͯ
χϡʔτϦϊͷڀݚʹ͜ͷऑ͍૬࡞ޓ༻ͷੑ࣭Λཧղ͢Δ͜ͱ͕ෆՄ
ܽͰ͋Δɻ͜ͷུ֓Λड़Δɻεϐϯ S = 1

2 ͷཻࢠʹɺ্͖εϐϯ
ˢ (Sz = +1

2)ͱɺԼ͖εϐϯˣ (Sz = −1
2)ͱ͢Δೋͭͷྔֶྗࢠతঢ়

ଶΛͭɻجຊཻࢠͷঢ়ଶΛͣΔ࣌ɺͦͷཻࢠͷਐํߦʢӡಈྔ p⃗ͷ
४ʹऔΓɺp⃗ͱεϐϯجʣΛํ S⃗ͷؔ

h =
p⃗ɾ⃗S
|p⃗|

ʹΑͬͯఆٛ͞ΕΔϔϦγςΟ͕Α͘༻͍ΒΕΔɻ͜Εɺ࣭ྔΛͨ࣋
ͳཻ͍ࢠͷ߹ʹΧϦϥϦςΟͱՁͰ͋ΓɺཻࢠͷύϦςΟରশ͕
ഁΕ͍ͯΔࡍʹఆٛ͞ΕΔɻh = 1

2 ɺp⃗ͱ S͕⃗ฏߦͷ߹Ͱɺ͜ΕΛӈ
Ϳɻ·ͨɺhݺͱࢠཻ͖ר = −1

2 ͷ߹ɺp⃗ͱ S͕⃗ฏߦͷ߹Ͱɺࠨ
ΕΔɻݺͱࢠཻ͖ר
ඪ४ܕͰѻ͏ɺి࣓૬࡞ޓ༻ɼ͍ڧ૬࡞ޓ༻ɼऑ͍૬࡞ޓ༻͔ΒͳΔ

̏ͭͷجຊ૬࡞ޓ༻ɺήʔδϘιϯΛհͯͦ͠ͷߦ͕༺࡞ΘΕΔɻి
࣓૬࡞ޓ༻Ͱഔհ͢ΔήʔδϘιϯޫࢠ γͰ͋Γɺޫࢠ γՙిཻ
ࢠ f ʹ͍ͭͯɺͦͷӈࢠཻ͖ר fR ʹࢠཻ͖רࠨ fL ʹ۠ผͳ͘࡞༻
͢Δɻ͍ڧ૬࡞ޓ༻ͰάϧʔΦϯ͕૬࡞ޓ༻Λഔհ͢Δ͕ɺ͜ͷ߹
 fRʹ fLʹରʹ࡞༻͢Δɻ
͔͠͠ɺऑ͍૬࡞ޓ༻ͷՙిΧϨϯτ૬࡞ޓ༻Λഔհ͢ΔΟʔΫϘ

ιϯͷW+,W−ཻࢠ fLʹର͔ͯ͠͠࡞༻ΛߦΘͳ͍ɻ͞ΒʹɺW±͕
૬࡞ޓ༻͢Δͱ͖ʹɺfLͷՙిΛQ = ±1͚ͩมԽͤ͞Δɻͦͷ۩ମత
ͳભҠͷ༷ࢠΛҎԼʹ͢هɻ

(
uL

dL

)
,

(
cL
sL

)
,

(
tL
bL

)

(
νeL
eL

)
,

(
νµL
µL

)
,

(
ντL
τL

)
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W+ͷ์ग़ʹΑͬͯɺ্هͷׅހͰғ্ͬͨͷཻࢠঢ়ଶΑΓɺԼͷཻࢠঢ়
ଶͱભҠ͢ΔɻʢW−ͷ์ग़ͰɺٯʹԼ͔Β্ͱભҠ͢Δɻʣ
ऑ͍૬࡞ޓ༻ʹΑΔԠͷ࠷جຊతͳྫͱͯ͠ϕʔλ่յ n → p +

e−+ ν̄e͕͋Δɻ͜ͷ่յɺΫΥʔΫϞσϧͰ͑ݴɺn = (udd) → p =

(uud)Ͱ͋Δ͔Βɺ

dL → uL +W− → uL + (e−L + ν̄eL)

ͱͯ͠ɺऑ͍૬ͨͬ͜ى͕༺࡞ޓͱղऍͰ͖Δɻ

2.2.4 χϡʔτϦϊͷओͳൃੜݯͱͦͷ؍ଌ

χϡʔτϦϊͷओͳൃੜݯͱͦͷ࣮ݧత؍ଌʹ͍ͭͯ·ͱΊΔɻҎԼ
ͷද 2.2ɺओʹຊͰߦΘΕ͍ͯΔɺ༷ʑͳॴ͔Βൃੜͨ͠χϡʔτ
Ϧϊͱͦͷ؍ଌ๏ʹ͍ͭͯ·ͱΊͨͷͰ͋Δ [15]ɻ

ද 2.2: ओͳχϡʔτϦϊͷൃੜݯͱͦͷ؍ଌ
ൃੜݯ Ԡ χϡʔτϦϊ࣮ݧ

ଠཅ
֩༥߹Ԡ

p+p+p+p→ He+ 2(e+ + νe)
ଠཅχϡʔτϦϊ࣮ݧ

ʢεʔύʔΧϛΦΧϯσͳͲʣ

େؾ
Ӊઢͷେؾͱিಥ
Кͷੜͱ่յ

ଠཅχϡʔτϦϊ࣮ݧ
ʢεʔύʔΧϛΦΧϯσͳͲʣ

৽ ॏྗΤωϧΪʔͷ์ग़
৽χϡʔτϦϊ؍ଌ
ΧϛΦΧϯσ࣮ݧͳͲ

ࢠݪ
֩྾

n → p+ e− + ν̄e
ݧχϡʔτϦϊ࣮ࢠݪ

ΧϜϥϯυͳͲ
Ճث ૉཻࢠԠ Ճݧ࣮ث

ଠཅχϡʔτϦϊ

ଠཅ͕์ग़͢ΔΤωϧΪʔɺ֩༥߹ԠʹΑΔͷͰ͋Δɻ͜ͷੜ
աఔେ͖͚ͯ͘ೋछྨ͋Δɻཅࢠ (p)ೋ͕֩ݸ༥߹ͯ͠ॏཅࢠ (2H)

͕ੜ͞ΕɺͦΕʹҾ͖ଓ༷͘ʑͳԠͰ࠷ऴతʹϔϦϜ (4He)͕ੜ
͞ΕΔ ppԠɺٴͼɺଠཅதʹଘ͍ͯ͠ࡏΔɺૉɺૉɺࢎૉͱ͍ͬ
ੜ͞ΕΔ͕ݸΑΓϔϦϜҰݸ࢛ࢠΛ৮ഔͱͯ͠ཅ֩ࢠݪͷɺࢠݪͨ
ͱ͍͏CNOաఔͰ͋Δɻ
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͜Ε·ͰʹߦΘΕ͖ͯͨɺଠཅχϡʔτϦϊ؍ଌʹ͓͚Δॏཁͳ࣮ݧ
Λɺද 2.3ʹ·ͱΊͨ [15]ɻ

ද 2.3: ଠཅχϡʔτϦϊͷ؍ଌ࣮ݧ
໊ݧ࣮ ࠃ ํ๏ ΤωϧΪʔᮢ ؒظଌ؍
Homestake ΞϝϦΧ ์ࣹԽֶ 814keV 1968-2001
ΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 7MeV 1987-1996
SAGE ϩγΞ ์ࣹԽֶ 233keV 1990-
GNO ΠλϦΞ ์ࣹԽֶ 233keV 1990-2003
εʔύʔΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 5MeV 1996-
SNO Χφμ ॏਫνΣϨϯίϑ 5MeV 1996-

ྫ͑ɺCNOաఔ

p+ p+ p+ p → He+ 2(e+ + νe) (2.85)

ʹΑͬͯ༩͑ΒΕΔɻχϡʔτϦϊɺऑ͍૬ߦ͔͠༺࡞ޓΘͳ͍ͷͰ
Λ΄ͱΜͲಁաͯ͠Ώ͘ɻଠཅ͔Β์ग़͞ΕΔχϡʔτϦϊɺཧ্ٿ
νe͚ͩͷͣͰ͋Δ͕ɺ͜ͷ؍ଌ͕ཧΑΓগͳ͔ͬͨ͜ͱ͔Βɺ
์ग़͞Εͨ νe͕ଞͷχϡʔτϦϊʢνν , ντʣʹ มΘΔͱ͍ ʮ͏χϡʔτϦϊ
ৼಈʯͷཧ͕ఏग़͞Ε࣮ݧͰ֬ೝ͞ΕͨɻࡏݱͰଞͷ࣮ݧͷ݁Ռͱ
র߹ͯ͠ νe → ντ Ԡ͕ͨͬ͜ىͱ͑ߟΒΕ͍ͯΔɻ͜ͷݱΛղੳ͢Δ
͜ͱʹΑΓೋͭͷχϡʔτϦϊ (ν1, ν2)ͷ࣭ྔͷೋࠩ∆m2

21 ≡ m2
2 −m2

1

֯߹ͼɺͦΕΒͷؒͷࠞٴ θ21ʹ͍ͭͯͷใΛಘΔ͜ͱ͕Ͱ͖Δɻ

εʔύʔΧϛΦΧϯσ

χϡʔτϦϊ؍ଌͷදతͳஔ͕ɺ౦ژେֶӉڀݚܥॴਆԬӉ
ૉཻࢪڀݚࢠઃͷॴ༗͢ΔχϡʔτϦϊݕग़ஔɺεʔύʔΧϛΦΧϯσ
ʢSuper KAMIOKANDEʣͰ͋Δɻ͜ͷஔɺذෞ٢ݝ܈ਆԬொͷ߭
͞Εͨɻྺݐʹ۷ͷΛར༻ͯ͠Լ1000m΄Ͳͷॴ࠾ࢁ ʹత࢙
ɺ͡Ί͜ͷेͷҰ΄ͲͷεέʔϧͷΧϛΦΧϯσ (KAMIOKANDE)

͕ 1983ʹઃஔ͞Εɺ৽͔ΒͷχϡʔτϦϊ؍ଌʹޭ͢ΔͳͲେ
͖ͳՌΛ্͛ͨɻ
લड़ͨ͠Α͏ʹɺχϡʔτϦϊऑ͍૬࡞ޓ༻͔͠͠ͳ͍ͷͰɺͨͱ

͑ଠཅ͔ΒେͳͷχϡʔτϦϊ͕߱Γ͍ͩͱͯ͠ɺ࣮ࡍʹԠ
Λ͢͜ىͷͦͷ͘͝Ұ෦Ͱ͋Δ͜ͱ͔Βඞવతʹ؍ଌͦثػͷͷͷ
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େ͖͕͞ඞཁͱͳΔɻεʔύʔΧϛΦΧϯσ͑͞ɺଠཅχϡʔτϦϊ
1 ఔ͔͠ଊ͑Δ͜ͱͰ͖ͳ͍ɻݸ10
͜ΕΒΧϛΦΧϯσεʔύʔΧϛΦΧϯσɺେ౷Ұཧʹ͓͍ͯ

༬͞ݴΕΔཅ่ࢠյΛ؍ଌ͢ΔతͰݐ͞ΕͨͷͰ͋Δɻͦͷ࣮ݧ
తղੳଓ͚ΒΕ͍ͯΔ͕ɺ͜͜ͰχϡʔτϦϊʹͷΈతΛͯͬߜड़
Δɻ͜ͷஔ͕χϡʔτϦϊΛ؍ଌͰ͖Δݪཧͱͯ͠ɺஔͷڊେ
ͳਫλϯΫʹඈͼࠐΜͰ͖ͨχϡʔτϦϊɺਫதͷిࢠ e−ཅࢠ p

ͱিಥͯ͠ɺ
ν + e− → ν + e− (2.86)

ν̄e + p → e+ + n (2.87)

ͱ͍ͬͨԠΛ͢͜ىɻࢄཚஅ໘ੵ΄΅χϡʔτϦϊͷΤωϧΪʔʹൺ
ྫ͠ɺଠཅχϡʔτϦϊʹయܕతͳ 10MeV ͷΤωϧΪʔΛྫʹͱΕɺ

σ = 8.96 ʷ 10−44 Eν

10MeV
[cm2](ν + e− → νe + e−) (2.88)

σ = 1.57 ʷ 10−44 Eν

10MeV
[cm2](ν + µ, τ− → νµ,τ + e−) (2.89)

ΑͬͯɺిࢠχϡʔτϦϊͱిࢠͷࢄཚஅ໘ੵϛϡʔχϡʔτϦϊͱ
λχϡʔτϦͷͦΕΑΓ̒ഒఔେ͖͘ɺిࢠɺχϡʔτϦϊࢄཚ࣮
ଌʹ͔͔Δɻ؍χϡʔτϦϊҎ֎ࢠͰిݧ
͜ͷ࣌ɺඍऑͳνΣϨϯίϑޫ͕ൃੜ͠ɺ͜ΕΛλϯΫͷนʹऔΓ

͚ΒΕͨޫి૿ࢠഒݕ͕ग़͢Δɻ͜ͷஔͷಛɺैདྷͷ؍ଌػ
ͰೖࣹχϡʔτϦϊͷํΛಛఆͰ͖ͳ͔ͬͨͷʹର͠ɺ্Լํ࢛ͷ
นʹऔΓ͚ͨޫݕग़ػͷγάφϧΛίϯϐϡʔλղੳ͠ɺͦͷೖࣹํ
ग़Ͱ͖Δ͜ͱͰ͋ΔɻࢉͰ·
͜ͷ์ࣹ

cosθʹ
1

nβ
(2.90)

ʢθՙిཻࢠͷਐํߦͱνΣϨϯίϑޫͷͳ֯͢ɺn࣭ͷ۶ંɺβཻ
ͷΈরࣹʹͰද͞ΕΔํͷΛਅۭதͷޫͰׂͬͨʣͷؔࢠ
͞ΕΔɻ͜ͷ͜ͱʹΑͬͯɺͦͷχϡʔτϦϊ͕ɺଠཅ͔Βདྷͨͷ͔
ͦΕͱଞͷൃੜ͔ݯΒདྷͨͷ͔ɺ۠ผͯ͠ੳͰ͖ΔΑ͏ʹͳͬͨɻ

େؾχϡʔτϦϊ

Ӊઢ͕Ӊ͔Βٿʹඈདྷ͢Δͱ͖ɺେࢠཻؾͱ͍ڧ૬࡞ޓ༻Λ͢
Δ͜ͱʹΑΓɺύΠϝιϯʢКʣKϝιϯΛ࡞Γग़͢߹͕͋Δɻ͜
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͏্ۭͯ͠Ͱ࡞Γग़͞Εͨ π±ɺ

π+ → µ+ + νµ

µ+ → e+ + νe + ν̄µ (2.91)

ͱ͍͏่յΛͯ͜͠ىදʹ߱Γ͙͜ͱʹͳΔɻΑͬͯɺ͜ͷχϡʔτ
Ϧϊ͕දͰ؍ଌ͞ΕΔࡍʹɺνµٴͼ ν̄µͷN(νµ)ͱɺνeͷN(νe)

ͱͷൺN(νµ) : N(νe) 2:1ͱͳΔ͜ͱ͕༧͞ΕΔɻ͜Εʹର࣮ͯ͠
ʹ͓͚ΔN(νµ)ݧ : N(νe)ͷཧͱҟͳΓɺ

[N(νµ)/N(νe)]؍ଌ
[N(νµ)/N(νe)]ཧ

= 0.63± 0.03± 0.05 (2.92)

Ͱ͋ͬͨɻ͜ ͷ͜ͱɺੜ·Εͨνµ͕χϡʔτϦϊৼಈʹΑͬͯผͷχϡʔ
τϦϊʹมԽͨ͠ͱ͑ߟΔ͜ͱʹΑͬͯઆ໌͞Ε͍ͯΔɻ
εʔύʔΧϛΦΧϯσͷಛͷҰͭɺχϡʔτϦϊͷೖࣹํΛಛ

ఆͰ͖Δͱ͍͏͜ͱͰ͋ͬͨɻ͜ͷ͜ͱɺ؍ଌ͞ΕͨେؾχϡʔτϦϊ
ɺஔͷ্ۭͰൃੜͨ͠ͷ͔ɺ͋Δ͍ٿͷରଆͰൃੜ͠
ͯɺٿΛ؏௨ͯ͠ஔʹͬͯདྷͨͷ͔ͷ۠ผ͕ՄͰ͋Δ͜ͱΛ
ҙຯ͢ΔɻχϡʔτϦϊৼಈͰɺχϡʔτϦϊͷΤωϧΪʔEν ͱͱ
ʹɺͦͷඈདྷڑ L͕ॏཁͳύϥϝʔλͱͳΔɻද͔Βେݍؾ·Ͱͷ
͕ڑ 10kmɺ·ͨٿͷ͕ܘ 12800kmͳͷͰɺ͜Ε L=10km

͔ΒL=13000kmʹΘͨͬͯͷ؍ଌ࣮ݧΛͨͬ͜ߦͱΛҙຯ͢ΔɻҎԼද
2.4ʹɺ͜Ε·ͰߦΘΕͨେؾχϡʔτϦϊ؍ଌͷදతͳͷΛ͋͛ͨ
[15]ɻ

ද 2.4: େؾχϡʔτϦϊͷ؍ଌ࣮ݧ
໊ݧ࣮ ࠃ ํ๏ ༗ޮମੵ ؒظଌ؍
KGF Πϯυ 1965-?
CWI ೆΞϑϦΧ 1965-?
Baksan ϩγΞ γϯνϨʔλʔ 1978-
IMB ΞϝϦΧ ਫνΣϨϯίϑ 3.3Ωϩτϯ 1982-1991
ΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 1.0Ωϩτϯ 1983-1996
Frejus ϑϥϯε మ൘ʴඈݕग़ث 0.7Ωϩτϯ 1984-1988
MACRO ΠλϦΞ 1988-2001
Soudan-2 ΞϝϦΧ మ൘ʴඈݕग़ث 0.77Ωϩτϯ 1989-2001
εʔύʔΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 22.5Ωϩτϯ 1996-
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৽χϡʔτϦϊ

1987ɺΧϛΦΧϯσ࣮ݧஔӉΛ̍̑ສཱྀͯ͠ٿʹͬͯ
͖ͨ ͷχϡʔτϦϊΛଊ͑Δ͜ͱʹޭͨ͠ɻͦΕɺେϚθϥϯݸ11
ӢͷதͷҰͭͷ͕৽ͱͳͬͨࡍʹ์ग़͞ΕͨͷͰ͋ͬͨͱ͞
ΕΔɻ͜ͷͨͬͨ ॏͳใΛχϡʔτϦϊوͷγάφϧ͕ɺ༷ʑͳݸ11
ཧֶʹͨΒͨ͠ɻ߃ͷൃ͢Δޫਫૉͷ֩༥߹ԠʹΑΔ
ͷͰ͋Δɻ͜ͷਫૉ͕೩͑ਚ͖ΔͱɺੜͰ͋ΔϔϦϜ͕த৺ʹཷ
·ͬͯίΞΛੜ͢Δɻ͞Βʹ͜ͷத৺ͰϔϦϜಉ͕֩࢜༥߹Λ͜ى
͢ɻ͜ͷΑ͏ʹɺͦΕ·Ͱͷ֩༥߹ͷੜΛ೩ྉͱͨ͠৽ͨͳ֩༥߹
ʹΑͬͯਐԽͯ͠Ώ͘ɻ
͜͜ͰɺͷதԝʹమͷίΞ͕ੜ͞Εͨ࣌Ͱ֩༥߹ऴΘΓΛܴ

͑ɺͷத৺෦Թ͕̍̌̌ԯΛ͑Δ΄ͲͷߴԹʹͳΔɻ͜ͷ࣌
మͷ֩ࢠݪΛٵऩͯ͠ղ͞ΕΔɻ͜ͷͨΊɺத৺෦ऩॖ͞Εͯ
ѹྗ͕ॆ͘ߴͳΒͳ͍ͷͰɺऩॖࢭ·Βͣத৺෦ͷԹ͞Βʹ
ͷີΛ͑Δͱɺཅ֩ࢠݪͷີ͕֩ࢠݪͳΔɻ͜͜Ͱத৺෦ͷ͘ߴ
Γɺি·ࢭʹؾΑΔੱྗͱͳΓɺऩॖ͕Ұʹྗ͍ڧಇ͘ྗ͕ʹࢠதੑࢠ
ܸ͕ੜ͞ΕΔɻ͜ͷিܸ͕ͷ֎ʹ͋Δ࣭·Ͱਧ͖ඈ͢ͷ
͕৽രൃͷݪཧͰ͋Δɻ͜ͷ࣌ɺॏྗ่յͷ͍ͯͬ͜ىΔͷத৺
෦ͰχϡʔτϦϊ͕ੜ͞ΕɺమίΞ͕தੑࢠʹͳΔͱͦͷॏྗΤω
ϧΪʔ 1046J ͕ղ์͞ΕΔ͕ɺ͜ͷΤωϧΪʔͷຆͲχϡʔτϦϊ
৽ͷܕଌॏྗ่յ؍Δɻ͜ͷͨΊɺ͜ͷχϡʔτϦϊͷڈ͕ͪ࣋
ੑ࣭Λ୳ΔʹෆՄܽͰ͋Γɺଟ͘ͷཧతڀݚͱ؍ଌ͕ͳ͞Ε͖ͯͨɻ
͜ͷදతͳͷΛද Δ͛ڍʹ2.5 [15]ɻ

ද 2.5: ৽χϡʔτϦϊͷ؍ଌ࣮ݧ
໊ݧ࣮ ࠃ ํ๏ ༗ޮମੵ ؒظଌ؍
Bacsan ϩγΞ ӷମγϯνϨʔλʔ 330τϯ 1978-
LSD ϑϥϯε ӷମγϯνϨʔλʔ 90τϯ 1984-?
ΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 2140τϯ 1983-1996
IMB ΞϝϦΧ ਫνΣϨϯίϑ 5000τϯ 1982-1991
LVD ΠλϦΞ ӷମγϯνϨʔλʔ 670τϯ 1992-
εʔύʔΧϛΦΧϯσ ຊ ਫνΣϨϯίϑ 32000τϯ 1996-
SNO Χφμ ਫνΣϨϯίϑ ܰਫ 1600τϯ 1999-2006

ʢܰਫʴॏਫʣ ॏਫ 1000τϯ
ΧϜϥϯυ ຊ ӷମγϯνϨʔλʔ 1000τϯ 2002-
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ՃثχϡʔτϦϊͱK2K࣮ݧ

ଠཅɺେؾɺ৽χϡʔτϦϊɺͯࣗ͢વʹൃੜͨ͠ͷͰ͋Δ
͕ɺਓతʹχϡʔτϦϊΛ࡞Γग़ͯͦ͠ΕΛ؍ଌ͢Δͱ͍͏ڀݚߦΘ
Ε͍ͯΔɻͦͷ࣮ݧͷҰͭͱͯ͠ʮK2K࣮ݧʯ͕͋ΔɻK2Kͱʮfrom

KEK to KAMIOKANDEʯͷུͰ͋ΔɽKEKͭ͘ࢢʹ͋ΔʮߴΤω
ϧΪʔՃߏػڀݚثʯͷࣄͰ͋Δɻ͜ͷͭ͘ʹ͋ΔKEKͰ࡞Γग़͠
ͨχϡʔτϦϊϏʔϜ νµΛ 250kmઌͷεʔύʔΧϛΦΧϯσͰ؍ଌͯ͠
νµ͕ཧࢉܭΑΓͲͷఔݮগ͍ͯ͠Δ͔Λ؍ଌͨ͠ɻ͜͜Ͱɺແ
χϡʔτϦϊ͕ΔͷදͰͳ͘ɺൃੜஔͱ؍ଌஔΛઢతʹ
݁Ϳ֪෦Ͱ͋Δɻ

ݧχϡʔτϦϊͱΧϜϥϯυ࣮ࢠݪ

લઅͰड़ͨ K2K࣮ݧɺେؾχϡʔτϦϊͷ؍ଌΑΓࣔࠦ͞Εͨ
χϡʔτϦϊৼಈ νµ → ντ Λɺ্Ͱͷ࣮ݧʹΑ͔ͬͯ֬ΊΔ͜ͱ͕త
Ͱ͋ͬͨɻಉ༷ʹɺଠཅχϡʔτϦϊͷ؍ଌΑΓࣔࠦ͞ΕΔχϡʔτϦϊ
ৼಈ νe → ντ Λɺ্Ͱͷ࣮ݧΑΓ͔֬ΊΑ͏ͱ͢ΔࢼΈ͕ɺKam LAND

Ͱ͋Δɻ͜ͷ໊শɺʮtheݧ࣮ Kamioka Liquid scintillator Anti-Neutrino

DetectorʯͷུশͰ͋Δɻ
͜ͷ࣮ݧɺిൃྗࢠݪॴͷࢠݪ (reactor)ͷɺ֩྾Ԡͷࡍͷ

n → p+ e− + ν̄e (2.93)

ʹΑͬͯɺ์ग़͞ΕΔχϡʔτϦϊ ν̄eΛ؍ଌ͢Δɻ͜ͷ࣮݁ݧՌ·ͨɺ
ଠཅχϡʔτϦϊ؍ଌσʔλͰಘΒΕͨχϡʔτϦϊৼಈͷ༧ଌ͕ਖ਼͠
͔ͬͨ͜ͱΛ͍ࣔͯ͠Δɻ

2.2.5 χϡʔτϦϊͷ࣭ྔ

χϡʔτϦϊɺΫΥʔΫՙిϨϓτϯͳͲଞͷૉཻࢠͱҟͳΓɺۃ
ʹখ͞ͳ࣭ྔΛ͍ͯͬ࣋ΔɻຊઅͰɺ͜ͷݯىʹ͍ͭͯͷ༗ྗͳઆͰ
͋Δɺʮγʔιʔߏػʯٴͼʮࣹ࣭ྔʯʹ ͍ͭͯड़͍ͨɻ·ͣɺχϡʔτ
ϦϊҎ֎ͷૉཻࢠͷ࣭ྔΛੜ͢ΔώοάζϝΧχζϜͷઆ໌͔Β͏ߦɻ
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ώοάεϝΧχζϜ

ͷྔࢠʹ͓͍ͯɺ࣭ྔmΛͨͬ࣋ϑΣϧϛΦϯ

ψ =

(
ψL

ψR

)
(2.94)

ͷ࣭ྔ߲ɺ
mψ̄ψ = m(ψ̄Rψ + ψ̄LψR) (2.95)

ͱදͤΔɻࣜ (2.95)ɺཻࢠ ψL(ψR)͕ɺψR(ψR)ͱભҠ͢Δࡍͷ
͕࣭ྔmͰ͋Δͱ͍͏ղऍΛ͢Δ͜ͱͰ͖Δɻ͜ͷΑ͏ʹʮ࣭ྔʯͱ
ӈࢠཻ͖רͱ͕ࢠཻ͖רࠨϖΞΛΜͰॳΊཱͯ͢Δ֓೦ͳͷͰ͋Δɻ
͜ͷ࣭ྔmͷݯىͱͯ͠࠷දతͳઆʮώοάεߏػʯͱݺΕ

Δ࣭ྔੜϝΧχζϜͰ͋Δɻ͜ͷཧͰɺͱͱ࣭ͷ࣭ྔθ
ϩͰ͋ͬͨͱ͑ߟΔɻͦͷΘΓɺਅۭͱಉ͡ྔࢠΛͭ࣋εΧϥʔཻ
ࢠ φ(JP = 0+)͕ଘ͢ࡏΔͱ͑ߟɺϋϛϧτχΞϯ

Hint = yψ̄ψφ (2.96)

Ͱද͞ΕΔ૬࡞ޓ༻Λ͍ͯ͠ΔͱԾఆ͢Δɻ͜ͷΑ͏ͳ૬࡞ޓ༻ΛɺҰ
ൠʹ౬૬࡞ޓ༻ͱݺͿɻࣜ (2.96)Ͱද͞ΕΔ૬࡞ޓ༻ͰɺεΧϥʔ
Ϙιϯ ψΛ์ग़ɺٵऩ͢Δɻ
͜ͷΑ͏ͳܥʹରͯ͠ɺϥάϥϯδΞϯͰ

L = ∂µφ∗∂µφ− V (φ) (2.97)

Ͱද͞ΕΔෳૉεΧϥʔΛ͑ߟΔɻεΧϥʔϘιϯ φͷϙςϯγϟϧ
Vφ͕ɺ

Vφʹµ2φ2 +
1

2
λφ4 (2.98)

Ͱ༩͑ΒΕ͍ͯΔͱ͢Δɻ͜͜Ͱɺµ2,λ > 0Ͱ͋Δ߹ɺVφ ɺVφ =

φ = 0Ͱ࠷ΛऔΔͷͰɺ͕͜͜࠷҆ఆͨ͠ΤωϧΪʔͱ͍͏͜ͱʹ
ͳΔɻ͜ͷΤωϧΪʔ࠷ͷঢ়ଶ͕ʮਅۭʯͷఆٛͰ͋ΔɻҰํɺλ > 0

Ͱɺµ2 < 0Ͱ͋Δ߹Λ͑ߟΔɻ͜ͷ࣌ɺVφɺ

|φ| = v =

√
−µ2

λ
(2.99)

ͱͳͬͯ͠·͏ɻ͜ΕɺSU(2) ʷ U(1)ରশੑ͕ U(1)ʹഊΕͨ͜ͱΛ
ҙຯ͠ɺ͜ͷ࣌ɺਅۭɺ|φ| = 0Ͱͳ͘ɺ|φ| = −mu2/λͰ͋Δ͜ͱ
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ʹͳΔɻͦ͜Ͱɺ৽͘͠ |φ′| = 0Ͱ࣮ݱͷਅۭঢ়ଶ͕࣮͞ݱΕΔΑ͏ɺ৽
͍͠ φ′Λɺ

φ′ = φ− v (2.100)

Ͱఆٛ͢Δ͜ͱͱ͢Δɻ͜͜Ͱɺࣜ (2.99)Ͱఆٛ͞Εͨ vͷͷ͜ͱΛɺ
< φ >ͱද͠هɺʮਅۭظʯͱݺͿɻ
ࣜ (2.100)Ͱఆٛͨ͠৽͍͠ φ′ͷਅۭظ< φ′ >ɺ

ʻφ′ʼʹʻφʼ− v = 0 (2.101)

ͱͳΔɻ͜ͷ৽͍͠ φ′Λ༻͍Εɺઌʹఆٛͨࣜ͠ (2.96)ͷ૬࡞ޓ༻ɺ
ࣜ (2.100)ʹΑΓද͞ΕΔɻ͜͏ͯ͠ɺψ̄ψͷ͕θϩʢʹ࣭ྔθϩʣͰ
͋ͬͨͷʹରͯ͠ɺεΧϥʔϘιϯ φͷਅۭظʻφʼ͕θϩ Ͱͳ
͍͜ͱʹΑͬͯɺϑΣϧϛΦϯ ψ࣭ྔ

m = yv (2.102)

Λͭ࣋͜ͱʹͳΔɻ
͜ͷΑ͏ʹɺਅۭͷରশੑ͕ഁΕΔ͜ͱΛʮࣗൃతରশੑͷഁΕʯͱ

͍͏ɻ͜ͷΑ͏ʹཻͯ͠ࢠʹ࣭ྔΛ༩͑ΔϝΧχζϜΛɺߟҊऀͷ໊ʹ
ͪͳΜͰʮώοάεߏػʯͱݺͿɻͦͯ͠ɺ͜ͷׂΛ୲͏ͨΊʹಋೖ
͞ΕͨεΧϥʔϘιϯΛʮώοάεཻࢠʯͱݺͿɻΫΥʔΫՙిϨϓ
τϯͷ࣭ྔ͚ͩͰͳ͘ɺऑ͍૬࡞ޓ༻Λഔհ͢ΔήʔδϘιϯͷ࣭ྔɺ
͜ͷߏػʹΑͬͯ༩͑ΒΕͨͱ͑ߟΒΕ͍ͯΔɻ2013ɺՃݧ࣮ثʹ
Αͬͯ͜ͷཻࢠଘ͕֬ࡏೝ͞Εɺૉཻࢠͷ࣭ྔʹֵ৽తͳඈ༂Λ
ͨΒͨ͠ɻ

γʔιʔϝΧχζϜ

ͳͥχϡʔτϦϊͷ࣭ྔɺΫΥʔΫՙిϨϓτϯʹରͯ͠ۃΊͯখ͞
͍ͷͰ͋Ζ͏͔ɻ͜ ͷٙʹର͢ΔҰͭͷ͑ͱͯ͠ɺ1979ɺYanagida,
Gell-Man, Rammond, SlanskyΒʹΑͬͯʮγʔιʔϝΧχζϜʯͱ͍͏
ΞΠσΞ͕ఏҊ͞Εͨɻ
χϡʔτϦϊ νL ͱ νR ͕ରʹͳΔ͜ͱ͕Ͱ͖Εɺ௨ৗͷΫΥʔΫ

ՙిϨϓτϯͱಉ͡Α͏ʹ

mʢν̄RνL + ν̄LνRʣ (2.103)
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ʹΑ࣭ͬͯྔm͕ͯ࣋Δɽ͕ͩӈ͖רχϡʔτϦϊ νRऑ͍૬࡞ޓ༻Λ
ͤͣɺνRͱͦͷཻࢠ ν̄RΛ۠ผ͢ΔཻࢠΛͨ࣋ͳ͍ɻͦ͜Ͱ νRͷ
Λ͋ΒΘ͢Λࢠཻ νcRͱද͢هΔͱɺνRͱ νcRରʹͳͬͯɺ

mʢν̄Rν
c
R + ν̄cRνRʣ (2.104)

ͷܗͰ࣭ྔ߲Λੜ͢Δ͜ͱ͕Ͱ͖ΔɻνcR ࢠཻ͖רࠨͷมʹै͏ɽ
͜ͷΑ͏ʹɺཻ͕ࣗࢠͰ࡞Δ࣭ྔΛʮϚϤϥφ࣭ྔʯͱ͍ݴɺ͜Εʹ
ରͯ͠ɺࣜ (2.103)Ͱ༩͑ΒΕΔλΠϓͷ࣭ྔΛʮσΟϥοΫ࣭ྔʯͱ͍
͏ɻࣜ (2.103)ͱࣜ (2.104)Λ·ͱΊΕɺ

Vν = (ν̄Lν̄cR)

(
0 m

m MR

)(
νcR
νR

)
(2.105)

ͱද͞ΕΔɻ͜ͷࣜதͷχϡʔτϦϊ࣭ྔྻߦ

Mν =

(
0 m

m MR

)
(2.106)

ΛɺҎԼͷΑ͏ʹର֯Խ͢Δɻ
(
ν̄cR
ν̄R

)
= U

(
ν̄ ′L

(ν̄cR)
′

)
(2.107)

U =

(
cosθ −sinθ

sinθ cosθ

)
(2.108)

Vν = (ν̄Lν̄
c
R)Mν

(
νL
νcR

)
= (ν̄L

′ν̄cR
′)M ′

ν

(
ν ′L

(νcR)
′

)
(2.109)

M ′
ν ≡

(
M ′

11 0

0 M ′
22

)
= UTMνU (2.110)

͜ͷM ′
ν ͷର֯Խͷ݅ɺ

tan2θ =
2m√

M2
R + 4m2

(2.111)

Ͱ༩͑ΒΕɺ͜ͷݻ༗ɺ

M ′
11 =

1

2
(MR −

√
M2

R + 4m2) (2.112)
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M ′
22 =

1

2
(MR −

√
M2

R + 4m2) (2.113)

ΛಘΔɻ͜͜ͰMR ≫ mͰ͋Δ࣌ɺ

θ ≃ − m

MR
(2.114)

M ′
11 ≃ −m2

MR
(2.115)

M ′
22 ≃ MR (2.116)

ΛಘΔɻ͢ͳΘͪɺνR ͕ेେ͖ͳϚϤϥφ࣭ྔΛ࣌ͭ࣋ɺνL ·ͨɺ
͘͝খ͞ͳϚϤϥφ࣭ྔm2/MRΛͭ࣋ɻྫ͑ɺλχϡʔτϦϊ ντ ͷ
σΟϥοΫ࣭ྔ͕λϨϓτϯͱಉ͡mτ ≃ 2GeVͰ͋Δͱͯ͠ɺmντ ≃
0.1GeVΛ༩͑ΔͨΊʹɺ

MR ≃ 4 ʷ 1010GeV (2.117)

ͷϚϤϥφ࣭ྔΛ͑ߟΕྑ͍ɻେ͖ͳMRΛಋೖ͢Δ͜ͱʹΑΓmΛ
খ͞ͳm2/MRʹม͑ΔͨΊɼ͜ͷϝΧχζϜʮγʔιʔϝΧχζϜʯ
ͱݺΕ͍ͯΔɻ

ࣹϝΧχζϜ

લઅʹ͓͍ͯड़ͨγʔιʔϝΧχζϜɺνRͷGeVΦʔμʔͷϚϤ
ϥφ࣭ྔMRͷଘࡏʹΑͬͯσΟϥοΫ࣭ྔm͔ΒχϡʔτϦϊͷখ͞
ͳ࣭ྔΛੜΈग़͢ͱ͍͏ΞΠσΞͰ͋Δɻ
͜Εʹରͯ͠ɺχϡʔτϦϊσΟϥοΫ࣭ྔͳͲ͍ͯͬ࣋ͳ͍ͷͰ

ͳ͍͔ͱ͍͏આ͋ΔɻνRɺͱͱॏྗ૬࡞ޓ༻Ҏ֎Կͷ૬࡞ޓ
༻ߦΘͳ͍ɻ͕ͨͬͯ͠ɺͦͷΑ͏ͳཻࢠଘ͍ͯ͠ࡏͳ͍ͱ͑ߟΔɻ
νR͕ଘ͠ࡏͳ͍ͳΒɺνL͚ͩͰσΟϥοΫ࣭ྔΛͭ࣋͜ͱ͕Ͱ͖ͳ
͍ɻՃ͑ͯɺνL eL̄ͱରʹͳͬͯऑ͍૬࡞ޓ༻Λ͏ߦͷͰɺνLʹͷΈϚ
Ϥϥφ࣭ྔΛͤͨ࣋Δ͜ͱͰ͖ͳ͍ͷͰɺνR ͷଘ͠ࡏͳ͍ཧͰɺ
χϡʔτϦϊͷ࣭ྔີݫʹθϩͱͳΔɻ
ͱ͜Ζ͕1980ɺ̔ ిΛͨͬ࣋εΧϥʔϘιϯh+͕ଘ͢ࡏΕɺχϡʔ

τϦϊ νL ͔Β νcL ʹભҠͰ͖ɺඍখͳϚϤϥφ࣭ྔΛͭ࣋͜ͱ͕Ͱ͖
Δɺͱ͍͏આ͕ZeeʹΑͬͯఏএ͞Εͨɻ͜ͷΑ͏ͳϝΧχζϜʹΑΓੜ
·Ε࣭ͨྔΛࣹ࣭ྔͱݺͿɻେ౷ҰཧͷΈͷΈࠐΈʹؔ͠
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ͯɺγʔιʔϝΧχζϜʹ͍ͭͯՄ͕ͩɺࣹ࣭ྔʹؔͯ͠ࠔ
Ͱ͋Δͱ͑ߟΒΕ͍ͯΔɻ͔͠͠ɺରশੑͷํݟʹཱͭͱɺӈ͖ר
ՙిϨϓτϯ eR̄ ʹɺରশύʔτφʔͰ͋ΔεΧϥʔϘιϯ ẽR̄ ͕ଘࡏ
͢Δ͜ͱʹͳΓɺ͜ͷཻࢠΛ Zee͕ಋೖͨ͠ h−ͱΈͳ͢͜ͱՄͰ͋
Δɻ͔͜͠͠ͷ߹ɺ͜ͷγφϦΦΛେ౷ҰཧʹΈࠐ͏ͱ͢Δ
ͱɺ؍ଌ࣮ࣄͱҟͳΔཅ่ࢠյ͕େ͖͘͜ىΔཁҼͱͳͬͯ͠·͏ɻҰ
ൠʹɺRύϦςΟͷഁΕΛ͏Ϟσϧͷେ౷ҰཧͷΈࠐΈɺۃ
Ί͍ͯ͠ͱݴΘΕ͍ͯΔɻ
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ୈ3ষ χϡʔτϦϊྔࢠ౷ܭͱ
૬ରత༗ޮࣗ༝I ɿ
F.D.͔ΒM.B.

3.1 ͡Ίʹ
ຊষΑΓɼॳظӉʹ͓͚Δ७ਮϑΣϧϛ౷ܭʹैΘͳ͍χϡʔτϦ

ͷ૬ରత༗ޮࣗ༝ʹ͍ͭͯͷ݁ڀݚՌΛड़ΔɻຊষͰɼՙిϨ
ϓτϯ lͱΫΥʔΫ q७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭʹै͏ͱͯ͠
κl = κq = +1ͱ͢ΔɽҰํɺήʔδϘιϯ γ,W, Z, gͱώοάεϘιϯH

७ਮͳϘʔεɾΞΠϯγϡλΠϯ౷ܭʹै͏ͱͯ͠ κγ,W,Z,g = κH = −1

ͱ͢ΔɻҰํɼχϡʔτϦϊ७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭ (F.D.)

͔Β७ਮͳϚΫεΣϧɾϘϧπϚϯ౷ܭ (M.B.)ͷؒͷதؒͷ౷ܭʹै
͏ͱ͢Δ [16][17]ɻ
ୈ 1ষͷংͰड़ͨ௨ΓɼχϡʔτϦϊ 1

2 ͷεϐϯΛͪ࣋ϑΣϧ
ϛΦϯʹྨ͞Ε͍ͯΔɻి͕ࢠ 1

2 ͷεϐϯΛͪ࣋ϑΣϧϛɾσΟϥοΫ
౷ܭʹै͏͜ͱ͕࣮ݧతʹ΄΅͍͕ٙͳ͍ͨΊ [1]ɺχϡʔτϦϊݫ
ີʹϑΣϧϛ౷ܭʹै͏ͱ͑ߟΔ͜ͱࣗવʹࢥΘΕΔɻ͔͠͠ͳ͕
ΒɺχϡʔτϦϊ͕७ਮͳϑΣϧϛσΟϥοΫ౷ܭʹैΘͳ͍Մੑ͕
͏ैʹܭશʹ൱ఆ͞ΕͨΘ͚Ͱͳ͍ɻϘʔεɾΞΠϯγϡλΠϯ౷
ՄੑೋॏЌ่յͷ࣮ݧ͔Βશʹ൱ఆ͞Ε͍ͯΔ͕ [9]ɺ͜ͷ͜ͱ
ࣗମɼχϡʔτϦϊ͕७ਮϑΣϧϛΦϯͰ͋Δ͜ͱΛҙຯ͢ΔͷͰ
ͳ͍ɻχϡʔτϦϊͷͭ࣋ಛੑଞͷεϐϯ 1

2 ͷཻࢠͱେ͖͘ҟͳΔɻ
తʹதੑͰ͋Δ͜ͱͳͲͰ͋ΔɻؾΊͯখ͍࣭͞ྔɺେ͖ͳࠞ߹ੑɺిۃ
χϡʔτϦϊͷ͜ͷΑ͏ͳಛҟੑΛ͑ߟΔͱɺిࢠͱҟͳΓχϡʔτ
Ϧϊʹ͍ͭͯύϦͷഉଞ͕ഁΒΕΔՄੑ͋Δ [4, 5, 6, 16, 17]ɻ
ຊষͷओɺඇ७ਮϑΣϧϛΦϯχϡʔτϦϊ͕T=500GeV(์ࣹ༏

࣌ͷӉԹ)Ͱɺ૬ରత༗ޮࣗ༝ʹ༩͑ΔӨ͢ߟ͍ͯͭʹڹ
Δ͜ͱʹ͋Δɻ௨ৗɼ૬ରతϘιϯͷΤωϧΪʔີ૬ରత
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ϑΣϧϛΦϯͷΤωϧΪʔີΛ্ճΔͱ͑ߟΒΕ͖ͯͨɽ͕ͩզʑͷ
Ӊʹେ͖ͳϨϓτϯඇରশ͕ظΑΓɺGeVεέʔϧͷԹͷॳʹڀݚ
͋Δ߹ʹɼ૬ରత༗ޮࣗ༝ͷେখؔٯ͕స͢Δ߹͕͋Δ͜
ͱ͕໌Β͔ʹͳͬͨɽզʑ·ͨɺχϡʔτϦϊͷέϛΧϧϙςϯγϟϧ
µν ͱॖୀύϥϝʔλ ξν = µν/T ͷBBNظͷԹ T ≃ 1MeV ʹ͓͚Δଋ
റ݅ͷߟͨͬߦ [18]ɻ͜ͷॖୀύϥϝʔλͷ͔ߟΒɼ༗ޮχϡʔ
τϦϊNeff Λಋग़ͨ͠ɻզʑɺඪ४ܕ֎ͷཻࢠҎ֎ͰNeffʼ̏Λ
༩͑ΔཧΛઆ໌͢Δࡍʹେ͖ͳॖୀύϥϝʔλ͕ඞཁͰ͋Δͱ݁
ͨ͠ɻ

3.2 ؔ
ҙͷཻࢠ iʹର͢ΔؔΛ

fi(E) =
1

exp(E− µi)/T + κ
(3.1)

ͱ͢Δɽ͜͜Ͱ gi, E, µi, T ͦΕͧΕɺཻࢠͷ෦ࣗ༝ɺΤωϧΪʔɺ
έϛΧϧϙςϯγϟϧɺԹͰ͋Δɻ·ͨɼ౷ܭύϥϝʔλ κiɺκi = 1

͕ϑΣϧϛɾσΟϥοΫ౷ܭɺκi = 0͕ϚΫεΣϧɾϘϧπϚϯ౷ܭɺ
κi = −1͕ϘʔεɾΞΠϯγϡλΠϯ౷ܭʹͦΕͧΕ૬͍ͯ͠Δ [19]ɻ
ҙͷཻࢠ iʹର͢Δີ ni,ΤωϧΪʔີ ρiɺѹྗPiɼΤϯτϩ

ϐʔີ siҎԼͷࣜͰ༩͑ΒΕΔ [20]ɻ

ni =
1

2π

∫ ∞

mi

E(E2 −m2
i )

1/2fidE (3.2)

ρi =
1

2π

∫ ∞

mi

E2(E2 −m2
i )

1/2fidE (3.3)

Pi =
1

2π

∫ ∞

mi

(E2 −m2
i )

3/2fidE (3.4)

si =
ρi + Pi − µini

T
(3.5)

͜͜Ͱɺmiཻࢠͷ࣭ྔͰ͋Δɻͳ͓ɼΤϯτϩϐʔີ

si = − 1

(2π)3

∫ ∞

−∞
[filnfi + κi(1− κifi)ln(1− κifi)]d

3p (3.6)

ͰٻΊΔ͜ͱՄͰ͋Δɻ
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3.3 Ϩϓτϯඇରশੑͱ૬ରత༗ޮࣗ༝
७ਮͳϑΣϧϛΦϯ͘͠ (κi = 1)Ϙιϯ (κi = −1)ͷΈ͕ଘ͢ࡏ

Δ߹ͷΤωϧΪʔີͷ૯ҎԼͷࣜͰ༩͑ΒΕΔɻ

ρmi=µi=0 =
∑

i

ρmi=µi=0
i =

π2T 4

30
gmi=µi=0
∗ (3.7)

࣭ྔ͕ͳ͘ྔޮࢠՌΛແࢹͰ͖Δཻࢠ gmi=µi=0ͷ૬ରత༗ޮࣗ༝͕ɼ
ͳΔɻ[20]ʹܗΔҎԼͷݟ͘ྑ

gmi=µi=0
∗ =

∑

i=bosons

gi +
7

8

∑

i=fermions

gi (3.8)

զʑɺ͜ͷҰൠతͳ૬ରతࣗ༝Λ֦ுͯ͠ɼg∗ = g∗(mi,κi, µi)Λ
mi,κi, µiΛ༻͍ͯ

g∗ =
30

π2T 4
ρ (3.9)

ͱ͢Δɽ͜͜Ͱɺρ =
∑

i ρi(mi,κi, µi) Ͱ͋Δɻ
ΤωϧΪʔີ ρͷ૯ɺશཻࢠͷέϛΧϧϙςϯγϟϧ µi͔Β֬

ఆͰ͖Δɻզʑ StukeΒͷέϛΧϧϙςϯγϟϧͷܾఆํ๏Λ࠾༻͠
ͨ [10]ɻ·ͣɼҙͷཻࢠ iͱͦͷཻࢠ ī ͷέϛΧϧϙςϯγϟϧͷ
͍͕͠ූ߸ٯͰ͋Δ µi = −µīɻ࣍ʹɼऑ͍૬࡞ޓ༻Λհͨ͠μ
ϯΫΥʔΫ dͷ β่յ dˠ u+ f + µ̄f ΑΓ µu +µf = µd +µνf ΛಘΔɻ·
ͨɼΫΥʔΫͷέϛΧϧϙςϯγϟϧ µu = µc = µt͔ͭ µd = µd + µνf

ͱ͢Δɻޙ࠷ʹશͯͷήʔδϘιϯͱώοάζϘιϯͷέϛΧϧϙςϯ
γϟϧྀ͠ߟͳ͍ɻ͢ͳΘͪ µγ = µW = µZ = µg = µH = 0ͱ͢Δɻ
Ҏ্͔ΒɼಠཱͳέϛΧϧϙςϯγϟϧͷ 5ͭͰ͋Δɻ͜ͷ 5ͭͷ

ಠཱͨ͠έϛΧϧϙςϯγϟϧͱͯ͠ɼµνe , µνµ , µντ , µu, µd Λ࠾༻͢Δɻ
͜ΕΒ̑ͭͷϙςϯγϟϧ࣍ͷอଘଇʹܾ͍ͯͮجఆͰ͖Δɻ

sq = −
∑

i=e,µ,τ

ni +
2

3

∑

i=u,c,t

ni −
1

3

∑

i=d,s,b

ni (3.10)

sb =
1

3

∑

i=quarks

ni (3.11)

slf = nf + nνf , f = e, µ, τ (3.12)
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͜͜Ͱɺs =
∑

i siͱ qͦΕͧΕΤϯτϩϐʔີͷ૯ͱӉͷશి
ՙͰ͋Δɻ·ͨɼόϦΦϯ bͱϨϓτϯϑϨʔόʔ lf ҎԼͷΑ͏
ʹ༩͑ΒΕΔɻ

bʹ
nb − nb̄

s
, lf =

nf − nf̄ + nνf − nn̄f

s
(3.13)

͜͜Ͱɺnbͱnb̄όϦΦϯͱόϦΦϯͷີΛࣔ͠ɺࣜ (3.10) (3.12)

ɺిՙͷอଘଇɺόϦΦϯͷอଘଇɺϨϓτϯϑϨʔόʔͷอଘଇΛ
ද͢ɻϨϓτϯඇରশ͕GeVεέʔϧͰ͋Δͱ͖݁ࢉܭՌ͕؍ଌ݁Ռ
ͱໃ६ͳ͘߹க͢ΔͷͰɺզʑͷγφϦΦͰϨϓτϯඇରশGeVε
έʔϧͰ͋ΔͱԾఆ͢Δɻͳ͓ɼχϡʔτϦϊৼಈʹΑͬͯॳظӉͰͷ
ϨϓτϯϑϨʔόʔ͘͠ͳΔ (ℓe = ℓµ = ℓτ )͜ͱ͕ظ͞ΕΔɽຊ
ͰϨϓτϯඇରশ (ℓʹ ℓe = lµ = lτ )Ͱ͋Δͱ͢Δ [21, 22, 23, 24]ɻ
ՙిϨϓτϯ lͱΫΥʔΫq७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭʹै͏ͱ͠

ͯ κl = κq = +1ͱ͢ΔɽҰํɺήʔδϘιϯ γ,W, Z, gͱώοάεϘιϯ
H७ਮͳϘʔεɾΞΠϯγϡλΠϯ౷ܭʹै͏ͱͯ͠κγ,W,Z,g = κH = −1

ͱ͢ΔɻҰํɼχϡʔτϦϊ७ਮͳϑΣϧϛɾσΟϥοΫ౷͔ܭΒ७ਮ
ͳϚΫεΣϧɾϘϧπϚϯ౷ܭͷؒͷதؒͷ౷ܭʹै͏ͱ͢Δɽ͜ͷ
߹ɼ૬ରత༗ޮࣗ༝

g∗ = g∗(mi = µi = 0)+∆g∗(κν = 0, µi ̸= 0)+∆g∗(κν ̸= 0, µi ̸= 0) (3.14)

ͱͳΔɻ͜͜Ͱ g∗(mi = µi = 0) ɺࣜ (3.8)Ͱද͞ΕΔ௨ৗͷ૬ରత
༗ޮࣗ༝Ͱ͋Δɻ∆g∗(κν = 0, µi ̸= 0) g∗(mi = µi = 0) ͔ΒͷͣΕͰ
͋Γ [10]Ͱࣔ͞ΕͨθϩͰͳ͍ϨϓτϯඇରশΛ༩͑ΔͷͰ͋Δɻࣜ
(3.14)ӈลୈ߲ࡾͷ∆g∗(κν ̸= 0, µi ̸= 0)ɺ૬ରత༗ޮࣗ༝ g∗ͷ
৽ͨͳد༩Ͱ͋Δɻ
ΤωϧΪʔີ ρiΛ͢ࢉܭΔͨΊʹɺΨεɾϥήʔϧੵ๏Λ

༻͍ͨɻ ∫ ∞

0

xαe−xF (x)dx =
N∑

j=1

ωjF (xj) (3.15)

͜͜Ͱ ωj  “ΨεɾϥήʔϧͷॏΈʡͰ͋Δ [25, 26]ɻզʑͷࢉܭͰ
α = 0, N = 50ΛબΜͩɻΨεɾϥήʔϧ๏Λ༻͍ͯ ρΛٻΊΔͨΊʹ
ੵൣғΛม͑Δඞཁ͕͋Δɽࣜ (3.3)

ρi =
1

2π2

∫ ∞

0

T (Tx+mi)
2[(Tx+mi)

2 −m2
i ]

1/2fidx (3.16)
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ͱ͢Δɻ͜͜Ͱɺx = (E −mi)/T ͱ͓͘ͱؔɺ

fi =
gi

e(Tx+mi−µi)/T + κi
(3.17)

ͱͳΔɻಉ༷ʹີ niͱѹྗ PiҎԼͷΑ͏ʹͳΔɻ

ni =
1

2π2

∫ ∞

0

T (Tx+mi)[(Tx+mi)
2 −m2

i ]
1/2fidx (3.18)

Pi =
1

6π2

∫ ∞

0

T [(Tx+mi)
2 −m2

i ]
3/2fidx (3.19)

χϡʔτϦϊҎ֎ͷͯ͢ͷཻࢠͷ࣭ྔɺύʔςΟΫϧσʔλάϧʔ
ϓͷΛ࠾༻ͨ͠ [27]ɻχϡʔτϦϊ࣭ྔͷతͳ؍ଌʹ·ͩޭ
͍ͯ͠ͳ͍ɽӉతͳχϡʔτϦϊ࣭ྔͷ੍

∑
mν < 0.21−1.11eV

Ͱ͋Δ [28]ɻզʑɺχϡʔτϦϊ࣭ྔશͯ͘͠mν = mνe = mµµ =

mµτ = 1eVͰ͋ΔͱԾఆ͢Δɻ
ʹͷέϛΧϧϙςϯγϟϧΛಘΔͨΊࢠཻ (3.10) (3.12)ͷඇઢܗ࿈ཱ

ํఔࣜΛϒϩΠσϯ๏Λ༻͍ͯղ͍ͨ [25, 26]ɻࣜ (3.10)Ͱిؾతʹத
ੑͳӉΛ͑ߟ q = 0ͱ͢ΔɻόϦΦϯࣜ (3.11)Ͱ b = 9 ʷ 10−11ʹ
ఆͨ͠ݻ [29]ʙ[31]ɻόϦΦϯͷৄ͍͠Ͱͳܻ͘ͷΈ͕ຊʹ͓
͍ͯॏཁͰ͋ΔɻॳظӉʹ͓͚ΔϨϓτϯϑϨʔόʔ͕·ཱͩ֬͞
Ε͍ͯͳ͍ͷͰɺຊͰϑϦʔύϥϝʔλʔ ℓ = ℓe = ℓµ = ℓτ ͱͨ͠ɻ
ਤ 3.1ɺ૬ରత༗ޮࣗ༝ g∗ͱԹ T ͷؔΛࣔͨ͠ͷͰ͋Δɻ

ਤ 3.1Ͱ ℓ = 0, ℓ = 0.01, ℓ = 0.03ͷ߹ͷࢉܭͷ݁ՌΛදͨ͠ɻ
κµ = 1, 0.5, 0ʹରԠ͢Δ ℓ = 0.03ͷͭࡾͷۂઢ͕͋Δɽℓ = 0, 0.01ޓ
͍ʹॏͳΓ߹͍ͬͯΔɻਤ 3.2 ℓ = 0ͷ߹ͷৄࡉΛද͍ͯ͠Δɽࣜ
(3.7) (3.8)Ͱ 7/8ͷͷͱͰ७ਮͳϘιϯ (κi = −1)ͷํ͕७ਮͳ
ϑΣϧϛΦϯ (κi = 1)ΑΓΤωϧΪʔີ͕͘ߴͳΔ͜ͱΛ͍ࣔͯ͠
Δɻ͜͜ͰɺχϡʔτϦϊ͕७ਮͳϑΣϧϛΦϯͰͳ͍ (κν ̸= 1)ͳΒɺ
ࣜ (3.9)ʹࣔ͞ΕΔ૬ରత༗ޮࣗ༝ͷ૿ՃʹͬͯɺΤωϧΪʔີ
ͷ૿Ճ͕ݟΒΕΔͣͰ͋Δɻ࣮ࡍʹɺਤ 3.1Ͱࣔ͞ΕΔΑ͏ͳϨϓτϯ
ඇରশͷͳ͍࣌ɺϚΫεΣϧɾϘϧπϚϯʹ͕ͨ͠͏χϡʔτϦϊ
(ℓ = 0,κν = 0)ͷ૬ରత༗ޮࣗ༝ɺϑΣϧϛɾσΟϥοΫ౷ܭʹͨ͠
͕͏߹ (ℓ = 0,κν = 1)ΑΓେ͖͘ͳΔgℓ=0,κν=0

∗ > gℓ=0,κν=1
∗ ɻ͠ ͔͠ͳ͕

Βਤ3.1Ͱࣔͨ͠Α͏ʹ ℓ = 0.03΄Ͳͷେ͖ͳϨϓτϯඇରশͷ͋Δ߹ɺ
ϚΫεΣϧɾϘϧπϚϯʹ͕ͨ͠͏χϡʔτϦϊ (ℓ = 0.03,κν = 0)

ΛؚΉ߹ͷ૬ରత༗ޮࣗ༝ɺϑΣϧϛɾσΟϥοΫ౷ܭʹͨ͠
͕͏߹ (ℓ = 0.03,κν = 1)ΑΓখ͘͞ͳΔ gℓ=0.03,κν=0

∗ < gℓ=0.03,κν=1
∗ ɻ
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ਤ 3.1: ૬ରత༗ޮࣗ༝ͷมԽ

ਤ 3.3૬ରత༗ޮࣗ༝ g∗ ͱϨϓτϯϑϨʔόʔ ℓͷؔΛࣔ
ͨ͠ͷͰ͋Δɻਤ 3.3 T = 0.5GeVͷ߹ɺਤ 3.4 T = 500GeVͷ
߹ͷ݁ࢉܭՌΛ͍ࣔͯ͠Δɻ
T = 0.5GeVͷ߹ɺℓeq ∼ 0.0112Ͱ gκν=1

∗ ͱ gκν=0
∗ ͕Ұக͢Δɽℓ ≤

ℓeq Ͱ gκν=1
∗ ≤ gκν=0

∗ ͱͳΓ ℓ ≥ ℓeq Ͱ gκν=1
∗ ≥ gκν=0

∗ )ͱͳΔɽ
·ͨɼT = 500GeVͰɺϨϓτϯϑϨʔόʔ͕ ℓeq ∼ 0.0087Ͱ͋Δ

ͱ͖ɺT = 5GeVͷ߹ΑΓ༗ޮχϡʔτϦϊ͕খ͘͞ͳΔɻ0.5 ≤
T [GeV ] ≤ 500ͷൣғͰ 0.0087 ≤ ℓeq ≤ 0.0112ͷൣғͷՁͳϨϓτϯϑ
ϨʔόʔɺԹ T ͷ૿Ճʹͬͯݮগ͍ͯ͠Δɻ૬ରత༗ޮࣗ༝
 g∗ͷ૿Ճ͕ΤωϧΪʔີ ρͷ૿Ճٴͼؔ fi(E) = 1

exp(E−µi)/T+κ

ʹΑͬͯ͜ىΔɻϨϓτϯඇରশ͕ͳ͘ (ℓ = 0)ɼχϡʔτϦϊͷέϛΧ
ϧϙςϯγϟϧແࢹͰ͖ µν = 0ɼ͔ͭখ͍͞ κν ͕େ͖ͳ fν ͼٴ g∗Λ
ੜΜͰ͍Δͱ͖ɺgℓ=0,κν=0

∗ > gℓ=0,κν=1
∗ ͱͳΔɻ͞ΒʹɺϨϓτϯඇରশ͕

θϩͰͳ͘ ℓ ̸= 0ɼখ͍͞ κν ͍ߴ͕ g∗ΛੜΜͰ͍Δͱ͖έϛΧϧϙςϯ
γϟϧµνҰఆʹͳΔɻ͍͑ݴΕέϛΧϧϙςϯγϟϧµν͕κνͱಠ
ཱ͔ͭҰఆͳΒɺgµν=const,κν=0

∗ > gµν=const,κν=1
∗ ͷؔΛಘΔɻզʑৗʹ

७ਮͳϑΣϧϛΦϯͱͯ͠ͷχϡʔτϦϊ (κν = 1)Λఆ͍ͯ͠ΔͷͰɺ
ৗʹҰఆͷέϛΧϧϙςϯγϟϧ µν ͱϨϓτϯ ℓΛಘ͍ͯΔɻɹ͔͠
͠ͳ͕ΒɺϑΣϧϛɾϘʔεύϥϝʔλʔ κν ʹΑͬͯ κν = 1͔Β κν ̸= 1

ʹมߋΛͨ͠ࢪͱ͖ɺϨϓτϯ͕ҰఆͰ͋ͬͨͱͯ͠ɺέϛΧϧϙς
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ਤ 3.2: ૬ରత༗ޮࣗ༝ͷ૿Ճ

ද 3.1: χϡʔτϦϊͷԽֶϙςϯγϟϧͱΤωϧΪʔີࢠి
ℓ = 0 ℓ = 0.01 ℓ = 0.03

κν µνe ρνe + ρν̄e µνe ρνe + ρν̄e µνe ρνe + ρν̄e
1 0 0.0359 0.318 0.0848 0.903 0.191

0.5 0 0.0369 0.299 0.0863 0.829 0.184

0 0 0.0379 0.277 0.0879 0.732 0.173

ϯγϟϧµν ͕ κν ͱͱʹҰఆͰͳ͘ͳΔɻখ͍͞ κν େ͖ͳ fν Λੜ
Έখ͍͞ µν খ͞ͳ fν ΛੜΉɻ͜ͷ߹ gµν=const,κν=0

∗ > gµν=const,κν=1
∗

ͱͳΔอূͳ͘ɺgµν ̸=const,κν=0
∗ < gµν ̸=const,κν=1

∗ ͱͳΔՄੑ͋Δɻ
µν ͷ fν ʹର͢ΔӨۃ͕ڹΊͯେ͖͍ͱ͖ɺΤωϧΪʔີݮগ͢Δ
߹͕͋Δɻ͜Ε͕ɺզʑ͕ਤ 3.1ʹ͓͍ͯ gℓ=0.003,κν=0

∗ < gℓ=0.003,κν=1
∗ Λ

ࣔͨ͠ཧ༝Ͱ͋Δɻgℓ=0.003,κν=0
∗ < gℓ=0.003,κν=1

∗ ͷؔʹ͍ͭͯΑΓ۩ମ
తʹ͢ߟΔͨΊʹɺզʑ ໌֬ͳྫΛ͛ڍΔɻද 3.1ʹࣔͨ͠ͷɺ
T = 0.5GeVʹ͓͚ΔిࢠχϡʔτϦϊͷέϛΧϧϙςϯγϟϧ µνe ͱ
ΤωϧΪʔີ ρνe + ρν̄e ͷͰ͋Δɻද 3.1ʹ͓͚ΔΤωϧΪʔີ
ρνe + ρν̄e ͷৼΔ͍ɺਤ 3.1ʹࣔͨ͠૬ରత༗ޮࣗ༝ g∗ ͷৼΔ
͍ͱ߹க͍ͯ͠ΔɻϨϓτϯ ℓ = 0.01·ͨ ℓ = 0.03͕Ұఆͩͱ͠
ͯɺέϛΧϧϙςϯγϟϧ µνe ͱ κν ҰఆͰͳ͍ɻℓ = 0.03ͷͱ͖
(µκν=1

νe , µκν=0.5
νe , µκν=0

νe ) = (0.903, 0.829, 0.732)Ͱ͋Γɺµκν=1
νe > µκν=0.5

νe >
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ਤ 3.3: ༗ޮࣗ༝ͱϨϓτϯɹT=0.5GeV

µκν=0
νe Ͱ͋Δɻ
զʑɺ͜ ΕΒχϡʔτϦϊͷέϛΧϧϙςϯγϟϧͷµκν=1

νe > µκν=0.5
νe >

µκν=0
νe ͱ͍͏ ৼΔ͍ΛɺݱతʹɺࢉܭతʹධՁ͢Δ͜
ͱ͕Ͱ͖ΔɻGeVεέʔϧʹ͓͍ͯɺχϡʔτϦϊΛؚΉཻࢠ iɺ΄
΅૬ରత (mi ≪ T )Ͱ͋ΔͱΈͳ͢͜ͱ͕Ͱ͖Δɻ࣭ྔΛແࢹͰ͖Δ
ࢠཻ iʹରͯ͠ਖ਼ຯͷີϑΣϧϛɾσΟϥοΫ౷ܭͷ߹

(ni − nī)κ=1 =
giT 3

6π2

[
π2

(
µκ=1
i

T

)
+

(
µκ=1
i

T

)3
]

(3.20)

ͱͳΓɺϚΫεΣϧɾϘϧπϚϯͷ߹

(ni − nī)κ=0 =
giT 3

6π2
(eµ

κ=0
i /T − e−µκ=0

i /T ) (3.21)

ͱͳΔ [20, 32]ɻ͜͜ͰٞΛ୯७Խ͢ΔͨΊʹχϡʔτϦϊͷΈΛԾఆ
͠ଞͷཻࢠͷӨڹΛҰແ͠ࢹΑ͏ɽ͜ͷ߹ʹɼϑΣϧϛɾσΟϥο
Ϋ౷ܭʹରͯ͠ slν = (nν − nν̄)κ=1ɼϚΫεΣϧɾϘϧπϚϯ౷ܭʹର
ͯ͠ slν = (nν −nν̄)κ=0ͷอଘଇ͕༩͑ΒΕΔɽ͜ͷ 2͕ͭ͘͠ͳΔ࣌
(nν − nν̄)κ=1 = (nν − nν̄)κ=0 ͢ͳΘͪ

π2

(
µκ=1
ν

T

)
+

(
µκ=1
ν

T

)3

= 6(eµ
κ=0
ν /T − e−µκ=0

ν /T ) (3.22)
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ਤ 3.4: ༗ޮࣗ༝ͱϨϓτϯ T=500GeV

ɺsℓν ͕ҰఆͰ͋Δͱ͖ՄͱͳΔ [33]ɻ͜͜Ͱզʑ sℓν ͕ҰఆͰ͋
Δͱ͖ µκ=1

ν ʼµκ=0
ν ͱͳΔ݁ՌΛಘ͍ͯΔɻ࣮ྫͱͯ͠ T = 0.5Ͱ͋Δ

ͱ͖ ℓ = 0.01Ͱ (µκ=1
νe , µκ=0

νe ) = (0.318, 0.277),ℓ = 0.03Ͱ (µκ=1
νe , µκ=0

νe ) =

(0.903, 0.732)ʹͳΔʢද 3.1ʣɻΑͬͯɼ(nν − nν̄)κ=1 = (nν − nν̄)κ=0 ͷ
݅Λ͓͓Αͦຬ͍ͨͯ͠Δɻ
࣭ྔΛແࢹͰ͖ΔཻࢠͷɺΤωϧΪʔີϑΣϧϛɾσΟϥοΫ౷ܭ

ͷ߹

(ρi − ρī)κ=1 =
π2giT 3

15

[
7

8
+

15

4

(
µκ=1
i

πT

)2

+
15

8

(
µκ=1
i

πT

)4
]

(3.23)

ͱͳΓɺϚΫεΣϧɾϘϧπϚϯͷ߹

(ρi − ρī)κ=0 =
3giT 4

π2
(eµ

κ=0
i /T − e−µκ=0

i /T ) (3.24)

ͱͳΔ [20, 32]ɻ͜͜ͰɺέϛΧϧϙςϯγϟϧ͕ҰఆͰ κν , µκ=1
i = µκ=0

i

Ͱ͋Δͱ͖ɺϚΫεΣϧɾϘϧπϚϯ౷ܭʹ͕ͨ͠͏߹ͷํ͕ɺϑ
ΣϧϛɾσΟϥοΫ౷ܭʹ͕ͨ͠͏߹ΑΓΤωϧΪʔີ͕େ͖͘
ͳΔ (nν − nν̄)κ=0 > (nν − nν̄)κ=1 ͜ͱ͕զʑͷௐࠪͰ͔ͬͨɻҰํɺ
µκ=0
ν < µκ=1

ν Ͱ͋Δͱ͖ɺ(nν − nν̄)κ=0 ≤ (nν − nν̄)κ=1·ͨՄͱͳΔ
͜ͱ͕ද (3.1)Ͱࣔ͞Ε͍ͯΔɻ
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3.4 ༗ޮχϡʔτϦϊ
ԹT ≃ 1MeVʢBBNपลʣͰͷχϡʔτϦϊͷॖୀύϥϝʔλ ξνf =

µνf/T ͱϑΣϧϛɾϘʔεύϥϝʔλʔ κν ɺBBNʹ͓͚Δ༗ޮχϡʔ
τϦϊNeff ʹӨڹΛٴ΅͢ɻ
७ਮͳϑΣϧϛΦϯͱͯ͠ͷχϡʔτϦϊ κν = +1Ͱ͋Δͱ͖ɺ༗ޮ

χϡʔτϦϊ Neff ɺξνf

Neff = 3 +
30

7

∑

f

[(
ξνf
π

)2

+
1

2

(
ξνf
π

)4
]

(3.25)

ͱͳΔ [10]ɻ͜ΕɺχϡʔτϦϊ͕ॠ࣌ʹ݁߹͢ΔͱԾఆͨ͠߹
ͷࣜͰ͋Δʢ࠶Ճ࣌ͷ e+e− ରফ໓ޮՌΛؚΊΔͱɼξνf = 0Ͱͷ༗ޮ
χϡʔτϦϊ 3Ͱͳ͘Neff = 3.046ͱͳΔʣɻҰํͰɺ༗ޮχϡʔ
τϦϊNeff ์ࣹΛߏ͢ΔΤωϧΪʔີ ρRʹґଘ͢Δɻ͜Εɺ
ࢠޫ ργ ͱχϡʔτϦϊ ρR =

∑
f ρνf Λ༻͍ͯɺ

ρR =

[
1 +

7

8

(
Tν

T

)4

Neff

]
ργ = ργ + ρν (3.26)

Ͱ͋Δɻ͜͜Ͱ ργ = (π2/30)gγT 4Ͱ͋Γ gγ = 2Ͱ͋Δɻ͜ͷ༗ޮχϡʔ
τϦϊNeff ɺχϡʔτϦϊͱޫࢠͷΤωϧΪʔີͷൺ

Neff =
ρν

7
8

(
Tν
T

)4
ργ

(3.27)

ΛܾΊΔͷʹॏཁͰ͋ΓɺNeff  ρν ͱಉ༷ॖୀύϥϝʔλʔ ξνf ʹґଘ
͢Δɻ͜͜͠Ͱɺඪ४ܕʹͳ͍૬ରతཻ͕ࢠհ͢ࡏΔͳΒɺ
χϡʔτϦϊͷΤωϧΪʔີͦΕΛؚΜͩͷʹͳΒͳͯ͘ͳΒ
ͳ͍ɻ
ਤ 3.5ɺχϡʔτϦϊͷॖୀύϥϝʔλʔ ξν ͱϑΣϧϛɾϘʔεύϥ

ϝʔλ κν ͷؔΛࣔͨ͠ͷͰ͋Δɻਤ 3.5ͷ 6ຊͷۂઢԼ͔Βॱʹ
Neff = 3.01, 3.05, 3.1, 3.2, 3.4, 4.0ʹର͢Δ ξν ͷ݁ࢉܭՌΛ͍ࣔͯ͠Δɻ
BBNͰੜ͞ΕཻͨࢠɺχϡʔτϦϊͷέϛΧϧϙςϯγϟϧͱ༗ޮ

χϡʔτϦϊͷݶ੍͍ڧΛड͚Δɻྫ͑ɺۙͷBBNʹ͓͚Δ༗ޮ
χϡʔτϦϊͷߟͷ݁Ռʹ͓͍ͯɺNeff = 3.71+0.47

−0.45ͱ͍͏݁Ռ͕ग़
͍ͯΔ [34]ɻҰํͰɺಛघͳྫͰɺέϛΧϧϙςϯγϟϧ (|ξν | < 0.07)

ͷ੍ݶΛड͚Δɻਤ 3.5Ͱࣔͨ͠ɺͯ͢ͷχϡʔτϦϊͷେ͖ͳॖୀύ
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ਤ 3.5: ॖୀύϥϝʔλʔͱ౷ܭύϥϝʔλʔ

ϥϝʔλʔɺ༗ޮχϡʔτϦϊͷաΛઆ໌͢ΔͨΊʹɺඇඪ४
ܕͷཻࢠΛؚ·ͣʹNeff > 3Λཁ͍ͯ͠ٻΔɻ͢ͳΘͪɼϑΣϧϛɾ
σΟϥοΫ౷͔ܭΒϚΫεΣϧɾϘϧπϚϯ౷ܭͷ౷ੑܭͷมߋͰ
༗ޮχϡʔτϦϊͷաΛઆ໌Ͱ͖ͳ͍ɻ͜ͷ͜ͱɺ͠Neff > 3

ͳΒμʔΫ์ࣹʹඇඪ४ܕͷཻࢠΛؚΉ͜ͱΛ͍ࣔࠦͯ͠Δɻ

3.5 ·ͱΊ
ຊষͷ༰Λ·ͱΊ͓ͯ͘ɽզʑɼχϡʔτϦϊ͕७ਮͳϑΣϧϛɾ

σΟϥοΫ౷ܭʹै͏ͷͰͳ͘ɼ७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭ (F.D.)

͔Β७ਮͳϚΫεΣϧɾϘϧπϚϯ౷ܭ (M.B.)ͷؒͷதؒͷ౷ܭʹै
͏ͱͨ͠ɽͦͯ͠ɼॳظӉʢ0.5 ∼ 500GeVͷԹʣʹ͓͚Δඇ७ਮϑΣ
ϧϛΦϯͰ͋ΔχϡʔτϦϊͱ૬ରత༗ޮࣗ༝ͷؔߟ͍ͯͭʹ
ͨ͠ɻ
௨ৗɼ์ࣹ༏ظʹ͓͚ΔΤωϧΪʔີχϡʔτϦϊͷϑΣϧϛɾ

σΟϥοΫ౷͔ܭΒͷͣΕʹͬͯ૿Ճ͢Δɻ͔͠͠ͳ͕ΒɼզʑGeV

εέʔϧͷӉͰେ͖ͳϨϓτϯඇରশ͕͋Δͱ͖ɺχϡʔτϦϊͷ
ϑΣϧϛɾσΟϥοΫ౷͔ܭΒͷͣΕʹͬͯ૬ରత༗ޮࣗ༝͕ݮগ
͢Δ͜ͱΛࣔͨ͠ɻ
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͢ͳΘͪɼ૬ରత༗ޮࣗ༝ΤωϧΪʔີͷ૿Ճʹैͬͯ૿Ճ
͠ɺΤωϧΪʔີؔ fi(E) = 1

exp(E−µi)/T+κ ͷ૿Ճʹैͬͯ૿
Ճ͢ΔɻϑΣϧϛɾϘʔεύϥϝʔλ κν Λɺκν = 1ΑΓ κν ̸= 1ʹ࿈ଓ
తʹมԽͤ͞ΔͱɺϨϓτϯ͕ҰఆͰ͋ͬͨͱͯ͠ɺέϛΧϧϙς
ϯγϟϧ µν ͼٴ, κν ҰఆͰͳ͘ͳΔɻখ͞ͳ κν େ͖ͳ fν ΛੜΈɺ
·ͨখ͞ͳ µν খ͞ͳ fν ΛੜΉɻfν ʹରͯ͠ µν ͕ӨڹΛ࣌ͭ࣋ɺΤω
ϧΪʔີ૬ରత༗ޮࣗ༝ݮগ͢Δɻ
զʑ·ͨɺԹ͕ T ≃ 1MeVʢBBNपลͷԹʣͰ͋Δͱ͖ͷϑΣ

ϧϛɾϘʔεύϥϝʔλ κν ͱॖୀύϥϝʔλ ξνf = µνf/T ʹ͍ͭͯߟ
͔ܭϑΣϧϛɾσΟϥοΫ౷͕ੑܭɻͦͷ݁ՌɺχϡʔτϦϊͷ౷ͨ͠
ΒϚΫεΣϧɾϘϧπϚϯ౷ܭมԽ͢Δ͚ͩͰɼ༗ޮχϡʔτϦϊ
ͷաʢNeff > 3ʣΛઆ໌Ͱ͖ͳ͜ͱ͕໌Β͔ʹͳͬͨɻ͜ͷ͜ͱɺ
ॳظӉͷμʔΫ์ࣹʹඇඪ४ܕͷཻࢠΛؚΉ͜ͱΛ͍ࣔࠦͯ͠Δɻ
ຊষͰɺ0 ≤ κi ≤ 1Λఆͨ͠ɻ͠ɺ͞Βʹ͍ κν < 0(Ϙιϯ

ʹ͍ۙχϡʔτϦϊ)͕ΈͱΊΒΕΔͷͳΒɺέϛΧϧϙςϯγϟϧͷ࠷
େɺfν ͕ෛͰͳ͘ͳΔՄੑ͕͋ΔͷͰɺµ(max)

ν = mν−T ln(−κν)
ͱͳΔɻ࣍ষʹ͓͍ͯ͜ͷ߹ͷέϛΧϧϙςϯγϟϧͱ૬ରత༗ޮ
ࣗ༝ͷؔʹ͍ͭͯ͢ߟΔɻ
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ୈ4ষ χϡʔτϦϊྔࢠ౷ܭͱ
૬ରత༗ޮࣗ༝IIɿ
F.D.͔ΒB.E.

4.1 ͡Ίʹ
લষͰզʑɼχϡʔτϦϊ͕ॳظӉʹ͓͚Δ૬ରత༗ޮࣗ༝

g∗ ʹ༩͑ΔӨڹʹ͍ͭͯɼχϡʔτϦϊͷ౷ੑܭΛϑΣϧϛɾσΟϥο
Ϋ౷ܭʢFDʣ͔ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣ·ͰมԽ͢Δ
ͱԾఆͯͨ͠͠ߟɻ
ຊষͰ͞Βʹ͜ͷ౷ੑܭͷมԽΛ֦ு͠ɺχϡʔτϦϊͷ౷͕ੑܭ

ϑΣϧϛɾσΟϥοΫ౷ܭʢFDʣ͔ ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣ
Λհͯ͠ϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣ·ͰมԽͰ͖Δͷͱ͠
ͯٞ͢Δɻ
ͷ࣍ͣ· 4.2અͰɼχϡʔτϦϊͷ౷͕ੑܭϑΣϧϛɾσΟϥοΫ౷

ʢMBʣɼϘʔεɾΞΠϯγϡλܭʢFDʣɼϚΫεΣϧɾϘϧπϚϯ౷ܭ
Πϯ౷ܭʢBEʣͷͲΕ͔ʹҰக͍ͯ͠Δ߹ʹ͍ͭͯٞ͢Δɽ͜Εɼ
ؔͷ౷ܭύϥϝʔλΛࢄతʹม͢ߋΔ͜ͱΛҙຯ͍ͯ͠Δɽଓ
͘ 4.3અͰɼχϡʔτϦϊͷ౷͕ੑܭϑΣϧϛɾσΟϥοΫ౷ܭʢFDʣ
͔ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣΛͯܦϘʔεɾΞΠϯγϡλ
Πϯ౷ܭʢBEʣ࿈ଓతʹมԽ͢Δ߹ʹ͍ͭͯٞ͢Δɽ͜Εɼ
ؔͷ౷ܭύϥϝʔλΛ࿈ଓతʹม͢ߋΔ͜ͱΛҙຯ͍ͯ͠Δɽ͜ͷ
߹ʹɼྫ͑χϡʔτϦϊʹϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣ
ͱϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣͷதؒͷ౷ܭ͞ڐΕΔɽͳ͓ɼ
͋Β͔͡Ί 4.2અͰχϡʔτϦϊ͕ 3ͭͷྔࢠ౷ܭͷͲΕ͔ʹҰக͢Δ
߹Λ͓ٞͯ͘͜͠ͱͰɼ4.3અͰͷ͕ؔ࿈ଓมԽͨ͠߹ͷߟ
͕༰қʹͳΔɽ
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4.2 ؔͷܗΛࢄతʹมԽͤͨ͞߹

4.2.1 ؔ

χϡʔτϦϊͷ͕ؔɺϑΣϧϛɾσΟϥοΫ౷ܭʢFDʣɼϚΫε
ΣϧɾϘϧπϚϯ౷ܭʢMBʣɼϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣ
ͷͲΕ͔ʹҰக͍ͯ͠Δͱ͢Δɽؔ

fi =
gi

e(Ei−µi)/T+Θi
(4.1)

Ͱ͋Δɻ͜͜ͰύϥϝʔλΘi = 1, 0,−1͕ͦΕͧΕϑΣϧϛɾσΟϥο
Ϋ౷ܭɺϚΫεΣϧɾϘϧπϚϯ౷ܭɺϘʔεΞΠϯγϡλΠϯ౷ܭ
ʹରԠ͢Δ [35]ʙ[43]ɻ
૬ରతͳཻࢠ (mi ≪ T )ͷਖ਼ຯͷີ n̄i = ni−nīٴͼਖ਼ຯͷΤω

ϧΪʔີ ρ̄i = ρi−ρīҎԼͷΑ͏ʹ༩͑ΒΕΔ [18, 20, 32, 44, 45, 46]ɻ

ñFD
i =

giT 3

6pi2
[
pi2ξFD

i + (ξFD
i )3

]
(4.2)

ñMB
i =

giT 3

pi2

(
eξiMB
i − e−ξiMB

i

)
(4.3)

ñBE
i =

giT 3

3
ξBE
i (4.4)

ρ̃FD
i =

π2giT 3

6pi2

[
7

8
+

15

4

(
ξFD

π

)2
]

(4.5)

ρ̃MB
i =

3giT 4

pi2

(
eξiMB
i + e−ξiMB

i

)
(4.6)

ρ̃BE
i =

π2giT 4

15

[
1 +

15

2

(
ξBE
i

π

)2
]

(4.7)

զʑɺBE౷ࢠཻ͏ैʹܭ iͷέϛΧϧϙςϯγϟϧɺµBE
i ≤ µBE,max

i =

miͷଋറΛड͚͍ͯΔͱͨ͠ɻͳͥͳΒɺfiෛʹͳΓ͑ͳ͍͔Β
Ͱ͋Δɻ͍͑ݴΕɺϘιϯͷॖୀύϥϝʔλɺ

ξBE
i ≤ ξBE,max

i =
µBE,max
i

T
=

mi

T
(4.8)

ͱͳΔɽΑͬͯ૬ରతͳ७ਮϘιϯͷॖୀύϥϝʔλແ͍ྑͯ͠ࢹɻ
ྫ͑ T = 0.5 − 500GeV,mν = 1eVͰ 2 ʷ 10−12 ≤ ξBE,max

ν ≤ 2 ʷ 10−9

ΛಘΔɻॳظӉͷɺ७ਮϘιϯͷॖୀύϥϝʔλ ξBE
ν ແ͍ྑͯ͠ࢹ

ͷͰ͋Δɻ
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ਤ 4.1: ΤωϧΪʔີͱٖέϛΧϧϙςϯγϟϧ

4.2.2 ΤωϧΪʔີ

ࣜ (4.7)ΑΓɺχϡʔτϦϊͷΤωϧΪʔີͷԹґଘੑΑ͘Β
Ε͍ͯΔΑ͏ʹ ρ̃FD,MB,BE

ν ∝ T 4 ͱͳΔɻρ̃FD,MB,BE
ν ͷॖୀύϥϝʔλ

ξFD,MB,BE
ν ͷґଘੑΛҎԼʹٞ͢Δɻͳ͓ɼྔֶྗࢠͰෳͷঢ়
ଶͰΤωϧΪʔ͕ಉҰʹͳΔ͜ͱΛॖୀͱ͍͏͕ɼྔࢠ౷ֶྗܭͰέ
ϛΧϧϙςϯγϟϧ͕θϩͰͳ͍͜ͱॖୀͱ͍͏ɻ

ॖୀͷͳ͍߹

ॖୀ͕ͳ͍ͷͰ ξFD
ν = ξMB

ν = ξBE
ν = 0Ͱ͋Δɽ͜ͷ࣌ʹࣜ (4.7)͔Β

ρ̃FD
ν

ρ̃MB
ν

=
7

8

π4

90
< 1,

ρ̃MB
ν

ρ̃BE
ν

=
7

8

π4

90
< 1,

ρ̃FB
ν

ρ̃MB
ν

=
7

8
< 1 (4.9)

ΛಘΔɽχϡʔτϦϊ౷͕ੑܭ FD͔ΒMBɼBEͱมԽ͢Δͱɺχϡʔ
τϦϊͷΤωϧΪʔີ ρ̃FD

ν < ρ̃MB
ν < ρ̃BE

ν ͱ૿Ճ͍ͯ͘͠ [19]ɻ

ॖୀͷ͋Δ߹

χϡʔτϦϊʹॖୀ͕͋ΓξFDɺMBɺBE
ν ̸= 0ͷ࣌ɺϘιϯͱͯ͠ͷχϡʔ

τϦϊͷॖୀύϥϝʔλࣜ (4.8)ΑΓ ξBE
ν ≤ mν/T ͷ੍ݶΛड͚Δɻਤ
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4.1ԹT = 300GeVʹ͓͍ͯਖ਼ຯͷΤωϧΪʔີ ρ̃νͱॖୀύϥϝʔ
λ ξν ͷؔΛࣔͨ͠ͷͰ͋Δɻ“FDν”,“MBν”,“BEν”ɺϑΣϧϛɾ
σΟϥοΫ౷ܭɺϚΫεΣϧɾϘϧπϚϯ౷ܭɺϘʔεɾΞΠϯγϡλ
Πϯ౷ܭʹै͏mν ∼eVͰͷχϡʔτϦϊΛ͍ࣔͯ͠ΔɻBEν ͷॖୀύ
ϥϝʔλͷ࠷େ T = 300GeV,mν = 1Ͱ ξBE,max

ν = 3.3 ʷ 10−12 ͱͳ
ΔɻBEν ͷ༷ࢠυοτϥΠϯͰࣔͯ͋͠Δɻ
ॖୀύϥϝʔλ ξFD,ξMB,ξBE ͍ޓʹಠཱ͍ͯ͠Δͱ͢Δɻ·ͣɺॖ

ୀύϥϝʔλ͕ ξFD
ν = ξMB

ν = ξBE
ν ≤ 0ͷ߹ɺχϡʔτϦϊ͕७ਮͳϘ

ιϯͷ߹ɺॖୀύϥϝʔλ ξBE
ν ≤ ξBE,max

ν Ͱ͋ΔͷͰɺͯ͢ͷॖ
ୀύϥϝʔλແࢹͰ͖Δ΄Ͳখ͘͞ ρ̃FD

ν < ρ̃MB
ν < ρ̃BE

ν ͱͳΔɽ࣍ʹɺ
ͬͱҰൠతͳέʔεͰ͋Δ ξFD

ν ̸= ξMB
ν ̸= ξBE

ν ̸= 0ͰɺξBE
ν ≤ ξBE,max

ν

ͷͱͰ ρ̃FD
ν , ρ̃MB

ν , ρ̃BE
ν ʹ͍ͭͯҎԼͷύλʔϯ͕͑ߟΒΕ͏Δɻ

(a) ρ̃FD
ν ≤ ρ̃MB

ν ≤ ρ̃BE
ν

(b) ρ̃MB
ν ≤ ρ̃FD

ν ≤ ρ̃BE
ν ɻ

(c) ρ̃FD
ν ≤ ρ̃BE

ν ≤ ρ̃MB
ν ɻ

(d) ρ̃BE
ν ≤ ρ̃FD

ν ≤ ρ̃MB
ν ɻ

(e) ρ̃MB
ν ≤ ρ̃BE

ν ≤ ρ̃FD
ν ɻ

(f) ρ̃BE
ν ≤ ρ̃MB

ν ≤ ρ̃FD
ν ɻ

͜ͷ6ͭͷύλʔϯͷ͍ͣΕ͕࣮͢ݱΔ͔ɼॖ ୀύϥϝʔλξFD,ξMB,ξBE

ʹΑܾͬͯ·Δɻ6ͭͷύλʔϯΛਤ 4.2ʹࣔͨ͠ɽFDઢɺMB
ઢɺBE੨ઢͰඳਤͨ͠ɻ͜ΕΒͷۂઢΤωϧΪʔີͷ͔ؔੑΒ
༰͞ΕΔΛ͍ࣔͯ͠Δɻྫͱͯ͠ɺ(f)ρ̃BEڐ

ν ≤ ρ̃MB
ν ≤ ρ̃FD

ν ʹ͓͍ͯ
(ξBE

ν , ξMB
ν , ξFD

ν ) = (0.0, 0.6, 0.8)ͷ࣌ʹ (ρ̃BE
ν , ρ̃MB

ν , ρ̃FD
ν ) = (5.3, 5.8, 6.0)

ΛಘΔɻ

4.2.3 ૬ରత༗ޮࣗ༝

ॖୀͷͳ͍߹

ॖୀͷͳ͍χϡʔτϦϊͰɺશΤωϧΪʔີ ρ૬ରతཻࢠ
ͷ߹ࣜ (3.7)ͱͳΓɼ૬ରత༗ޮࣗ༝ g∗ɺΑ͘ΒΕ͍ͯΔ૬
ରత༗ޮࣗ༝ͷܗͰ͋Δࣜ (3.8)Ͱ༩͑ΒΕΔɻχϡʔτϦϊ͕ BE
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ਤ 4.2: ΤωϧΪʔີͷ౷ੑܭʹΑΔେখͷύλʔϯ

౷ܭʹै͏ͳΒɺFD͔ΒBEͷ౷ੑܭͷมߋʹΑͬͯ૬ରత༗ޮ
ࣗ༝ gBE

∗ = gFD
∗ + 3/4ͱ૿Ճ͢ΔɻΑͬͯɼඇॖୀχϡʔτϦϊͷ

߹ ρ̃FD
ν < ρ̃MB

ν < ρ̃BE
ν ͼࣜٴ (3.7)ΑΓ

gFD
∗ < gMB

∗ < gBE
∗ (4.10)

͕ಘΒΕΔɽ
ਤ 4.3ɺॖୀͷͳ͍χϡʔτϦϊʹ͓͚Δ૬ରత༗ޮࣗ༝ g∗ ͱ

Թ T ͷؔΛදͨ͠ͷͰ͋Δɻͭࡾͷۂઢ FDν ,MBν , BEν Λද
͢ɻͭࡾͷઢ΄΅͍ޓʹॏͳ͍ͬͯΔ͕ɺҼࢠ 3/4ͷͨΊʹ૬ରత༗
ޮࣗ༝BEν ͷํ͕ FDν ΑΓେ͖͍ɻ
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ਤ 4.3: ༗ޮࣗ༝ͱԹ

ॖୀͷ͋Δ߹

ॖୀͷ͋ΔχϡʔτϦϊͷ૬ରత༗ޮࣗ༝

g∗ =
30

π2T 4
(ξν) = gξν=0

∗ +∆g∗(ξν) (4.11)

ͱͳΔ [10]ɻ͜͜Ͱ gξν=0
∗ ࣜ (4.11)ͷୈೋ߲Ͱ༩͑ΒΕΔɻ∆g∗(ξν)͕

ඪ४తͳ gξi=0
∗ ͔ΒͷͣΕͰ͋Δɽ

લষͱಉ༷ʹɼ૬ରత༗ޮࣗ༝ΛٻΊΔͨΊʹɼશͯͷཻࢠͷ
ΤωϧΪʔີͷධՁΛ͠ͳ͚ΕͳΒͳ͍ɻͦͯ͠ɼΤωϧΪʔີ
ΛධՁ͢ΔͨΊʹɺͯ͢ͷཻࢠͷέϛΧϧϙςϯγϟϧ͕ܾఆ͞Ε
͍ͯͳ͚ΕͳΒͳ͍ɻͦ͜ͰɼલষͰ༻͍ͨख๏ΛຊষͰ࠾༻͢Δɽ
͢ͳΘͪɼGeVεέʔϧͰͷϨϓτϯඇରশ ℓ = 0.003ͱ͢Δɽ·ͨɼ
ΤωϧΪʔີΛతʹੵͯ͠ධՁ͢ΔͨΊʹΨεɾϥήʔϧ๏Λ
༻͍ɺέϛΧϧϙςϯγϟϧΛؚΉඇઢܗ࿈ཱํఔࣜϒϩΠσϯ๏Λ
༻͍ͯղ͘ɻཻ֤ࢠͷ࣭ྔύʔςΟΫϧσʔλάϧʔϓͷΛ࠾༻͢
ΔɽӉతͳχϡʔτϦϊͷ࣭ྔ੍ݶ

∑
mν < 0.21− 1.11eV͔Β [28]ɼ

χϡʔτϦϊ࣭ྔΛmν = mνe = mνµ = mντ = 1eVͱ͢Δɽ
Ұൠʹɼ૬ରత༗ޮࣗ༝ g∗ΤωϧΪʔີ ρͷ૯ͷ૿Ճʹͬ

ͯ૿Ճ͢Δɽ·ͨɼΤωϧΪʔີؔ fi = gi/e(Ei−µi)/T+Θi ͷ૿
Ճʹͬͯ૿Ճ͢ΔɻϨϓτϯඇରশ͕ͳ͍߹ʹέϛΧϧϙςϯγϟ
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(d) BE, l = 0.0001
BE, l = 0.0000

ਤ 4.4: ༗ޮࣗ༝ͱԹʢϨϓτϯඇରশ͋Γʣ

ϧফ͑ɺؔ fi = gi/(eEi/T +Θi)ͱͳΔͷͰɼখ͞ͳ Θେ
͖ͳ fν ΛੜΈ (g∗(gFD

∗ < gMB
∗ < gBE

∗ )ͱͳΔɻҰํɼϨϓτϯඇରশ͕
͋Δ߹ʹখ͍͞ Θν έϛΧϧϙςϯγϟϧ͕ҰఆͰ͋Δ߹ʹ
(µFD = µMB = µBE ̸= 0)ͱͳΓɺେ͖ͳ g∗ΛੜΉɻ
͔͠͠ͳ͕ΒɺύϥϝʔλΘν ͕Θνʹ͔̍ΒΘν = −1Λ௨ΓΘν = 0

ʹมԽ͠ɺ͔ͭϨϓτϯ͕ফ໓ͤͣҰఆͷ࣌ɺέϛΧϧϙςϯγϟϧ
Θν ͱͱʹҰఆͰͳ͘ɺؔ fi = gi/e(Ei−µi)/T+Θi ͱͳ
Δɻখ͞ͳΘν େ͖ͳ fν ΛੜΈɺେ͖ͳµν େ͖ͳ fν ΛੜΉɻ͜ͷ
߹ gFD < gMB < gBE ͷؔอূ͞ΕͣɺgBE < gMB < gFD

ͷΑ͏ͳଞͷύλʔϯՄͰ͋Δɻ͜ΕΒڐ༰͞ΕΔύλʔϯ͔Βͷ
ͷબɺϨϓτϯʹґଘ͢Δɻؔ
ਤ 4.4ʹɺχϡʔτϦϊ͕ॖୀ͍ͯ͠Δ߹ʢ͢ͳΘͪɼҰఆͷϨϓτ

ϯ͕͋Δ߹ʣͷ૬ରత༗ޮࣗ༝ g∗ͱԹTͷؔΛࣔͨ͠ɻਤ
4.4ͰϨϓτϯ FDνͱMBν ʹ͍ͭͯ ℓ = ℓBEmax Ͱ l = 0.03ͱ͠
ͨɻBEν ͷ߹ ℓBEmax µBB

ν ≤ µBB
ν ͔Βಋ͔ΕΔϨϓτϯͷ্ݶ

Λ͍ࣔͯ͠Δɻਤ 4-4ͷ (b)-(d)ͦΕͧΕFDνɺMBνɺBEν ͷϨϓτϯ
ͷ༗ޮࣗ༝ͷͰ͋Δɻਤ (4.3)ͱਤ (4.4)(a)Λࢀর͢Δͱɺχϡʔτ
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Ϧϊʹॖୀ͕ͳ͍߹ʢ(ℓ = 0)ͷ߹ʣʹ gFD < gMB < gBE ΛಘΔɻ
Ұํɺॖ͘ڧୀͨ͠χϡʔτϦϊʢℓ = 0.03ʣͷ߹ʹɼٯͷؔ

gBE
∗ < gMB

∗ < gFD
∗ (4.12)

͞ڐΕΔ͜ͱ͕Θ͔Δɽ

4.3 ؔͷܗΛ࿈ଓతʹมԽͤͨ͞߹

4.3.1 ؔ

ʢFDʣ͔ΒܭϑΣϧϛɾσΟϥοΫ౷͕ੑܭɼχϡʔτϦϊͷ౷ʹ࣍
ϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣΛͯܦϘʔεɾΞΠϯγϡλΠϯ
౷ܭʢBEʣ࿈ଓతʹมԽ͢Δ߹ʹ͍ͭͯٞ͢Δɽ
͜ͷͨΊʹɼχϡʔτϦϊͷྔࢠ౷ܭؔʹ͓͍ͯɼલઅͰ༻͍

ͨΘͷΘΓʹ࿈ଓతͳύϥϝʔλ κʹؼΔɽ

fi(E) =
1

exp(Ei − µi)/T +Θi
→ fi(E) =

1

exp(E− µi)/T + κi
(4.13)

ϑΣϧϛϘʔζύϥϝʔλκiɺϘʔζɾΞΠϯγϡλΠϯ౷ܭʢκi = −1

ʣ͔ ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢκi = 0ʣΛհͯ͠ϑΣϧϛɾσΟϥο
Ϋ౷ܭʢκi = 1ʣ·ͰมԽ͢ΔɻχϡʔτϦϊΛআ͘ඪ४ϞσϧཻࢠͷϑΣ
ϧϛϘʔζύϥϝʔλκiɺՙిϨϓτϯͱΫΥʔΫͰκl = κq = +1ɺ
ήʔδϘκϯͱώοάεϘιϯͰ κЍɺWɺZɺGɺH = −1ͱͳΔɻҰํɺ
χϡʔτϦϊʹ͍ͭͯɺκν˹ κνe = κνµ = κντ ͱ͠ɺ−1 ≤ κν ≤ 1ͱ
͢Δɻ
͜͜Ͱɼ−1 ≤ κ < 0Λຬཻͨ͢ࢠΛϘʔεɾϘϧπϚϯཻࢠʢBBཻ

ͯ͠ʹʣͱΑͿ͜ͱʹ͢Δɽಉ༷ࢠ κi = 0Λຬཻͨ͢ࢠΛϚοΫεΣ
ϧɾϘϧπϚϯཻࢠʢMBཻࢠʣͱΑͼɼ0 < κi ≤ 1Λຬཻͨ͢ࢠΛϑΣ
ϧϛɾϘϧπϚϯཻࢠʢFBཻࢠʣͱΑͿɻ
ϑΣϧϛɾϘʔεύϥϝʔλ κiΛಋೖ͢ΔͱɺϘιϯͷέϛΧϧϙς

ϯγϟϧͷ੍ (4.8)͔Β࣍ͷΑ͏ʹҰൠԽ͞ΕΔ [19]ɻ

ξBEɺmax
i =

mi

T
→ ξBBɺmax

i =
mi

T
− ln(−κiʣ (4.14)

ͳ͓ɼMBཻ͓ࢠΑͼFBཻࢠͷॖୀύϥϝʔλʹ੍͕ͳ͍ɻχϡʔ
τϦϊඇৗʹখ͍࣭͞ྔmν ≤ 1eVΛͭ࣋ͷͰɺBBν ͷ࠷େॖୀύϥ
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ਤ 4.5: େͷॖୀύϥϝʔλ࠷ ξBB,max
ν ΛऔΔ߹ͷɼਖ਼ຯͷΤωϧΪʔ

ີ ρ̃ν ͱχϡʔτϦϊͷ౷ੑܭͷؔɽ

ϝʔλ
ξBBɺmax
ν ʙ− ln(−κν) > 0ɺ (4.15)

ͱॳظӉͰͳΔɻ
͜͜Ͱɼࠨลͷ੍͕࣍ݶͷΑ͏ʹͳΔ͜ͱ͕ॏཁͰ͋Δɽ

lim
κν→−0

ξBBɺmax
ν = ∞ (4.16)

७ਮͳϘκϯχϡʔτϦϊʢκν = −1ʣͷॖୀύϥϝʔλʢέϛΧϧϙςϯ
γϟϧʣແࢹͰ͖Δɻ͔͠͠ɺ७ਮͳBEʢκν = −1ʣ͔ Β७ਮͳMBʢ
κν = 0ͷ౷ܭͷมԽ BBν ͷ࠷େॖୀύϥϝʔλͷ্ݶΛmν/T ͔
Βແݶେ·Ͱ૿Ճͤ͞ΔͷͰ͋Δɻવͳ͕Βɺॖୀύϥϝʔλ࣮ݧ
͓Αͼ؍ଌ͔Β੍͞ΕΔ͖Ͱ͋Δ͕ɺ͜͜Ͱॖୀύϥϝʔλʹର
͢Δ κν ͷ࿈ଓతભҠͷ݁ՌͷΈΛ͡Δɻ

4.3.2 ΤωϧΪʔີ

ਤ 4.5ɺBBν େͷॖୀύϥϝʔλ࠷͕ ξBB,max
ν ΛऔΔͱͯ͠ɼਖ਼ຯ

ͷΤωϧΪʔີ ρ̃ν ͱχϡʔτϦϊͷ౷ੑܭͷؔΛ͍ࣔͯ͠Δɻਤ 4.6
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ਤ 4.6: T = 300GeVʹ͓͚Δਖ਼ຯͷΤωϧΪʔີ ρν ͱϑΣϧϛ - Ϙʔ
ζύϥϝʔλ κν ͷؔ.

ɺBBν ,ξν = ξBB,max
ν ͰT = 300GeVʹ͓͚Δɺਖ਼ຯͷΤωϧΪʔີ

ρν ͱϑΣϧϛ - Ϙʔζύϥϝʔλ κν ͷؔΛද͍ͯ͠Δɻ
લઅͰͨͬߦʮؔͷܗΛࢄతʹมԽͤͨ͞߹ʯͷߟͱಉ

༷ʹͯ͠ɼχϡʔτϦϊʹॖୀ͕͋Δ߹ͱͳ͍߹ͰɼΤωϧΪʔ
ີͷৼΔ͍͕ҟͳΔɽ

ॖୀͷͳ͍߹

ॖୀ͍ͯ͠ͳ͍χϡʔτϦϊࣜ (4.13)ͷؔfν = gν/ʢeE/T
ν +κnu

ʣʹ ै͏ɻϑΣϧϛϘʔεύϥϝʔλΛ 1͔Β 0Λ௨ͯ͡-1·Ͱ࿈ଓతʹ
มԽͤ͞ΔͱɺxiFD

ν = xiMB
ν = xiBE

ν Ͱ ρ̃FB
ν < ρ̃MB

ν < ρ̃BB
ν ΛಘΔɻ

ॖୀͷ͋Δ߹

ॖୀύϥϝʔλ͕͍ޓʹಠཱ͍ͯ͠Δͱ͠Α͏ɻ͜ͷ߹ɺρ̃FB
ν , ρ̃MB

ν , ρ̃BB
ν

ʹ͓͍ͯҎԼͷύλʔϯ͕͑ߟΒΕΔɽ

(a) ρ̃FB
ν ≤ ρ̃MB

ν ≤ ρ̃BB
ν

(b) ρ̃MB
ν ≤ ρ̃FB

ν ≤ ρ̃BB
ν ɻ
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(c) ρ̃FB
ν ≤ ρ̃BB

ν ≤ ρ̃MB
ν ɻ

(d) ρ̃BB
ν ≤ ρ̃FB

ν ≤ ρ̃MB
ν ɻ

(e) ρ̃MB
ν ≤ ρ̃BB

ν ≤ ρ̃FB
ν ɻ

(f) ρ̃BB
ν ≤ ρ̃MB

ν ≤ ρ̃FB
ν ɻ

͜ͷ6ͭͷύλʔϯͷ͍ͣΕ͕࣮͢ݱΔ͔ɼॖ ୀύϥϝʔλξFD,ξMB,ξBE

ʹΑܾͬͯ·Δɻ6ͭͷύλʔϯΛਤ 4.7ʹࣔͨ͠ɽFDઢɺMB
ઢɺBE੨ઢͰඳਤͨ͠ɻ͜ΕΒͷۂઢΤωϧΪʔີͷ͔ؔੑ
Βڐ༰͞ΕΔΛ͍ࣔͯ͠Δɻྫͱͯ͠ɺ(f) ρ̃BB

ν ≤ ρ̃MB
ν ≤ ρ̃FB

ν ʹ͍ͭ
ͯɺ109GeVͷ୯ҐͰʢξBB

ν ɺξMB
ν ɺξFB

ν ʣ=ʢ0.6, 0.8, 1.0ʣͷ࣌ ʢʹρ̃BBɺ
ρ̃MBɺ̃ρFBʣ=ʢ6.2, 6.6, 6.8ʣΛಘΔɻ

4.3.3 ૬ରత༗ޮࣗ༝

૬ରత༗ޮࣗ༝ϑΣϧϛϘʔζύϥϝʔλ κiͷؔʹͳΔ

g∗ =
30

π2T 4
ρ(ξi) → g∗ =

30

π2T 4
ρ(κi, ξi) (4.17)

͜͜Ͱ ρ =
∑

i ρi(κi, ξi)Ͱ͋Δɽ͜Ε

g∗ = gξi=0
∗ +∆g∗(ξi) → gξi=0

∗ +∆g∗(κi, ξi) (4.18)

ͱॻ͚Δɽӈลୈ 3߲ͷ∆g∗(κi, µi)͕χϡʔτϦϊͷྔࢠ౷͕ੑܭ࿈
ଓతʹมԽͨ͠߹ͷɼ૬ରత༗ޮࣗ༝ͷมԽྔΛ͍ࣔͯ͠Δɽ

ॖୀͷͳ͍߹

ॖୀ͕ͳ͍χϡʔτϦϊͰɺΤωϧΪʔີʹ ρ̃FB < ρ̃MB < ρ̃BB ͷ
ΔɽΑͬͯϑΣϧϛϘʔζύϥϝʔλ͕͋ؔ κν ͕ 1͔Β 0Λհͯ͠-1

࿈ଓతʹભҠ͢ΔͱɼχϡʔτϦϊਖ਼ຯͷΤωϧΪʔີΛ૿Ճ͞
ͤΔɻξFB = ξMB = ξBB = 0Ͱ

gFB
∗ < gMB

∗ < gBB
∗ (4.19)

ͱͳΔɽ
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ॖୀͷ͋Δ߹

Ϩϓτϯඇରশੑ͕ଘ͢ࡏΔ߹ʹɼখ͞ͳ κν େ͖ͳ fν Λ༠ಋ
͠ɺେ͖ͳ µν େ͖ͳ fν Λ༠ಋ͢Δɻ͜ͷ߹ɺgFB

∗ < gMB
∗ < gBB

∗ ͷ
߹อূ͞Εͳ͍ɽ͜ͷؔ

gBB
∗ < gMB

∗ < gFB
∗ (4.20)


gMB
∗ < gBB

∗ < gFB
∗ (4.21)

͘͠
gMB
∗ < gFB

∗ < gBB
∗ (4.22)

ͱͳΔՄੑ͕͋Δɽ
ਤ 4.8Թ T ʹର͢Δ૬ରత༗ޮࣗ༝ g∗ͷґଘੑΛ͍ࣔͯ͠Δɻ

Ϩϓτϯ FBν ͱMBν  ℓ = 0.03ɺBBν Ͱ ℓ = ℓBB,max ͱԾఆ͠
ͨɻਤ 4.9ʢaʣɺBBν ͷ߹ͷ࠷େॖୀύϥϝʔλИBBɺmaxͷԹT

ʹର͢ΔґଘੑΛ͍ࣔͯ͠Δɻਤ 4.9ʢbʣ࠷େϨϓτϯ lBBɺmax ͷ
ԹTʹର͢ΔґଘੑΛࣔ͢ɻ

4.4 μʔΫϚλʔͱӉͷ࣭ੜͷӨڹ
χϡʔτϦϊ͕७ਮͳϑΣϧϛΦϯͰͳ͍߹ʹͨΒ͞ΕΔݱ

త݁ؼʹ͍ͭͯٞ͠ͳ͚ΕͳΒͳ͍ɻྫ͑ɺϨϓτϯͷඇରশ
ੑ͕ͲͷఔϏοάόϯݩૉ߹લʹॳظӉʹӨ͢ڹΔ͔ͳͲͰ͋Δɻ
·ͣɼχϡʔτϦϊͷ౷ੑܭͷҧ͍͕μʔΫϚλʔʢWIMPʣͷཹ

ີʹͲͷΑ͏ʹӨ͢ڹΔ͔Λٞ͠Α͏ɽχϡʔτϦϊ͕७ਮϑΣϧ
ϛΦϯͰ͋Δ߹ͷ҉ࠇ࣭ʹ͍ͭͯ [10, 48]Ͱ͞ڀݚΕ͍ͯΔɻ
Ϩϓτϯඇରশ͕͋Δ߹ͷ҉ࠇ࣭ͷີཹΩℓ̸=0

WIMP ͱɺϨϓτϯඇ
ରশੑ͕ͳ͍߹ͷଘີΩℓ=0

WIMP ͱͷൺɺ͓ ΑͦΩℓ̸=0
WIMP/Ω

ℓ=0
WIMP ∼√

gℓ̸=0
∗ /gℓ=0

∗ ʷ gℓ ̸=0
∗ /gℓ=0

∗ ͱͯ͠ਪఆ͞ΕΔɽ͜͜Ͱ gℓ̸=0
∗ ͱ gℓ̸=0

∗ /gℓ=0
∗ ͦ

ΕͧΕϨϓτϯඇରশ͕͋Δ߹ͱແ͍߹ͷ૬ରతΤϯτϩϐʔࣗ
༝Λ͍ࣔͯ͠ΔɽॳظӉͰ g∗sʙg∗Ͱ͋ΔͷͰɺΩℓ̸=0

WIMP/Ω
ℓ=0
WIMP ∼√

gℓ̸=0
∗ /gℓ=0

∗ ΛಘΔɻ͕ͨͬͯ͠ɺ༗ޮࣗ༝ͷมԽʹͬͯɼඇ७ਮϑΣ
ϧϛΦϯͷॖୀ͍ͯ͠ΔχϡʔτϦϊͷͨΊʹɺ҉ࠇ࣭ͷଘྔࡏʹม
Խ͕ੜ͡Δɻ
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MB ≤ ρ~ν
FB

ξν
BB = ξν
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ਤ 4.7: ΤωϧΪʔີͱ౷ੑܭͷύλʔϯ

2ͭͷۃͳྫࣄΛࣔͦ͏ɻ७ਮͳϑΣϧΦϯχϡʔτϦϊʹ͍ͭͯ
500 GeVͰ gl=0

∗ = 107ʢਤ 4.3ʣ͓Αͼ g = 0.03 = 160ʢਤ 4.3ʣΛಘΔͷ
ͰɼμʔΫϚλʔͷີཹ͓͓Αͦ 18%૿Ճ͢ΔɻҰํɺχϡʔτϦ
ϊ͕७ਮͳϘʔζɾΞΠϯγϡλΠϯ౷ܭʹै͏ͳΒ gl=lBEɺmax

∗ = 113

ʢਤ 4.3ʣͰ͋ΓμʔΫϚλʔͷଘྔ͓Αͦ গ͢Δɻݮˋ3
ผͷྫͱͯ͠ɼӉϨϓτδΣωγεͷγφϦΦʹΑΔ࣭ੜʢό

ϦΦϯͷඇରশੑͷੜʣʹ༩͑ΔӨ͑ߟ͍ͯͭʹڹΑ͏ [47]ɽϨϓτ
δΣωγεͷγφϦΦͰɺӉʹ͓͚ΔόϦΦϯ - ൺࢠޫ ηB ɺόϦ
Φϯඇରশ YB ͔Β ηB = 7.04YB ͱٻ·Δɽ͜ͷόϦΦϯඇରশ YB ɼ
sphaleronϓϩηεΛͯܦϨϓτϯඇରশੑ YL ͱ YB = aYL ͷؔʹ͋
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ਤ 4.8: ૬ରత༗ޮࣗ༝ͷԹґଘੑ

Δɽ͜͜Ͱɺa sphaleronϓϩηεʹΑΔҼࢠͰ͋ΔɻϨϓτϯඇରশ
ੑ YLɺ3ͭͷύϥϝʔλͰ YL = dϵ/g∗ͱද͞ΕΔɻ͜͜Ͱ dӉ
ுʹىҼ͢ΔرऍҼࢠͰ͋ΓɼϵϨϓτϯCPඇରশੑΛද͢ύϥϝʔ
λͰ͋Δʢͳ͓ɼϑϨʔόʔͷҧ͍Λྀ͢ߟΔϨϓτδΣωγεͷγφ
ϦΦͰɺYL = dϵ/g∗ͷؔΑΓෳࡶͳܗʹͳΔɻ·ͨɺԾʹϑϨʔ
όʔͷҧ͍Λແͨ͠ࢹͱͯ͠ɼYL = dϵ/g∗ ۙࣅղͰ͋ΓɺΑΓਖ਼֬
ʹϘϧπϚϯํఔࣜΛతʹղ͘ඞཁ͕͋Δʣɻ
ॖୀ͍ͯ͠ΔχϡʔτϦϊ͕७ਮͳϑΣϧϛΦϯͰͳ͍ͱ͢Δͱɼ૬

ରత༗ޮࣗ༝ g∗͕มԽ͢Δɽ͕ͨͬͯ͠ɼ૬ରత༗ޮࣗ༝ʹґ
ଘ͍ͯ͠ΔόϦΦϯ - ൺมԽ͢Δʢηࢠޫ ∝ g−1

∗ ʣɽόϦΦϯ - ൺࢠޫ
ͷมԽ ηκν=1

B  ηBʢκνʣ/η
κν=1
B = gκν=1

∗ /g∗ʢκνʣͱͯ͠ಘΒΕΔɻ
Α͏ɻ७ਮͳϑΣϧϛΦϯχϡʔτϦϊͷ߹gl=0.03͑ߟͳ߹Λۃ

∗ =

155*ʹରͯ͠ gl=0.03
∗ = 160ΛಘΔʢਤ 4.8ʣɽ500 GeVͰ κν = 0.5ͷϑΣ

ϧϛΦϯతχϡʔτϦϊͷ߹ɺόϦΦϯ - ൺࢠޫ 3ˋ૿Ճ͢Δɽό
ϦΦϯ - ଌσʔλ؍ൺͷࢠޫ 5.7 ʷ 10 − 10 ≤ ηB ≤ 6.7 ʷ 10−10ʢ95

ˋCLʣ[27]ʢ3ˋͷ͕ࠩ͞ڐΕΔʣͰ͋ΔɻϑΣϧϛ -ϘϧπϚϯχϡʔτ
ϦϊͷଘࡏͷՄੑόϦΦϯ - શʹഉআ͞Εͳ͍ɻଌ͔Β؍ൺͷࢠޫ
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ਤ 4.9: ॖୀύϥϝʔλʔͱϨϓτϯͷԹґଘੑ

4.5 ·ͱΊ
લষͰզʑɼχϡʔτϦϊ͕ॳظӉʹ͓͚Δ૬ରత༗ޮࣗ༝

g∗ʹ༩͑ΔӨڹʹ͍ͭͯɼχϡʔτϦϊͷ౷ੑܭΛϑΣϧϛɾσΟϥοΫ
౷ܭʢFDʣ͔ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣ·ͰมԽ͢Δͱ
Ծఆͯͨ͠͠ߟɻຊষͰ͞Βʹ͜ͷ౷ੑܭͷมԽΛ֦ு͠ɺχϡʔ
τϦϊͷ౷͕ੑܭϑΣϧϛɾσΟϥοΫ౷ܭʢFDʣ͔ΒϚΫεΣϧɾ
ϘϧπϚϯ౷ܭʢMBʣΛհͯ͠ϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣ·
ͰมԽͰ͖Δͷͱͨ͠ɻ
ຊষͷٞʹΑͬͯɼχϡʔτϦϊʹϚΫεΣϧɾϘϧπϚϯ౷͔ܭ

ΒϘʔεɾΞΠϯγϡλΠϯ౷ܭ·Ͱͷ࿈ଓมԽΛڐ༰͢Δ߹ɼχϡʔ
τϦϊͷॖୀύϥϝʔλ͕࣍ͷΑ͏ʹͳΔ͜ͱ͕ॏཁͰ͋Δ͜ͱ͕໌Β
͔ʹͳͬͨɽ

lim
κν→−0

ξBBɺmax
ν = ∞ (4.23)

Ұൠʹɼ७ਮͳϘκϯʢκν = −1ʣͷॖୀύϥϝʔλʢέϛΧϧϙςϯ
γϟϧʣແࢹͰ͖Δɻ͔͠͠ɺ७ਮͳBEʢκν = −1ʣ͔ Β७ਮͳMBʢ
κν = 0ͷ౷ܭͷมԽ BBν ͷ࠷େॖୀύϥϝʔλͷ্ݶΛmν/T ͔
Βແݶେ·Ͱ૿Ճͤ͞ΔͷͰ͋Δɻ
·ͨɼલষͱಉ༷ʹͯ͠ɼҰൠʹ૬ରత༗ޮࣗ༝ͷେখؔ

gFD
∗ < gMB

∗ < gBE
∗ ͱͳΔ͕ɼॖୀχϡʔτϦϊ͕ଘ͢ࡏΔʢΑΓਖ਼֬ʹ

ɺେ͖͔ͭ͘ҰఆͷϨϓτϯඇରশੑ͕͋Δʣ߹ɺٯͷؔ gBB
∗ <

gMB
∗ < gFB

∗ ͳͲଞͷύλʔϯՄͰ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɻ
͞Βʹզʑɺඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊʹΑΔݱత݁ؼ

Λٞͨ͠ɻ ͦͯ͠ɼྫ͑ඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊμʔ
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ͨ͠ɽ
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ୈ5ষ χϡʔτϦϊྔࢠ౷ܭͱ
૬ରత༗ޮࣗ༝IIIɿ
ղੳతߟ

5.1 ͡Ίʹ
લষ·ͰɼχϡʔτϦϊ͕७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭʹैΘͳ

͍߹ͷ૬ରత༗ޮࣗ༝ʹ͍ͭͯΛղੳͰௐࠪͨ͠ɽͦͷ݁Ռ
ͱͯ͠ɼେ͖ͳϨϓτϯඇରশੑ͕͋Δ߹ʹɼඞͣ͠௨ৗظ͞
ΕΔ gFD

∗ < gMB
∗ < gBE

∗ Γཱͨͳ͍͜ͱΛࣔͨ͠ɽ͜Ε͕ຊڀݚͷ࠷
େͷՌͰ͋Δɽ
͜ͷతʹಘΒΕͨ݁ؼΛΑΓ໌֬ʹཧղ͢ΔͨΊʹɼࢉܭ

͚ͩͰͳ͘ɼۙࣅతͰ͋ͬͨͱͯ͠ղੳղʹΑΔ͕ٞඞཁͰ͋Δɽ
ຊষͰɼϑΣϧϛ - Ϙʔζύϥϝʔλͷؔͱͯ͠ͷਖ਼ຯΤωϧΪʔ
ີͷۙࣅతͳղੳࣜΛಋ͖ɼ૬ରత༗ޮࣗ༝͕Ϩϓτϯඇରশੑ
ʹେ͖͘ґଘ͢Δ͜ͱΛࣔ͢ɽ

5.2 ؔ
ରͷີɺؔࢠͱཻࢠཻ fiΛ༻͍ͯ

ni+ī =
gi
2π2

∫ ∞

mi

E(E2 −m2
i )

1/2[fi(E)− fī(E)]dE (5.1)

ͱදͤΔ [1]ɻ͜Εʹࣜ (3.1)ͷؔΛೖ͢Δͱɺ

ni =
gi
2π2

T 3

(
4ξ

∫ ∞

0

z

ez + κ
dz +

∫ ξ

0

z2 − 2zξ + ξ2

ez + κ
dz

+

∫ ξ

0

z2 − 2zξ + ξ2

e−z + κ
dz

)
(5.2)
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ͱͳΔɻ͜͜Ͱ,ξ = µi/T, z = (E − µi)/T ͱͨ͠ɻӈลୈ 2߲ͱୈ 3߲
ɺୈ 1߲ʹൺͯඍখͰ͋ΔͨΊແ͢ࢹΔͱɼ

ni+ī ≃
gi
2π2

T 3

(
4ξ

∫ ∞

0

z

ez + κ
dz

)
(5.3)

(5.4)

ͱͳΔ [20, 32]ɻ͍·ɼϙϦରؔ

Li(x) =

∫ x

0

Lin−1(t)

t
dt

=
(−1)n

Γ(n− 1)

∫ 1

0

logn−2(t)log(1− xt)

t
dt (5.5)

Λ༻͍ͯ
∫ ∞

0

zn−1

ez − Y
dz =

Lin(Y )Γ(n)

Y
(5.6)

͕Γཱͭ͜ͱΛ͏ͱɼ

ni+ī =
gi
2π2

T 3

(
4ξ

Γ(2)Li2(−κ)
−κ

)

=
gi
2π2

T 3

(
4ξ

∞∑

n=1

(−κ)n−1

n2

)
(5.7)

͕ಘΒΕΔɽ͜͜Ͱ

Fs(κ) ≡
∞∑

n=1

(−κ)n−1

ns
(5.8)

Λఆٛ͢Δͱɼਖ਼ຯͷີ

ni+ī =
gi
π2

2µiT
2F2(κ) (5.9)

ͱॻ͚Δɻ
ಉ༷ʹͯ͠ɼਖ਼ຯͷΤωϧΪʔີʹ͍ͭͯɺ

ρi+ī =
∑

j=īi

gi
2π3

∫ ∞

mi

E2(E2 −m2)1/2fj(E)dE (5.10)
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ͱͳΔ͕ɺີ niͱಉ༷ͷࢉܭʹΑΓɺ

ρi+ī =
giT 4

2π2

(∫ ∞

0

2z3 + 6zξ2

ez + κ
dz +

∫ 0

−ξ

z3 + 3z2ξ + 3zξ2 + ξ3

ez + κ
dz

+

∫ ξ

0

ξ3 − 3ξ2z + 3ξz2 − z3

ez + κ
dz

)
(5.11)

ͱͳΔɻӈลୈ 2߲ͱୈ 3߲ɺୈ 1߲ʹൺͯඍখͰ͋ΔͨΊແͯ͠ࢹ
ୈ 1߲ͷΈΛ࠾༻͠ɺ

ρi+ī ≃ giT 4

2π2

(
2

∫ ∞

0

z3

ez + κ
dz + 6ξ2

∫ ∞

0

z

ez + κ
dz

)

=
giT 4

2π2

(
2
Li4(−κ)Γ(4)

−κ + 6ξ2
Li2(−κ)Γ(2)

−κ

)

=
gT 4

2π2

(
12F4(κ) +

6µ2

T 2
F2(κ)

)
(5.12)

ͱදͤΔɻ
͜͜ͰಘͨີͱΤωϧΪʔີͷۙࣅతղੳࣜɼຊڀݚͰಘΒ

Εͨେ͖ͳՌͷ 1ͭͰ͋Δɽ
ͳ͓ɺκ = 1ͱ͓͘ͱɺີͱΤωϧΪʔີͦΕͧΕɺ

ni+ī =
gi
6
µiT

2
[
1 +

( µi

πT

)2]

ρi+ī =
π2giT 4

15

(
7

8
+

15

4

( µ

πT

)2
+

15

8

( µ

πT

)4)
(5.13)

ͱͳΓɺΑ͘ΒΕ͍ͯΔϑΣϧϛΦϯͷࣜʹؼண͢Δɻ͜Εɼզʑ͕
ಘͨۙࣅతͳղੳࣜͷଥੑΛ͍ࣔͯ͠Δɽ

5.3 ૬ରత༗ޮࣗ༝
૬ରత༗ޮࣗ༝

g∗(T, µi) ≡
30

К2T 4

∑
ρi+ī (5.14)

ʹɼલઅͰಋ͍ͨΤωϧΪʔີͷۙࣜࣅΛೖ͢Δͱ

g∗(ξ,κν) = g∗(ξi = 0,κν = 1) +∆g∗, (5.15)
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ͱͳΔɻ͜͜Ͱ

g∗(ξi = 0,κν = 1) =
∑

b=bosons

gb +
7

8

∑

f=fermions

gf , (5.16)

ɺΑ͘ΒΕ͍ͯΔέϛΧϧϙςϯγϟϧൈ͖ͷ (ξi = 0)७ਮϑΣϧ
ϛΦϯχϡʔτϦϊͷ (κν = 1) ͷࣜͰ͋ΔɽέϛΧϧϙςϯγϟϧΛؚ
Έɼ७ਮϑΣϧϛΦϯͰͳ͍χϡʔτϦϊʹ͓͚Δ g∗ͷޮՌɺ

∆g∗(T, µi) =
∑ 15gi+ī

π4

(
6µ2

i

T 2
F2(κi)

)
(5.17)

Ͱ͋Δɻ͜ΕຊڀݚͰͷ࠷େͷՌͷ 1ͭͰ͋Δɼ૬ରత༗ޮࣗ༝
ͷۙࣅతͳղੳղͰ͋Δɻ
ͳ͓ɺκ = 1ͱ͓͘ͱ૬ରత༗ޮࣗ༝

∆g∗(T, µi) =
∑

gi+ī

(
15

4

( µi

πT

)2
+

15

8

( µi

πT

)4)
(5.18)

ͱͳΓɺΑ͘ΒΕ͍ͯΔϑΣϧϛΦϯͷࣜʹؼண͢Δɻ͜Εզʑ͕
ಘͨۙࣅతͳղੳࣜͷଥੑΛ͍ࣔͯ͠Δɽ
Ϩϓτϯඇରশੑͱ૬ରత༗ޮࣗ༝ͷؔΛʢۙࣅతʹʣղੳత

ύϥϝʔλมͷܭΑ͏ɽ·ͣɼχϡʔτϦϊͷ౷͠ߟʹ κν ͱͯ͠
૬ରత༗ޮࣗ༝ΛٻΊΔɽͳ͓ɼχϡʔτϦϊҎ֎ͷૉཻࢠʹ͍ͭ
ͯ

µi

πT
≪ 1,

mw

3
> T

mb

3
(5.19)

Ͱ͋Δͱ͢Δɽ·ͨɼલষ·Ͱͱಉ༷ʹέϛΧϧϙςϯγϟϧͷؒʹ

µi = µī (5.20)

µu + µf = µd + µνf (5.21)

µu = µc = µt (5.22)

µd = µs = µb (5.23)
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͕Γཱͭͱ͠ɼిՙ q,όϦΦϯ bɺϨϓτϯ ℓΛ࣍ͷࣜͰද͢ [10]ɻ

sq = −
∑

i=e,µ,τ

ni +
2

3

∑

i=u,c,t

ni −
1

3

∑

i=b,s,d

ni (5.24)

sb =
1

3

∑

i=u,d,c,s,t,b

ni (5.25)

sℓf = nf + nνf , (f = e, µ.τ) (5.26)

ℓ =
∑

f=e,µ.τ

= 0 (5.27)

sΤϯτϩϐʔີͰ͋Δɻͦͯ͠ɼӉશମిؾతʹதੑͰ͋Δ
ͱ͠ɺ

sq = 0 (5.28)

ͱ͢Δɻཻࢠͷ෦ࣗ༝ɺgu = gc = gt = gd = gs = gb = 6, gf =

2, gνf = 1, (f = e, µ, τ)ͱ͢Δɻࣜ (5.20)ʙࣜ (5.23)Λࣜ (5.24)ʙࣜ (5.27)

ʹೖͯ͠ཧ͢Δͱɺ
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

µu + µf = µd + µνf (5.29)

µe + µµ + µτ = 4µu − 3µd (5.30)
3s

T 2
b = 2µu + 3µd (5.31)

6s

T 2
lf = 2µf +

12F2(κν)

π2
µνf (5.32)

l =
∑

f=e,µ,τ

lf (5.33)

͓Αͼ

0 = −(ξe + ξµ + ξτ ) + 4ξu − 3ξd,
3sB

T 3
= 2ξu + 3ξd,

3sLℓ

T 3
= ξℓ +

6

π2
F2(κν)ξνℓ , (5.34)

͕ಘΒΕΔɽ͜ΕΛղ͍ͯɺΞοϓΫΥʔΫɺμϯΫΥʔΫɺϨϓτ
ϯɺχϡʔτϦϊͷέϛΧϧϙςϯγϟϧΛٻΊΔɻmW < T < mt,

κν = κνe = κνµ = κντ ͱ͢Δɽ·ͨχϡʔτϦϊҎ֎ͷϑΣϧϛΦϯʹ
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͍ͭͯ κi = 1ͱ͢Δͱ

ξu =
s

2T 3

1

1 + 11
π2F2(κν)

{
L+

[
1 +

12

π2
F2(κν)

]
B

}
, (5.35)

ξd =
s

3T 3

1

1 + 11
π2F2(κν)

{
−L+

[
2 +

21

π2
F2(κν)

]
B

}
,

ξνℓ =
s

T 3

1

1 + 6
π2F2(κν)

{
3Lℓ +

1

6(1 + 11
π2F2(κν))

[
5L−

(
1 +

6

π2
F2(κν)

)
B

]}
,

ξℓ =
s

T 3

1

1 + 6
π2F2(κν)

{
3Lℓ −

F2(κν)

π2(1 + 11
π2F2(κν))

[
5L−

(
1 +

6

π2
F2(κν)

)
B

]}
,

ΛಘΔɻ͜͜Ͱ L =
∑

ℓ=e,µ,τ LℓͰ͋Δɻ
७ਮϑΣϧϛΦϯͰͳ͍χϡʔτϦϊʹ͓͚Δ૬ରత༗ޮࣗ༝

g∗ͷޮՌɺ

∆g∗ =
15

4π2

∑

i=fermions ̸=ν

giξ
2
i (κν) +

∑

i=ν

45

π4
F2(κν)gνξ

2
i (κν)

+
∑

i=ν

gi

(
90

π4
F4(κν)−

7

8

)
(5.36)

ͱͳΔɻ͜ͷ∆g∗ Λ༻͍ͯɼલষ·ͰʹࢉܭͰಘΒΕͨ݁ՌΛۙࣅ
తʹ͢ݱ࠶Δ͜ͱΛࣔͦ͏ɽ·ͣɼ७ਮϑΣϧϛΦϯʹର͢Δ∆g∗

∆g∗(κν = 1) =
50

529π2
(5.37)

×
( s

T 3

)2
(
873B2 − 162BL+ 362L2 + 1587

∑

ℓ

L2
ℓ

)

ͱͳΓɺ७ਮϘιϯʹର͢Δ∆g∗

∆g∗(κν = −1) =
45

289π2
(5.38)

×
( s

T 3

)2
(
529B2 − 78BL+ 140L2 + 867

∑

ℓ

L2
ℓ

)
+

3

4

ͱͳΔɽ
͜͜Ͱɼେ͖ͳϨϓτϯඇରশੑLℓ = L/3 ͓Αͼ L ≫ B ∼ 0ͷଘࡏ

ΛԾఆ͠ΐ͏ɽ͜ͷ࣌ɼT = 100 GeVͰۙࣅతʹ s/T 3 = 2π2g∗s/45 =
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2π2g∗/45 ∼ 44 ͕Γཱͭ͜ͱΛ༻͍Δͱ

∆g∗(κν = 1) ≃ 1.65× 104L2,

∆g∗(κν = −1) ≃ 1.31× 104L2 +
3

4
. (5.39)

ΛಘΔɽ͜Ε͔Βɼ

L ! 0.015 (5.40)

ͷ߹ʹɼ

∆g∗(κν = 1) ! ∆g∗(κν = −1) (5.41)

͢ͳΘͪ

gFD∗ ! gBE
∗ (5.42)

͕ಘΒΕΔɽ͜ͷΑ͏ʹɼ௨ৗ gBE
∗ ! gFD∗ ͱ͑ߟΒΕ͍ͯΔ͕ɼॳظ

ӉͰେ͖ͳϨϓτϯඇରশੑ͕͋Δ߹ʹɼgFD∗ ! gBE
∗ ͷؔڐ͕

͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ

5.4 ·ͱΊ
ຊষͰɼલষ·ͰʹతʹಘΒΕͨ݁ؼΛΑΓ໌֬ʹཧղ͢Δͨ

Ίʹɼਖ਼ຯΤωϧΪʔີͱ૬ରత༗ޮࣗ༝ͷۙࣅతͳղੳࣜΛ
ಋ͖ɼ૬ରత༗ޮࣗ༝͕Ϩϓτϯඇରশੑʹେ͖͘ґଘ͢Δ͜ͱΛ
ҎԼͷΑ͏ʹࣔͨ͠ɽ
૬ରత༗ޮࣗ༝

g∗(ξ,κν) = g∗(ξi = 0,κν = 1) +∆g∗, (5.43)

ͱͳΔɽ͜͜ͰέϛΧϧϙςϯγϟϧΛؚΈɼ७ਮϑΣϧϛΦϯͰͳ
͍χϡʔτϦϊʹ͓͚Δ g∗ͷޮՌɺ

∆g∗(T, µi) =
∑ 15gi+ī

π4

(
6µ2

i

T 2
F2(κi)

)
(5.44)

Ͱද͞ΕΔɽ͜͜Ͱ

Fs(κ) ≡
∞∑

n=1

(−κ)n−1

ns
(5.45)
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Ͱ͋Δɽ
ૉཻࢠͷέϛΧϧϙςϯγϟϧʹదͳԾఆΛ͏ߦͱɼ

∆g∗ =
15

4π2

∑

i=fermions ̸=ν

giξ
2
i (κν) +

∑

i=ν

45

π4
F2(κν)gνξ

2
i (κν)

+
∑

i=ν

gi

(
90

π4
F4(κν)−

7

8

)
(5.46)

ΛಘΔɽϨϓτϯඇରশੑLℓ = L/3 ͓Αͼ L ≫ B ∼ 0ͷଘࡏΛԾఆ͢
Δͱɼ

∆g∗(κν = 1) ≃ 1.65× 104L2,

∆g∗(κν = −1) ≃ 1.31× 104L2 +
3

4
. (5.47)

ΛಘΔɽ͜Ε͔ΒL ! 0.015ͷ߹ʹ gFD∗ ! gBE
∗ ɽॳظӉͰେ͖ͳϨ

ϓτϯඇରশੑ͕͋Δ߹ʹɼgFD∗ ! gBE
∗ ͷؔ͞ڐ͕ΕΔɽ
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ୈ6ষ ݴ݁

ຊͰɺඇ७ਮϑΣϧϛΦϯχϡʔτϦϊ͕ॳظӉʢ์ࣹ༏ظʣ
Ͱɺ૬ରత༗ޮࣗ༝ʹ༩͑ΔӨڹΛͨ͠ߟɽͳ͓ɼຊڀݚͷత
χϡʔτϦϊ͕ϑΣϧϛɾσΟϥοΫ౷ܭʹै͏ͱ͍͏௨આΛ൱ఆ͢Δ͜
ͱͰͳ͍ɽ͋͘·ͰՄੑͷ 1ͭͱͯ͠ɼχϡʔτϦϊ͕७ਮͳϑΣ
ϧϛɾσΟϥοΫ౷ܭʹैΘͳ͍߹ʹ͜ىΓ͏ΔཧݱΛͨ͠ߟɽ
ୈ 2ষͰɼຊڀݚͷૅجͱͳΔྔࢠ౷ֶྗܭͱχϡʔτϦϊཧֶ

Λ·ͱΊͨɽ
ୈ 3ষͰɼχϡʔτϦϊ͕७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭʹै͏ͷ

Ͱͳ͘ɼ७ਮͳϑΣϧϛɾσΟϥοΫ౷ܭ (F.D.)͔Β७ਮͳϚΫεΣ
ϧɾϘϧπϚϯ౷ܭ (M.B.)ͷؒͷதؒͷ౷ܭʹै͏ͱͨ͠ɽͦͯ͠ɼॳظ
Ӊʢ0.5 ∼ 500GeVͷԹʣʹ͓͚Δඇ७ਮϑΣϧϛΦϯͰ͋Δχϡʔ
τϦϊͱ૬ରత༗ޮࣗ༝ͷؔͨ͠ߟ͍ͯͭʹɻ
௨ৗɼ์ࣹ༏ظʹ͓͚ΔΤωϧΪʔີχϡʔτϦϊͷϑΣϧϛɾ

σΟϥοΫ౷͔ܭΒͷͣΕʹͬͯ૿Ճ͢Δɻ͔͠͠ͳ͕ΒɼզʑGeV

εέʔϧͷӉͰେ͖ͳϨϓτϯඇରশ͕͋Δͱ͖ɺχϡʔτϦϊͷ
ϑΣϧϛɾσΟϥοΫ౷͔ܭΒͷͣΕʹͬͯ૬ରత༗ޮࣗ༝͕ݮগ
͢Δ͜ͱΛࣔͨ͠ɻ
զʑ·ͨɺԹ͕ T ≃ 1MeVʢBBNपลͷԹʣͰ͋Δͱ͖ͷϑΣ

ϧϛɾϘʔεύϥϝʔλ κν ͱॖୀύϥϝʔλ ξνf = µνf/T ʹ͍ͭͯߟ
͔ܭϑΣϧϛɾσΟϥοΫ౷͕ੑܭɻͦͷ݁ՌɺχϡʔτϦϊͷ౷ͨ͠
ΒϚΫεΣϧɾϘϧπϚϯ౷ܭมԽ͢Δ͚ͩͰɼ༗ޮχϡʔτϦϊ
ͷաʢNeff > 3ʣΛઆ໌Ͱ͖ͳ͜ͱ͕໌Β͔ʹͳͬͨɻ͜ͷ͜ͱɺ
ॳظӉͷμʔΫ์ࣹʹඇඪ४ܕͷཻࢠΛؚΉ͜ͱΛ͍ࣔࠦͯ͠Δɻ
ୈ 4ষͰɼ͞Βʹ౷ੑܭͷมԽΛ֦ு͠ɺχϡʔτϦϊͷ౷͕ੑܭ

ϑΣϧϛɾσΟϥοΫ౷ܭʢFDʣ͔ ΒϚΫεΣϧɾϘϧπϚϯ౷ܭʢMBʣ
Λհͯ͠ϘʔεɾΞΠϯγϡλΠϯ౷ܭʢBEʣ·ͰมԽͰ͖Δͷͱ͠
ͨɻχϡʔτϦϊʹϚΫεΣϧɾϘϧπϚϯ౷͔ܭΒϘʔεɾΞΠϯ
γϡλΠϯ౷ܭ·Ͱͷ࿈ଓมԽΛڐ༰͢Δ߹ɼχϡʔτϦϊͷॖୀύ
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ϥϝʔλ͕࣍ͷΑ͏ʹͳΔ͜ͱ͕ॏཁͰ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɽ

lim
κν→−0

ξBBɺmax
ν = ∞ (6.1)

Ұൠʹɼ७ਮͳϘκϯʢκν = −1ʣͷॖୀύϥϝʔλʢέϛΧϧϙςϯ
γϟϧʣແࢹͰ͖Δɻ͔͠͠ɺ७ਮͳBEʢκν = −1ʣ͔ Β७ਮͳMBʢ
κν = 0ͷ౷ܭͷมԽ BBν ͷ࠷େॖୀύϥϝʔλͷ্ݶΛmν/T ͔
Βແݶେ·Ͱ૿Ճͤ͞ΔͷͰ͋Δɻ
·ͨɼୈ 3ষͱಉ༷ʹͯ͠ɼҰൠʹ૬ରత༗ޮࣗ༝ͷେখؔ

 gFD
∗ < gMB

∗ < gBE
∗ ͱͳΔ͕ɼॖୀχϡʔτϦϊ͕ଘ͢ࡏΔʢΑΓ

ਖ਼֬ʹɺେ͖͔ͭ͘ҰఆͷϨϓτϯඇରশੑ͕͋Δʣ߹ɺٯͷؔ
gBB
∗ < gMB

∗ < gFB
∗ ͳͲଞͷύλʔϯՄͰ͋Δ͜ͱ͕໌Β͔ʹͳͬͨɻ

͞Βʹզʑɺඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊʹΑΔݱత݁ؼ
Λٞͨ͠ɻ ͦͯ͠ɼྫ͑ඇ७ਮͳϑΣϧϛΦϯχϡʔτϦϊμʔ
ΫϚλʔͷଘྔࡏΛݮগͤ͞ɺόϦΦϯ - ൺΛ૿Ճͤ͞Δ͜ͱΛࣔࢠޫ
ͨ͠ɽ
ୈ 5ষͰɼతʹಘΒΕͨ݁ؼΛΑΓ໌֬ʹཧղ͢ΔͨΊʹɼਖ਼

ຯΤωϧΪʔີͱ૬ରత༗ޮࣗ༝ͷۙࣅతͳղੳࣜΛಋ͖ɼ૬ର
త༗ޮࣗ༝͕Ϩϓτϯඇରশੑʹେ͖͘ґଘ͢Δ͜ͱΛࣔͨ͠ɽ
७ਮϑΣϧϛΦϯͰͳ͍χϡʔτϦϊʹ͓͚Δ૬ରత༗ޮࣗ༝

g∗ͷޮՌɺ

∆g∗(T, µi) =
∑ 15gi+ī

π4

(
6µ2

i

T 2
F2(κi)

)
(6.2)

Ͱද͞ΕΔɽ͜͜Ͱ

Fs(κ) ≡
∞∑

n=1

(−κ)n−1

ns
(6.3)

Ͱ͋ΔɽૉཻࢠͷέϛΧϧϙςϯγϟϧʹదͳԾఆΛ͏ߦͱɼ

∆g∗ =
15

4π2

∑

i=fermions ̸=ν

giξ
2
i (κν) +

∑

i=ν

45

π4
F2(κν)gνξ

2
i (κν)

+
∑

i=ν

gi

(
90

π4
F4(κν)−

7

8

)
(6.4)

ΛಘΔɽϨϓτϯඇରশੑLℓ = L/3 ͓Αͼ L ≫ B ∼ 0ͷଘࡏΛԾఆ͢
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Δͱɼ

∆g∗(κν = 1) ≃ 1.65× 104L2,

∆g∗(κν = −1) ≃ 1.31× 104L2 +
3

4
. (6.5)

ΛಘΔɽ͜Ε͔ΒL ! 0.015ͷ߹ʹ gFD∗ ! gBE
∗ ɽॳظӉͰେ͖ͳϨ

ϓτϯඇରশੑ͕͋Δ߹ʹɼgFD∗ ! gBE
∗ ͷؔ͞ڐ͕ΕΔɽ

75



ँࣙ

·ख๏ͷख΄Ͳ͖Λͯͩ͘͠͞Γɺڀݚཧɺ͓Αͼ༷ʑͳࢠૉཻʹࢲ
్ͨதମௐΛ่͢͜ͱଟ͔ͬͨࢲʹɺԹ͔͍͓͍ݣؾͷͱڀݚΛࢧ
ਃ্͛͠·͢ɻँײतʹ৺͔Βڭһͷྛরڭಋࢦͨͬͩͯ͑͘͞
·ͨɺࢲͷֶ෦ੜͷ࣌ͷ୲Ͱ͋ΓɺओࠪΛΊͯͩͬͨ͘͞৽

ෑڭतɺֶ෦࣌ΑΓࢲΛͩͯͬ͘͞ݣؾΓ༷ʑͳ໘Λͯ͘ݟ
ͷֶҐจʹରͯ͠༗ӹͳΞυόΠεΛͯ͘͠ࢲतɼڭ࣎ޱࢁͨͬͩ͞
ֶͩͬͨ͞ՊͷࢁຊٛڭतɼχϡʔτϦϊڀݚϓϩδΣΫτʹ͍
ɺֶྗܭɺ౷ֶྗࢠྔʹࢲतɺڭਖ਼थߐՃͤͯͩͬͨ҆͘͞͞ࢀΛࢲ
ੑཧֶͷૅجɺͦͯ͠ऀڀݚͱͯ͋͠Δ͖ଶΛͨͬͩͯ͑͘͞ڭ
๛ాਖ਼ڭतʹ৺͔Βँײਃ্͛͠·͢ɻ
ͦͯ͠ɼಉֶ͡Λ͢ࢤ༑ͱͯ͠ࢲΛࣨڀݚͨͬͩͯ͑͘͞ࢧͷϝϯ

όʔͷօ༷ʹ৺͔ΒͷྱޚΛਃ্͛͠·͢ɽ
ɼͨͬͩͯ͑͘͞ࢧతʹਫ਼ਆతʹࡁܦɼ͜Ε·Ͱʹޙ࠷

ɼຓʹ৺͔Β͍ͨ͠ँײ·͢ɻ
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