


5. ॴظͷతͷߦঢ়ٴگͼՌ

1. ਐԽίʔυ։ൃ߃ճసͷؾ࣓
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ਤ 1: ଠཅͷ 1.5 ഒͷ࣭ྔΛͭ߃ͷਐԽʹ͏ํܘ
ҳͷࢄํ๏ͷ࣓ʢӈ্ʣͷܦʣ͓Αͼ্ࠨͷ࣓ʢ
ͳ͍߹ͷมԽɻີͷมԽʹ࣓ͬͯͷ͞ڧ͓
͓͖͘มԽ͢Δ͕ɺͦΕͧΕ࣓ؾϑϥοΫεʢࠨԼɺӈԼʣ
ҰఆʹอͨΕ͍ͯΔɻ

ɹؒظݣΛ௨ͯͬ͡ͱूத͕ͯ͠ڀݚͨͬߦʮ࣓ؾ
ճసͷ߃ਐԽʯͷཧڀݚͰ͋Δɻ࣓ɺཧతʹɺ
Δୈ͏͠ڹਐԽʹӨ߃ɺ͙࣍ʹ࣭ྔɺۚଐྔɺࣗసӡಈ߃
ʑ༷ʹࡍͷύϥϝʔλͱͯ͠͞Ε͖ͯͨྔͰ͋Γɺ࣮࢛
ͳछྨͷ߃͕ͦͷද໘ʹྗڧͳ࣓Λอ͍ͯ࣋͠Δ͜ͱ͕
ଌͰ֬ೝ͞Ε͖ͯͨϢϏΩλεͳྔͰ͋Δɻ͔͠͠ͳ͕؍
Βɺ͜Ε·Ͱ߃෦ʹଘ͢ࡏΔ࣓͕߃ਐԽʹͲͷΑ͏
ʹӨ͢ڹΔͷ͔ʹ͍ͭͯɺܥ౷తͳڀݚ·ͬͨ͘ͳ͞Εͯ
͜ͳ͔ͬͨɻ͜ͷͷେ͖ͳཧ༝ɺͦͷߏؒ࣌ਐԽ
Λهड़͢ΔͨΊͷ৴པͰ͖Δํ๏͕ߟҊ͞Εͯ͜ͳ͔ͬͨͨ
ΊͰ͋Δɻࢲͷத৺తڀݚ՝࿈ܥʹ͓͚Δେ࣭ྔਐ
Խաఔͷղ໌Ͱ͋Δ͕ɺͦͷߏཁૉͱͯ͠୯ಠਐԽͷཧ
ղ͕ෆՄܽͳͷવͰ͋Γɺͦͷ͏͑Ͱ͜Ε·Ͱຊ࣭తʹ
ཧղ͕͔ͬͨ͠ͱ࣓ͯ͠ʹΑΔ߃ਐԽͷӨڹΛ
ղ໌͢Δ͜ͱ͕ॏཁͩͱ͑ߟɺͦͷڀݚΛ͜͏ߦͱʹͨ͠ɻ
ཧࢉܭʹ࣓ͷӨڹΛؚΊΔͨΊʹඞཁͳͷɺ߃

෦ͷ࣓ͷߏਐԽΛ͕ਐԽ͢ΔظͷλΠϜεέʔϧͰ
͏͜ͱ͕Ͱ͖ΔεΩʔϜͷ։ൃͰ͋Δɻ௨ৗΑ͘ߦΘΕΔ
ʢcomputationalࢉܭମྲྀؾ࣓ MHDʣΛ༻͍ͨ߹ɺ࣓ؾ
ྲྀମͷྲྀΕͷλΠϜεέʔϧʹͯ͠͠·͏ͨΊʹɺͱ͖
ʹҰԯҎ্ʹͳΔ߃ͷਐԽաఔΛγϛϡϨʔτ͢Δͷ
͕ؒ࣌ࢉܭ·ͬͨ͘Γͳ͘ͳͬͯ͠·͏ɻ࣮ɺ͜ͷλ
ΠϜεέʔϧͷ࣓ͷͳ͍ྲྀମࢉܭͰΛγϛϡϨʔ
τ͢Δࡍಉ༷ʹଘ͠ࡏɺͦͷ߹ʹ߃෦ͷྲྀΕΛແ
Δͱ͍͏ΞΠσΟΞʹΑͬͯͷղܾ͕ਤΒΕ͍ͯΔɻ͢ࢉܭঢ়ʯΛܗߧʯͷʮฏ߃ରশͷԾఆΛ͓͍ͨٿɺʮ͠ࢹ
ͷλΠϜεέʔظҊ͢Δ͜ͱͰߟਐԽࣜΛؒ࣌Δ͏ͪ࣋ঢ়ΛܗߧΛ୯७Խʯ͠ɺฏߏ෦࣓ͷ߃ճզʑɺʮࠓ
ϧͰߏΛม͑Δ࣓ͷඳ૾Λಘɺ࣓ΛؚΜͩ߹ͰλΠϜεέʔϧͷΛղܾͰ͖Δख๏ΛߟҊͨ͠ɻ
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ਤ 2: ճసɻ-ؾ෦Λ͢Δ࣓߃

۩ମతͳख๏ͷཁҎԼͷ̏Ͱ͋Δɻ

1. ࣓ͷߏΛ࣠ରশɾ࣓ؾࢠۃతҢํґଘੑΛ
ؔͭ࣋ґଘੑΛܘͱԾఆ͠ɺೋछྨͷͭ࣋ A(r)
ʢϙϩΠμϧ࣓ͷϕΫτϧϙςϯγϟϧʣB(r)
ʢτϩΠμϧ࣓ͷʣͰهड़Ͱ͖ΔΑ͏ʹͨ͠ɻ

2. ฏۉ MHD μΠφϞํఔࣜʹଇΓɺۭؒݩ࣍ࡾͰͷ
ఔࣜΛఆࣜԽͨ͠ɻํૅجਐԽͷؒ࣌

3. Alfvén ͷఆཧΛ༻͍ͯɺͱͱۭؒݩ࣍ࡾͰఆٛ͞
ΕͨํૅجఔࣜΛҰݩ࣍ฏۉԽͨ͠ɻ

͜ΕΒʹΑΓ߃ਐԽͷظλΠϜεέʔϧͰͷ࣓ൃలΛ
ن৽͖ͮجʹɺ͜ͷఆࣜԽࡍΔ͜ͱ͕Մͱͳͬͨɻ࣮͢ࢉܭ
։ൃ࣓ͨ͠ؾճస߃ਐԽίʔυʹΑΔγϛϡϨʔγϣϯ
Ͱ a) ࣓ྗઢϑϥοΫε͕อଘ͢Δ͜ͱ b)ཚྲྀͷଘྖࡏҬ
Ͱ࣓ࢄؾҳ͕͓͖Δ͜ͱ Λ֬ೝ͢Δ͜ͱ͕Ͱ͖ͨʢਤ̍ʣɻ
࣓͕߃ਐԽʹ༩͑ΔӨڹͷͳ͔Ͱॏཁ͞ࢹΕ͍ͯΔ

ͷ͕ɺ࣓ؾετϨεʹΑΔ߃෦ͷ֯ӡಈྔͰ͋Δɻ
ࣗసӡಈ͕߃ਐԽʹ༩͑ΔӨڹʹ͍ͭͯաڈʹ͞·͟
·ͳઌߦ͕ڀݚߦΘΕ͓ͯΓɺಛʹࣗసӡಈ͕ۦಈ͢Δཚྲྀ
͕෦ͷԽֶΛมԽͤ͞ΔӨ͕ڹॏཁͰ͋Δ͜ͱ
͕ΒΕ͖ͯͨɻҰํͰɺݱঢ়ͷࣗసਐԽཧʹֶ
Ͱ͖ͳ͍͕ݱ࠶෦ͷࣗసਪఆΛ͍ͨͮجʹ
͋ΓɺͦͷͷղܾҊͱͯ͠༗ྗͳҊͷͻͱ͕࣓ͭؾετ
ϨεʹΑΔ֯ӡಈྔ༌ૹͳͷͰ͋Δɻ͜Ε·ͰશମʹΘ
࣓ͨͬͯͷߏΛهड़Ͱ͖Δख๏͕ΒΕ͍ͯͳ͔ͬͨͨ
Ίʹɺ࣓ؾετϨεͷੵݟΓʹେ͖ͳෆఆੑ͕͍ͬͯ
ͨɻͦͷͰɺզʑͷख๏Ͱ࣓ͷߏਐԽΛৄهʹࡉड़
Ͱ͖ΔͨΊʹɺຊ࣭తʹΑΓ༏Ε࣓ͨؾετϨεͷධՁ͕Մ
ͱͳͬͨɻ
·ͣզʑɺMHD ͷͱͰࣅۙ Lorentz ετؾ࣓͕ྗ

ϨεʹҰக͢Δͱ͍͏ੑ࣭Λͱʹɺ֯ӡಈྔอଘΛຬͨ͢

1



ɻͨͬߦఆࣜԽΛݩ࣍ετϨεʹΑΔ֯ӡಈྔ༌ૹͷҰؾ࣓
ͦͯ͠ɺ࣓ਐԽͷࣜͱ͋Θͤͯͱ͘͜ͱʹΑΓɺ෦Λ
͢Δ సࣗ–ؾ࣓ ͷղ͕ଘ͢ࡏΔ͜ͱΛൃͨ͠ݟʢਤ
̎ʣɻ͜Εɺ͜Ε·ͰԾఆ͞Ε͖ͯͨʮࠩಈճస͕͋ΔྖҬͰ࣓ؾετϨεࠩಈճసͷେ͖͞ʹൺྫ͠ɺ֯ӡಈ
ྔ༌ૹ֦ࢄతʹͳΔʯͱ͍͏ඳ૾Λ൱ఆ͢Δ͚ͩͰͳ͘ɺʮ֯ӡಈྔΛ͕ͭͷ෦Ͱࢄҳ͠ͳ͕Β͢Δ͜
ͱͰྗڧͳ֯ӡಈྔ༌ૹΛ͏ߦʯͱ͍͏৽͍͠ඳ૾ΛͨΒ͢ɺըظతͳൃݟͰ͋Δɻ͞Βʹɺ࣓ؾετϨεΛؚΊͨ
ͷίΞͷࣗసΛઆ໌Ͱ͖Δ͜ͱ·Ͱࣔͨ͠ɻڊͷͳ͔ͬͨ৭ྫݱ࠶Αͬͯɺ͜Ε·ͰʹࢉܭਐԽ߃
͜Ε·ͰͷՌΛ·ͱΊΔͱɺ

1. ࣮༻తͳ߃࣓ͷऔΓѻ͍ख๏Λ։ൃͨ͠ɻ

2. ෦Λ͢Δ߃ సࣗ–ؾ࣓ ͷղΛൃͨ͠ݟɻ

3. ίΞͷࣗసΛઆ໌ͨ͠ɻڊͳ͍৭ߦΛࢉܭਐԽ߃ճసؾ࣓

ͱͳΔɻՌͷൃදɺ͍͔ͭ͘ͷࡍࠃձٞͰͷޱ಄ൃදٴͼɺࣥࡏݱචதͷจʹΑΓ͏ߦɻ͜ͷ࣓ؾճసࢉܭɺ
ैདྷߦΘΕ͖ͯͨͯ͢ͷ߃ਐԽࢉܭʹద༻ՄͰ͋ΓɺͦͷԠ༻ྫඇৗʹ෯͍ɻࢲͷத৺త՝Ͱ͋Δ࿈ܥ
ʹ͓͚Δେ࣭ྔਐԽաఔʹద༻͢ΔͨΊʹɺ·ͣ୯ಠେ࣭ྔͷԠ༻Λ͜͏ߦͱΛܭը͍ͯ͠Δɻ

2. ڀݚ৽രൃʹ͓͚Δ೩ম໘ϝΧχζϜͷܕ֫ัࢠి
ɹਐԽͷ࠷ऴہ໘ʹॏྗ่յΛ͓͜͠৽രൃΛҾ͖߃͢͜ىΛେ࣭ྔͱΑͿ͕ɺͦͷͳ͔Ͱ࠷͍͕ܰҾ
͢Δܗ৽ͷమͰͰ͖ͨத৺ίΞΛܕ৽രൃͱΑΕΔɻ௨ৗͷॏྗ่յܕ֫ัࢠ৽ి͢͜ى͖
͕ɺిܕ֫ัࢠ৽ͷͷ߹ओʹࢎૉͱωΦϯͰͰ͖ͨίΞ͕ܗ͞ΕΔɻࢎૉωΦϯమͱൺͯখ͞ͳ
݁߹ΤωϧΪʔΛͭ֩ࢠݪͰ͋ΔͨΊɺॏྗ่յΛ͓͜͢લʹࢎૉ-ωΦϯ͔ΒΑΓ҆ఆͳమͷ૬సҠ͕͖ى
Δͷ͕ͩɺͦͷڊʹࡍେͳ͕ൃੜ͢Δɻ͜ͷ͕ίΞͷԹΛ্͛ɺ͞ΒͳΔ֩ԠΛҾ͖͢͜ىͷͰɺిܕ֫ัࢠ
৽രൃͷલʹίΞͷத৺͔Β֎ଆʹ͔͚ͯ͢Δ೩ম͕ൃୡ͢Δɻ
ૉ-ωΦϯίΞ͕രൃ͢Δ·ͰͷਐԽʹରͯ͠ɺ೩ম໘ͷඇৗʹॏཁͳޮՌΛͭɻ֩ԠʹΑΔൃͰࢎ

ίΞ͕ு͢ΔҰํͰɺ೩মޙͷమͰٸͳి֫ัࢠԠ͕͓͖ɺిີࢠͷݮগ͓ΑͼχϡʔτϦϊ์ࣹʹ
ΑΔΤωϧΪʔݮগ͕ѹྗΛԼͤ͞ΔɻલऀͷޮՌ͕ӽ͢Δ߹ɺࢎૉ-ωΦϯίΞ֩ԠʹΑΔരൃΛ͜ى
͕͢ɺ͕ऀޙӽ͢Δ߹ʹॏྗ่յ͢ΔɻͲͪΒͷޮՌ͕ΑΓॏཁ͔Λܾఆ͢Δʹɺ֩Ԡͱͦͷൃɺిัࢠ
֫ԠͱχϡʔτϦϊʹΑΔྫྷ٫ޮՌΛྀͨ͠ߟɺৄࡉͳγϛϡϨʔγϣϯ͕ඞཁʹͳΔɻ
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ਤ 3: ৽രൃʹ͓͚Δ֤࣭ྔૉยͷྲྀઢɻܕ֫ัࢠి
ޙ࢝։ࢉܭ 0.3 ඵͰࢎૉ-ωΦϯίΞ่յ͠தੑࢠίΞ
Λܗ͢Δ͕ɺͦͷաఔͰίΞͷଆͰɺࢎૉ+ωΦϯͷ
֩೩মΛ͏೩ম໘͕͍ͯ͘͠ʢΦϨϯδઢʣɻ

ԠʹΑͬͯੜͨ͡χϡʔτϦϊ͕प֫ัࢠճզʑɺిࠓ
ғͷίΞ࣭ͱೋ࣍తʹ͢͜ىԠʹ͠ɺࢎૉ-ωΦϯί
Ξͷ่յલ͔Βരൃ͢Δ·ͰͷγϛϡϨʔγϣϯΛͨͬߦɻ
͜Ε·ͰͷڀݚͰࢎૉ-ωΦϯίΞͰੜ͡ΔχϡʔτϦϊ
ԠͦͷԠஅ໘ੵ͕খ͍͜͞ͱ͔Βݟಀ͞Ε͖ͯͨͷ͕ͩɺ
ԠʹΑΔχϡʔ֫ัࢠͳిٸͷࡍ৽രൃͷܕ֫ัࢠి
τϦϊޫඇৗʹେ͖͘ɺதੑࢠͱൺΔͱඇৗʹີ
ͳࢎૉ-ωΦϯίΞͰ͋ͬͯχϡʔτϦϊԠ͕ॏཁʹͳΔ
Մੑ͕͋ͬͨͨΊͩɻγϛϡϨʔγϣϯͷ݁Ռɺैདྷͷ༧ଌ
ΑΓ 10ഒఔ͍͕ಘΒΕͨɻ͜ΕχϡʔτϦ
ϊ-ిࢄࢠཚʹΑΔൃʹΑͬͯ೩ম໘͕ଅਐ͞Εͨͨ
ΊͰ͋ΓɺԠஅ໘ੵ͕খ͍͞ͱ͍͑ͲχϡʔτϦϊԠΛ
ແͯ͠ࢹ͍͚ͳ͍͜ͱ͕Θ͔ͬͨɻࢉܭͷ݁ՌͱͦͷղੳΛ
·ͱΊͨจ “The Evolution toward Electron Capture
Supernovae: The Flame Propagation and the Pre-bounce
Electron-Neutrino Radiation”, K. Takahashi et al., The
Astrophysical Journal, 871(2019), 153 ͱͯ͠ग़൛͞Εͨɻ
ͱͰɺχϡʔτ͜͏ߦͷγϛϡϨʔγϣϯΛظޙΑΓࡏݱ
ϦϊԠΛྀ͢ߟΔ͜ͱͰ৽രൃࣗମʹͲͷΑ͏ͳӨڹ
͕ͰΔ͔ΛௐࠪதͰ͋Δɻ

3. ϖΞෆ҆ఆܕ৽രൃʹΑΔݩૉ߹ͷڀݚ
ɹଠཅͷ 150-300 ഒͷ࣭ྔΛ߃ͭ࣋ɺిࢠཅిࢠରੜܕ৽രൃͱ͍͏ಛҟͳ৽Λ͜͢͜ىͱ͕༧
͞Ε͍ͯΔɻͦͷΑ͏ͳେ࣭ྔͷίΞߴΤϯτϩϐʔͱͳΓɺޫࢠͷҰ෦͕ిࢠཅిࢠͷରੜΛ͢͜ىͷʹे
ͳΤωϧΪʔΛͭ࣋͜ͱʹͳΔɻରੜԠ͕͓͖ΔͱޫࢠͷΤωϧΪʔͷҰ෦ిࢠཅిࢠͷ࣭ྔʹม͞ΕΔ͕ɺ
͜ΕʹΑΓѹྗ͕Լ͢Δɻ͜ͷޮՌΛྀ͢ߟΔͱɺߴΤϯτϩϐʔ࣭Λ͑ࢧΒΕͳ͍΄Ͳ “ॊΒ͔͘”ͳͬͯ
͍ΔͣͰɺ͜ΕʹΑΓॏྗ่յΛ͡ΊΔɻҰํɺ͜ͷ࣌Ͱେ࣭ྔίΞΛܗ͍ͯ͠ΔࢎૉωΦϯమʹ
ม͞ΕΔࡍʹൃ͢ΔͷͰɺॏྗ่յʹΑͬͯԹ্͕ঢ͢Δ݁Ռ֩Ԡ͕ଅਐ͞ΕɺܹٸͳΤωϧΪʔೖ͕͓͖
Δɻ֩ԠʹΑΔൃʹΑͬͯͷ่յ৯͍ࢭΊΒΕɺࠓٯʹస͠ɺരൃ͕͓͖Δɻ͜ͷΑ͏ͳരൃΛిࢠཅ
ͱ͕ͭ࣋͜Ҽͯͦ͠ͷ์ग़ಛҟͳԽֶΛىʹ৽രൃͱΑͿɻരൃϝΧχζϜ͕ಛҟͳ͜ͱܕରੜࢠి
ΒΕ͓ͯΓɺզʑ࣭ྔҬΛཏͨ͠ܥ౷తͳݩૉ߹ࢉܭΛ͓͜ͳ͖ͬͯͨʢTakahashi et al. 2018ʣɻ
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ਤ 4: ਐԽͷ࠷ऴہ໘Λɺ࣭ྔʢԣ࣠ʣͱૉͷΞϧϑΝั֫Ԡʢॎ࣠ʣͰྨͨ͠૬ਤɻ৭ͷҧ͍ૉ೩ম
͞ΕΔྖҬɻઢͷӈܗԼ͓ΑͼӈԼͷྖҬॏྗ่յͷͷͪϒϥοΫϗʔϧ͕ࠨૉൺɻࢎΔίΞͷૉ͚͓ʹظ
ଆʹରੜܕ৽ͱͳΔྖҬ͕ଘ͠ࡏɺԠ͕খ͍͞΄Ͳඞཁͳ࣭ྔ͕େ͖͘ͳ͍ͬͯΔɻ

ϝΧχζϜ͕୯७ͳ͜ͱ͔Βཧతͳଘࡏ༧ଌ͕৴པ͞Ε͖ͯͨҰํͰɺରੜܕ৽രൃͷ؍ଌతͳ࣮ূߦΘ
Ε͍ͯͳ͍ɻരൃͦͷͷͷ͔֬ͳ؍ଌྫ͕ͳ͘ɺ·ͨಛҟͳݩૉΛࣔۚ͢ଐ͕ܽΈ͔ͭΒͳ͍ͳͲͷ͕
͋Δɻզʑɺ͜Ε·Ͱ͕݀ͳ͍ͱ͑ߟΒΕ͍ͯͨരൃϝΧχζϜΛ͢ߟ࠶Δ͜ͱͰɺଠཅͷ 150-300 ഒͷ࣭ྔΛ
ग़ͨ͠ɻݟେ࣭ྔʹରੜෆ҆ఆΛ͓͜͞ͳ͍߹͕͋ΔՄੑΛͭ࣋
ͨ͠ͷɺૉ೩মظʹ͓͚Δରྲྀੜͷ༗ແͰ͋Δɻ௨ৗɺରੜෆ҆ఆΛ͢͜ىΑ͏ͳେ࣭ྔɺ

ૉ೩মΛͯ͜͠ىͦͷൃ͕χϡʔτϦϊྫྷ٫ʹٴͣରྲྀΛൃୡͤ͞Δ͜ͱ͕ͳ͍ɻզʑͷൃݟɺ͠Ծ
ʹૉ೩মதʹରྲྀ͕ൃୡ͢Δ͜ͱ͕͋ΕɺͦΕ͕Λ҆ఆԽͤ͞ରੜෆ҆ఆʹΑΔ่յ͕͕ΕΔͱ͍͏͜ͱ
ͩɻૉ೩মதͷରྲྀൃୡྫ͑ɺ͜Ε·ͰͷఆΑΓίΞͷૉྔ͕ଟ͍߹ʹ͓͖ɺ͜ΕΛෆఆੑͷେ͖
͍ૉʹΑΔΞϧϑΝั֫ԠʹԾୗ͢Δ͜ͱͰɺରੜෆ҆ఆ่յΛආ͚ΔਐԽϓϩηεΛγϛϡϨʔγϣϯ্
Ͱͨ͠ݱ࠶ɻԾʹ͜ͷϓϩηε͕࣮ࡍͷͰ͍͖ͨͯىͱ͢Δͱରੜܕ৽ʹඞཁͳ࣭ྔҬ͞Βʹେ͖ͳ
ͷͱͳΓɺະͩ؍ଌ͞Ε͍ͯͳ͍ͱ͍͏͠͞Λઆ໌͢Δ͔͠Εͳ͍ʢਤ 4ʣɻ͜ͷՌ “The Low Detection
Rate of Pair-instability Supernovae and the Effect of the Core Carbon Fraction”, K. Takahashi, the Astrophysical
Journal, 863(2018), 153 ʹͯग़൛͞Εɺ·ͨಉ༰ͷൃදΛࡍࠃձٞ Nuclei in the Cosmos 2018 ͓Αͼ General
Assembly of the International Astronomical Union Ͱߦͳͬͨɻ
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