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֓ཁ

஍ٿʹ઀ۙ͢ΔيಓΛ࣋ͭ஍ٿ઀ۙখ࿭੕ (Near Earth Objects, NEO)͸ଠཅܥ಺ͷ෺࣭Λ஍ٿʹ΋ͨΒ͠
͏ΔఱମͰ͋Γɺͦͷ૊੒ɺڧ౓ɺيಓਐԽաఔ΍αΠζස౓෼෍ͷཧղ͸ɺ஍ٿͷਫ΍ੜ໋ͷݯىΛղ໌͢Δ

্ͰඇৗʹॏཁͰ͋Δɻଟ͘ͷ NEO͸Ր੕–໦੕ؒͷϝΠϯϕϧτ͔ΒيಓਐԽͨ͠ఱମͰ͋Δ͜ͱ͕Θ͔ͬͯ
͓ΓɺͦͷيಓਐԽաఔͰ͸ଠཅ΍࿭੕ͷॏྗʹՃ͑ɺଠཅͷ᫔ࣹʹىҼͯ͠খ࿭੕ͷيಓ΍ࣗసঢ়ଶ͕มԽ͢

ΔඇॏྗޮՌ͕ॏཁͱͳΔɻඇॏྗޮՌͷҰͭͰ͋Δ YORPޮՌ͸௚͕ܘখ͍͞ఱମʹΑΓ࡞͘ڧ༻͠ɺNEO
ͷيಓਐԽʹൺ΂ͯ୹͍λΠϜεέʔϧͰࣗసपظΛมԽͤ͞Δɻߴ଎ࣗస͢Δখ࿭੕ʹ͸͍ڧԕ৺ྗ͕ಇ͖ɺ

ΔͨΊɺYORP͢ݧܦ΍ࣗసഁյΛܗୡ͢Δͱมʹظ଄Λҡ࣋Ͱ͖ͳ͘ͳΔྟքࣗసपߏ ޮՌ͕͘ڧಇ͘ඍখ
NEOͷࣗసपظΛ༻͍Δ͜ͱͰɺඍখখ࿭੕ͷڧ౓ʹ੍໿Λ༩͑Δ͜ͱ͕Ͱ͖Δɻඍখখ࿭੕ͷ؍ଌΛ͏ߦʹ͸
஍ٿʹ઀͚͔ۙͨ͠ݟͷ໌Δ͕͞໌Δ͍ఱମΛ؍ଌ͢Δඞཁ͕͋Δ͕ɺ஍ٿʹ઀ۙͨ͠ఱମ͸͚͔ݟͷҠಈ଎౓

͕େ͖͘ͳΔ͜ͱͰ؍ଌ࣌ʹ੕૾͕৳ͼͯײ౓͕௿Լ͢Δͱ͍͏໰୊͕ੜͯ͡͠·͏ɻ·͚͔ͨݟͷ଎౓͕େ͖

͍ͨΊʹ؍ଌՄೳ͕࣌ؒ୹͘ɺඍখখ࿭੕ͷ૊੒΍ࣗసपظͳͲͷ෺ཧྔΛಘΔͨΊͷ௥؍ଌΛ͜͏ߦͱ͕೉͠

͍ɻ͜ͷΑ͏ͳཧ༝͔Βඍখ NEO ͷൃݟ཰͸௿͘ɺྫ͑͹௚ܘ 30m ҎԼͷ NEO ͷ໿ 98% ͕ະൃݟͰ͋Γɺ
෺ཧྔΛಘΔͨΊͷ௥؍ଌ͸ݶΒΕͨఱମʹ͔͠ߦΘΕ͍ͯͳ͍ɻۙ೥Ͱ͸෼ҎԼͷࣗసपظΛ΋ͭߴ଎ࣗసখ

࿭੕͕͔ͭݟΓͭͭ͋Δ͕ɺ10ඵҎԼͷࣗసपظΛ࣋ͭখ࿭੕͸ൃ͞ݟΕ͍ͯͳ͍ɻ֤؍ଌ૷ஔͰਪఆՄೳͳࣗ
సपظ͸ిՙͷಡΈग़͠ͳͲ࿐ޫؒͷΦʔόʔϔου࣌ؒʹґଘ͢ΔͨΊɺ෼ҎԼͷߴ଎ࣗసখ࿭੕ͷपظΛਪ

ఆ͢ΔͨΊʹ͸ߴ଎؍૾ࡱଌΛ͏ߦඞཁ͕͋Δɻ͜Ε·ͰಘΒΕ͍ͯΔখ࿭੕ͷࣗసपظ͸ଟछଟ༷ͳ૷ஔͰਪ

ఆ͞Εͨ஋Ͱ͋ΓɺͲͷࣗసपظ·Ͱ͕ਅͷখ࿭੕ͷࣗసपظ෼෍Λਖ਼͍ͯ͘͠͠ݱ࠶Δͷ͔ɺ·ͨ 10ඵҎԼͷ
Ͱڀݚ೉Λղܾ͢ΔͨΊຊࠔଌత؍ͳ͍ͷ͔͸໌Β͔Ͱ͸ͳ͍ɻ͜ͷΑ͏ͳ͠ࡏΛ࣋ͭখ࿭੕͕ଘظ଎ࣗసपߴ

͸ ग़γεςϜΛ։ൃ͠ɺͦΕΛ༻͍Δ͜ͱͰݕ଎Ҡಈఱମߴ(1) Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλதͷ
NEOͷ୳ࡧΛͨͬߦɻ·ͨɺ(2)ඍখ NEOͷؒ࣌ߴ෼ղޫ౓ۂઢΛऔಘ͢Δ͜ͱͰࣗసपظͱܗঢ়Λਪఆͨ͠ɻ

(1) Ͱ͸·ͣ Tomo-e Gozen ͷશఱαʔϕΠ؍ଌσʔλͷத͔Βߴ଎ҠಈఱମΛݕग़͢ΔγεςϜͷ։ൃΛ
໺Ͱ໿ࢹ޿ɻ20ฏํ౓ͷͨͬߦ 7000ฏํ౓ͷۭʹର͠ 2 fpsͷಈը؍ଌΛ͏ߦ Tomo-e GozenͷશఱαʔϕΠ
ଌͰ͸ຖ൩໿؍ 20 TBͷ๲େͳσʔλ͕ੜ੒͞ΕΔɻͦͷͨΊैདྷͷҠಈఱମݕग़ํ๏Ͱ͸σʔλྔʹൺྫͯ͠
ଟ͘ͷݕޡग़͕ൃੜ͠ɺਅͷҠಈఱମͷݕग़͕ࠔ೉ͱͳΔɻߴ଎Ҡಈఱମͷ؍ଌՄೳ࣌ؒ͸୹͍ͨΊɺਅͷҠಈ

ఱମͰ͋Δ͔ͷଈ࣌൑அ͸ෆՄܽͰ͋Δɻͦ͜ͰຊڀݚͰ͸ݕޡग़ͱਅͷҠಈఱମͷ෼ྨΛΑΓਖ਼֬ʹͨ͏ߦΊɺ

ϥϯμϜϑΥϨετΞϧΰϦζϜΛ༻͍ͨػցֶशϞσϧΛ࡞੒ͨ͠ɻ͞ΒʹҠಈఱମͷதʹଘ͢ࡏΔ NEOީ
ิఱମʹର͠ଈ࣌௥੻؍ଌΛͨ͏ߦΊʹඞཁͳػೳΛ࣮૷ͨ͠΢ΣϒΞϓϦέʔγϣϯΛ։ൃͨ͠ɻ։ൃͨ͠ߴ

଎Ҡಈఱମݕग़γεςϜΛ༻͍ɺTomo-e GozenશఱαʔϕΠ؍ଌσʔλதͷ NEOΛ୳ͨ͠ࡧɻ໿ 1೥ 4ϲ݄
ͷશఱαʔϕΠ؍ଌʹ͓͍ͯ NEOީิఱମʹର͠ 2752ճͷ௥੻؍ଌΛ࣮͠ࢪɺ৽ͨʹ 18ఱମͷ NEOΛൃݟ
͢Δ͜ͱʹ੒ޭͨ͠ɻTomo-e Gozen͕ൃͨ͠ݟ NEOͷฏۉҠಈ଎౓͸ 2.8 arcsec/sɺฏۉ௚ܘ͸ 20mͰ͋Γɺ
͜Ε·Ͱࠔ೉Ͱ͋ͬͨߴ଎Ҡಈ͢Δඍখ NEOͷൃݟʹ੒ޭ͍ͯ͠Δɻ

(2)Ͱ͸ຊڀݚͰൃͨ͠ݟ NEOΛؚΉܭ 29ఱମͷඍখ NEOʹର͠ɺTomo-e GozenΛ༻͍ͨ 2 fpsͷಈը
͍ߦଌΛ؍ 20 ෼ؒͷޫ౓ۂઢΛऔಘͨ͠ɻաڈʹ Tomo-e Gozen Λ༻͍ͯ؍ଌͨ͠ NEO ΛؚΊͨܭ 34 ఱମ
ͷ͏ͪ 19 ఱମͷࣗసपٻ͕ظ·ͬͨɻઌڀݚߦͱͷࣗసपظͷൺֱ͔ΒɺຊڀݚͰਪఆͨࣗ͠సपظͷ෼෍ʹ
͸ 100ඵҎԼͷ୹पظʹ௒աݟ͕޲܏ΒΕΔ͜ͱ͕Θ͔ͬͨɻ͜Ε͸ैདྷͷ؍ଌʹ͓͍ͯখ࿭੕ͷߴ଎ࣗసΛਖ਼
ग़Ͱ͖͍ͯͳ͔ͬͨ͜ͱΛࣔࠦ͢Δ݁ՌͰ͋Δɻ·ͨॏཁͳ݁Ռͱͯ͠ɺ2ݕ͘͠ fps ͷ؍ଌΛͯͬߦ΋ࣗసप
ظ 10ඵҎԼͷ NEO͸ݕग़͞Εͳ͔ͬͨɻඍখ NEOͷܥ౷తͳߴ଎؍ଌʹΑΓߴ଎ࣗస͢Δඍখ NEOͷܽ೗
Λࣔͨ͠ͷ͸ຊ͕ڀݚॳΊͯͰ͋ΔɻYORPޮՌʹΑΓࣗసՃ଎͞Εͨඍখ NEO͸ྗֶతਐԽաఔͷλΠϜε
έʔϧ (∼ 10Myr)ʹൺ΂୹͍λΠϜεέʔϧͰࣗసपظ 10ඵҎԼ΁ͱࣗసՃ଎͢ΔɻຊڀݚͰಘΒΕͨߴ଎ࣗ
స͢Δ NEO͕গͳ͍௚ܘ-ࣗసपظ෼෍͸ɺ1)ඍখ NEOͷڧ౓͸খ͍͞ɺ2)ඍখ NEO͸ࣗసഁյɺைࣚྗ͓
Αͼ೤ർ࿑ʹΑΓɺΑΓେ͖ͳ฼ఱମ͕ഁյ͞Εੜ੒ͨ͠ఱମͰ͋ΔͨΊੜ੒ޙʹे෼ͳࣗసՃ଎Λ͍ͯ͠ݧܦ

ͳ͍ɺͱ͍͏ೋͭͷղऍʹΑΓઆ໌͢Δ͜ͱ͕Ͱ͖Δɻ
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ୈ 1ষ

ಋೖ

1.1 Near Earth Objects (NEO)

ଠཅܥʹଘ͢ࡏΔଠཅɺ࿭੕ɺͦͷଞখఱମͷيಓ͸يಓཁૉΛ༻͍ͯද͞ΕΔɻଠཅ͔Βͷڑ཭ͷࢦඪͰ͋

Δيಓ௕൒ܘ aͱيಓͷܗঢ়Λද͢يಓ཭৺཰ eΛ༻͍ͯ q = a(1− e)Ͱ͞ࢉܭΕΔۙ೔఺ڑ཭͸ɺఱମ͕Ͳͷ

ఔ౓ଠཅʹ઀ۙ͢Δ͔ͷࢦඪͱͳΔɻيಓ௕൒͕ܘ 1 auͰ͋Δ஍ٿ΁ͷ઀ۙࢦඪͱͯ͠༻͍Δ͜ͱ͕Ͱ͖ɺۙ೔
఺ڑ཭ q ͕ 1.3 auະຬͷখ࿭੕Λ஍ٿ઀ۙখ࿭੕ (Near Earth Objects; ҎԼ NEO)ͱ͍͏1ɻ

NEO ͸஍ٿ΁ͷਫɾੜ໋ͷ༌ૹΛ୲ͬͨՄೳੑ͕͋ΓɺͦͷيಓਐԽ΍૊੒ɺڧ౓΍αΠζස౓෼෍Λ஌Δ
͜ͱ͸ۃΊͯՁ஋͕͋ΔɻͦͷͨΊۙ೥Ͱ͸ଟ͘ͷখ࿭੕୳͕ࠪػ NEO Λ๚Ε͍ͯΔɻ1996 ೥ʹ (433) Eros
Λ๚Εͨ NEAR ShoemakerΛ͸͡Ίɺ͸΍Ϳ͞ɺChang’e 2ɺ͸΍Ϳ͞ 2ɺOSIRIS-RExͱͦͷ৔؍ଌʹΑΔ
ଌͰ͸ಘΔ͜ͱͷͰ͖ͳ͍৘ใ͕औಘ͞Ε͍ͯΔɻ͸΍Ϳ͞ʹΑΔ؍ղ૾౓ը૾ͷऔಘɺॏྗ৔ଌఆͳͲ஍্ߴ

(25143)Itokawaͷ઀ۙ؍ଌ͸খ࿭੕͕ؠੴͷूੵମ (ϥϒϧύΠϧ)Ͱ͋Δ͜ͱΛࣔͨ͠ɻ͞Βʹ͸΍Ϳ͞ɺ͸
΍Ϳ͞ 2͸খ࿭੕ද໘෺࣭ͷαϯϓϧϦλʔϯϛογϣϯΛ࣮͠ࢪɺେݍؾಥೖ࣌ͷมੑΛड͚͍ͯͳ͍࢝ݪత
ͳ෺࣭ͷऔಘʹ੒ޭ͍ͯ͠Δɻ͜Ε·Ͱ୳ࠪ͞Εͨখ࿭੕ͷ௚ܘ͸਺ඦϝʔτϧҎ্ͱൺֱతେ͖͘ɺ௚͕ܘখ

͍͞খ࿭੕ʹ͍ͭͯͷ৘ใ͸΄ͱΜͲಘΒΕ͍ͳ͍ɻ௚ܘ 30 mڃখ࿭੕ 1998KY26 ΁ͷ͸΍Ϳ͞ 2ͷ֦ுϛο
γϣϯͰ͸ඍখখ࿭੕ʹؔ͢Δ஌ݟΛಘΔ͜ͱ͕ظ଴͞Ε͍ͯΔɻҎ߱ɺ௚ܘ 100mҎԼͷఱମɺখ࿭੕ɺNEO
ΛͦΕͧΕඍখఱମɺඍখখ࿭੕ɺඍখ NEOͱද͢هΔɻ
͜Ε·Ͱʹൃ͞ݟΕͨখ࿭੕ͷ௚ܘͷ෼෍Λൃݟ೥౓ຖʹਤ 1.1ʹࣔͨ͠ɻ؍ଌͰಘΒΕΔઈର౳ڃ (ଠཅҐ
૬͕֯ 0◦ɺ೔৺ڑ཭ͱ஍৺ڑ཭͕ͱ΋ʹ 1 au ͷ࣌ͷখ࿭੕ͷࢹ౳ڃ) ͔Βখ࿭੕௚ܘ΁ͷม׵͸زԿΞϧϕυ
0.168(Wright et al. 2016) 2ΛԾఆͨ͠3ɻඍখఱମͷ෺ཧྔΛಘΔʹ͸ɺ஍ٿʹ͍ۙͮͨ NEOͷ؍ଌ͕༗༻Ͱ
͋Δɻଟ͘ͷখ࿭੕͕ଘ͢ࡏΔՐ੕-໦੕ؒͷϝΠϯϕϧτʹଘ͢ࡏΔখ࿭੕ (ϝΠϯϕϧτখ࿭੕) ͸ NEOʹ
ൺ΂ͯ஍͔ٿΒԕ͘ɺඍখখ࿭੕Λൃݟɺ؍ଌ͢Δ͜ͱ͕ࠔ೉Ͱ͋Δɻͨͱ͑ൃݟͰ͖ͨͱͯ͠΋ɺݱঢ়ͷ؍ଌ

૷ஔͰ͸෼ޫ؍ଌʹΑΔεϖΫτϧܕਪఆ΍࿈ଓ؍ଌʹΑΔޫ౓ۂઢͷऔಘͱ͍ͬͨಛ௃͚ͮ͸೉͍͠ɻ͔͠͠

஍ٿʹۙͮ͘͜ͱͰ͚͔ݟͷ໌Δ͕͞໌Δ͘ͳΔ NEOͰ͋Ε͹௚͕ܘখ͍͞ఱମΛ؍ଌ͢Δ͜ͱ͕Ͱ͖ɺ࠷খ
Ͱ௚ܘ໿ 1mͷ NEO͕ൃ͞ݟΕ͍ͯΔɻඍখখ࿭੕͸௚ܘͷେ͖ͳϥϒϧύΠϧখ࿭੕ͱ͸ҟͳΓɺҰຕͷؠ
մ (Ұຕؠখ࿭੕)Ͱ͋ΔՄೳੑ͕͍ߴɻҰຕؠখ࿭੕ͱϥϒϧύΠϧখ࿭੕ͷີ౓ɺද໘༷૬ɺڧ౓ͳͲͷຊ࣭
తͳҧ͍͸ɺͦͷྗֶਐԽաఔͷࠩҟʹ͕ܨΔɻ

NEO͸஍ٿʹۙͮ͘͜ͱʹΑΓɺ஍࢙ٿʹ͓͍ͯଟ͘ͷඃ֐Λ΋ͨΒ͖ͯͨ͠ɻ໿ 6,600ສ೥લʹཽڪઈ໓ͷ
໿ܘͱͳͬͨϢΧλϯ൒ౡ΁ͷ௚ػܖ 15 kmͷখ࿭੕ͷམԼ (Schulte et al. 2010)΍ɺ1913೥஍্ٿͷൣ޿ғʹ
িܸ೾Λ΋ͨΒͨ͠௚ܘ਺ेϝʔτϧͷখ࿭੕ (Chant 1913)ɺۙ೥Ͱ͸ 2013೥ʹ௚ܘ໿ 20mͷখ࿭੕͕νΣ
ϦϟϏϯεΫᯁੴͱͯ͠ϩγΞʹམԼ͠ɺਙେͳඃ֐Λ΋ͨΒͨ͠ (Popova et al. 2013)ɻ஍ٿিಥʹࢸΒͳ͔ͬ
ͨఱମͰ͸ɺ2020೥ 11݄ 3೔ʹ௚ܘ 10mڃͷ NEO 2020VT4 ౓ͱಉఔ౓ͷ஍ද໿ߴӉ஦εςʔγϣϯࡍࠃ͕

1 ຊߘͰ͸ɺࡍࠃఱจֶ࿈߹ (International Astronomical Union) ؂ಜͷݩɺখఱମʹؔ͢Δଟ͘ͷ৘ใఏڙΛ͏ߦεϛιχΞϯఱ
ମ෺ཧ؍ଌॴ (Smithsonian Astrophysical Observatory)͕ӡӦ͢Δ૊৫Ͱ͋Δখ࿭੕ηϯλʔ (Minor Planet Center)ΛMPC
ͱද͢هΔɻຊߘͷখ࿭੕ͷॾ৘ใ͸ओʹMPC͕ެ։͍ͯ͠ΔσʔλΛ༻͍͍ͯΔɻৄࡉ͸ A.2Λࢀরͷ͜ͱɻ
https://minorplanetcenter.net/

2 NEOΛओͳର৅ͱ͢ΔຊڀݚͰ͸খ࿭੕ͷయܕతͳزԿΞϧϕυͷ஋ͱͯ͠ɺWright et al. (2016) ͷ NEOͷΞϧϕυ෼෍ͷϐʔ
ΫͷҰͭͰ͋Δ 0.168Λ༻͍Δɻͨͩ͠ޙड़͢Δ LCDBͷ௚ܘ͸ NEOͷయܕతͳزԿΞϧϕυΛ 0.2ͱ͍ͯͯ͠͠ࢉܭΔͨΊɺޫ
౓ۂઢʹؔ͢Δٞ࿦Ͱ͸زԿΞϧϕυ͸ 0.2ͱ͢Δɻ

3 ͸ࡉৄ A.1Λࢀরͷ͜ͱɻ
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400 kmͷڑ཭Λ௨ա͠ɺখ࿭੕؍ଌ্࢙࠷઀ۙڑ཭Λه࿥ͨ͠ɻ஍ٿিಥيಓΛ΋ͭఱମΛൃ͠ݟඃ֐Λܰ͢ݮ
ΔεϖʔεΨʔυͷ؍఺͔Β΋ NEO͸ॏཁͳ؍ଌର৅Ͱ͋Δɻ

ਤ 1.1 Εͨখ࿭੕ͷαΠζ෼෍͞ݟൃ (2020೥ 12݄ 22೔࣌఺)ɻ
খ࿭੕ͷ௚ܘΛॎ࣠ʹ༻͍ͯൃݟ೥ຖʹϓϩοτɻ੨৭఺ɺ੺৭఺ɺ྘৭఺͸ͦΕͧΕϝΠϯϕϧτখ࿭੕ɺ

NEOɺଠཅܥ֎ԑఱମΛද͢ɻॎํ޲ͷ֤৭ͷ໼ҹ͸ͦΕͧΕͷ෼ྨͷൃݟఱମͷαΠζൣғΛද͢ɻ͜͜
Ͱ͸ۙ೔఺ڑ཭͕ 1.3 auະຬͷఱମΛ NEOɺيಓ௕൒͕ܘ 5.2 auҎ্ͷখ࿭੕Λଠཅܥ֎ԑఱମɺͦͷଞ
ΛϝΠϯϕϧτখ࿭੕ͱͨ͠ɻ1801೥ɺ1802೥ɺ1804೥ɺ1807೥ͷఱମ͸ͦΕͧΕ (1) Ceresɺ(2)Pallasɺ
(3)Junoɺ(4)Vestaͷ࢛େখ࿭੕ɻ1898೥ͷఱମ͸࠷ॳͷ NEO (433) Erosɻ1930೥ɺ௚ܘ໿ 2400 kmͷ
ఱମ͸້Ԧ੕ɻൃݟ਺͕ಛʹগͳ͍ 1939೥-1945೥͸ୈೋ࣍ੈքେઓؒظɻൃݟ਺͕ಥൃతʹଟ͍ 1960೥ɺ
1971೥ɺ1973೥ɺ1977೥͸ถύϩϚʔఱจ୆ͱའϥΠσϯఱจ୆ʹΑΔύϩϚʔϥΠσϯαʔϕΠ (PLS)͕
͸MPCܘΘΕͨ೥ɻ௚ߦ ͕ެ։͍ͯ͠Δখ࿭੕ͷيಓ৘ใσʔλϕʔε4ͷઈର౳ڃΛزԿΞϧϕυ 0.168
ΛԾఆɻখ࿭੕൪߸͕෇༩͞Εͨఱମ͸ͦͷൃݟ೥5Λ࢖༻͠ɺͦͷଞͷఱମ͸Ծූ߸͔Βൃݟ೥Λਪఆɻ

2020೥ 12݄ 21೔ࡏݱ·Ͱʹൃ͞ݟΕͨ NEOͷ 2020೥ 12݄ 23೔࣌఺ͷҐஔΛਤ 1.2ɺਤ 1.3 ʹࣔ͢ɻ୳
ΘΕͨߦΑΔͦͷ৔୳͕ࠪʹػࠪ NEO (25143) Itokawa, (162173) Ryugu, (101955) BennuͷΑ͏ʹ஍ٿ ಓي)
௕൒ܘ 1 au) Δখ࿭੕΍͢ࡏಓ෇ۙʹଘي 2020AV4 ͷΑ͏ʹ஍ٿ΍ۚ੕ͷ಺ଆͷيಓΛ΋ͭఱମͳͲ (Marcos
and Marcos 2019; Greenstreet 2020) ɺଟ༷ͳ NEO͕ൃ͞ݟΕ͍ͯΔ
஌ͷط NEOͷઈର౳ڃͱيಓཁૉͷ෼෍Λਤ 1.4ʹࣔͨ͠ɻൃ͞ݟΕ͍ͯΔதͰ࠷େɺ࠷খͷ NEOͷ௚ܘ

͸ͦΕͧΕ໿ 30 kmɺ1mͰ͋Γɺ෯͍޿௚ܘΛ࣋ͭఱମ͕ଘ͢ࡏΔɻϝΠϯϕϧτখ࿭੕Ͱ͸؍ଌ͕೉͍͠௚
ܘ 100mҎԼͷఱମ΋ଟ͘؍ଌ͞Ε͍ͯΔɻNEOͷيಓཁૉͷಛ௃ͱͯ͠يಓ཭৺཰΍يಓ͕֯ࣼ܏େ͖ͳఱ
ମ͕ଟ͍͜ͱ͕͛ڍΒΕΔɻ

4 https://www.minorplanetcenter.net/iau/MPCORB/MPCORB.DAT
5 https://minorplanetcenter.net/iau/lists/NumberedMPs.txt
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ਤ 1.2 ԫಓ๺͔޲ํۃΒΈͨൃࡁݟΈ NEOͷۭؒ෼෍ (2020೥ 12݄ 23೔࣌఺)ɻ
͕ܘɻ੨৭ɺ੺৭఺͸ͦΕͧΕ௚޲͸य़෼఺ํ޲఺͸ଠཅɺX࣠ਖ਼ͷํݪ 200mҎ্ɺҎԼͷ NEOΛද͠ɺ
௚ܘʹൺྫͯ͠ϓϩοτɻઈର౳͔ڃΒ௚ܘ΁ͷม׵͸زԿΞϧϕυ 0.168 ΛԾఆɻ྘৭఺ɺࢵ৭఺ɺਫ৭
఺͸ (25143) Itokawaɺ(162173) Ryuguɺ(101955) Bennuɺԫ৭఺͸ Vatira ଒খ࿭੕ 2020AV2ɻࠇ৭ͷ

ԁͱ఺͸಺ଆ͔Βਫ੕ɺۚ੕ɺ஍ٿɺՐ੕ɺ໦੕ͷيಓͱ 2021 ೥ 1 ݄ 1 ೔࣌఺ͰͷҐஔΛද͢ɻMPC ͕
ެ։͍ͯ͠Δ NEO ͷيಓཁૉσʔλϕʔε (2020 ೥ 12 ݄ 23 ೔) 6ʹଘ͢ࡏΔ NEO ͷఱମྐྵΛ JPL ͷ
HORISONS 7Λ༻͍ͯࢉܭɻ

ਤ 1.3 ԫಓ໘ํ͔޲ΒΈͨൃࡁݟΈ NEOͷۭؒ෼෍ (2020೥ 12݄ 23೔࣌఺)ɻ
ԫಓ๺ۃΛ Z࣠ਖ਼ͷํ޲ͱͨ͠ɻຌྫ͸ਤ 1.2ͱಉ༷ɻͨͩ͠࿭੕ͱ࿭੕يಓ͸ਤ͍ࣔͯ͠ͳ͍ɻ

6 https://www.minorplanetcenter.net/iau/MPCORB/NEAm00.txt
7 https://ssd.jpl.nasa.gov/
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ਤ 1.4 NEOͷઈର౳ڃͱيಓཁૉͷ෼෍ (2021೥ 1݄ 4೔࣌఺)ɻ
Ծූ߸Λऔಘͨ͠ఱମͰઈର౳͕ڃਪఆ͞Ε͍ͯΔ 24428ఱମΛϓϩοτ8ɻઈର౳͔ڃΒ௚ܘ΁ͷม׵͸ز

ԿΞϧϕυ 0.168ΛԾఆɻ্ࠨ:NEOͷ௚ܘຖͷൃݟ਺ͷώετάϥϜɻӈ্:NEOͷيಓ௕൒ܘͱيಓ཭৺
཰ͷؔ܎ɻͨͩ͠ NEOͷ͏ͪيಓ௕൒͕ܘେ͖ͳ 8ఱମ͸আ֎ɻӈଆʹ NEO͕ଘ͠ࡏͳ͍ͷ͸ NEOͷఆ
ٛ (q = a(1− e) < 1.3)Λຬͨ͞ͳ͍͔ΒͰ͋ΔɻࠨԼ:NEOͷيಓ௕൒ܘͱઈର౳ڃͷؔ܎ɻNEOͷ͏ͪ
େ͖ͳ͕ܘಓ௕൒ي 8ఱମΛআ֎ɻӈԼ:NEOͷيಓ௕൒ܘͱيಓ֯ࣼ܏ͷؔ܎ɻNEOͷ͏ͪيಓ௕൒ܘ·
ͨ͸ىಈ͕֯ࣼ܏େ͖͍ 9 ఱମΛআ֎ɻMPC ͕ެ։͍ͯ͠Δيಓཁૉσʔλϕʔε (2021 ೥ 1 ݄ 4 ೔) Λ
ɻ༺࢖

1.2 NEOͷݯى

ϝΠϯϕϧτখ࿭੕ͷيಓਐԽΛ਺஋ࢉܭʹΑΓ௥੻͢Δ͜ͱͰɺϝΠϯϕϧτখ࿭੕ͷҰ෦͸஍ۙٿ๣ྖҬ

ಓਐԽ͢Δ͜ͱ͕ࣔ͞Ε͍ͯΔيʹ (Bottke W.F. et al. 2000; Granvik et al. 2018)ɻͭ·Γଟ͘ͷ NEO͸ϝ
Πϯϕϧτখ࿭੕͕يಓਐԽͨ͠ఱମͰ͋ΔɻͦͷيಓਐԽաఔʹ͓͍ͯɺଠཅ΍࿭੕ͷॏྗҎ֎ʹଠཅ͔Βͷ

᫔ࣹѹʹىҼ͢ΔॏྗҎ֎ͷྗɺ͢ͳΘͪඇॏྗޮՌ͕ॏཁͱͳΔɻҎԼͰ͸ೋछྨͷඇॏྗޮՌʹ͍ͭͯड़΂

(ਤ 1.5)ɺNEOͷྗֶతਐԽʹ͍ͭͯ·ͱΊΔɻ

8 WISEӴ੕ʹΑΔ੺֎ઢ؍ଌͷΈߦΘΕ͓ͯΓઈର౳ٻ͕ڃΊΒΕ͍ͯͳ͍ 2ఱମΛআ֎ͨ͠ɻ
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1 / 14

sunlight

reflected light

spin axis

irregular shape  
asteroid

Sun

prograde

retrograde

gain angular momentum

lose angular momentum

Sun

A
spin axis

B

lose angular momentum

ਤ 1.5 ඇॏྗޮՌͷ֓೦ਤɻ

೔प:ࠨ YarkovskyޮՌͷ֓೦ਤɻଠཅ (ԫ৭)ͷӈʹ͋Δೋͭͷԁ͸ɺެస໘ʹରͯ͠ਨ௚ͳࣗస࣠Λ΋ͪɺ
ॱࣗߦసɺࣗߦٯస͍ͯ͠Δখ࿭੕Λද͢ɻ੺໘ɺਫ৭໘͸ͦΕͧΕԹ౓͕͍ߴɺ௿͍͜ͱΛҙຯ͢Δɻଠཅ

͔Βड͚ͨ೤͕఻೻͢Δؒʹࣗస͢Δ͜ͱͰɺॱࣗߦసɺࣗߦٯసͦΕͧΕيಓํ޲ʹର͠ํޙɺલํͰ࠷΋

Թ౓͕͘ߴͳΔɻ݁Ռͱͯͦ͠ΕͧΕͷখ࿭੕Ͱ͸֯ӡಈྔ͕૿Ճɺݮগ͠ɺيಓ௕൒૿͕ܘՃɺݮগ͢Δɻ

தԝ:೥प YarkovskyޮՌɻଠཅɺখ࿭੕ʹؔ͢Δه߸͸೔प YarkovskyޮՌͱಉ༷Ͱɺيಓฏ໘ͱฒߦͳࣗ
స࣠Λ࣋ͭখ࿭੕͕ A஍఺͔Β B஍఺ʹެస͍ͯ͠Δ৔߹Λ͑ߟΔɻA஍఺Ͱଠཅʹ໘͍ͯ͠Δ໘͸ɺଠཅ
͔Βड͚ͨ೤͕఻೻͢Δؒʹެస͢Δ͜ͱͰɺB஍఺Ͱ࠷΋ߴԹͱͳΔɻ݁Ռͱͯ͠يಓํ޲લ໘ͷԹ౓͕ߴ
͘ͳΓɺ֯ӡಈྔɺيಓ௕൒ܘͷݮগΛ΋ͨΒ͢ɻӈ:YORPޮՌɻٿʹਤͷΑ͏ͳ;ͨͭͷಥىΛ࣋ͭܗঢ়
Λ࣋ͪࣗస͍ͯ͠Δখ࿭੕ (੨৭) Λ͑ߟΔɻখ࿭੕͸ଠཅ͔Βड͚ͨ᫔ࣹΛ൓ࣹɺࣹ͢์࠶ΔɻਤͷΑ͏ͳ
ͷτϧΫΛड͚޲ํٯ޲ਤͷԞଆͰΑΓେ͖ͳࣗసํʹࡍଆͰ౳ྔͷ᫔ࣹΛड͚ͨࠨঢ়Λ࣋ͭ৔߹ɺӈଆɺܗ

Δɻ͜ͷখ࿭੕͕൒पࣗసͨ͠৔߹΋શ͘ಉ͡ঢ়گͱͳΓɺࣗసํ޲ํٯ޲ͷτϧΫड͚Δɻͭ·Γ͜ͷখ࿭

੕͸௕͍࣌ؒΛ͔͚ͯࣗసप͕ظ஗͘ͳΔํ޲ʹτϧΫΛड͚Δɻ

1.2.1 ඇॏྗޮՌ

YarkovskyޮՌ
ଠཅ͔Βड͚ͨ᫔ࣹΛఱମද໘Ͱٵऩɺࣹ͢์࠶ΔաఔͰ೤ੑ׳ʹΑΓఱମͷيಓ͕มԽ͢ΔޮՌΛYarkovsky

ޮՌͱ͍͏ɻYarkovskyޮՌʹ͸ࣗసͷλΠϜεέʔϧͰಇ͘೔पޮՌͱެసͷλΠϜεέʔϧͰಇ͘೥पޮՌ
͕ଘ͢ࡏΔ (Bottke et al. 2006)ɻଠཅͷपΓΛެస͢Δখ࿭੕͸ɺଠཅʹ໘ͨ͠ଆ (னଆ)͕ଠཅʹরΒ͞ΕΔɻ
ͦͷ᫔ࣹͷҰ෦Λ೤์ࣹͱࣹͯ͢͠์࠶Δ͕ɺٵऩ͔Βࣹ์࠶·Ͱʹ͸೤ੑ׳ʹΑΔ͕࣌ؒࠩੜ͡Δɻ͜ͷؒʹ

খ࿭੕͕ࣗస͢Δ͜ͱͰɺ೤์ࣹ͸ଠཅॏ৺ͱখ࿭੕ॏ৺Λ݁Ϳ௚ઢ͔ΒͣΕͨํ޲ʹϐʔΫΛ΋ͭ͜ͱʹͳΔ

(ਤ ߦɻͦͷ݁Ռɺॱ(ࠨ1.5 (ࣗసͱެసͷํ͕޲ಉҰ)খ࿭੕Ͱ͋Ε͹ਐޙ޲ํߦΖଆɺߦٯ (ࣗసͱެసͷํ
ੜ͡Δɻ͜Ε͕ݮΤωϧΪʔΛ์ࣹ͢Δ͜ͱʹͳΓɺ֯ӡಈྔͷ૿͘ڧʹલଆ޲ํߦ൓ର)খ࿭੕Ͱ͋Ε͹ਐ͕޲
ʹΑΓॱߦͰ͸يಓ௕൒૿͕ܘେɺߦٯͰ͸يಓ௕൒ݮ͕ܘগ͢Δɻ͜ͷΑ͏ͳখఱମͷࣗసͷλΠϜεέʔϧ

Ͱ͜ىΔيಓมԽΛ೔प YarkovskyޮՌͱ͍͏ɻ·ͨެసͷλΠϜεέʔϧͰੜ͡ΔيಓมԽΛ೥प Yarkovsky
ޮՌͱ͍͏ɻ؆୯ͷͨΊࣗసप͕ظ 0͔ͭࣗస͕࣠ެస໘ͱฒߦͰ͋Δখ࿭੕Λ͑ߟΔ (ਤ 1.5தԝ)ɻ͜ͷখ࿭
੕ͷ͋Δ࣌ظ (ਤ 1.5A஍఺)ͷன໘͕࠷΋Թ·Δͷ͸ɺ೤ੑ׳ͷӨڹʹΑΓগ͠ެసͨ͠Ґஔ (ਤ 1.5B஍఺)ͱ
ͳΓɺ֯ӡಈྔΛࣦ͍يಓ௕൒ݮ͕ܘগ͢Δɻ೥प YarkovskyޮՌ͸ৗʹيಓ௕൒ܘΛݮগͤ͞ΔޮՌͰ͋Δɻ

YarkovskyޮՌ͸௚͕ܘখ͍͞ఱମʹΑΓ͘ڧಇ͘ɻ·ͨ௚ܘ 100mΑΓ΋খ͍͞ఱମͰ͸೥पޮՌ͕ࢧ഑త
ͱͳΔ (Vokrouhlický et al. 2000)ɻ௚ܘҎ֎ʹ͸يಓཁૉɺີ౓ɺࣗసঢ়ଶ΍೤ੑ׳ͳͲଟ͘ͷ෺ཧྔʹґଘ͢
ΔޮՌͰ͋Δɻখ࿭੕ͷيಓมԽͷଌఆ͔Βɺଟ͘ͷখ࿭੕Ͱ؍ଌతʹݕग़͞Ε͍ͯΔ (Greenberg et al. 2020)ɻ
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YORPޮՌ
খ࿭੕ද໘Ͱͷଠཅ᫔ࣹͷ൓ࣹɺࣹ࣌์࠶ʹτϧΫ͕ੜ͡খ࿭੕ͷࣗసঢ়ଶ (ࣗసपظɺࣗస࣠ͷ͖޲)ΛมԽ

ͤ͞Δݱ৅Λ YORPޮՌ (Yarkovsky–O’Keefe–Radzievskii–Paddack effect, Rubincam (2000)) ͱ͍͏ɻཧ૝
తͳܗٿͷখ࿭੕Ͱ͸ɺখ࿭੕ද໘Ͱੵ෼্ͨ͠هͷτϧΫ͸ 0ͱͳΓɺࣗసঢ়ଶ͸มԽ͠ͳ͍ɻ͔࣮͠͠ࡍͷ
খ࿭੕͸༷ʑͳܗঢ়Λ΋ͪɺͦͷܗঢ়ʹىҼͯ͠ਖ਼ຯͷτϧΫ͕ੜ͡Δ͜ͱͰࣗసঢ়ଶ͕มԽ͢Δ (ਤ 1.5ӈ)ɻ

YORPޮՌ͸ YarkovskyޮՌͱಉ༷ʹɺখ࿭੕ͷ௚ܘɺيಓཁૉɺີ౓ɺࣗసঢ়ଶɺ೤ੑ׳ͳͲଟ͘ͷ෺ཧྔ
ʹґଘ͢ΔޮՌͰ͋Δɻ2007 ೥ͷ (54509) YORP, (1862) Apollo Ͱͷॳݕग़Ҏ͍͔߱ͭ͘ͷখ࿭੕ʹ͓͍ͯɺ
௕ؒظͷޫ౓ۂઢΛ༻͍Δ͜ͱͰ YORPޮՌʹΑΔࣗసঢ়ଶͷมԽ͕֬ೝ͞Ε͍ͯΔ (Kaasalainen et al. 2007;
Lowry et al. 2007; Lowry et al. 2014; Taylor et al. 2007; Ďurech et al. 2008, 2012; Hergenrother et al. 2019)ɻ

1.2.2 NEOͷྗֶతਐԽ
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ਤ 1.6 NEOͷྗֶతਐԽͷ໛ࣜਤɻ
ΒॱʹϝΠϯϕϧτͰͷিಥഁյɺYarkovsky͔ࠨ ޮՌʹΑΔఱମͷϝΠϯϕϧτ಺ͷҠಈ (Yarkovsky
drift)ɺ࿭੕ॏྗʹΑΔيಓมԽΛද͢ɻதԝԼ෦͸ط஌ͷখ࿭੕ͷيಓཁૉ (ಓ཭৺཰يͱܘಓ௕൒ي) ෼෍
Λද͠ɺ྘৭ͷྖҬΛؚΊখ࿭੕͕ଘ͠ࡏͳ͍ྖҬ͸يಓڞ໐ͷҐஔɻ

ඇॏྗޮՌΛྀͨ͠ߟ NEOͷྗֶతਐԽաఔʹ͍ͭͯ·ͱΊΔ (ਤ 1.6)ɻ
࿭੕ܗ੒ظҎޙɺϝΠϯϕϧτখ࿭੕͸සൟʹিಥഁյΛ͠ݧܦɺ؍ଌ͞Ε͍ͯΔখ࿭੕ͷଟ͘͸িಥഁյΛ

ΒΕΔɻൺֱతए͍͑ߟΓฦͨ͠ఱମͰ͋Δͱ܁ (∼ Myr)খ࿭੕଒ (ಓཁૉΛ΋ͭఱମͷूஂيͨ͠ࣅྨ) ͕ଟ
Δ͜ͱ͕ࣔ͞Ε͍ͯΔ͍͖ͯىΕ͍ͯΔ͜ͱ͔Β΋িಥഁյ͕͞ݟൃ͘ (Nesvorný et al. 2015)ɻϝΠϯϕϧτ
খ࿭੕͸ɺYarkovskyޮՌΛड͚Δ͜ͱͰͦͷࣗసঢ়ଶʹґଘͯ͠ϝΠϯϕϧτ಺ΛҠಈ͢ΔɻYarkovskyޮՌ
ͷيಓมԽ཰͸ඇৗʹখ͍͞ (௚ܘ 1 kmখ࿭੕Ͱ 10−4 au/Myr) ͨΊ௕͍࣌ؒΛ͔͚ͯҠಈ͠ɺϝΠϯϕϧτ಺
Ͱɺ໦੕΍౔੕ͷॏྗ૬࡞ޓ༻Λ͘ڧड͚Δڞ໐ଳʹೖΔͱɺڊେ࿭੕ͷॏྗ࡞༻ʹΑΓيಓ཭৺཰͕૿େ͠ɺ

஍ۙٿ๣ྖҬʹୡͨ͠΋ͷ͸ NEOͱͳΔɻYarkovskyޮՌ͸αΠζґଘੑΛྀ͢ߟΔͱඍখఱମʹ͘ڧಇ͕͘ɺ
ϥϒϧύΠϧখ࿭੕ͱຊ࣭తʹҟͳΔҰຕؠখ࿭੕Ͱ͋Δͱ͑ߟΒΕΔඍখখ࿭੕ʹ͓͍ͯɺYarkovskyޮՌ͕
ޮ཰తʹ࡞༻͢Δ͔Ͳ͏͔͸ࣗ໌Ͱ͸ͳ͍ɻڞ໐ଳ͔Β NEO΁ͷيಓਐԽͷλΠϜεέʔϧ͸యܕతʹ 10My
ҎԼͰ͋Δͱੵݟ΋ΒΕ͍ͯΔ (Gladman et al. 1997)ɻ
಺࿭੕ʹ͍ۙ NEO ͷيಓ͸҆ఆͰͳ͘ɺଟ͕͘ଠཅ΍࿭੕ʹিಥɺ·ͨ͸֎ԑ෦΁ͱيಓਐԽ͢Δ͜ͱ͕

Θ͔͓ͬͯΓɺNEOͱͯ͠ଘ͢ࡏΔయܕతλΠϜεέʔϧ͸ 10MyrҎԼͰ͋Δͱੵݟ΋ΒΕ͍ͯΔ (Granvik
et al. 2018)ɻيಓ͕ෆ҆ఆͰ͋ΔNEO͕ଠཅܗܥ੒ޙ਺ेԯ೥ࡏݱͨͬܦ΋ൃ͞ݟΕ͍ͯΔͱ͍͏࣮ࣄ͸NEO
͕ઈ͑ͣ͞څڙΕ͍ͯΔ͜ͱΛҙຯ͢Δɻ

Ҏ্ͷিಥੜ੒ɺYarkovskyޮՌʹΑΔϝΠϯϕϧτͰͷڞ໐΁ͷҠಈɺڞ໐͔Β஍ۙٿ๣ྖҬ΁ͷيಓਐԽ

– 8–
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ͷؒʹɺYORPޮՌʹΑΓখ࿭੕ͷࣗసঢ়ଶ͕มԽ͢Δɻ௚ܘґଘੑΛྀ͢ߟΔͱ YarkovskyޮՌɺYORPޮ
Ռ͸ඍখখ࿭੕ʹΑΓ࡞͘ڧ༻͢ΔͨΊɺඍখখ࿭੕ͷࣗసঢ়ଶ͸େ͖͘มԽ͢Δɻ

1.3 NEOͷ؍ଌ

1.3.1 αʔϕΠ؍ଌʹΑΔ NEOͷൃݟ

ओཁͳ؍ଌܭըʹΑΔ೥౓ຖͷ NEOൃݟ਺Λਤ 1.7ʹࣔͨ͠ɻ1898೥ʹҰͭ໨ͷ NEO (433) Eros͕ൃ͞ݟ
ΕͯҎདྷɺ2021೥ 1݄ 04೔ࡏݱԾූ߸͕෇༩͞Εͨ NEO͸ 24430ఱମʹٴͼɺେܕαʔϕΠܭը͕ NEOൃ
Δ͍ͯ͠ݙߩେ͖͘ʹݟ (Jedicke et al. 2015)ɻ

Pan-STARRS (The Panoramic Survey Telescope and Rapid Response System, Chambers et al. 2016) 9 ͸

ϋϫΠभϋϨΞΧϥʹ͋Δ Pan-STARRS1ͱ Pan-STARRS2ͷೋ୆ͷܘޱ 1.8m๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋
ΔɻϋϫΠେֶʹΑΓӡ༻͞Ε͍ͯΔɻ2010೥ʹ Pan-STARRS1ͷ؍ଌΛ։࢝ͨ͠ɻ

CSS (Catalina Sky Survey) 10 ͸ΞϦκφभαϯλΧλϦʔφࢁ஍ʹ͋Δܘޱ 1.0mɺ1.5m ๬ԕڸ (ϨϞϯ
ܘޱɺ(ࢁ 0.7mγϡϛοτ๬ԕڸ (Ϗήϩ΢ࢁ) Λ༻͍ͨ؍ଌܭըͰ͋ΔɻαʔϕΠ؍ଌ͸ 1.5mɺ0.7mΛ༻͍
͸ڸΘΕɺ1.0m๬ԕߦͯ NEOͷ௥੻؍ଌΛ͏ߦɻΞϦκφେֶͷενϡϫʔυఱจ୆ʹΑΓӡ༻͞Ε͍ͯΔɻ
1998೥ʹϏήϩ΢ࢁαʔϕΠͱͯ͠ 0.7m๬ԕڸΛ༻͍ͨαʔϕΠ؍ଌΛ։࢝ͨ͠ɻ

ZTF (Zwicky Transient Facility, Bellm et al. 2019; Masci et al. 2019) 11 ͸ΧϦϑΥϧχΞभύϩϚʔࢁʹ

͋Δܘޱ 1.2m (48 inch)γϡϛοτ๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋ΔɻΧϦϑΥϧχΞେֶʹΑΓӡ༻͞Ε͍ͯΔɻ
஍يٿಓΑΓ಺ଆͷখ࿭੕ͷൃݟΛ໨తͱͨ͠ബ໌Ͱͷ؍ଌ (Ye et al. 2020) Λ͍ߦɺ2020೥ʹۚ੕ΑΓ಺ଆͷ
ಓΛ΋ͭي 2020AV2 Λൃ͍ͯ͠ݟΔ (Greenstreet 2020)ɻ2017೥ʹ؍ଌΛ։࢝ͨ͠ɻ

ATLAS (Asteroid Terrestrial-impact Last Alert System, Tonry et al. 2018) 12 ͸ϋϫΠभʹ͋ΔATLAS1(ϋ
ϨΞΧϥ)ɺATLAS2(Ϛ΢φϩΞ) ͷೋ୆ͷܘޱ 50 cm๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋ΔɻϋϫΠେֶʹΑΓӡӦ
͞Ε͍ͯΔɻ2015೥ʹҰ୆ɺ2017೥ʹೋ୆ͷ๬ԕڸΛ༻͍ͨ؍ଌΛ։࢝ͨ͠ɻ

NEOWISE (Near Earth Objects Wide-field Infrared Survey Explorer) 13 ͸ NASA ͷδΣοτਪਐڀݚ
ॴ (JPL) ʹΑΓӡ༻͞Ε͍ͯΔܘޱ 40 cm ͷ੺֎ઢఱจӴ੕Ͱ͋Δɻ๬ԕڸͷྫྷ͕ࡐ٫੾Εͨޙɺ2011 ೥ʹ
NEOWISEͱͯ͠ NEOͷ؍ଌΛ։࢝ͨ͠ɻ

Spacewatch 14 ͸ΞϦκφभΫ΢Οϯϥϯࢁʹ͋Δܘޱ 0.9mɺ1.8m ͷೋ୆ͷ๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋
ΔɻΞϦκφେֶͷενϡϫʔυఱจ୆ʹΑΓӡ༻͞Ε͍ͯΔɻ1984೥ʹ 0.9m๬ԕڸΛ༻͍ͨ؍ଌΛ։࢝͠ɺ
2002೥ʹ 1.8m๬ԕڸͷ؍ଌΛ։࢝ͨ͠ɻ

NEAT(Near-Earth Asteroid Tracking) 15 ͸ϋϫΠभϋϨΞΧϥͷೋ୆ͷ 1m๬ԕڸͱΧϦϑΥϧχΞभύ
ϩϚʔࢁʹ͋Δܘޱ 1.2m (48 inch)γϡϛοτ๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋ΔɻΞϝϦΧۭ܉ͷྗڠͷ΋ͱ JPL
ʹΑΓӡ༻͞Εɺ1995೥͔Β 2007೥·Ͱ؍ଌΛͨͬߦɻ

LONEOS (The Lowell Observatory Near-Earth-Object Search) 16 ͸ΧϦϑΥϧχΞभύϩϚʔࢁʹ͋Δ

0.6m (24 inch)γϡϛοτ๬ԕڸΛ༻͍ͨ؍ଌܭըͰ͋Δɻϩʔ΢Σϧఱจ୆ʹΑΓӡӦ͞Εɺ1993೥͔Β 2008
೥·Ͱ؍ଌΛͨͬߦɻ

LINEAR(Lincoln Near-Earth Asteroid Research) 17 ͸χϡʔϝΩγίभιίʔϩʹ͋Δ 1m๬ԕڸΛ༻͍
ॴʹΑΓӡӦ͞Ε͍ͯͨɻ1996೥͔ΒڀݚՊେֶϦϯΧʔϯ޻ըͰ͋ΔɻϚανϡʔηοπܭଌ؍ͨ 2013೥·
Ͱ 1m๬ԕڸΛ༻͍ͯ؍ଌΛ͍ߦɺ2013೥͔Β 2017೥·Ͱ͸ܘޱ 3.5mͷ Space Surveillance Telescope (SST)
Λ༻͍ͨ؍ଌΛͨͬߦɻSSTΛΦʔετϥϦΞʹҠಈͨ͠ޙɺ؍ଌΛ࠶։͢Δ༧ఆͰ͋Δɻ

9 https://panstarrs.stsci.edu/
10 https://catalina.lpl.arizona.edu/
11 https://www.ztf.caltech.edu/
12 https://atlas.fallingstar.com/home.php
13 https://www.jpl.nasa.gov/missions/neowise/
14 https://spacewatch.lpl.arizona.edu/
15 https://sbn.psi.edu/pds/resource/neat.html
16 https://asteroid.lowell.edu/asteroid/loneos/loneos.html
17 https://www.ll.mit.edu/impact/watch-potentially-hazardous-asteroids
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ΔϝΠϯϕϧτখ࿭੕ʹൺ΂͋ʹ޲܏গݮ਺͕ݟൃ NEOͷൃݟ਺͸૿Ճ͓ͯ͠Γɺະൃݟͷ NEO͕ଟ͘ଘ
Δ͜ͱ͕ࣔࠦ͞ΕΔɻ͜Ε·Ͱͷ͢ࡏ NEO؍ଌ਺Λ Granvik et al. (2018)Ͱੵݟ΋ΒΕͨαΠζස౓෼෍ͱൺ
ֱ͢Δͱɺ௚ܘ໿ 130mҎ্ɺ໿ 30mҎ্ͷ NEOͷൃݟ཰͸ͦΕͧΕ໿ 35%ɺ2%ͱͳΔɻͦΕΑΓ΋খ͞ͳ
NEO͸͞Βʹൃݟ཰͕௿͍ɻඍখখ࿭੕͸஍͔ٿΒۙ͘໌Δ͍ఱମͰͳ͚Ε͹؍ଌ͸೉͍͠ɻ͔͠͠஍ٿʹ͍ۙ
ఱମ͸͚͔ݟͷ଎౓͕େ͖͘ɺ࿐ޫ͕࣌ؒ௕͍ͱ૾͕৳ͼͯ͠·͍ײ౓͕௿Լ͢Δͱ͍͏ผͷ໰୊͕ੜ͡Δɻ·

ͨখ࿭੕ͷൃݟɺيಓܾఆʹ͸ෳ਺ճ؍ଌ͢Δ͜ͱ͕ॏཁ͕ͩɺ͚͔ݟͷ଎౓͕େ͖͍ఱମ͸؍ଌՄೳ͕ؒظ୹

͘ɺे෼ʹ؍ଌ఺Λ૿΍͢͜ͱ͕Ͱ͖ͣʹࣦݟΘΕΔՄೳੑ͕͍ߴɻඍখఱମͷൃݟɺيಓܾఆʹ͸ɺ͜Ε·Ͱ

ͷαʔϕΠ؍ଌͱಉ༷ͷࢹ޿໺؍ଌʹՃ͑ɺߴ଎ҠಈఱମΛݕग़͢ΔͨΊͷߴ଎؍ଌ͕ඞཁͱͳΔɻ

ਤ 1.7 ըผͷܭଌ؍ NEOൃݟ਺ͷਪҠ (1995೥–2020೥)ɻ
๮άϥϑͷ্ͷ਺͸ͦͷ೥ͷશ NEOൃݟ਺ɻJPL Center for Near Earth Object Studies(CNEOS)͕ެ
։͍ͯ͠Δ؍ଌϓϩδΣΫτຖͷൃݟ਺৘ใ18Λ࢖༻ɻ

1.3.2 ޫ౓ۂઢΛ༻͍ͨ NEOͷಛ௃͚ͮ

খ࿭੕ͷଟ͘͸ࣗసʹΑΔஅ໘ੵͷมԽͳͲʹىҼ͚͔ͯ͠ݟͷ໌Δ͕࣌͞ʑࠁʑͱมԽ͢Δɻ͜ͷಛੑΛར

༻͠খ࿭੕ͷ໌Δ͞ͷ࣌ྻܥ৘ใ (ޫ౓ۂઢ)͔Βখ࿭੕ͷ࣠ൺɺࣗసपظΛਪఆ͢Δ͜ͱ͕Ͱ͖Δɻ͜Ε·Ͱଟ
͘ͷ؍ଌ͕ͳ͞Ε͓ͯΓɺখఱମͷޫ౓ۂઢσʔλ͕஝ੵ͞Ε͍ͯΔϥΠτΧʔϒσʔλϕʔε (The Asteroid
Lightcurve Database; ҎԼ LCDB) ʹ͸ 2020೥ ࡏݱ10݄ 30522ఱମͷޫ౓ۂઢ͕ొ࿥͞Ε͍ͯΔ19ɻ

࣠ൺ

খ࿭੕Λ࣠ͷ௕͕͞ aɺbɺc (a > b > c)ͷ࣠ࡾෆ౳ପԁମͱ͠ɺ؍ଌ࣌ͷΞεϖΫτ֯ (খ࿭੕ͱ؍ଌऀΛ݁Ϳ
௚ઢͱɺখ࿭੕ͷࣗస͕࣠ͳ֯͢౓)Λ 90◦ ͱԾఆ͢Δͱɺখ࿭੕ͷ࣠ൺ (a/b)ͷԼݶ஋͸ҎԼͷࣜͰٻ·Δ20ɻ

a

b
= 100.4∆m (1.1)

ͨͩ͠ ∆m͸؍ଌ࣌ͷ౳ڃৼ෯Ͱ͋Δɻ࣠ൺ͕େ͖͍ఱମ΄ͲࣗసʹΑΔஅ໘ੵͷมԽ͕େ͖͘ɺ໌Δ͕͞େ͖

͘มԽ͢Δɻ

LCDBʹଘ͢ࡏΔσʔλͷ࣭͕͍ߴ (LCDBͷෆఆੑࢦඪ U = 3, 3− 21 ) 4930ఱମͷࣗసपظ-࣠ൺͷؔ܎ɺ
௚ܘ-࣠ൺͷؔ܎Λਤ 1.8 ʹࣔ͢ɻ௚͕ܘখ͍͞ఱମ (ਤ 1.8 ੺৭఺) ͷଟ͘͸ NEOͰ͋Γ؍ଌՄೳͳݶ͕ؒظ

18 https://cneos.jpl.nasa.gov/stats/site_all.html
19 http://www.minorplanet.info/lightcurvedatabase.html
20 ͸ࡉৄ A.1Λࢀরͷ͜ͱ
21 U ʹ͍ͭͯͷఆٛ͸ҎԼͷ௨Γ (2020 July 21)ɻ3:μϒϧϐʔΫͷप׬͕ظશʹٻ·ΔɻҐ૬Λ༻͍ͯޫ౓ۂઢ (ંΓͨͨΈޫ౓ۂ
ઢ)Λॻ͍ͨࡍʹσʔλ͕͔͚͍ͯΔൣғ͸ߴʑ਺౓Ͱ͕ܺؒ΄ͱΜͲͳ͍ 3−:།Ұͷप͕ظ΋ͱ·Δ͕ɺંΓͨͨΈޫ౓ۂઢʹ͍͘
Β͔͕ܺؒ͋Δɻ͍ͯͬޡΔՄೳੑ͕͋Δɻ2+:΄ͱΜͲͳ͍͕ɺप͍ͯͬޡ͕ظΔՄೳੑΛ൱ఆͰ͖ͳ͍ɻ3− ͱಉ༷ʹંΓͨͨΈ
ΔՄೳੑ͸͍ͯͬޡ͕ظଌʹΑΔ݁ՌͰɺप؍෼ҎԼͷظઢʹ͕ܺؒ͋Δɻ2:Ұपۂ 30 ύʔηϯτఔ౓ɻෳ਺ͷपظͷީิ͕͑ߟΒ
ΕΔ৔߹ʹ΋ 2 ͱͳΔɻ2−:पظͱৼ෯͕ਫ਼౓Α͘΋ͱ·Βͳ͍ɻۃେͱۃখΛҰ౓ؚͣͭΉΑ͏ͳޫ౓ۂઢɻLCDB ͕౷ܭʹ༻͍
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ΒΕ͍ͯΔͨΊɺ௚͕ܘେ͖ͳఱମ (ਤ 1.8੨৭఺)ʹൺ΂ࣗసपٻ͕ظ·ͬͨఱମ͸গͳ͍ɻઌڀݚߦ (Hatch
and Wiegert 2015; Thirouin et al. 2016)Ͱ͸௚͕ܘ໿ 60mΑΓখ͍͞ NEOʹ͓͍ͯࣗసपظ-࣠ൺɺ௚ܘ-࣠
ൺͷؒʹ͍ڧ૬͕ؔͳ͍͜ͱ͕ࣔ͞Ε͍ͯΔɻ

ਤ 1.8 ܎ൺؔ࣠-ܘɻӈ:LCDBͷ௚܎ൺؔ࣠-ظLCDBͷࣗసप:ࠨ (2020೥ 10݄ 22೔࣌఺)ɻ
੨৭఺ɺ੺৭఺͸ͦΕͧΕ௚ܘ 200m Ҏ্ɺະຬͷఱମΛද͢ɻઈର౳͔ڃΒ௚ܘ΁ͷม׵͸زԿΞϧϕυ
0.2ΛԾఆɻഁઢ͸ͦΕͧΕͷ࣠ൺͷฏۉɻLCDB 2020೥ 10݄ 22೔൛Λ༻͍ͯϓϩοτɻ

ࣗసपظ

LCDBʹଘ͢ࡏΔσʔλͷ࣭͕͍ߴ 4930ఱମͷ௚ܘ-ࣗసप܎ؔظΛਤ 1.9ʹࣔ͢ɻਤ 1.9͔Βࣗసपٻ͕ظ
ΊΒΕ͍ͯΔඍখఱମͷ΄ͱΜͲ͸ NEOͰ͋Γɺඍখখ࿭੕ͷࣗసपظΛٻΊΔʹ͸ඍখ NEOͷ؍ଌ͕༗༻
Ͱ͋Δ͜ͱ͕Θ͔Δɻ

খ࿭੕ͷࣗసपظͱ௚ܘΛ༻͍Δ͜ͱͰߏ଄ʹ͍ͭͯͷ஌ݟΛಘΔ͜ͱ͕Ͱ͖Δɻਤ 1.9ʹ͓͚Δࣗసपظ໿
2࣌ؒͷ྘৭ྖҬ͸ɺॏྗͷΈͰଋറ͞ΕͨϥϒϧύΠϧখ࿭੕͕ͦΕΑΓߴ଎Ͱࣗస͢ΔͱɺϥϒϧύΠϧΛ
ظΔྟքࣗసप͢ݧܦΛܗͳΓɺഁյ΍ม͘ڧಇ͘ԕ৺ྗ͕ॏྗΑΓ΋ʹؠ੒͢Δߏ (εϐϯόϦΞ)Λද͍ͯ͠
Δ (Pravec and Harris 2000) 22ɻԫ৭ྖҬɺᒵ৭ྖҬ͸ͦΕͧΕయܕతͳϨΰϦεڧ౓ɺᯁੴͷڧ౓Λද͢ɻ௚

໿ܘ 200mҎ্ͷখ࿭੕ͷଟ͘ͷࣗసपظ͸εϐϯόϦΞΑΓ΋௕͘ɺؠੴ͕͍ޓʹॏྗଋറͨ͠ϥϒϧύΠϧ
ఱମͰ͋Δͱ͑ߟΒΕΔɻҰํ௚ܘ 200mҎԼͷখ࿭੕ͷεϐϯόϦΞΑΓ΋୹͍ࣗస͸ɺॏྗҎ֎ʹڧ౓Λ΋
ͭ͜ͱͰ࣮͍ͯ͠ݱΔͱ͑ߟΒΕΔɻখ࿭੕ͷ௚ܘɺࣗసपظɺܗঢ়͔Βࣗసঢ়ଶΛ࣮͢ݱΔͷʹඞཁͳڧ౓Λ

ਪఆ͠ɺਪఆͨ͠ڧ౓Λᯁੴ΍ϨΰϦεͷڧ౓ͱൺֱ͢Δ͜ͱͰখ࿭੕ͷߏ଄Λਪఆ͢Δ͜ͱ͕Ͱ͖Δɻྫ͑͹ɺ

ਤ 1.9ͷதͰ࠷଎ࣗస͍ͯ͠Δ௚ܘ໿ 30mͷখ࿭੕ 2019BE5 ͷࣗసपظ͸ 11.98ඵͰ͋Γᒵ৭ྖҬʹ͍ۙ͜ͱ
͔Βɺͦͷߴ଎ࣗసΛ࣮͢ݱΔʹ͸ᯁੴఔ౓ͷڧ౓Λඞཁͱ͠ɺҰຕؠখ࿭੕Ͱ͋ΔՄೳੑ͕͍ߴͱ͑ߟΒΕΔɻ

͜ͷΑ͏ʹখ࿭੕ͷࣗసपظ͸ɺখ࿭੕ͷ಺෦ߏ଄ʹ੍໿Λ༩͑Δ্Ͱඇৗʹ༗༻Ͱ͋Δɻਤ 1.9ͷ࠷଎ࣗసप
͸໿ظ 12ඵͰ͋Γɺ͜Ε·Ͱ 10ඵҎԼͷࣗసपظΛ࣋ͭখ࿭੕͸ݕग़͞Ε͍ͯͳ͍ɻ֤؍ଌ૷ஔͰਪఆՄೳͳ
ࣗసपظ͸ిՙͷಡΈग़͠ͳͲ࿐ޫؒͷΦʔόʔϔου࣌ؒʹґଘ͢ΔͨΊɺ෼ҎԼͷߴ଎ࣗసখ࿭੕ͷपظΛ

ਪఆ͢ΔͨΊʹ͸ߴ଎؍૾ࡱଌΛ͏ߦඞཁ͕͋Δɻ͜Ε·ͰಘΒΕ͍ͯΔখ࿭੕ͷࣗసपظ͸ଟछଟ༷ͳ૷ஔͰ

ਪఆ͞Εͨ஋Ͱ͋ΓɺͲͷࣗసपظ·Ͱ͕ਅͷখ࿭੕ͷࣗసपظ෼෍Λਖ਼͍ͯ͘͠͠ݱ࠶Δͷ͔ɺ·ͨ 10ඵҎԼ

ͯྑ͍ͱ൑அ͢Δ࠷௿ͷ֊ڃɻ1+:2− ͱಉ༷ʹप͕ظ΋ͱ·Βͳ͍΋ͷͷ͏ͪɺৼ෯͕খ͘͞খ࿭੕ͷޫ౓ۂઢ͔ϊΠζʹΑΔ΋ͷ
͔൑ผͰ͖ͳ͍ɻ1:׬શʹؒҧ͍ͬͯΔՄೳੑ͕͋Δɻ1−:1 ͱಉ༷ʹ׬શʹؒҧ͍ͬͯΔՄೳੑ͕͋Δ͜ͱʹՃ͑ɺ௚͕ܘେ͖ͳఱ
ମ͕ 2࣌ؒҎԼͷࣗసͷΑ͏ͳ͋Γಘͦ͏ʹͳ͍஋ɻ0:͍ͯͬޡʹޙΔ͜ͱ͕Θ͔ͬͨσʔλɻݸʑͷ؍ଌʹͭ͘Մೳੑ͕͋Δ͕ɺఱ
ମʹ͸͔ͭͳ͍ɻຊߘͰ͸Ұ؏ͯ͠ F-D_BASIC.TXT ʹؚ·ΕΔ U͕ 3·ͨ͸ 3−ͷఱମΛ༻͍Δɻ

22 ͸ࡉৄ A.1ࢀরͷ͜ͱɻ
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ୈ 1 ষ ಋೖ

ͷߴ଎ࣗసपظΛ࣋ͭখ࿭੕͕ଘ͠ࡏͳ͍ͷ͔͸໌Β͔Ͱ͸ͳ͍ɻ

ਤ 1.9 LCDB ௚ܘ-ࣗసप܎ؔظ (2020೥ 10݄ 22೔࣌఺)ɻ
ԣ࣠͸௚ܘɺॎ࣠͸ఱମͷࣗసपظɻઈର౳͔ڃΒ௚ܘ΁ͷม׵͸زԿΞϧϕυ 0.2ΛԾఆɻਫ৭఺ɺখ౾৭
఺ɺ྘֯ࡾٯɺ֯ࡾࢵ͸ͦΕͧΕ NEOɺTNO(ଠཅܥ֎ԑఱମ)ɺλϯϒϥʔ (ඇओ࣠ճసఱମ)ɺόΠφϦʔ
(ೋॏখ࿭੕) Λද͢ɻ྘৭ྖҬ͸εϐϯόϦΞΛද͠ɺBennu(B ɺ1.26ܕ g/cm3ɺChesley et al. 2014)ɺ
Eros(S ɺ2.67ܕ g/cm3ɺYeomans et al. 2000) ͷີ౓Λ༻͍ͯࢉܭɻԫ৭ྖҬɺᒵ৭ྖҬ͸ͦΕͧΕయܕ
తͳ݄ͷϨΰϦεڧ౓ɺ஍্ʹམԼͨ͠ᯁੴͷڧ౓ɻͨͩ͠ຎ͕֯ࡲ 40◦ɺີ౓͕ 2500 kg/m3 ͷٿΛԾఆɻ

LCDB 2020೥ 10݄ 22೔൛Λ༻͍ͯϓϩοτɻ

1.4 ຊڀݚͷ໨తͱຊߘͷߏ੒

ຊڀݚͷ໨త͸ ཰͕௿͍ඍখݟଌ͕೉͘͠ൃ؍(1 NEOͷಠཱൃݟɺ2)ඍখখ࿭੕ͷߴ଎ࣗసपظͷਪఆٴͼ
ಠཱͨ͠௚ܘ-ࣗసपظ෼෍ͷऔಘɺͷೋͭͰ͋Δɻ1)ͷඍখ NEOͷൃݟʹ͓͚Δ՝୊͸ߴ଎Ҡಈఱମͷ੕૾ͷ
৳ͼʹىҼ͢Δײ౓௿ԼͱݶΒΕͨ؍ଌ࣌ؒͰ͋ͬͨɻ͜ͷ՝୊Λղܾ͢ΔͨΊɺຊڀݚͰ͸ 2fpsಈը؍ଌΛߦ
͏͜ͱͰߴ଎Ҡಈఱମͷײ౓௿ԼΛ๷͙͜ͱ͕Ͱ͖Δ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍Δɻ2fps
ಈը؍ଌͱ 20ฏํ౓ͷࢹ޿໺؍ଌΛ૊Έ߹ΘͤΔ͜ͱʹΑΓɺߴ଎Ҡಈఱମͷେྔݕग़͕ظ଴Ͱ͖Δɻݕग़ఱମ
தͷݕޡग़Λআ͢ڈΔͨΊʹػցֶशΛ༻͍ͨҠಈఱମ෼ྨϞσϧΛ࡞੒͠ɺNEOީิఱମΛϦΞϧλΠϜͰ௥
੻͢ΔͨΊͷ΢ΣϒΞϓϦέʔγϣϯͷ։ൃΛ͏ߦɻ։ൃͨ͠γεςϜΛ༻͍ͯ Tomo-e GozenͷαʔϕΠ؍ଌ
σʔλ͔Βͷ NEOͷݕग़ɺϦΞϧλΠϜ௥੻؍ଌɺيಓܾఆΛ͍ߦɺNEOͷಠཱൃݟΛ໨͢ࢦɻ2)ͷඍখখ࿭
੕ͷࣗసपظ෼෍ʹ͓͚Δ՝୊͸ɺΦʔόʔϔου͕࣌ؒແࢹͰ͖ͳ͍ैདྷͷ؍ଌͰ͸ߴ଎ࣗసपظΛਖ਼͘͠ਪ

ఆͰ͖͍ͯͳ͍͜ͱͰ͋ͬͨɻTomo-e GozenΛ༻͍ͯඍখ NEOͷؒ࣌ߴ෼ղޫ౓ۂઢΛऔಘ͢Δ͜ͱͰɺඵ
εέʔϧͷߴ଎ࣗసपظΛे෼ʹݕग़͢Δ͜ͱ͕Ͱ͖Δɻैདྷͷࣗసपظ෼෍ͷଥ౰ੑɺ10ඵҎԼͷߴ଎ࣗసখ
࿭੕͕ଘ͢ࡏΔ͔Ͳ͏͔Λ໌Β͔ʹ͠ɺඍখ NEOͷڧ౓ʹ੍໿Λ༩͑Δɻ
ຊߘͷߏ੒͸ҎԼͷ௨ΓͰ͋Δɻ2ষͰ͸খ࿭੕ݕग़ͷͨΊͷߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃʹ͍ͭͯड़΂ɺ

3ষͰ͸։ൃͨ͠γεςϜΛ༻͍ͯͨͬߦ NEO୳ࡧͷ݁ՌΛड़΂Δɻ4ষͰ͸ඍখ NEOͷؒ࣌ߴ෼ղޫ౓ۂઢ
ଌʹ͍ͭͯͷख๏ͱ݁ՌΛड़΂ɺ5ষͰ͸؍ 4ষͷ݁ՌΛ΋ͱʹɺඇॏྗޮՌͷҰͭͰ͋Δ YORPޮՌΛ༻͍ͨ
ඍখ NEOͷڧ౓ͱྗֶਐԽաఔʹؔ͢Δٞ࿦Λల։͢Δɻޙ࠷ʹ 6ষͰ·ͱΊͱޙࠓͷల๬Λड़΂Δɻ
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ୈ 2 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍ͨߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃ

ୈ 2ষ

Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ
ग़γεςϜͷ։ൃݕ଎Ҡಈఱମߴ͍ͨ༺

2.1 ଎Χϝϥߴ໺ࢹ޿ Tomo-e Gozen

౦ژେֶ໦ી؍ଌॴ͸௕໺ݝ໦ી܊ͷࢁதɺඪߴ໿ 1120mͷඌࠜͷ্ʹҐஔ͢Δఱจ୆Ͱ͋Δɻओྗ૷ஔͰ
͋Δܘޱ 105 cmγϡϛοτ๬ԕڸ (ਤ ʹ͸ੈք(ࠨ2.1 4୆ଘ͢ࡏΔ༗ޮ͕ܘޱ 1mΑΓ΋େ͖͍γϡϛοτ๬
ԕڸͷҰͭͰ͋Γɺ1974೥ͷ։ॴҎདྷɺࢹ޿໺Λੜ͔ͨ͠਺ଟ͘ͷߦ͕ڀݚΘΕ͖ͯͨɻ1989೥ʹࣸਅס൘͔
Β CCD؍ଌ΁Ҡ͠ߦɺ1997೥ʹ͸ 2KCCDΧϝϥͷӡ༻Λ։࢝ɺ2012೥ʹ͸ 8K×8Kͷ KWFC(Kiso Wide
Field Camera)Λ׬੒ͤ͞ɺਂ͘؍͍޿ଌΛల։͖ͯͨ͠ɻͦͯ͠ 2014೥ΑΓࢹ޿໺ߴ଎Χϝϥ Tomo-e Gozen
ͷ։ൃ͕։࢝ͨ͠ɻTomo-e Gozen͸ 84ຕͷ CMOSηϯα͕γϡϛοτͷશ௚ܘ 9౓֯Λ෴͏ࢹ޿໺ΧϝϥͰ
͋Δ (Sako et al. 2018,ਤ 2.1ӈ)ɻ໦ી 105 cmγϡϛοτ๬ԕڸͱ Tomo-e Gozenͷجຊ༷࢓Λද 2.1ʹࣔ͢ɻ

ਤ 2.1 ໦ી 105 cmγϡϛοτ๬ԕڸ ͱ(ࠨ) Tomo-e Gozen(ӈ)ɻ
υʔϜ಺ͷ:ࠨ 105 cm γϡϛοτ๬ԕڸɻ௕͍ڸ౵ʹ௚ܘ 150 cm ͷओڸɺ105 cm ͷิਖ਼൛͕ೲΊΒΕ͍ͯ
Δɻӈ:๬ԕڸ಺෦ͷয఺໘ʹฒ΂ΒΕͨશ 84 ຕͷ Tomo-e Gozen ηϯαʔ෦ɻٿঢ়ͷγϡϛοτয఺໘ʹ
Ԋͬͯ ϩϘοτΞʔϜɻ༺׵͸ϑΟϧλʔަࡐػతʹηϯαʔ͕഑ஔ͞Ε͍ͯΔɻதԝӈͷݩ3࣍
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ୈ 2 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍ͨߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃ

ද 2.1 ໦ી 105 cm γϡϛοτ๬ԕڸɺ

Tomo-e Gozenͷجຊ༷࢓

৔ॴ ௕໺ݝ໦ી܊

౓ߴ ւൈ 1132ma

๬ԕڸ༗ޮܘޱ 105 cm
༗ޮࢹ໺ 20 deg2

ڃք౳ݶ (1 sੵ෼ɺS/N=5) 18.5౳ b

ϑΟϧλʔ ͳ͠

σʔλϨʔτ 20TB/໷

a ๬ԕڸͷத৺ෆಈ఺ͷҐஔ
b Tomo-e Gozen͕ײ౓Λ΋ͭ೾௕ଳͰͷ AB
౳ڃ (Sako et al. 2018)

Tomo-e Gozen͸ CMOSηϯαͷߴ଎ಡΈग़͠Λੜ͔ͨ͠ಈը؍ଌ͕ಛ௃Ͱ͋ΓɺҰͭͷࢹ໺ʹର͠ 2 fpsͷ
ϑϨʔϜϨʔτͰෳ਺ຕͷը૾ ݩ3࣍) fitsϑΝΠϧ)Λऔಘ͢ΔશఱαʔϕΠ؍ଌΛ͏ߦɻຊߘͰ͸͜ͷ ݩ3࣍
fits ϑΝΠϧΛσʔλϑϨʔϜηοτɺͦͷதͷ֤ϑϨʔϜΛσʔλϑϨʔϜͱݺͿɻ֤ࢹ໺ʹ͓͚Δಈըͷϑ
ϨʔϜ਺Λ 12ͱͨ͠৔߹ɺશఱ ౓ߴ) 35౓Ҏ্)Λ໿ 2࣌ؒͰ؍ଌ͢Δ͜ͱ͕Ͱ͖Δɻ໿ 6೥ʹΘͨΔ։ൃؒظ
Λऴ͑ 2019೥ 10݄ʹຊ֨ӡ༻͕։࢝͠ɺશఱαʔϕΠ؍ଌ͔Βͷ਺ʑͷಥൃఱମͷൃظ͕ݟ଴͞Ε͍ͯΔɻ޿
ΑΓੜ੒͞ΕΔσʔλ͸Ұ൩໿ʹ૾ࡱ଎ߴ໺ࢹ 20TBʹ΋ٴͼɺαΠΤϯεάϧʔϓ͝ͱʹ͜ͷσʔλ͔Βඞཁ
৘ใΛநग़͍ͯ͠Δɻ௒৽੕ɺॏྗ೾ରԠఱମɺଠཅܥখఱମͳͲͷಥൃݱ৅͕ओͳ؍ଌର৅Ͱ͋Δɻ؍ଌσʔ

λྔ͕๲େͰ͋ΔͨΊͦͷऔΓѻ͍͕ॏཁͰ͋Γɺྫ͑͹ඵεέʔϧͷมಈ͕ॏཁͰ͸ͳ͍௒৽੕୳ࠪͰ͸σʔ

λϑϨʔϜηοτΛॏͶ߹Θͤͯײ౓Λͨ͛ڍελοΫը૾Λ༻͍ΔͳͲ֤ʑ͕ద੾ͳॲཧΛ͍ߦղੳΛਐΊͯ

͍Δɻ

଎Ҡಈ͢Δߴ NEO ͷൃݟʹ͓͍ͯɺࢹ޿໺ߴ଎؍ଌΛ͏ߦ Tomo-e Gozen ͸ඇৗʹྗڧͳ૷ஔͰ͋Δɻ
Tomo-e GozenͱଞͷαʔϕΠ؍ଌͷൺֱΛਤ 2.2ʹࣔͨ͠ɻଟ͘ͷ NEOΛൃ͍ͯ͠ݟΔطଘͷαʔϕΠ؍ଌ
(Pan-STARRSɺCSSɺZTFɺATLAS)ͱ 2023೥ʹຊ֨Քಇ͕࢝·Δ LSST(Large Synoptic Survey Telescope,
Ivezić et al. 2019) 23 Λൺֱର৅ͱ͢ΔɻTomo-e GozenҎ֎ͷαʔϕΠ؍ଌ͸ɺయܕతʹ਺ेඵͷ࿐ޫ࣌ؒͰ
αʔϕΠ؍ଌΛ͍ߦɺ20౳લޙͷ҉͍ఱମ·Ͱݕग़͢Δ͜ͱ͕Ͱ͖Δɻ஍͔ٿΒ཭Εͨ҉͍ఱମΛݕग़͢Δ͜ͱ
͕Ͱ͖ɺͦͷ݁Ռଟ͘ͷখ࿭੕Λൃ͢ݟΔ͜ͱ͕Ͱ͖͍ͯΔɻ༗ޮ͕ܘޱ 6.4mͷ LSSTͷ༧ଌݶք౳ڃ͸໿ 25
౳Ͱ͋Γ LSSTͷՔಇ͕࢝·Δͱɺ͍޿αʔϕΠ໘ੵͱେܘޱʹΑΓطଘͷαʔϕΠ؍ଌ͕ର৅ͱ͢Δখ࿭੕ͷ
ଟ͘ͷൃݟΛ୲͏͜ͱʹͳΔͱظ଴͞Ε͍ͯΔɻҰํ Tomo-e GozenͷશఱαʔϕΠ؍ଌ͸ଞͷαʔϕΠ؍ଌʹ
ൺ΂ݶք౳ڃ͸௿͍΋ͷͷɺγϡϛοτ๬ԕڸͷಛ௃Ͱ͋Δࢹ޿໺ͱ CMOSηϯαΛ༻͍ͨ 2 fpsಈը؍ଌʹΑ
Δߴ଎૾ࡱͱ͍͏ଞͷαʔϕΠ؍ଌʹͳ͍ಛ௃Λ΋ͭɻ࿐ޫ࣌ؒ͸ݕग़Մೳͳఱମͷ଎౓ɺ͢ͳΘͪ஍͔ٿΒͷ

཭ʹରԠ͢ΔɻCCDڑ ΧϝϥΛ༻͍ͨ਺ेඵ࿐ޫΛ͏ߦଞͷαʔϕΠ؍ଌͰ͸஍ٿͷۙۃ๣Λ௨ա͢ΔҠಈఱ
ମ͸੕૾͕ஶ͘͠৳ͼͯ͠·͍ײ౓͕௿Լ͢Δɻ଎౓ͷҟͳΔఱମʹର͢Δ Tomo-e Gozen(༗ޮܘޱ 1.05m)ͱ
Pan-STARRS(༗ޮܘޱ 1.8m)ͷײ౓Λൺֱ͢Δͱɺߴ଎Ҡಈఱମʹରͯ͠͸୹࣌ؒ࿐ޫΛ͏ߦ Tomo-e Gozen
ͷײ౓͕͍͜ߴͱ͕Θ͔Δ (ਤ 2.3)ɻTomo-e Gozenͷࢹ޿໺ߴ଎ಈըαʔϕΠ؍ଌ͔Β͸ɺଞͷαʔϕΠ؍ଌ
Ͱ͸ൃ͕ݟ೉͍͠஍ۙٿ๣Λߴ଎Ҡಈ͢Δ NEOͷൃظ͕ݟ଴Ͱ͖Δɻ

23 https://www.lsst.org/

– 14–

https://www.lsst.org/


ୈ 2 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍ͨߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃ

ਤ 2.2 αʔϕΠ؍ଌͷൺֱɻ

Tomo-e GozenɺPan-STARRSɺCSS(Catalina Sky Survey)ɺZTF(Zwicky Transient Facility)ɺAT-
LAS(Asteroid Terrestrial-impact Alert System)ɺLSST(Large Synoptic Survey Telescope) ͷ 6ͭαʔ
ϕΠͷ๬ԕڸ։ޱ໘ੵ (Aperture)ɺݶք౳ڃ (Limitting magnitude)ɺࢹ໺ (Field of view)ɺϑϨʔϜϨʔ
τ (Frame rate)ɺσʔλϨʔτ (Data rate)Λൺֱɻ֤߲໨ͷ࠷େ஋ (։ޱ໘ੵ 40.96m2ɺݶք౳ڃ 25౳ɺ
໺ࢹ 47 deg2ɺϑϨʔϜϨʔτ 2 fpsɺσʔλϨʔτ 20TB/night)Ͱ֨نԽɻಈը؍ଌΛ͏ߦ Tomo-e Gozen
͸ଞͷαʔϕΠ؍ଌͱ͸ҟͳΔಛ௃Λ࣋ͭɻ
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ਤ 2.3 Tomo-e Gozenͱ Pan-STARRS1ͷײ౓ൺֱɻ
੨৭ɺ੺৭ͦΕͧΕTomo-e GozenɺPan-STARRSͷҠಈఱମʹର͢Δݶք౳ڃ (S/N = 5)Λද͢ɻTomo-e
Gozenͷ 0.5ඵʹൺ΂௕͍ 30ඵͷ࿐ޫ࣌ؒͰ؍ଌΛ͏ߦ Pan-STARRSͰ͸૾ͷ৳ͼʹΑΓײ౓͕ஶ͘͠௿
Լ͢ΔɻҠಈ଎౓͕େ͖ͳఱମʹରͯ͠͸ܘޱͷখ͍͞ Tomo-e Gozenͷײ౓͕͍ߴɻͦΕͧΕͷ๬ԕڸα
Πτͷయܕతͳ PSF(Point Spread Function)ͷ FWHM(Full Width at Half Maximum)ͷ 2ഒͷ൒ܘΛ
΋ͭԁܗ։ޱΛԾఆɻ

2.2 ग़γεςϜͷ։ൃݕ଎Ҡಈఱମߴ

Ҏ߱ຊষͰ͸ Tomo-e GozenͷαʔϕΠ؍ଌσʔλ͔Βߴ଎ҠಈఱମΛݕग़͢ΔͨΊͷߴ଎Ҡಈఱମݕग़γε
ςϜʹ͍ͭͯͷৄࡉΛड़΂Δɻߴ଎Ҡಈఱମݕग़γεςϜΛؚΉ NEO ग़γεςϜͷྲྀΕΛਤݕ 2.4 ʹࣔͨ͠ɻ
Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔ΒҠಈఱମΛݕग़͢Δ·ͰͷྲྀΕ͸ɺ࣮ࡍʹσʔλϑϨʔϜηοτ
͔Βఱମͷݕग़Λ͏ߦ 1)Ҡಈఱମͷݕग़ɺͦΕΒͷݕग़Λ݁ͼ͚ͭΔ͜ͱͰҠಈఱମΛநग़͢Δ ग़ఱମͷݕ(2
άϧʔϐϯάɺ͜ΕΒͷաఔͰੜͯ͡͠·͏ ߦʹͷஈ֊ʹ෼͚ΒΕΔɻ3)ͷ։ൃΛओମతͭࡾͷڈग़ͷআݕޡ(3
͍ɺ1)ɺ2)͸ڞಉऀڀݚͱڞʹ։ൃΛਐΊͨɻ
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(ダーク引き、 
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追観測レシピ作
成
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カタログ照合 
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データフレーム
セット

一時処理済み 
データフレーム
セット

移動天体データ 
フレームセット、 
天体検出 

パラメーターテーブル

追観測レシピ
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同定天体 
情報 

(時刻、位置)
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メール 
テキストファイル

NEOデータベース
への登録

ਤ 2.4 Tomo-e Gozen Ҡಈఱମൃݟ·ͰͷྲྀΕɻ
੨৭͸ೖग़ྗσʔλɺ྘৭͸ॲཧΛද͢ɻҠಈఱମݕग़͸ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλϑϨʔ
ϜηοτͷҰ࣌ॲཧࡁΈσʔλʹରͯ͠͏ߦɻݕग़͞ΕͨҠಈఱମͷσʔλϑϨʔϜηοτɺఱମݕग़ύϥ

ϝʔλʔ (ցֶशͷείΞͳͲػඪɺ଎౓ɺ࠲) ͸ NEO σʔλϕʔεʹొ࿥͞ΕΔɻొ࿥͞Εͨ৘ใ͸ࣗΒ
։ൃͨ͠ΞϓϦέʔγϣϯ (NEOϏϡʔΞʔ)Λ༻͍ͯ֬ೝͰ͖ɺ௥੻؍ଌ΍ఱମಉఆΛ͜͏ߦͱ͕Մೳɻղ
ੳ༻ػࢉܭͷॲཧ͸ࣗಈͰߦΘΕΔ͕ɺNEOϏϡʔΞʔͰͷॲཧͷ࣮ߦͷ൑அ͸ਓ͕͏ߦɻ
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2.2.1 Ҡಈఱମͷݕग़

খ࿭੕ΛؚΉҠಈఱମͷيಓܾఆ͸ෳ਺ͷ؍ଌ఺Λ૊Έ߹ΘͤΔ͜ͱͰߦΘΕΔɻݪཧతʹ͸ಉҰఱମΛҟͳ

Δ࣌ࠁʹ 3ճ؍ଌ͢Δ͜ͱͰيಓΛܾఆ͢Δ͜ͱ͕Ͱ͖Δ͕ɺଌޫࠩޡɺ஍ٿ΍݄ͷॏྗʹΑΔఱମͷيಓมԽ
ͳͲΛྀ͢ߟΔͱɺΑΓଟ͘ͷ؍ଌ఺͕ඞཁͱͳΔɻ

஍͔ٿΒԕ͘཭Εͨఱମ΄Ͳ͚͔ݟͷҠಈڑ཭͸খ͘͞ɺ஍ۙٿ๣Λ௨ա͢Δఱମ΄Ͳ͚͔ݟͷҠಈڑ཭͕େ

͖͍ɻݕग़Ͱ͖ΔҠಈఱମͷ଎౓͸ɺऔΓѻ͏σʔλͷੵ෼࣌ؒͱͦͷऔಘִؒʹґଘ͢Δɻ஍͔ٿΒԕ͍ͨΊ

҉͘Ҡಈ଎౓͕খ͍͞ఱମΛଊ͑Δʹ͸௕࣌ؒ࿐ޫ͕ඞཁͱͳΓɺ஍ٿʹۙ͘Ҡಈ଎౓͕େ͖͍ఱମΛଊ͑Δʹ

͸૾ͷ৳ͼΛ཈͑ΔͨΊͷ୹࣌ؒ࿐ޫ͕๬·͍͠ɻͭ·Γ 2fpsಈը؍ଌΛجຊઓུͱ͢Δ Tomo-e Gozen ͷશ
ఱαʔϕΠ؍ଌͰ͸ɺCCDΧϝϥΛ༻͍ͨ਺ेඵ࿐ޫ͕جຊͱͳΔطଘͷαʔϕΠ؍ଌͰ͸ݕग़͕೉͍͠ɺඵε
έʔϧͰࢹ໺಺Λߴ଎ʹҠಈ͢ΔఱମΛݕग़͢Δ͜ͱ͕ظ଴Ͱ͖Δɻ

ग़͸ҎԼͷྲྀΕʹԊ͏ɻTomo-eݕ Gozen ͷશఱαʔϕΠ؍ଌͰ͸ಉྖҬʹରͯ͠యܕతʹ 12 ·ͨ͸ 18 ϑ
ϨʔϜͷσʔλϑϨʔϜηοτΛऔಘ͢ΔɻΑͬͯ͜͜Ͱ͸औΓѻ͏σʔλ͸ 2fps(0.5 ඵ࿐ޫ)12 ϑϨʔϜͷ
σʔλϑϨʔϜηοτͱ͢Δɻ

1. ੒࡞੕ϚεΫͷ߃
σʔλϑϨʔϜηοτͷ࠷ॳͱޙ࠷ͷϑϨʔϜͦΕͧΕͰɺᮢ஋Ҏ্ͷΧ΢ϯτ஋Λ࣋ͭϐΫηϧͷϚε

Ϋը૾Λ࡞੒͢Δ (ਤ ੕߃ɻ͜ͷϚεΫը૾Λ༻͍Δ͜ͱͰɺᮢ஋Ҏ্ͷ(ࠨ2.5 (ඇҠಈఱମ)ɺഎܠϊΠ
ζɺӉ஦ઢɺҠಈఱମ͕ଘ͢ࡏΔϐΫηϧΛϚεΫ͢Δ͜ͱ͕Ͱ͖ΔɻຊڀݚͰ͸ 1ɺ12ϑϨʔϜͷϚε
Ϋը૾ͷ࿦ཧੵΛͱͬͨΞϯυϚεΫը૾Λ࡞੒͠ɺ͞Βʹ๲ுͤͨ͞ը૾Λ࠷ऴతͳϚεΫը૾ͱͯ͠

ར༻͢Δ (ਤ 2.5தԝɺӈ)ɻσʔλϑϨʔϜηοτ಺ͰҠಈ͠ͳ͍ݕग़ (ͭ·Γ߃੕ͳͲ)ͷҐஔΛϚεΫ
͠ɺσʔλϑϨʔϜηοτ಺Ͱݕग़Ґஔ͕มԽ͢ΔҠಈఱମΛݕग़͢Δ͜ͱ͕Ͱ͖ΔɻϚεΫੜ੒ͷᮢ஋

͸σʔλϑϨʔϜʹ͓͚ΔഎޫܠϊΠζͷΧ΢ϯτ஋ͷఆ਺ഒͱ͢Δɻ

2. ग़ݕ੕ϚεΫΛ༻͍ͨఱମ߃
ग़ʹ͓͍ͯ΋ᮢ஋Λઃఆ͠ɺݕɻఱମ͏ߦग़Λݕ੕ϚεΫΛ༻͍ͯɺ֤σʔλϑϨʔϜͰఱମ߃੒ͨ͠࡞

ϚεΫ֎͔ͭᮢ஋Ҏ্ͷϐΫηϧ͕ݕग़ͱͳΔɻ໌Δ͞ͷᮢ஋Λখ͘͢͞Δ͜ͱͰ҉͍ఱମ·Ͱݕग़͢Δ

͜ͱ͕Ͱ͖Δ͕ɺഎޫܠͷେ͖ͳϐΫηϧΛݕग़ͯ͠͠·͍ͨΊݕޡग़͕૿͑ΔɻຊڀݚͰ͸໌Δ͞ͷᮢ

஋ͱͯ͠എܠϊΠζͷ 1.2ഒͷΧ΢ϯτ஋Λ࠾༻ͨ͠ɻൺֱతଟ͘ͷݕޡग़͕ݕग़͞ΕΔ͕ɺ͜ͷޙͷά
ϧʔϐϯάɺػցֶशʹΑΓݕޡग़ͷݮ࡟Λ͏ߦɻ

– 18–



ୈ 2 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍ͨߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃ

1 / 14

original image mask

1st  
frame

12th 
(last)  
frame

moving object

and mask final mask

masked image

mask for moving object
dilation

and

and

ਤ 2.5 ϚεΫ࡞੒ͷྲྀΕɻ

ग़ᮢ஋Ҏ্ͷΧ΢ݕͷϑϨʔϜͰϚεΫΛੜ੒ɻ֤ϑϨʔϜͰޙ࠷ॳͱ࠷ΒॱʹσʔλϑϨʔϜηοτͷ͔ࠨ

ϯτ஋Λ΋ͭҠಈఱମɺඇҠಈఱମʹର͢ΔϚεΫ (2஋ը૾)͕ੜ੒͞ΕΔɻ੺৭ؙɺࢵ৭ؙ͸ͦΕͧΕҠಈ
ఱମͷҐஔɺͦͷҐஔʹੜ੒͞ΕͨϚεΫΛද͢ɻ2ϑϨʔϜͷϚεΫͷΞϯυԋࢉΛ͍ߦΞϯυϚεΫ (2஋
ը૾)Λੜ੒͠ɺΞϯυϚεΫΛ๲ுͤͨ͞΋ͷ͕࠷ऴతͳϚεΫͱͳΔɻҰ൪ӈͷ masked image͸ɺੜ੒
ͷϑϨʔϜʹద༻ͨ͠ը૾ɻҠಈఱମޙ࠷ॳͱ࠷ऴతͳϚεΫΛ࠷ͨ͠ (੺৭ؙ) ͸ϚεΫ͞Εͣʹݕग़͢Δ
͜ͱ͕Ͱ͖Δɻ

2.2.2 ग़ఱମͷάϧʔϐϯάݕ

લ߲໨ͷखॱΛܦΔ͜ͱʹΑΓσʔλϑϨʔϜηοτͷ֤ϑϨʔϜͰఱମͷݕग़͕ߦΘΕΔɻKojima (2019)
Ͱ͸֤ϑϨʔϜͷݕग़ʹର͠୳ࡧԁΛ༻͍Δ͜ͱͰҠಈఱମͷಉఆΛͨͬߦɻKojima (2019)ͷख๏Ͱ͸ྫ͑͹
๬ԕڸͷৼಈ΍େؾ༳Β͗ʹΑΔ੕૾ͷ༳ΕΛҠಈఱମͱͯ͠ݕग़ͯ͠͠·͏ɻຊҠಈఱମݕग़ͷ໨త͸ NEO
ΛؚΉҰํ޲ʹҠಈ͢ΔҠಈఱମΛநग़͢Δ͜ͱͰ͋ΓͦͷΑ͏ͳఱମͷݕग़͸๬·͘͠ͳ͍ɻ

͜͜Ͱ͸֤ݕग़ΛҐஔ xɺyɺ࣌ࠁ tͷ (x, y, t) ಓɺيͷ఺ͱͯ͠औΓѻ͏ɻҠಈఱମ͸ଠཅपճ্ۭؒݩ࣍ࡾ

஍ٿपճيಓ, ·ͨ͸཭৺཰ e > 1 ͷଠཅܥ֎ఱମيಓ͕͋Γ͏Δ͕ɺ͍ͣΕ΋े෼ʹ୹͍ຊ؍ଌͷσʔλϑ

ϨʔϜηοτʹ͓͍ͯͦͷي੻͸௚ઢ্ΛҠಈ͢Δ΋ͷͱۙࣅͰ͖ΔɻҰํݕޡग़ͱͯ͑͠ߟΒΕΔ߃੕ϚεΫ

ۙ๣ͷେؾ༳Β͗ͷมಈʹىҼ͢Δݕޡग़ (γʔΠϯάμϯε)ͷҰ෦ͷي੻͸ඇ௚ઢͱͳΔ (ਤ 2.6ɺࠨਤ)ɻͦ
͜Ͱ֤ݕग़఺͔Β௚ઢঢ়ͷي੻Λ΋ͭݕग़ͷΈΛநग़͠άϧʔϐϯά͢Δ24ɻखॱ͸ҎԼͷ௨ΓͰ͋Δɻ

1. ॳظઢ෼ͷੜ੒
཭ࢄతʹ෼෍ͨ͠఺ͷू߹͔ΒنଇੑΛ࣋ͬͨઢ෼Λੜ੒͢Δ (k-NNGraph, Dong et al. 2011)ɻ

2. ઢ෼ͷάϧʔϐϯά
ೋຊͷઢ෼ʹର͠ఆٛ͞ΕΔ dverɺdparaɺθ ͕৚݅Λຬͨ͢ઢ෼ΛಉҰઢ෼ͱΈͳ͢ɻͦΕͧΕج४ઢ෼

ͱଞͷઢ෼ͷਨ௚ڑ཭ɺฏڑߦ཭ɺͳ֯͢౓Ͱ͋Δ (ਤ 2.7)ɻ͜ͷૢ࡞Λશͯͷઢ෼ʹରͯ͜͠͏ߦͱͰ
௚ઢঢ়ʹݕग़͞ΕΔҠಈఱମΛҰͭͷઢ෼ʹɺҰํϥϯμϜͳݕग़ͱͳΔݕޡग़͸ಠཱͨ͠ઢ෼ͱͯ͠ά

ϧʔϐϯά͞Εͳ͍ɻ

3. ΠςϨʔγϣϯΛ͔͚ͯάϧʔϐϯά
ɻ͏ߦΓฦ͠܁ͷάϧʔϐϯάΛه্

4. ग़ఱମͷܾఆݕ
άϧʔϐϯά͞Εͨఱମͷ͏ͪϑϨʔϜ਺͕ᮢ஋Ҏ্ͷఱମΛ࠷ऴతͳݕग़ఱମͱ͢Δɻಠཱͨ͠ઢ෼ͱ

Έͳ͞Εάϧʔϐϯά͞Εͳ͍ݕޡग़͸আ֎͞ΕΔɻ

24 https://pypi.org/project/fdlsgm/
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ͷάϧʔϐϯάʹΑΓਤه্ 2.6 ग़Λআ֎͢Δ͜ͱ͕Ͱ͖Δɻ͔͠͠Ҡಈఱମͱ൑அ͞ΕͨݕޡͷΑ͏ͳࠨ
தʹ͸·্͚͔ͩݟ௚ઢঢ়ʹݕग़͞ΕΔݕޡग़͕ଘ͢ࡏΔ (ਤ 2.6 ӈ)ɻTomo-e Gozen ͷ؍ଌσʔλ͸ຖ൩໿
20TBʹ͓Αͼݕޡग़ͷ਺͸ແࢹͰ͖ͣɺ্هͷաఔΛͯܦάϧʔϐϯά͞ΕͨҠಈఱମͷ਺͸Ұ൩Ͱ໿ 100ສ
ఱମʹٴͿɻຖ൩͜ͷ਺Λ֬ೝͯ͠ҠಈఱମΛநग़͢Δ͜ͱ͸೉͍͠ɻͦ͜Ͱ࣍અͰ͸͜ΕΒͷఱମ͔Βݕޡग़

Λ͢ݮ࡟ΔͨΊͷػցֶशϞσϧͷ࡞੒Λ͏ߦɻ

1 / 14

time 

x,y-plane stellar mask

取り除ける誤検出

マスクからはみ出た検出

取り除けない誤検出

ਤ 2.6 ग़ͷྫɻݕޡ੕ϚεΫۙ๣Ͱੜ͡Δ߃

3:ࠨ ग़͸ઢ෼ͷάϧʔϐϯάʹΑΓআ֎͢Δ͜ͱ͕Մೳɻӈ:3ݕ੻Λ΋ͭيͰඇ௚ઢͷۭؒݩ࣍ Ͱۭؒݩ࣍
௚ઢ্ʹݕग़͞ΕΔݕޡग़͸ݪཧతʹআ֎Ͱ͖ͳ͍ɻ

/ 14

基準線分

判定対象線分

θ

dver

dpara

 : キューブ内の検出点 

: 線分の中点: 線分の中点

: 生成後線分

4点のグルーピング例

ਤ 2.7 ઢ෼ݕग़֓೦ਤɻ

ग़఺ݕͰͷۭؒݩ࣍ࡾೋͭͷ:ࠨ ཭ڑΛάϧʔϐϯά͢ΔͨΊʹɺਨ௚(৭ؙࠇ) dver(྘৭)ɺฒڑߦ཭ dpara(౧
৭)ɺͳ֯͢ θ(ԫ৭)Λར༻͢Δɻӈ:άϧʔϐϯά͞Εͨఱମ (੺৭)͸৽ͨͳઢ෼ͱͳΓ࣍ͷΠςϨʔγϣϯ
ʹҠ͢ߦΔɻ
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2.2.3 ڈग़ͷআݕޡ͍ͨ༺ցֶशΛػ

͜Ε·ͰͷखॱʹΑΓσʔλϑϨʔϜηοτΛ௚ઢঢ়ʹҠಈ͢Δ৴߸Λநग़͢Δ͜ͱ͕Ͱ͖ͨɻ͜ͷதʹؚ·

ΕΔݕޡग़Λআ͢ڈΔͨΊʹɺݕޡग़ͱਅͷҠಈఱମͷఱମݕग़ύϥϝʔλʔ (PSFͷ FWHM΍σʔλϑϨʔ
Ϝηοτ಺ͷݕग़਺ͳͲ)ͷҧ͍ʹண໨ͨ͠෼ྨΛͨͬߦɻ෼ྨ໰୊Λͨ͏ߦΊͷΞϧΰϦζϜ͸ଟ਺ଘ͢ࡏΔ
͕ɺHenghes et al. (2020)Ͱ͸ Dark Energy Surveyσʔλ͔Βͷ TNO୳ࡧʹ͓͚ΔϥϯμϜϑΥϨετͷ༗
༻ੑ͕ࣔ͞Ε͍ͯΔ25ɻTomo-e GozenͷશఱαʔϕΠ؍ଌσʔλʹ͓͚ΔҠಈఱମͷ෼ྨʹ͓͍ͯ΋ɺKojima
(2019) Ͱ͸ଞͷػցֶशʹൺ΂ͯϥϯμϜϑΥϨετ͕༗༻Ͱ͋Δͱͷ݁࿦͕ಘΒΕ͍ͯΔɻ͔͠͠ Kojima
(2019)ʹ͓͍ͯ਺গͳ͍؍ݧࢼଌͷσʔλϑϨʔϜηοτΛ༻͍ͯ࡞੒ͨ͠ػցֶशϞσϧ (ҎԼ KojimaϞσ
ϧ) ʹ͸վળ͕ඞཁͳ఺͕ଘ͢ࡏΔ (ද 2.2)ɻ·ͨߴ଎Ҡಈఱମݕग़γεςϜΛߋ৽͢Δͱݕग़͞ΕΔݕޡग़ͷಛ
௃΋มԽ͠ɺͦͷ౎౓࠷దԽ͞ΕͨػցֶशϞσϧΛ࡞੒͠ͳ͚Ε͹͍ߴ෼ྨੑೳ͸ಘΒΕͳ͍ɻͦ͜Ͱຊڀݚ

Ͱ͸ KojimaϞσϧʹมΘΔෳ਺ͷػցֶशϞσϧͷ࡞੒Λͨͬߦɻ

ද 2.2 ցֶशϞσϧͷվળ߲໨ػ

վળ఺ ɹɹɹɹ ɹ ղܾࡦ

σʔλͷछྨͷܽ೗ࢣڭ ஝ੵ͞Εͨ࠷৽ͷαʔϕΠσʔλΛ࢖༻

γϛϡϨʔγϣϯ NEOͷ੕૾ subpixelΛྀͨ͠ߟγϛϡϨʔγϣϯ
ظցֶशͷඇಉػग़γεςϜͱݕ଎Ҡಈఱମߴ ஙߏͷڥదԽϞσϧੜ੒؀࠷

σʔλϑϨʔϜηοτ΁ͷٖࣅఱମͷຒΊࠐΈ

͋Β͔͡ΊҠಈఱମ͔൱͔ϥϕϧ͚ͮ͞Εͨσʔλ ੒͢Δɻ࣮࡞Λ༻͍ͯҠಈఱମ෼ྨϞσϧΛ(σʔλࢣڭ)
Ͱ֬ೝ͠ϥϕϧΛ͚ͭΔख๏͸ɺ๲େͳྔͷσʔλΛ֬ೝ͢Δඞཁ͕͋Γଟ͘ͷ࣌ؒͱ࿑ྗࢹग़ఱମΛ໨ݕͷࡍ

Λඞཁͱ͢Δɻߴ଎Ҡಈఱମݕग़γεςϜ͸։ൃ։͔࢝Βෳ਺ճͷΞοϓσʔτΛ͍ͯͬߦΔ͕ɺΞοϓσʔτ

͝ͱʹ໨ࢹͰఱମ֬ೝΛ࠷͍ߦదԽ͞ΕͨϞσϧΛ࡞੒͢Δͷ͸࣮ݱతͰ͸ͳ͍ɻ

ຊڀݚͰ͸ҠಈఱମΛ໛ٖͨ͠৴߸ σʔλΛ༻ҙࢣڭग़ͷݕޡΈҠಈఱମͱࠐଌσʔλʹຒΊ؍Λ(ఱମࣅٖ)
ͨ͠ (ਤ 2.8)ɻ༻ҙ࣮ͨ͠ࡍͷ؍ଌσʔλΛෳ੡͠ɺҰํʹٖࣅఱମΛຒΊࠐΉɻ྆ํΛߴ଎Ҡಈఱମݕग़γε
ςϜʹ௨͢͜ͱͰɺٖࣅఱମΛຒΊࠐΜͩσʔλ͔Β͸Ҡಈఱମͱݕޡग़ͷ྆ํɺຒΊࠐΜͰ͍ͳ͍σʔλ͔Β

͸ݕޡग़ͷΈ͕ݕग़͞ΕΔɻٖࣅఱମΛຒΊࠐΜͩσʔλͷݕग़ͷ͏ͪɺຒΊࠐΈ࣌ͷύϥϝʔλʔ ड़΂Δʹޙ)
Α͏ʹҐஔͱ଎౓) ͱ͍ۙ஋Λ࣋ͭݕग़ΛҠಈఱମɺٖࣅఱମΛຒΊࠐΜͰ͍ͳ͍σʔλ͔Βͷݕग़Λݕޡग़ͷ
σʔλͱ͢Δࢣڭ (ਤ 2.8ӈ)ɻ
(Իൺࡶ߸৴)Έ͸ఱମ਺ɺ଎౓ɺS/NࠐఱମͷຒΊࣅٖ Λࢦఆͯ͠͏ߦɻTomo-e Gozen ͷ֤ηϯαʔ͸

2000× 1128ϐΫηϧɺ໿ 39.7′ × 22.4′ ͷࢹ͍޿໺Λ΋ͪɺҰຕͷηϯαʔը૾ʹෳ਺ͷٖࣅఱମΛຒΊࠐΜͰ

΋͓͍ޓͷ݁Ռ͸΄ͱΜͲׯব͠ͳ͍ɻ·࣮ͨࡍͷ؍ଌͰ΋Ұຕͷηϯαʔ͔Βෳ਺ͷҠಈఱମ͕ݕग़͞ΕΔ͜

ͱ͸͋ΔɻҎ্ͷཧ༝͔ΒҰຕͷσʔλϑϨʔϜηοτʹɺಉ࣌ʹ ఱମͷ଎ࣅΜͩɻٖࠐఱମΛຒΊࣅͷٖݸ30
౓ͷେ͖͞͸Ϟσϧ͝ͱʹҟͳΔ͕ɺయܕతʹ 1 arcsec/s ͔Β 15 arcsec/s (੩يࢭಓӴ੕ͷ଎౓) ·Ͱͱͨ͠ɻ
ఱମͷ໌Δ͞͸֤σʔλϑϨʔϜηοτͷయܕతഎܠϊΠζΛ༻͍ɺࢦఆͨ͠ S/NͱͳΔΑ͏ʹௐ੔ͨ͠ɻߴ଎
Ҡಈఱମݕग़γεςϜ͕ݕग़ݶքͰ͋Δ S/N=3͔Β஍ۙٿ๣Λ௨ա͢Δ໌Δ͍ఱମʹରԠ͢Δ S/N=30·Ͱߟ
ྀͨ͠ɻ

ΕΔ·ࠐఱମ͕ɺཚ਺Ͱܾ·ΔϑϨʔϜ಺ͷ͋ΔҐஔʹຒΊࣅͷ৚݅Λຬٖͨ͢ه্ (ਤ 2.8தԝ)ɻҠಈఱମ
ͷਐ޲ํߦ͸Ұ༷෼෍ΛԾఆ͠ɺຒΊࠐΜͩ৴߸ΛσʔλϑϨʔϜηοτதͰɺਐ޲ํߦ΁Ҡಈͤͨ͞ɻٖࣅఱ

ମͷ PSF͸σʔλϑϨʔϜηοτͷ໌Δ͍੕Λ༻͍ͯଌఆͨ͠యܕతͳ PSFͷ FWHMΛ༻͍ɺҠಈ଎౓ʹൺ
ྫͯ͠ਐ޲ํߦʹ৳ͼͨܗঢ়Λ༻͍ͨɻ

25 ϥϯμϜϑΥϨετͷৄࡉ͸ B.1ʹࡌهɻ
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1 / 14

観測データ複製 
(カットアウトを表示) 擬似天体付与

付与なし

移動天体検出

誤検出 
教師データ

移動天体 
教師データ

擬似天体

ਤ 2.8 ੒ͷ֓೦ਤɻ࡞σʔλࢣڭ

ࠐɺҠಈఱମΛຒΊ͍ߦग़ΛݕΈɻҠಈఱମࠐଌσʔλϑϨʔϜηοτΛෳ੡͠ɺҰํʹҠಈఱମΛຒΊ؍࣮

ΜͩσʔλϑϨʔϜηοτ͔Βݕग़͞ΕΔఱମΛҠಈఱମɺຒΊࠐΜͰ͍ͳ͍ݩͷσʔλϑϨʔϜηοτ͔Β

σʔλͱͨ͠ɻࢣڭग़ͷݕޡग़͞ΕΔఱମΛݕ

Ҡಈఱମͷݕग़

ग़γεςϜʹ௨͢͜ͱͰɺγεςϜͷग़ྗͱͯ͠ఱମͷಛ௃ྔݕ଎ҠಈఱମߴσʔλϑϨʔϜηοτΛه্ (Ҏ
Լఱମݕग़ύϥϝʔλʔ)ΛಘΔɻఱମݕग़ύϥϝʔλʔͷྫΛද 2.3ʹࣔ͢ɻ

ද 2.3 ఱମݕग़ύϥϝʔλʔͷྫɻ

্ஈɺԼஈ͸ͦΕͧΕ੩ࢭըతύϥϝʔλʔɺಈըతύϥϝʔλʔɻ

ఱମݕग़ύϥϝʔλʔ આ໌

fwhm PSFͷ FWHM
peak ఱମͷ໌Δ͞ͷϐʔΫ஋

x,y ग़Ґஔݕ

vnorm ଎౓ͷେ͖͞

tracks ಈը಺ݕग़਺

ग़γεςϜͷग़ྗͱͯ͠ɺ֤ϑϨʔϜͰͷҐஔɺPSFͷݕ FWHMɺఱମϑϥοΫε౳͕ಘΒΕΔ (ਤ 2.3্
ஈ)ɻ͞ΒʹຊڀݚͰ͸࣌ྻܥ৘ใΛ΋ͭσʔλϑϨʔϜηοτΛ༻͍ΔͨΊɺఱମͷ଎౓ɺಈը಺ݕग़਺ͱ͍ͬ
ͨಈըతͳύϥϝʔλʔΛऔಘ͢Δ͜ͱ͕Ͱ͖Δ (ਤ 2.3 Լஈ)ɻ֤σʔλϑϨʔϜͰಘΒΕΔఱମݕग़ͷύϥ
ϝʔλʔΛ੩ࢭըతύϥϝʔλʔɺσʔλϑϨʔϜηοτͷ࣌ྻܥ৘ใΛ༻͍ͯಘΒΕΔఱମݕग़ͷύϥϝʔ

λʔΛಈըతύϥϝʔλʔͱݺͿɻ

࣍ʹఱମݕग़ύϥϝʔλʔͷ͏ͪҐஔ xɺyɺ ଎౓ vxɺvy ͷ 4ͭͷఱମݕग़ύϥϝʔλʔΛ༻͍Δ͜ͱͰຒΊ
ɻ͏ߦΜͩҠಈఱମ͔൱͔ͷϥϕϦϯάΛࠐ

r =
√
(xemb − x)2 + (yemb − y)2 + (vxemb − vx)2 + (vyemb − vy)2 < rth, (2.1)

Λຬͨ͢ఱମΛຒΊࠐΈఱମͱ൑அ͠ɺҠಈఱମͷࢣڭσʔλͱͯ͠࠾༻͢Δɻͨͩ͠ఴࣈ emb͸ຒΊࠐΈ఺ͷ

஋ɺఴ͕ࣈͳ͍΋ͷ͸ݕग़఺ͷ஋Λද͢ɻ൑ఆͷᮢ஋ rth Λେ͖͘͢Δ͜ͱͰຒΊࠐΈఱମͷճऩ཰Λ্͛ΒΕ
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Δ͕ɺݕग़఺෇ۙͰੜͨ͡ݕޡग़ΛҠಈఱମͱ͢ΔޡϥϕϦϯά΋ଟ͘ͳΔɻݕޡग़σʔλ͸ຒΊࠐΈͳ͠σʔ

λϑϨʔϜηοτΛ༻͍ͯผ్༻ҙ͢ΔͨΊɺҠಈఱମͱͯ͠ಘΔσʔλͷதͰͷݕޡग़਺͸ݮྗۃΒ͢͜ͱ͕

๬·͍͠ɻ࣮ࡍͷఱମͷϥϕϦϯάҐஔΛ༻͍ͯ͜ͷᮢ஋ rth Λܾఆͨ͠ɻϞσϧ࡞੒ʹ༻͍ͨ 2020೥ 2݄ 18
೔ɺ2020೥ 6݄ 7೔ͷσʔλϑϨʔϜηοτͷ֤ݕग़ఱମͷ࠷΋͍ۙຒΊࠐΈఱମͱͷ࢛࣍ڑݩ཭ͷώετάϥ
ϜΛਤ 2.9ʹࣔ͢ɻຒΊࠐΈఱମͷҐஔͱ଎౓ͷݕग़஋͕ɺຒΊࠐΈ࣌ʹࢦఆͨ͠஋ͱ͍ۙఱମ͸࠷΋͍ۙຒΊ
೔ͱ΋ʹখ͍͞஋ʹϐʔΫΛ΋ͭɻ྆ਤͷώετάϥϜΛ΋ͱʹຒΊ྆ʹࡍ཭͕খ͘͞ͳΔɻ࣮ڑΈఱମͱͷࠐ

Έఱମ൑ఆͷᮢ஋ࠐ rth = 10Λ࠾༻͢Δɻ

ਤ 2.9 ΈҐஔͷࠐఱମຒΊࣅग़Ґஔͱٖݕ ཭ɻڑݩ4࣍
0ʹ͍ۙҐஔʹϐʔΫΛ࣋ͭ෼෍Ͱ͋ΓɺຒΊࠐΈఱମͱͦͷݕग़ͷ࢛࣍ڑݩ཭͕খ͍͜͞ͱ͕Θ͔Δɻ

ͨͩ͠ਤ 2.9ͷΈ͔ΒͰ͸ɺrth < 10ͷఱମʹݕޡग़͕ଘ͠ࡏͳ͍ͱ͍͏͜ͱ͸அఆͰ͖ͳ͍ɻ֬ೝͷͨΊ࣮

ग़ͷݕޡग़͞ΕͨҠಈఱମͱݕʹࡍ ཭ڑݩ4࣍ r Λௐ΂ͨ (ਤ 2.10)ɻ͜ͷਤ͸্هͷᮢ஋ rth < 10Λຬͨ͢ఱ

ମΛҠಈఱମͱ൑அͨ࣌͠ͷɺҠಈఱମͱݕޡग़ͷۙ࠷๣ڑ཭Λද͢ɻڑ཭͕ 0Ͱ͋Δݕग़͸ಉҰͷݕग़ɺͭ·
ΓޡϥϕϦϯάΛද͢ɻਤ 2.10ͷӈɺ2020೥ 6݄ 7೔ͷσʔλʹ͸ޡϥϕϦϯά͕ 2ఱମଘͨͨ͠ࡏΊ໨ࢹͰ
֬ೝ͠আ֎ͨ͠ɻ͜ͷޡϥϕϦϯά͕ੜͨ͡σʔλΛਤ 2.11ʹࣔ͢ɻ੕͕ଟ͍ྖҬͰ͸੕͕গͳ͍ྖҬʹൺ΂ଟ
͘ͷݕޡग़͕ݕग़͞Εͯ͠·͏͜ͱͰޡϥϕϦϯάͷՄೳੑ͕͘ߴͳΔɻ
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ਤ 2.10 ҟͳΔϥϕϧΛ΋ͭۙ࠷๣ఱମͱͷ࢛࣍ڑݩ཭ɻ

ҟͳΔϥϕϧΛ࢛࣋ͪ࣍ڑݩ཭͕࠷΋͍ۙఱମͱͷ࢛࣍ڑݩ཭ͷώετάϥϜ ɻଟ͘ͷఱମ͸ҟͳΔϥϕϧ

Λ࣋ͭݕग़͔Βԕ͍͜ͱ͔ΒޡϥϕϦϯά͞Ε͍ͯͳ͍͜ͱ͕Θ͔ΔɻҰํɺ੕͕ଟ͍ྖҬ (ӈ) ͷσʔλϑ
ϨʔϜηοτͰ͸ҟͳΔϥϕϧΛ΋ͭۙ࠷๣ఱମͱͷ ཭͕ڑݩ4࣍ 0ɺͭ·ΓޡϥϕϦϯά͕ 2݅ଘࡏɻ

ਤ 2.11 ੕͕ଟ͍ྖҬͷ؍ଌσʔλϑϨʔϜྫ (2020೥ 6݄ 7೔)

Ҏ্Λͯܦఱମݕग़ͷύϥϝʔλʔͱҠಈఱମ͔ݕޡग़͔ͷϥϕϧ͕͍ͭͨσʔληοτΛಘΔ͜ͱ͕Ͱ͖ͨɻ

ϥϕϦϯάʹ౰ͨͬͯ͸ࢹ໺தͷ੕ͷྔɺഎޫܠϊΠζͷେ͖͞ͳͲʹ஫ҙ͠ɺஸೡʹऔΓѻ͏ඞཁ͕͋Δ͕ɺ

ஸೡʹॲཧΛͯ͠΋ޡϥϕϦϯάΛ 0ʹ͢Δ͜ͱ͸೉͍͠ɻٖࣅఱମΛຒΊݕʹͣ·ࠐग़͞Εͨ৴߸Λશͯݕޡ
ग़ͱ͍ͯ͠Δ͕ɺ͜ͷதʹ͸ਅͷҠಈఱମؚ͕·͍ͯΔՄೳੑ͕͋Δɻ·ͨଞͷޡϥϕϦϯάͱͯ͠͸ٖࣅఱମ

ΛຒΊΔ͜ͱʹΑΔݩʑͷݕޡग़ͷมԽ͕͑ߟΒΕΔɻ͔͜͠͠ΕΒΛ໨ࢹͰ֬ೝ͢Δͷ͸ࠔ೉Ͱ͋ΔɻΑͬͯɺ

࣍ͷػցֶशϞσϧͷ࡞੒Ͱ͸ޡϥϕϦϯά͕ଘ͢ࡏΔՄೳੑΛྀͨ͠ߟϞσϧͷ࡞੒͕ඞཁͱͳΔɻͭ·Γޡ

ϥϕϦϯάΛ෼ྨ͢Δ͜ͱʹΑΔաֶशΛ๷͙ϞσϧΛߏங͢Δɻ
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Ϟσϧ࡞Γ

͜Ε·Ͱʹड़΂ͨલॲཧͰಘΒΕΔఱମݕग़ͷύϥϝʔλʔͱϥϕϧΛ༻͍ͯϥϯμϜϑΥϨετΞϧΰϦζ

ϜΛ༻͍ͨػցֶशϞσϧΛ࡞੒ͨ͠ɻϞσϧ࡞੒ʹ͸ pythonͷ scikit-learn v0.22.2 26 Λ༻͍ͨɻ͜Ε·

Ͱʹఱମݕग़ύϥϝʔλʔɺϋΠύʔύϥϝʔλʔɺ؍ଌσʔλϑϨʔϜηοτͷछྨΛมԽͤͯ͞ 7ͭͷϞσ
ϧΛ࡞੒ͨ͠ (ද 2.4)ɻͦΕͧΕͷϞσϧʹ༻͍ͨ؍ଌσʔλϑϨʔϜηοτͷ PSFͷ FWHMɺഎܠϊΠζɺ
੕ͷ਺ͷଟ༷ੑΛਤ 2.12ʹࣔͨ͠ɻஈ֊తʹ༻͍ΔσʔλϑϨʔϜηοτΛ૿΍͠ଟ༷ੑΛ࣋ͭϞσϧΛ࡞੒͠
ͨɻͳ͓ model202008 Ҏ߱ʹ࡞੒ͨ͠ model202011ɺmodel202012 ͸ model202008 ͱಉ༷ͷσʔλϑϨʔϜ
ηοτΛ༻͍͍ͯΔɻҎԼ࠷৽ͷϞσϧmodel202012Λྫʹ࣮ࡍͷ࡞੒खॱΛड़΂ΔɻϞσϧ࡞੒ͷྲྀΕ͸ҎԼ
ͷྲྀΕʹԊ͏ɻ

1. ෼ྨʹ༻͍Δఱମݕग़ύϥϝʔλʔͷબ୒
2. ϋΠύʔύϥϝʔλʔͷબ୒
3. ROC ઢͷ֬ೝۂ

4. ໦ͷ֬ೝ
5. σʔλʹର͢Δੑೳ༺ূݕ

·ͣ model202012ͷ֓ཁΛड़΂ɺͦͷه্ޙͷྲྀΕʹԊͬͯϞσϧΛ࡞੒͢Δɻ

26 https://github.com/scikit-learn/scikit-learn
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σʔλ֓ཁࢣڭ model202012
ଌσʔλ؍ͷࡍ࣮ 14࿐ޫ 1120ຕͷσʔλϑϨʔϜηοτΛ༻͍ͯϞσϧΛ࡞੒ͨ͠ɻ͜ͷ 14࿐ޫ͸ࢹ໺಺

ͷ੕ͷ਺ɺഎޫܠɺPSFͷ FWHMʹόϦΤʔγϣϯ͕ग़ΔΑ͏ʹબ୒ͨ͠ (ද 2.5)ɻͦΕͧΕͷσʔλϑϨʔ
Ϝηοτʹ଎౓ɺS/Nͷଟ༷ੑΛ΋ٖͭࣅఱମΛ 30ఱମຒΊࠐΜͩ (ද 2.6)ɻ͜ͷΑ͏ʹຒΊࠐΈΛࢣڭͨͬߦ
σʔλ͔Β͸Ҡಈఱମɺݕޡग़ͦΕͧΕ 28130ఱମɺ6937ఱମ͕ݕग़͞ΕͨɻաֶशΛ๷͙ͨΊϥϯμϜαϯϓ
Ϧϯά͢Δ͜ͱͰൺ཰Λ 1:1ʹௐ੔ͨ͠ (ද 2.4)ɻ

ද 2.5 model202012ͷ࡞੒ʹ༻͍ͨ؍ଌσʔλϑϨʔϜηοτͷॾݩ

raw fitsa fwhmb starb background rmsc

(arcsec) (ADU)
rTMQ*2020021800259456**.fits 4.80 29 24.93
rTMQ*2020021900261256**.fits 3.19 14 23.38
rTMQ*2020022000262281**.fits 3.64 46 19.56
rTMQ*2020022300265456**.fits 5.09 28 21.43
rTMQ*2020022300265776**.fits 3.65 26 39.23
rTMQ*2020032500291205**.fits 3.15 22 20.95
rTMQ*2020032500291452**.fits 4.55 23 21.93
rTMQ*2020060400342780**.fits 3.32 15 77.30
rTMQ*2020060400343140**.fits 2.75 16 119.31
rTMQ*2020060500344060**.fits 3.29 6 143.53
rTMQ*2020060500344230**.fits 3.79 11 169.83
rTMQ*2020060700345490**.fits 2.91 14 70.58
rTMQ*2020060700345630**.fits 2.92 90 112.56
rTMQ*2020060700345770**.fits 2.77 28 85.73

a *͸શ 80ຕͷηϯαʔΛද͢ɻ
b det111ηϯαʔͷ໌Δ͍੕Λ༻͍ͨଌఆ஋ɻ
c det111ηϯαʔͷయܕతഎܠϊΠζɻ

ද 2.6 model202012ͷ࡞੒Ͱ༻͍ٖͨࣅఱମͷ଎౓ͱ S/N

velocity S/N
(pixel/frame)
1, 1.2, 1.5, 2, 3 7, 9, 11, 13, 15

෼ྨʹ༻͍Δఱମݕग़ύϥϝʔλʔͷબ୒

෼ྨʹ༻͍Δఱମݕग़ύϥϝʔλʔͱͯ͠ද 2.7ͷ 14छྨΛ࠾༻ͨ͠ɻx2ɺy2͸ͦΕͧΕ PSFͷ xɺyํ޲
ͷ 2࣍ϞʔϝϯτͰ੕૾ͷ͕޿ΓΛද͢ɻxy͸ PSFͷ xɺyํ޲ͷڞ෼ࢄͰ PSFͷፏฏ۩߹Λද͢ɻferr͸։
಺૯ϑϥοΫεޱ Ftotal ͷࠩޡͰ͋ΓഎܠϊΠζͱఱମͷϑϥοΫεͷϙΞιϯϊΠζΛ൓ө͍ͯ͠Δɻpeak͸
ఱମϑϥοΫεͷϐʔΫΧ΢ϯτ஋ Fpeak Ͱ͋Δɻfop͸ Ftotal/Fpeak Ͱද͞ΕΔྔͰ͋ΔɻಛఆͷϐΫηϧͰ

Χ΢ϯτ஋͕େ͖͘ͳΔݕޡग़ (Ӊ஦ઢ΍ϗοτϐΫηϧ)Ͱ஋͕େ͖͘ɺ͕ͨͬ޿ఱମ Ͱ͸૬ର(੕΍খ࿭੕߃)
తʹখ͞ͳ஋ʹͳΔɻfwhm͸ PSFͷ FWHMɺbg_level͸σʔλϑϨʔϜηοτͷయܕతഎܠΧ΢ϯτ஋Ͱ͋
ΔɻҎ্ͷ 8ͭ͸੩ࢭըతύϥϝʔλʔͰ͋Γɺ֤ϑϨʔϜͷฏۉ஋Λ஋ͱͯ͠࠾༻͢Δɻ

tracks ͸ಈը಺ݕग़਺/σʔλϑϨʔϜ਺Ͱఆٛ͞Ε 0–1 ͷ஋ΛͱΔɻvnorm ͸Ҡಈఱମͷ଎౓ͷେ͖͞ɺ
svxɺsvyͦͷඪ४ภࠩͰ͋Δɻޙ࠷ʹ cvxɺcvy͸ xɺyํ޲ͷ଎౓ͷಈը಺Ͱͷූ߸มԽͷ਺ͷσʔλϑϨʔ
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Ϝ਺ʹର͢Δׂ߹Λද͢ɻ୹࣌ؒͷಈըதͰ௚ઢيಓΛͱΔ͜ͱ͕ظ଴͞ΕΔҠಈఱମͰ͸খ͍͞஋ΛͱΓɺ๬

ԕڸৼಈͳͲʹىҼ͢Δݕޡग़Ͱ͸େ͖ͳ஋ΛͱΔɻҎ্ͷ 6ͭ͸ಈըతύϥϝʔλʔͰ͋Δɻύϥϝʔλʔ͸
σʔλϑϨʔϜ਺Ͱ֨نԽ͍ͯ͠ΔͨΊɺ೚ҙͷϑϨʔϜ਺ͷ؍ଌͰద੾ͳ෼ྨ͕ՄೳͱͳΔɻֶशʹ༻͍ͨڭ

ग़ύϥϝʔλʔͷώετάϥϜΛਤݕσʔλͷఱମࢣ 2.13ʹࣔ͢ɻ

ද 2.7 model202012Ͱ༻͍ͨఱମݕग़ύϥϝʔλʔ

ఱମݕग़ύϥϝʔλʔ a આ໌

x2, y2 PSFͷ xɺyํ޲ͷ 2࣍Ϟʔϝϯτ b

xy PSFͷ xɺyํ޲ͷڞ෼ࢄ b

ferr ఱମͷ໌Δ͞ͷࠩޡ

peak ఱମͷ໌Δ͞ͷϐʔΫ஋

fop ։ޱ಺૯ϑϥοΫεͱϐʔΫ஋ͷൺ (f lux over peak)
fwhm PSFͷ FWHM

bg_level എޫܠͷయܕతΧ΢ϯτ஋

tracks ಈը಺ݕग़ׂ߹

vnorm ଎౓ͷେ͖͞

svx, svy ଎౓ͷඪ४ภࠩ

cvx, cvy ଎౓ͷූ߸มԽͷׂ߹

a ੩ࢭըతύϥϝʔλʔ (্ஈ)ʹ͍ͭͯ͸֤ϑϨʔϜͷฏۉ஋Λ༻͍Δɻ
b x2 =

∑
i pix

2
i∑

i pi
− x2ɺy2 =

∑
i piy

2
i∑

i pi
− y2ɺxy =

∑
i pixiyi∑

i pi
− xyɻͨͩ͠

x =
∑

i pixi∑
i pi
ɺy =

∑
i piyi∑
i pi

Ͱ͋Γ iɺpi ͸ͦΕͧΕ։ޱ಺ͷϐΫηϧɺͦͷϐ

ΫηϧͷΧ΢ϯτ஋Λද͢ɻ
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ਤ 2.13 model202012ࢣڭσʔλʹ͓͚Δఱମݕग़ͷύϥϝʔλʔͷ෼෍ɻ
੺৭ɺ੨৭͸ͦΕͧΕҠಈఱମ (LABEL1)ɺݕޡग़ (LABEL0)ͷώετάϥϜɻՄੑࢹͷͨΊ֎Ε஋Λআ͍
ͯද͍ࣔͯ͠Δ (3 sigma clipped)ɻ
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ϋΠύʔύϥϝʔλʔͷબ୒

ෳ਺ͷϋΠύʔύϥϝʔλʔͰϞσϧΛ࡞੒ɺൺֱ͢ΔάϦουαʔνΛ͍ߦϋΠύʔύϥϝʔλʔͷ୳ࡧΛ

ϋΠύʔύϥϝʔλʔީิΛදͨ͠ࡧɻ୳ͨͬߦ 2.8ʹ·ͱΊɺ࠷ऴతʹ༻͍ͨϋΠύʔύϥϝʔλʔΛϘʔϧ
υମͰදͨ͠ɻ

ද 2.8 model202012 ϋΠύʔύϥϝʔλʔ

ϋΠύʔύϥϝʔλʔ ஋

ෆ७౓ ["gini","entropy"]
໦ͷ਺ [50, 100, 300, 1000]
໦ͷਂ͞ [3, 5,10]

໦ͷਂ͞ͷௐ੔͸ޡϥϕϦϯάσʔλ΁ͷաֶशͷ཈੍ʹ໾ཱͭɻਤ 2.14ɺਤ 2.15͸ೋͭͷύϥϝʔλʔΛ༻
͍ͨ෼ྨʹ͓͍ͯ໦ͷਂ͞ΛมԽͤͨ͞είΞϦϯάͷྫͰ͋Δɻ໦ͷਂ͞Λࢦఆ͠ͳ͍ਤ 2.14Ͱ͸ࢣڭσʔλ
ΒΕΔݟॴతͳείΞͷ෼෍͕ہΘΕΔͨΊߦదԽ͞Εͨ෼ྨ͕࠷ʹ (vnorm = 3ɺtracks = 0.5΍ vnorm = 6ɺ

tracks = 1.0)ɻಛʹ vnorm = 6ɺtracks = 1.0͸σʔλϑϨʔϜηοτʹݩʑଘ͢ࡏΔҠಈఱମΛඇҠಈఱମͱ

൑ఆͨ͠ޡϥϕϦϯάͱ͑ߟΒΕɺ͜ͷྖҬͷఱମʹ͸͍ߴείΞΛ͚ͭΔ΂͖Ͱ͋Δɻਤ 2.15Ͱ͸໦ͷਂ͞Λ
ௐ੔͢Δ͜ͱͰ෼ྨΛ్தͰऴ͑ɺ্هͷΑ͏ͳগ਺ͷޡϥϕϦϯάʹର͢Δաֶश͕཈੍͞Ε͍ͯΔɻ

ਤ 2.14 ೋͭͷύϥϝʔλʔΛ༻͍ͨ෼ྨྫ (໦ͷਂ͞ͷࢦఆͳ͠)ɻ
໦ͷਂ͞Λࢦఆ͠ͳ͍͜ͱͰɺtracks = 1ɺvnorm = 6෇ۙͷݕޡग़ (੨৭఺)ͳͲͷपลͷείΞ͕௿͘ͳ
ΔϞσϧ͕ੜ੒͞Ε͍ͯΔɻ͜ͷྖҬ͸ఱମݕग़ׂ߹͕͘ߴ଎౓΋େ͖͍Ҡಈఱମ͕ଟ͘ଘ͢ࡏΔྖҬͰ͋

Γɺຊདྷ͸Ҡಈఱମͱ൑அ͠ߴείΞΛ͚͍ͭͨྖҬͰ͋Δɻݕޡग़Ͱ͋Δͱޡ෼ྨ͞ΕͨҠಈఱମΛ෼ྨ͢

ΔͨΊʹ࠷దԽ͞Ε͍ͯΔɻ
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ਤ 2.15 ೋͭͷύϥϝʔλʔΛ༻͍ͨ෼ྨྫ (໦ͷਂ͞Λ ఆ)ɻࢦʹ5
໦ͷਂ͞Λࢦఆ͢Δ͜ͱͰޡϥϕϦϯάʹର͢ΔֶशΛ཈੍͠ɺਤ 2.14Ͱͷෆద੾ͳֶश͕؇࿨͞Ε͍ͯΔɻ

ROC ઢۂ

ೋ෼ྨ໰୊ʹ͓͚Δ෼ྨ݁Ռ͸ද 2.9ͷ 4ͭ (ࠞಉྻߦ confusion matrix)ʹ෼͚ΒΕΔɻ

ද 2.9 ೋ෼ྨ໰୊ʹ͓͚Δ෼ྨΫϥε

Ϋϥε γϯϘϧ આ໌

True Positive TP lebel1(ਖ਼ղ)Λ label1(ਖ਼ղ)ͱ෼ྨ
False Positive FP lebel0(ෆਖ਼ղ)Λ label1(ਖ਼ղ)ͱޡ෼ྨ
True Negative TN lebel0(ෆਖ਼ղ)Λ label0(ෆਖ਼ղ)ͱ෼ྨ
False Negative FN lebel1(ਖ਼ղ)Λ label0(ෆਖ਼ղ)ͱޡ෼ྨ

͜ΕΒΛ༻͍ͯػցֶशϞσϧͷੑೳΛද͢ྔ͕ఆٛ͞ΕΔɻ

TPR (Recall) =
TP

TP + FN
(2.2)

FPR =
FP

TN + FP
(2.3)

Acurracy =
TP + TN

TP + FP + FN + TN
(2.4)

Precision =
TP

TP + FP
(2.5)

TPR (True Positive Rateɺݱ࠶཰ (Recall) ͱ΋) ͸ਖ਼ղΛਖ਼͘͠ਖ਼ղͱ൑அͰׂ͖ͨ߹Ͱ͋ΓɺFPR (False
Positive Rate)͸ଘ͢ࡏΔෆਖ਼ղΛਖ਼͘͠ෆਖ਼ղͱ൑அͰׂ͖ͨ߹Ͱ͋Δɻਖ਼ղ཰ (Accuracy)͸શͯͷσʔλ
ͷ͏ͪਖ਼͘͠൑அͰׂ͖ͨ߹Λද͢ྔͰ͋Δɻޙ࠷ʹద߹཰ (Precision)͸ਖ਼ղͱ൑அͨ͠΋ͷͷ͏ͪਅͷਖ਼ղ
ͷׂ߹Ͱ͋Δɻద੾ͳ൑அج४͸࡞੒͢ΔϞσϧͷཁٻʹΑΓҟͳΔɻ

ROC (Receiver Operating Characteristic)ۂઢ͸ػցֶशϞσϧͷੑೳධՁʹ༻͍ΒΕΔҰͭͷࢦඪͰ͋Γɺ
ԣ࣠Λ FPRɺॎ࣠Λ TPR ͱ͢ΔۂઢͰ͋ΔɻROC ઢͷԼ໘ੵΛۂ AUC (Area Under the Curve)ͱΑͼɺ
ੑೳͷྑ͍Ϟσϧ (TPR ͕େ͖͘ɺFPR ͕খ͍͞)΄Ͳ 1ʹۙͮ͘ɻmodel202012ͷ ROC ઢΛਤۂ 2.16ʹ
ࣔ͢ɻmodel202012࡞੒ʹ༻͍ͨࢣڭσʔλ͔ΒϥϯμϜʹ 3/4Λநग़͠ϞσϧΛ࡞੒ɺ࢒Γͷ 1/4ʹର͢Δε
ίΞ͚ͮΛ͍ߦ TPɺFN Λͨ͠ࢉܭɻ͜ΕΛཚ਺ͷγʔυΛม͑ͯޒճ͍ߦ AUC ͷฏۉͱ෼ࢄΛٻΊͨɻε
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ίΞͷᮢ஋͕େ͖͍΄Ͳݕޡग़ (FP )͕গͳ͍͕ɺTPR͕খ͘͞Ұ෦ͷਅͷҠಈఱମΛඇҠಈఱମͱ൑அ (FN)
ͯ͠͠·͏ɻҰํείΞͷᮢ஋͕খ͍͞΄Ͳݕޡग़ (FP )͕ଟ͘ TPR͸େ͖͘ FN ͕গͳ͍ɻ

ਤ 2.16 model202012ͷ ROC ઢɻۂ

੨৭ઢ͕ ROC ɺؙܗઢΛද͠ɺඛۂ ɺ֯ࡾٯ͸ͦΕͧΕείΞͷᮢ஋Λ 0.5ɺ0.8ɺ0.9ͱͨ࣌͠ͷ ROC ઢۂ

্ͷ఺Λද͢ɻείΞͷᮢ஋͕͍ߴ΄Ͳ FPR ͕খ͘͞Ҡಈఱମͱ൑அ͞ΕΔݕޡग़͕গͳ͘ͳΔ͕ɺTPR

͕খ͘͞ͳΓݕޡग़ͱ൑அͯ͠͠·͏ਅͷҠಈఱମ͕ଟ͘ͳΔɻཚ਺ͷγʔυΛม͑ͯ 5ͭͷ ROC ઢΛॻۂ

͖ɺͦͷ ACU ͷฏۉͱ෼ࢄ͸ͦΕͧΕ 0.99932ɺ0.00031ɻ

໦ͷ֬ೝ

model202012 ͷ໦ͷ࠷େਂ͞͸ 10 Ͱඇৗʹେ͖ͳ໦ͱͳΔɻ͜͜Ͱ͸ྫͱͯ͠ਂ͞ 3 ͷ໦Λਤࣔͨ͠
(ਤ 2.17)ɻ
͜ͷ໦Ͱ͸ bg_levelɺcvxɺtracksɺcvyɺsvy ͷ 5 ͭͷύϥϝʔλʔʹ͍ͯͮجΫϥε෼ྨ͞ΕΔɻ෼ྨΫ

ϥε͕෼͔Ε͖Βͳ͍຤୺Ͱ͸ͦͷϦʔϑͰͷҠಈఱମɺݕޡग़ͷൺ཰͕είΞͱͳΔɻ͜ͷΑ͏ͳෳ਺ͷ໦

(model202012Ͱ͸ 50ຊ)ͷฏۉείΞ͕ϥϯμϜϑΥϨετͷείΞͱͳΔɻ
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ग़ύϥϝʔλʔͷॏཁ౓Λਤݕ੒ͨ͠Ϟσϧͷఱମ࡞ͨ· 2.18 ʹࣔ͢ɻॏཁ౓͸ఱମݕग़ύϥϝʔλʔ͕֤
ϊʔυͰͲΕ͚ͩෆ७౓ΛݮΒ͔ͨ͠Λશͯͷ໦Ͱฏͨ͠ۉ΋ͷͰ͋ΓɺޮՌతʹ෼ྨͰ͖Δఱମݕग़ύϥϝʔ

λʔͰେ͖ͳ஋ͱͳΔɻmodel202012Ͱ͸ vnorm (଎౓ͷେ͖͞)ɺtracks (ಈը಺ݕग़਺ͷׂ߹)ͳͲ͕ࢧ഑త
ͳύϥϝʔλʔͰ͋Δ͜ͱ͕Θ͔Δɻ

ਤ 2.18 model202012ͷఱମݕग़ύϥϝʔλʔͷॏཁ౓ͷྫɻ
͜ͷϞσϧͰ͸ vnorm (଎౓ͷେ͖͞)΍ tracks (ಈըϑϨʔϜηοτͰͷఱମݕग़ׂ߹) ͕ॏཁͳύϥϝʔ
λʔͰ͋Δ͜ͱ͕Θ͔Δɻ

σʔλʹର͢Δੑೳ༺ূݕ

ֶशʹ༻͍ͨ΋ͷͱ͸ಠཱͳσʔλͱͯ͠ 2020೥ 12݄ 5೔ɺ6೔ͷ 2࿐ޫ 160ຕͷσʔλϑϨʔϜηοτΛ
༻ҙ͠ɺ౳͕ڃ 15.5ɺ16ɺ16.5ɺ17ɺ17.5౳ͷ 5छྨɺ଎౓͕ 1ɺ1.2ɺ1.5ɺ2ɺ3ɺ5ɺ10ɺ15 pixel/frameͷ 8छྨ
ͷଟ༷ੑΛٖ࣋ͭࣅఱମΛຒΊࠐΜͩɻҰͭͷσʔλϑϨʔϜηοτʹ 30ఱମɺ߹ܭ 4800ఱମͷূݕ༻σʔλ
ͱͨ͠ɻࢣڭσʔλੜ੒࣌ͱಉ༷ʹຒΊࠐΈͷҐஔͱ଎౓Λ༻͍Δ͜ͱͰຒΊࠐΜͩҠಈఱମ͔Ͳ͏͔͕Θ͔Δɻ

ຒΊࠐΜͩ 4800ఱମͷ͏ͪݕग़Ͱ͖ͨఱମ͸ 3556ఱମͰ͋ΓɺείΞ໰Θͣݕग़Ͱׂ͖ͨ߹ (ճऩ཰)͸໿
74% Ͱ͋Δɻ͜Ε͸ػցֶशҎલͷఱମݕग़ͷੑೳΛද͢ࢦඪͱͳΔɻճऩ཰ͷධՁʹ͸ Tomo-e Gozen ͷݕ
ग़ݶք෇ۙͷ 17.5౳ͷఱମ͕શମͷ 20%ଘ͢ࡏΔ఺Λྀ͢ߟΔඞཁ͕͋Δɻmodel202012Λ༻͍֤ͨݕग़ʹର
͢ΔείΞϦϯά݁ՌΛਤ 2.19ʹࣔ͢ɻଟ͘ͷҠಈఱମʹߴείΞɺݕޡग़ʹ௿είΞΛ͚ͭΒΕ͍ͯΔ͜ͱ͕
Θ͔Δɻ
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ਤ 2.19 model202012ͷূݕ༻σʔλͷݕग़ʹର͢ΔػցֶशͷείΞͷ෼෍ɻ
:ࠨ 2020೥ 12݄ 5೔ɺ6೔ͷ֤ 1࿐ޫ 80ຕɺ߹ܭ 160ຕͷσʔλϑϨʔϜηοτʹରٖͯ͠ࣅఱମΛຒΊ
ਤͷॎ࣠Λର਺ͱͨ͠΋ࠨ:είΞͷ෼෍ɻӈͨ͠ࢪցֶशʹΑΔείΞϦϯάΛ࣮ػग़ͱݕΈɺҠಈఱମࠐ
ͷɻຒΊࠐΈఱମ (੺৭)ʹର͍ͯ͠ߴείΞɺݕޡग़ (੨৭)ʹରͯ͠௿͍είΞΛ༩͑ΒΕ͍ͯΔɻ

– 35–



ୈ 2 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλΛ༻͍ͨߴ଎Ҡಈఱମݕग़γεςϜͷ։ൃ

2.3 ϢʔβʔΠϯλʔϑΣʔεͷ։ൃ

Tomo-e Gozen ͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ৽খ࿭੕ൃݟ·ͰͷྲྀΕ͸େ͖͘ҎԼͷ 7 ஈ֊Ͱ͋Δ
(ਤ 2.4)ɻ

1. αʔϕΠ؍ଌσʔλ͔Βͷߴ଎Ҡಈఱମݕग़
2. NEOσʔλϕʔε΁ͷ৘ใొ࿥
3. ग़ఱମͷ֬ೝݕ
4. NEOީิఱମͷ௥੻؍ଌ
5. NEOީิఱମͷάϧʔϐϯά
6. NEOީิఱମͷيಓܾఆ
7. MPC΁ͷ౤ߘ

1͸લઅͷߴ଎Ҡಈఱମݕग़γεςϜʹΑΓ࣮͞ݱΕΔɻͦͷޙఱମݕग़ʹΑΓಘΒΕΔఱମݕग़ύϥϝʔλʔ
͓Αͼݕग़ఱମͷσʔλϑϨʔϜηοτ͸ NEO σʔλϕʔε΁ొ࿥͞ΕΔɻNEO ͸͜ͷσʔλϕʔεʹݟൃ
த͔Β NEOΛ͚ͭݟग़͠ɺ௥੻؍ଌ͢Δඞཁ͕͋ΔɻҰ࿈ͷૢ࡞Λ͜͏ߦͱ͕Ͱ͖ΔΞϓϦέʔγϣϯͰ͋Δ
NEOϏϡʔΞʔΛ։ൃͨ͠ (ਤ 2.4Լ෦)ɻҎԼ NEOϏϡʔΞʔΛ༻͍ͯ͜͏ߦͱ͕Ͱ͖Δૢ࡞Λॱʹड़΂Δɻ
Εͨఱମ͸MPCͷ͞ߘऴతʹMPCʹ౤࠷ NEO confirmation page 27 Ͱ͸͜ߘΕΔ͜ͱʹͳΔɻຊ͞ࡌܝʹ

ͷϖʔδʹଘ͢ࡏΔఱମͷ͜ͱΛԾූ߸औಘલ NEOͱݺͿɻ

2.3.1 ग़ఱମͷ֬ೝݕ

NEOϏϡʔΞʔͷτοϓϖʔδΛਤ 2.20ʹࣔ͢ɻτοϓϖʔδͰ͸؍ଌ೔Λࢦఆ͠ɺͦͷ೔ͷݕग़ఱମΛ֬
ೝ͢Δ͜ͱ͕Ͱ͖Δɻ৚݅Λࢦఆ͢Δ͜ͱʹΑΓɺ਺ઍ–਺ສͷશݕग़͔Β৚݅Λຬͨ͢ఱମͷΈΛநग़Ͱ͖Δɻ
ͦͷ೔ͷݕग़ఱମʹର͢ΔػցֶशͷείΞ෼෍ͷώετάϥϜ͔Βݕग़ঢ়گΛ֬ೝ͢Δ͜ͱ΋Ͱ͖Δɻ·ͨ

τοϓϖʔδͰ͸ͦͷ೔઀ۙ͢Δط஌ͷখ࿭੕ɺԾූ߸औಘલ NEOͷ৘ใΛಘΔ͜ͱ΋Ͱ͖Δ (ਤ 2.20྘৭࿮ɺ
੨৭࿮)ɻਤ 2.21ɺਤ 2.22͸ͦΕͧΕ͋Δ೔ʹ؍ଌՄೳͳط஌ͷখ࿭੕ɺԾූ߸औಘલ NEOͷҰཡͰ͋Δɻ·
ೳ΋࣮૷͞Ε͍ͯΔػͷ৚݅Λຬͨ͢খఱମΛMPCͷϗʔϜϖʔδ΁໰͍߹ΘͤΔڃɺ଎౓ɺ౳ࠁ࣌ͨ (ਤ 2.20
੺৭࿮)ɻ

27 https://minorplanetcenter.net/iau/NEO/toconfirm_tabular.html
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ਤ 2.20 NEOϏϡʔΞʔͷτοϓϖʔδɻ
্෦ࠨ:೔෇Λબ୒ͯ͠ݕग़ఱମΛ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻৄࡉͳࡧݕ৚݅Λઃఆ͢Δ͜ͱ͕Ͱ͖Δɻ্෦ӈ:
ຖ೔ͷݕग़ఱମͷػցֶशείΞͷ෼෍ɻ྘৭࿮ (Close NEAs from Kiso(381)):೔෇ɺઈର౳ڃɺࢹ౳ڃͷ
৚݅Λ༻͍ͨط஌ͷ NEOͷػࡧݕೳɻ੨৭࿮ (NEOCPs search):ط஌ͷ NEOͱಉ༷ͷ৚݅Λ༻͍ͨԾූ߸
औಘલ NEOͷػࡧݕೳɻ੺৭࿮ (Known NEAs):࣌ࠁɺ଎౓ɺࢹ౳ڃͷ৚݅Λ༻͍ͨ NEOͷػࡧݕೳɻ

/ 14

ਤ 2.21 NEOϏϡʔΞʔͷ઀ۙఱମͷ֬ೝ݁ՌɻࠨΧϥϜ͔Βॱʹఱମ໊ɺઈର౳ڃɺ௚ܘɺࢹ౳ڃɺ࠷઀ۙ೔ɻ
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ਤ 2.22 NEOϏϡʔΞʔͷԾූ߸औಘલ NEOͷ֬ೝ݁Ռɻ
ଌ఺ͷ਺ɻ؍ɺ͜Ε·Ͱͷڃ౳ࢹɺڃΧϥϜ͔Βॱʹఱମ໊ɺઈର౳ࠨ

ਤ 2.23͸τοϓϖʔδ͔Β৚݅Λࢦఆͨ͠ఱମͷ݁ࡧݕՌͰ͋ΔɻࠨΧϥϜʹ͸؍ଌ࣌ؒɺఱମ໊ɺఱମ͕ݕ
ग़͞ΕͨσʔλϑϨʔϜηοτ͕දࣔ͞Ε͍ͯΔɻԼʹ͋Δ Tracklet Searchͱ Circle fit͸ޙड़͢Δೋछྨͷఱ
ମάϧʔϐϯάػೳͰ͋ΔɻͦͷӈͷMATCHINGͰ͸ɺط஌ͷਓ޻ఱମɺط஌ͷ NEOɺԾූ߸औಘલ NEO
ͱͷΧλϩάর߹ɺಉఆΛ͜͏ߦͱ͕Ͱ͖ΔɻΧλϩάর߹͢Δ NEOީิఱମͷݕग़࣌ࠁɺݕग़࠲ඪΛ tɺ(α, δ)

ͱ͢Δɻਓ޻ఱମ͸ Space-Track 28 ͱيߴಓਓ޻ఱମΧλϩά29 ɺNEO͸MPCͷ NEOΧλϩά30 ͷيಓཁ

ૉΛ༻͍ͯΧλϩάʹଘ͢ࡏΔఱମͷ࣌ࠁ tͰͷ࠲ඪΛऔಘ͢ΔɻԾූ߸औಘલ NEO ͸MPCͷ֘౰ϖʔδ31

ʹΞΫηε͠ɺ࣌ࠁ tͰͷ࠲ඪΛऔಘ͢Δɻऔಘ֤ͨ͠ఱମͷ࠲ඪΛ (αi, δi)ͱͨ࣌͠ɺͦͷࠩ࢒ͷೋ৐ͷฏํࠜ

r =
√

(α− αi)2 + (δ − δi)2 ͕ᮢ஋ҎԼͷఱମΛΧλϩάఱମͱಉఆ͢Δɻਤ 2.24͸ਓ޻ఱମͱͷর߹݁Ռͷྫ
Ͱ͋Δɻর߹ͨ͠Ґஔ͕͍ۙఱମ͸੺จࣈͰڧௐͯ͠දࣔ͞ΕΔɻ͜ͷྫͰ͸ݕग़ఱମ͕ΧλϩάԽ͞Εͨਓ޻

ఱମͱਫ਼౓Α͘ಉఆ͞Ε͍ͯΔɻ

Χλϩάর߹ͷӈ (IMAGE)ʹ͸࠷ॳͱ࠷ऴϑϨʔϜͷࠩ෼ը૾͕දࣔ͞Ε͓ͯΓɺϙΠϯλΛϗόʔ͢Δͱ
શϑϨʔϜͷ GIF ಈը͕࠶ੜ͞ΕΔɻ͞Βʹ੺ಓ࠲ඪͰͷଌޫҐஔͱଌޫ৘ใΛද͢ޫ౓ۂઢ΋͞ࡌܝΕ͍ͯ
ΔɻͦͷӈͰ͸ҠಈఱମΒ͠͞ͷࢦඪͱͳΔػցֶशͷείΞ͕֬ೝͰ͖Δɻ໌Β͔ʹෆ౰ͳείΞΛ΋ͭݕग़

ʹରͯ͠ FP (False Positive)ɺFN(False Negative)ϑϥάΛૠೖ͢Δ͜ͱͰ࣍ͷϞσϧ࡞੒ͷࢣڭσʔλΛಘ
Δ͜ͱ͕Ͱ͖Δɻͦͷଞ S/Nɺݕग़࠲ඪɺఱମͷ଎౓͕දࣔ͞Ε͍ͯΔɻ֤ఱମͷ IMAGEΛΫϦοΫ͢ΔͱҰ
ͭͷఱମͷ৘ใͷΈ͕දࣔ͞ΕΔৄࡉ৘ใը໘ʹભҠ͢Δ (ਤ 2.25)ɻ͜͜Ͱ͸র߹൒ܘΛࢦఆͨ͠Χλϩάর
߹ɺఱମάϧʔϐϯά ͱ͕Ͱ͖Δɻ͜͏ߦΛ(ड़ޙ)

28 https://www.space-track.org/auth/login
29 https://github.com/Bill-Gray/tles
30 https://minorplanetcenter.net/iau/MPCORB/NEAm00.txt
31 https://cgi.minorplanetcenter.net/cgi-bin/confirmeph2.cgi
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ਤ 2.23 NEOϏϡʔΞʔͷ NEOީิఱମͷҰཡɻ
৚݅Λຬͨ͢ఱମ͕ॾ৘ใͱͱ΋ʹॎʹҰཡͰදࣔ͞ΕΔɻεΫϩʔϧ͢Δ͜ͱͰશఱମ ը໘Ͱ͸ه্) 56
ఱମ)Λ֬ೝ͢Δ͜ͱ͕Ͱ͖ΔɻࠨΧϥϜ͔Βॱʹ؍ଌ࣌ࠁɺఱମ໊ɺݕग़͞ΕͨσʔλϑϨʔϜηοτɺఱ
ମͷάϧʔϐϯάػೳ ऴϑϨʔϜͷࠩ෼ը૾ͱ࠷ॳͱ࠷ೳɺػ߹஌ͷఱମͱͷΧλϩάরطɺ(ड़ޙ) GIFಈ
ըɺݕग़࠲ඪͱޫ౓ۂઢɺػցֶशͷείΞͱࢣڭσʔλ࡞੒ػೳɺݕग़৘ใॾݩ (S/Nɺ࠲ඪɺ଎౓)ɻ

/ 14

ਤ 2.24 NEOϏϡʔΞʔͷط஌ͷਓ޻ఱମͱͷর߹݁Ռɻ
߸ΧϥϜ͔Βॱʹর߹ఱମͷ໊લɺӴ੕൪ࠨ (௨͠൪߸)ɺর߹Ґஔͷࠩɺ੺ಓ࠲ඪɺఱମߴ౓ɺ଎౓ɺఱମ͕
஍ٿӨʹଘ͢ࡏΔ͔൱͔ɻਫ਼౓Α͘ಉఆ͞Εͨఱମ͸੺৭จࣈͰڧௐ͞ΕΔɻ
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ਤ 2.25 NEOϏϡʔΞʔͷҠಈఱମީิͷৄࡉը໘ɻ
্෦:Ұఱମͷ৘ใ͕શը໘ʹදࣔ͞ΕΔɻ྘৭࿮:্ஈ͔Βશͯɺਓ޻ఱମɺNEOɺԾූ߸औಘલ NEO ͱ
ͷΧλϩάর߹ɺಉఆػೳɻর߹൒ܘͷม͕ߋՄೳɻ੨৭࿮:্෦ (Tracklets Search)ɺԼ෦ (New Tracklets
Search)ͦΕͧΕ͕ຊจ 1ɺ2ͷख๏ʹରԠɻSigmaɺCircle Threshold͕ͦΕͧΕͷಉఆᮢ஋ʹରԠ͠ɺม
Δ͜ͱ͕Մೳɻ͢ߋ
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2.3.2 NEOީิఱମͷ௥੻؍ଌ

ͳ͍͠ࡏଘͷΧλϩάʹଘط NEO ީิఱମʹରͯ͠ɺ؍ଌ఺Λ૿΍ͨ͢Ίͷ௥੻؍ଌΛ͏ߦɻNEO Ϗϡʔ
ΞʔͰ͸ Tomo-e Gozen ଌϨγϐ؍ఆͨ͠௥੻ࢦଌऀΛ؍ɺ༏ઌ౓ɺࠁଌ࣌؍ଌγεςϜ΁؍ (Tomo-e Gozen
(ଌ໋ྩ؍ଌγεςϜͰͷ؍ Λૹ৴͢Δ͜ͱ͕Ͱ͖Δ (ਤ 2.26)ɻTomo-e Gozenͷ؍ଌγεςϜ͸ొ࿥͞ΕͨϨ
γϐΛ༏ઌ౓ͷ͍ߴॱʹ࣮͢ߦΔɻNEO ީิఱମͷதʹ͸ΧλϩάԽ͞Ε͍ͯͳ͍ਓ޻ఱମ͕ଟ͘ଘ͢ࡏΔɻ
NEOͷൃ͕ݟ໨తͰ͋ΔຊڀݚͰ͸ਓ޻ఱମΛ௥੻؍ଌ͢Δ͜ͱΛආ͚ΔͨΊ଎౓౳ͷج४Λઃ͚ͯ௥੻؍ଌఱ
ମΛબ୒ͨ͠ɻৄࡉ͸ 3Ͱड़΂Δɻ௥੻؍ଌϨγϐͰͷ๬ԕڸͷϙΠϯςΟϯάઌ (αrecipe, δrecipe)͸௥੻؍ଌ͢

Δఱମͷ؍ଌ࣌ͷ࣌ࠁ tɺ੺ಓ࠲ඪ (α, δ)ɺ଎౓ (vra, vdec)Λ༻͍ͯɺ

αrecipe = α+ (trecipe − t) · vra
cos δ

, (2.6)

δrecipe = δ + (trecipe − t) · vdec, (2.7)

Ͱ͢ࢉܭΔɻ࠲ͨ͠ࢉܭඪΛத৺ʹɺηϯαʔؒͷܺؒΛຒΊΔͨΊͷσΟβϦϯάΛ͏ߦϨγϐ͕ੜ੒͞ΕΔɻ

ηϯαʔؒͷܺؒΛ׬શʹຒ໨Δ͜ͱ͕Ͱ͖Δ 2× 3 σΟβϦϯά (raํ޲ʹ 1ճɺdecํ޲ʹ 2ճͷࢹ໺Ҡಈ)
Λͨ͏ߦΊɺ2 fpsɺ12ϑϨʔϜͷ؍ଌͷ৔߹ɺҰճͷ௥੻؍ଌͰͷ૯࿐ޫ࣌ؒ͸ 36ඵؒͰ͋ΔɻϙΠϯςΟϯ
άઌ͸ఱମ͕ݕग़࣌ͱಉҰͷ଎౓ͰҠಈ͍ͯ͠ΔͱԾఆͯ͠ࢉग़͞ΕΔ͕ɺTomo-e Gozenͷ໿ 9◦ ͷࢹ͍޿໺ʹ

ΑΓ֬ߴ཰ͰఱମΛࢹ໺಺ʹऩΊΔ͜ͱ͕Ͱ͖Δɻ͜ͷ௥੻؍ଌ͸ಈը؍ଌͰಘΒΕΔ଎౓৘ใΛ༻͍Δ͜ͱͰ

؍ଌϨγϐΛ౤ೖͨ͠ఱମʹ͸௥੻؍ͳ͍ϢχʔΫͳख๏Ͱ͋Δɻ௥੻͑ߦଌͰ͸؍Ͱ͖ΔɺଞͷαʔϕΠݱ࣮

ଌϑϥά͕෇༩͞ΕΔɻ௥੻؍ଌఱମ֬ೝը໘Ͱ֬ೝ͢Δ͜ͱͰϓϩδΣΫτϝϯόʔ಺ͰͷಉҰఱମʹର͢Δ

ॏෳͨ͠௥੻؍ଌΛආ͚Δ͜ͱ͕Ͱ͖Δ (ਤ 2.27)ɻ

/ 14

ਤ 2.26 NEO ϏϡʔΞʔͷ௥੻؍ଌϨγϐͷ౤ೖը໘ɻ
ը໘Լ෦ʹ௥੻؍ଌ࣌ࠁɺ༏ઌ౓ɺ؍ଌऀΛࢦఆͯ͠౤ೖ͢Δɻଞʹ༏ઌ౓͕͍ߴॏཁͳ؍ଌ͕͋ͬͨ৔߹ʹ

͸؍ଌ͕࣮͞ߦΕͳ͍ɻ
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ਤ 2.27 NEOϏϡʔΞʔͷ௥੻ఱମͷ֬ೝը໘ɻ
௥੻؍ଌϨγϐΛ౤ೖͨ͠ఱମͷΈΛ֬ೝ͢Δ͜ͱ͕Մೳɻ௥੻؍ଌ਺ɺ௥੻؍ଌऀ໊͕྘৭ͷจࣈͰڧௐ͠

ͯදࣔ͞Ε͍ͯΔɻ

2.3.3 NEOީิఱମͷάϧʔϐϯά

௥੻؍ଌϨγϐ౤ೖ؍ޙଌ͕ߦΘΕͨఱମ͸ Tomo-e GozenγεςϜͰ༏ઌతʹղੳ͞Εɺయܕతʹ͸਺෼ޙ
ʹ NEO ϏϡʔΞʔͰ֬ೝ͢Δ͜ͱ͕Ͱ͖ΔɻNEOީิఱମͱ௥੻؍ଌ݁ՌΛඥ͚ͮΔͨΊʹఱମͷάϧʔϐϯ
άΛ͏ߦɻάϧʔϐϯάํ๏͸ 1)ઢيܗಓ༧ଌ (Kojima 2019ͷํ๏)ɺ2)େԁۙࣅͷೋछྨͰ͋Δɻ࣌ࠁΛ tɺ

੺ಓ࠲ඪܥʹ͓͚ΔҐஔɺ଎౓Λ (α, δ)ɺ(vra, vdec)ͱද͢هΔɻ

1. ઢيܗಓ༧ଌ
ಉҰఱମΛ୳͢ࡧΔ NEOީิఱମͷ؍ଌ৘ใΛ tɺαɺδɺvraɺvdec ͱ͢Δɻ·ͣ଎౓෯ ∆vraɺ∆vdec Λ

ఆ͠ɺvraࢦ −∆vra < vra < vra +∆vraɺvdec −∆vdec < vdec < vdec +∆vdecɺΛຬͨ͢ఱମΛநग़͢Δɻ

࣍ʹநग़͞Ε֤ͨఱମͷݕग़࣌ࠁ ti ͱͨ͠ͱ͖ɺ࣌ࠩࠁ ∆t = ti − tͱ NEOީิఱମͷҠಈ଎౓Λ༻͍
ࠁ࣌ͯ ti Ͱͷ NEOީิఱମͷҐஔΛ͢ࢉܭΔ͜ͱ͕Ͱ͖Δɻͨ͠ࢉܭ NEOީิఱମͷҐஔͱάϧʔϐ
ϯάର৅ఱମͷݕग़Ґஔ͕ᮢ஋ҎԼͱͳΔఱମΛಉҰఱମͱΈͳ͢ɻ

2. େԁۙࣅ
ಉҰఱମΛ୳͢ࡧΔ NEO ީิఱମͷݕग़ͷ࠷ॳͱ࠷ऴϑϨʔϜͰͷҐஔ (α0, δ0)ɺ(α1, δ1) Λ௨Δ
ఱ্ٿͷେԁΛ͑ߟΔɻ੺ಓ࠲ඪΛ௚ަ࠲ඪʹม͠׵ɺେԁΛؚΉฏ໘ͷ๏ઢϕΫτϧ (a, b, c) Λಘ

Δ32ɻଞͷఱମʹରͯ͠ಉ༷ʹ܎਺ (a′, b′, c′) ΛٻΊɺNEO ީิఱମͷ܎਺ͱͷࠩ࢒ͷೋ৐ͷฏํࠜ
r =

√
(a− a′)2 + (b− b′)2 + (c− c′)2 ͕ᮢ஋ҎԼͰ͋ΔఱମΛಉҰఱମͱΈͳ͢ɻ

NEOީิఱମʹର͠ 9ఱମάϧʔϐϯά͞ΕͨྫΛਤ 2.28ʹࣔ͢ɻఱ্ٿɺ੺ಓ࠲ඪ্ͰͷҐஔͱ଎౓ΛҰ

32 ࠷ ॳ ͱ ࠷ ऴ ϑ Ϩ ʔ Ϝ ͷ ೋ ఺ ͸ ௚ ަ ࠲ ඪ Ͱ (x0, y0, z0) = (cos δ0 cosα0, cos δ0 sinα0, sin δ0)ɺ(x1, y1, z1) =

(cos δ1 cosα1, cos δ1 sinα1, sin δ1) ͱද͞ΕΔɻ͜ͷೋ఺Λ௨ΔେԁΛؚΉฏ໘ͷ๏ઢϕΫτϧͷ֤੒෼͸ (a, b, c) = (y0z1 −
y1z0, z0x1 − z1x0, x0y1 − x1y0)ͱࢉܭͰ͖Δɻ
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໨Ͱ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɻ౤ೖఱମ֬ೝը໘ (ਤ 2.25ਫ৭)Ͱ͸ᮢ஋Λมͯ͠ߋάϧʔϐϯάΛ͜͏ߦͱ͕Ͱ
͖Δɻ൑ఆର৅͸ಉ͡؍ଌ೔ͷશσʔλͱͳΔͨΊɺఱମݕग़਺͕ଟ͍೔͸ᮢ஋Λখ͘͢͞Δ͜ͱͰநग़ʹ͔͔

Δ࣌ؒΛ୹ॖ͢Δ͜ͱ͕Ͱ͖Δɻͨͩͦ͠ͷ৔߹ಉҰఱମΛݟམͱ͢Մೳੑ͕͋ΔͨΊ஫ҙ͕ඞཁͰ͋Δɻ௥੻

ଌ఺Λ૿΍͢ɻ؍͍ߦଌΛ؍ଌɺάϧʔϐϯάʹ੒ޭͨ͠ఱମʹରͯ͠͞Βʹ௥੻؍

/ 14

ਤ 2.28 NEOϏϡʔΞʔͷఱମάϧʔϐϯά݁Ռɻ
ඪฏ໘ͰͷҐஔͱ଎౓ɻ࠲ͷҐஔɻӈ্:άϧʔϐϯά͞Εͨఱମͷ੺ಓ্ٿάϧʔϐϯά͞Εͨఱମͷఱ:্ࠨ
Լ:ಉఆఱମͷ؍ଌॾݩɻ

2.3.4 NEOީิఱମͷيಓܾఆ

࣮࣭ 3ճҎ্ͷ؍ଌ33 ΘΕ͔ͭάϧʔϐϯά͕੒ޭͨ͠ߦ͕ NEOީิఱମʹର͠ɺถ Project Plute͕։ൃ
ಓܾఆιϑτيͨ͠ Find_Orb 34 Λ༻͍ͯيಓࢉܭΛ͏ߦɻFind_Orb͸؍ଌ৘ใͱيಓλΠϓ (ଠཅपճيಓɺ
஍ٿपճيಓ)Λબ୒͢Δ͜ͱͰيಓܾఆΛ͜͏ߦͱ͕Ͱ͖Δɻͦͷೖྗ͸ MPCʹখ࿭੕ީิఱମΛ౤͢ߘΔ
Ͱ͋Δࣜܗͷࡍ ߦ1 80จࣈͷMPCࣜܗʹରԠ͍ͯ͠ΔɻNEO ϏϡʔΞʔ͸؍ଌ৘ใΛ΋ͱʹࣗಈͰMPCܗ
ࣜΛ࡞੒͠ (ਤ 2.29)ɺيಓλΠϓΛબ୒͢Δ͜ͱͰ Find_OrbʹΞΫηεͦ͠ͷ݁ՌΛදࣔ͢Δɻ

ީิఱମͷ௥੻؍ଌͷஈ֊Ͱ͸ΧλϩάԽ͞Ε͍ͯͳ͍ਓ޻ఱମ (Ӊ஦ΰϛͳͲ)͕ଟؚ͘·ΕΔ͕ɺਓ޻ఱମ
͸஍ٿपճيಓͰਫ਼౓ྑ͘يಓ͕ٻ·Δɻ஍ٿपճيಓͷఱମΛଠཅपճيಓͰ͢ࢉܭΔͱ஍ٿͱيͨࣅಓΛ࣋

ͭଠཅपճఱମͱͯ͠ͷ݁ࢉܭՌ͕ಘΒΕΔɻҰํ NEO͸ଠཅͷ·ΘΓΛެస͍ͯ͠ΔͨΊଠཅपճيಓͰਫ਼
౓Α͘يಓ͕ٻ·Δ (ਤ 2.30)ɻଠཅपճيಓͷఱମΛ஍ٿपճيಓͰ͢ࢉܭΔͱɺ஍ٿʹଋറ͞Ε͍ͯͳ͍ͨΊ
ɺ͠ࢉܭಓيपճͰٿଌ఺ΛಘͨఱମΛ஍؍Ռ͕ಘΒΕΔ͜ͱʹͳΔɻҎ্͔Βɺ3఺݁ࢉܭಓ཭৺཰͕େ͖͍ي
ͦͷيಓ͕͏·͘ٻ·Βͳ͍ (ͭ·Γ཭৺཰͕େ͖͍)ఱମΛଠཅपճͷখ࿭੕Ͱ͋Δͱ൑அ͢Δɻ

33 Tomo-e Gozen ͷ؍ଌͰ͸ηϯαʔؒͷܺؒΛຒΊΔͨΊͷσΟβϦϯά͕ߦΘΕΔɻηϯαʔ୺ͷҰ෦Ͱ͸ෳ਺ճ؍ଌ͞ΕΔ͜ͱ
ʹͳΓɺͦͷΑ͏ͳҠಈఱମ͸ඵ–෼ִؒͷ؍ଌ఺͕ಘΒΕΔ͜ͱʹͳΔɻ͜ͷΑ͏ͳ؍ଌ͸يಓਫ਼౓Λஶ͋͛͘͠Δ͜ͱ͸ͳ͍ͨΊ
࣮࣭ 1఺ͱ͢Δɻ

34 https://www.projectpluto.com/fo.htm
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ਤ 2.29 NEOϏϡʔΞʔͷيಓࢉܭલը໘ɻ
දࣔ͞Ε͍ͯΔ 80จࣈͷMPCࣜܗΛ༻͍ͯ Find_OrbΛ༻͍ͨيಓࢉܭΛ͏ߦɻࠨԼͷ CenterΛϓϧμ
΢ϯ͔Βબ୒͠ɺ஍ٿपճيಓɺଠཅपճيಓͦΕͧΕʹ͍ͨ͢Δيಓ͕ࢉܭՄೳɻ
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ਤ 2.30 NEO ϏϡʔΞʔͷيಓ݁ࢉܭՌɻ
ଠཅपճيಓͰͷيಓܾఆʹ੒ޭͨ͠ྫɻ࣮ࡍʹ Tomo-e Gozen͕ൃͨ͠ݟখ࿭੕ͷ؍ଌ఺ 20఺Λ࢖༻ɻ্
͔Βॱʹيಓࢉܭʹ༻͍ͨMPCࣜܗɺ؍ଌॴ৘ใɺيಓཁૉɺيಓܾఆͷࠩޡɻ࠷Լஈ͸ఱମྐྵɻ

2.3.5 MPC΁ͷ౤ߘ

NEOީิఱମʹରͯ͠௥੻؍ଌʹΑΓ؍ଌ఺Λ૿΍͠ɺيಓࢉܭͷ݁Ռ NEOͰ͋ΔՄೳੑ͕͍ߴͱ൑அͨ͠
৔߹ɺީิఱମ৘ใΛ eϝʔϧʹͯMPCϔ౤͢ߘΔɻNEOϏϡʔΞʔͰ͸MPCͮ͘جʹࣜܗใࠂϝʔϧΛ࡞
੒͢Δ͜ͱ΋Ͱ͖Δ (ਤ 2.31)ɻMPCʹΑΓط஌ͷਓ޻ఱମɺNEOɺԾූ߸औಘલ NEOͰ͸ͳ͍͜ͱ͕֬ೝ͞
ΕΔͱɺ৽ͨͳ NEOީิఱମͱͯ͠MPCͷԾූ߸औಘલ NEOϖʔδʹ௥Ճ͞ΕΔɻͦͷޙ௥੻؍ଌʹΑΓ
ఱମʹ͸খ࿭੕ͱͯ͠ͷԾූ߸͕෇༩͞ΕΔɻͨͬ·ߴಓͷਫ਼౓͕ي
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ਤ 2.31 NEOϏϡʔΞʔͰ࡞੒͞Εͨ eϝʔϧͷྫɻ
Ұߦ໨͔Βॱʹఱจ୆ίʔυ (COD)ɺ؍ଌϓϩάϥϜͷ৘ใ (೚ҙɺCON)ɺ؍ଌऀ (OBS)ɺ๬ԕڸͱ૷ஔͷ
৘ใ (TEL)ɺղੳʹ༻͍ͨΧλϩά (NET)ɺఱମͷछྨͳͲ (ACK)ɺฦ৴ϝοηʔδड৴༻ e ϝʔϧΞυ
Ϩε (AC2)ɻޙ࠷ͷೋߦ͸MPCࣜܗͷఱମͷ؍ଌ৘ใɻৄࡉ͸MPCͷ؍ଌৄࡉͷϖʔδ35Λࢀরͷ͜ͱɻ

35 https://minorplanetcenter.net/iau/info/ObsDetails.html
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ୈ 3ষ

Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ
͔Βͷ NEOͷ୳ࡧ

3.1 Tomo-e GozenͷશఱαʔϕΠ؍ଌ

2019೥ 10݄ 1೔ΑΓɺ໦ી Tomo-e Gozenͷຊ֨Քಇ͕࢝·ͬͨɻγϡϛοτ๬ԕڸͷࢹ޿໺ͱ CMOSη
ϯαʹΑΔ 2 fpsߴ଎૾ࡱΛ૊Έ߹ΘͤͨશఱαʔϕΠ؍ଌ͸ଞͷαʔϕΠ؍ଌ (1.3.1)ͱ͸େ͖͘ҟͳΔಛ௃Λ
΋ͪɺඵεέʔϧͷมಈݱ৅Λଊ͑Δ͜ͱ͕Ͱ͖Δ (ද 3.1)ɻTomo-e GozenͷશఱαʔϕΠ؍ଌͷ໨త͸௒৽
੕ɺॏྗ೾ରԠఱମɺNEO ͳͲͷ࣌ؒมಈఱମͷݕग़Ͱ͋Δɻ

ද 3.1 Tomo-e GozenͷશఱαʔϕΠ؍ଌͷಛ௃

ಛ௃ આ໌

໺ࢹ޿ 84ຕͷηϯαʔ͕ࢹ໺ 20 deg2 Λ෴͏ɻ

ಈը؍ଌ 2 fps ಈը؍ଌʹΑΓඵεέʔϧͷ
มಈݱ৅Λݕग़͢Δ͜ͱ͕Ͱ͖Δɻ

NEOݕग़ʹ͓͍ͯ͸஍ۙٿ๣Λ௨ա͢Δখ࿭੕Λݕग़Ͱ͖Δ͜ͱʹରԠ͢Δɻ

2019೥ 9݄ 19೔͔Β 2020೥ 12݄ 26೔·Ͱͷ໿ 1೥ 4ϲ݄ؒͷ Tomo-e GozenͷશఱαʔϕΠ؍ଌͷ࿐ޫ
਺Λਤ 3.1ʹࣔ͢ɻશఱαʔϕΠ؍ଌʹΑΓσʔλऔಘ͕ߦΘΕͨ೔਺͸ 307೔ɺ૯࿐ޫճ਺͸ 261885ճɺฏۉ
࿐ޫճ਺͸ 1೔໿ 853ճͰ͋ΔɻകӍ࣌ظ (2020೥ 6݄ 11೔–2020೥ 8݄ 1೔)Ҏ֎͸Ұ೥Λ௨ͯ͠߃ৗతʹ
ͨ·ΘΕ͍ͯΔ͜ͱ͕Θ͔Δɻߦଌ͕؍ Tomo-e GozenͷશఱαʔϕΠ؍ଌʹΑΓ؍ଌͨ͠ྖҬ (ਤ 3.2)ΑΓɺ
໦ી͔Β؍ଌՄೳͳ޿େͳྖҬΛෳ਺ճ؍ଌ͍ͯ͠Δ͜ͱ͕Θ͔Δɻ

Tomo-e GozenͷશఱαʔϕΠ؍ଌͰ͸ɺ೔͕௜Ήͱ·ͣશఱͷ૟ఱ؍ଌΛ͏ߦɻͦͷޙಛఆͷྖҬʹରͯ͠
ଌ؍ස౓ߴ (ಉҰࢹ໺ʹର͠ ∼ 7 ճ (ଌ؍ Λ͍ߦɺ࠶౓೔͕ঢΔલʹ໿Ұ࣌ؒ൒ͷશఱͷ૟ఱ؍ଌ͕ߦΘΕΔɻ
౓ߴ౓͕௿Լ͢Δ݄ͷपลΛආ͚ɺײ 35 ౓Ҏ্Λ࠷దԽ͞Εͨܦ࿏Ͱ؍ଌ͢Δɻ؍ଌσʔλ͸ Tomo-e Gozen
ͷػࢉܭγεςϜʹͯϦΞϧλΠϜͰҰ࣌ॲཧ͕ߦΘΕΔɻ

ຊষͰ͸ɺTomo-e GozenͷશఱαʔϕΠ؍ଌσʔλʹର͠લষͰ։ൃͨ͠ߴ଎Ҡಈఱମݕग़γεςϜΛ༻͍
Δ͜ͱʹΑΓɺNEOͷಠཱൃݟΛ໨తͱͨ͠ NEOͷ୳ࡧΛͨͬߦɻ
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ਤ 3.1 2019 ೥ 9 ݄ 19 ೔͔Β 2020 ೥ 12 ݄ 26 ೔·Ͱͷ Tomo-e Gozen ͷશఱαʔϕΠ؍ଌͰͷ؍ଌ (࿐
ޫ)਺ɻփ৭ྖҬ͸ 2020೥ͷ௕໺ݝͷകӍ (2020೥ 6݄ 11೔–2020೥ 8݄ 1೔)Λද͍ͯ͠Δɻ

ਤ 3.2 2019೥ 09݄ 19೔͔Β 2020೥ 12݄ 26೔·Ͱͷ Tomo-e GozenͷશఱαʔϕΠ؍ଌྖҬɻ
๬ԕڸͷϙΠϯςΟϯάத৺ͷ੺ಓ࠲ඪɻ

3.2 ݁Ռ

ຊઅͰ͸ߴ଎Ҡಈఱମݕग़γεςϜʹΑΔݕग़ঢ়گͷ݁Ռͱ໿ 1೥ 4ϲ݄ͷ NEO୳ࡧͷ݁ՌΛड़΂Δɻ
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3.2.1 ༺ଌ΁ͷద؍ग़γεςϜͷ࣮ݕ଎Ҡಈఱମߴ

ਤ 3.3 2019೥ 9݄ 19೔͔Β 2020೥ 12݄ 26೔·Ͱͷ NEOύΠϓϥΠϯݕग़ঢ়گɻ
্:σʔλϕʔεʹొ࿥͞Εͨ NEOީิఱମݕग़਺ɺத:NEOީิఱମͷ௥੻؍ଌ਺ͱ Tomo-e GozenʹΑ
Δখ࿭੕ൃݟɺԼ:ػցֶशϞσϧͷมભɻ

2019೥ 9݄ 19೔͔Β 2020೥ 12݄ 26೔·Ͱͷ໿ 1೥ 4ϲ݄ؒͷશఱαʔϕΠ؍ଌσʔλͷத͔Βͷ NEO
ީิఱମݕग़਺ɺ௥੻؍ଌ਺ɺԾූ߸औಘ೔ɺػցֶशϞσϧͷ৘ใΛਤ 3.3ʹϓϩοτͨ͠ɻߴ଎Ҡಈఱମݕग़
γεςϜͰ͸యܕతʹҰ൩Ͱ਺ઍ–਺ສ݅ͷఱମ͕ݕग़͞Εσʔλϕʔεʹొ࿥͞ΕΔɻొ࿥ఱମΛ NEOϏϡʔ
ΞʔΛ༻͍ͯ֬ೝ͠ɺީิఱମʹରͯ͠௥੻؍ଌΛ͕͏ߦɺ਺ઍ–਺ສͷݕग़ఱମશͯΛ໨ࢹͰ֬ೝ͢Δ͜ͱ͸ࠔ
೉Ͱ͋ΔͨΊɺຊڀݚͰ͸͍͔ͭ͘ͷج४ʹΑΓ௥੻؍ଌର৅Λநग़Λͨͬߦɻ

ྫͱͯ͠ɺ2020 ೥ 12 ݄ 23 ೔ͷ؍ଌ݁ՌΛ༻͍Δɻ͜ͷ೔ͷҠಈఱମީิͷ૯ݕग़਺͸ 65629 ఱମͰ͋Δɻ
2.3.2Ͱͨ͠ٴݴΑ͏ʹɺΧλϩάʹଘ͠ࡏͳ͍ NEOީิఱମΛશͯ௥੻؍ଌ͢Δ৔߹ͦͷ਺͸Ұ൩ 100–1000
ఱମͱͳΓ࣮ݱతͰ͸ͳ͍ɻݕग़ఱମ͕ NEO͔Ͳ͏͔ͷج४ͱͯ͠ɺ1)ػցֶशείΞ͕େ͖͍ఱମͷΈΛର
৅ͱ͢ΔͨΊͷείΞͷ৚݅ɺ2)σʔλϑϨʔϜηοτ಺Ͱͷݕग़཰͕ଟ͍ఱମͷΈΛର৅ͱ͢Δݕग़཰ͷ৚݅ɻ
3)ਓ޻ఱମͰ͋ΔՄೳੑ͕͍ߴఱମΛআ֎͢ΔͨΊͷ଎౓ͷ৚݅ɺ4)ҰͭͷσʔλϑϨʔϜηοτ಺Ͱଟ͘ఱମ
͕ൃੜ͢Δσʔλ (๬ԕڸͷ༳ΕͳͲ͕ݪҼ)ΛऔΓআͨ͘ΊͷಉҰσʔλϑϨʔϜ಺ͷఱମݕग़਺ͷ৚݅ɺΛ༻
͍Δ͜ͱͰநग़Λ͏ߦɻநग़৚݅͸ 1)είΞͷԼݶ஋͸ 0.70ɺ2)ݕग़཰ͷԼݶ஋͸ 0.70ɺ3)଎౓͸ 1 arcesc/s

Ҏ্ 5 arcesc/sҎԼɺ4)1σʔλϑϨʔϜ಺Ͱͷఱମݕग़਺ͷ্ݶ஋͸ 3ɺΛ༻͍ͨɻ·ͨط஌ͷਓ޻ఱମɺNEO
ͱͷΧλϩάর߹ʹ͓͚Δর߹ڑ཭͸ 10෼֯ͱͨ͠ɻ
நग़৚݅Λ༻͍ͨݕग़ఱମͷఱ্ٿͷ෼෍Λਤ 3.4ɺώετάϥϜΛਤ 3.5ʹࣔ͢ɻ·ͣநग़લͷਤ 3.4AͰ͸
ఱମ͸ൣ޿ғͰݕग़͞Ε͍ͯΔɻਤ 3.4B͸ 1)είΞͷ৚݅ɺ2)଎౓ͷ৚݅Λຬͨ͢ 4355ఱମͷ෼෍Ͱ͋Δɻ
͜ͷೋͭͷ৚݅Ͱఱମ਺Λେ͖͘ݮΒ͢͜ͱ͕Ͱ͖͕ͨɺ·ͩଟ͘ͷఱମ͕ଘ͢ࡏΔɻ࣍ʹ ग़཰ɺ4)ಉҰݕ(3
σʔλϑϨʔϜηοτ಺ఱମݕग़਺ͷ৚݅Λ༻͍ͯநग़ͨ͠ఱମͷ෼෍͕ਤ 3.4CͰ͋Δɻ4ͭͷ৚݅Λ༻͍Δ͜
ͱͰ໨ࢹͰ΋֬ೝՄೳͳ 56ఱମʹ·ͰߜΓࠐΉ͜ͱ͕Ͱ͖͍ͯΔɻ͜Ε͸؍ଌΛऴ͑ͨޙͷ݅਺Ͱ͋Γɺ౰೔؍
ଌதʹ৚݅Λຬͨ͢ఱମ਺͸͜ΕΑΓ΋গͳ͍ɻޙ࠷ʹਤ 3.4D͸ɺط஌ͷఱମΧλϩάͱর߹ɺಉఆͨ͠ 10ఱ
ମΛআ͘ 46ఱମͷ෼෍Ͱ͋Δɻಉఆͨ͠ 10ఱମ͸શͯਓ޻ఱମͰ͋ͬͨɻҎ্Ͱநग़͞ΕͨఱମΛ໨ࢹͰ֬ೝ
͠ҠಈఱମͰ͋Δͱ൑அͨ͠ఱମʹର͠ɺيಓΛٻΊΔͨΊͷ௥੻؍ଌΛ͏ߦɻ
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ਤ 3.4 ग़ͨ͠ݕ NEOͷఱ্ٿͷ෼෍ (2020೥ 12݄ 23೔)ɻ
நग़৚݅Λมͨ͠ߋ੺ಓ࠲ඪͰͷ NEOީิఱମͷݕग़Ґஔͷ෼෍ɻA:શఱମɻB:είΞ͕ 0.7Ҏ্ɺ଎౓͕
1 (arcsec/s)Ҏ্ 5 (arcsec/s)ҎԼΛຬͨ͢ఱମɻC:BʹՃ͑ݕग़཰͕ 0.7Ҏ্ɺಉҰσʔλϑϨʔϜηοτ
಺ఱମݕग़਺͕ 3ະຬΛຬͨ͢ఱମɻD:CʹՃ͑Χλϩάͱর߹ɺಉఆ͞Εͳ͍ఱମɻ
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ਤ 3.5 NEOީิఱମͷείΞɺ଎౓ɺݕग़཰ͷ෼෍ɻ
੨৭:શఱମɻ੺৭:είΞ͕ 0.7Ҏ্ɺ଎౓͕ 1 (arcsec/s)Ҏ্ 5 (arcsec/s)ҎԼΛຬͨ͢ఱମɻ྘৭:੺৭ʹ
Ճ͑ݕग़཰͕ 0.7Ҏ্ɺಉҰσʔλϑϨʔϜηοτ಺ఱମݕग़਺͕ 3ະຬΛຬͨ͢ఱମɻ
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ਓ޻ఱମͱݕޡग़

଎౓ 1 arcesc/sҎ্ 5 arcesc/sҎԼͱ͍͏நग़৚݅͸ɺ௿଎Ͱݕग़͞ΕΔݕޡग़ͱߴ଎ͰҠಈ͢Δਓ޻ఱମΛ

ආ͚ΔͨΊͷ৚݅Ͱ͋Δɻຊ؍ଌͰ͸Χλϩάͱর߹ɺಉఆ͢Δਓ޻ఱମɺಉఆ͠ͳ͍ਓ޻ఱମ͕ڞʹେྔʹݕ

ग़͞Ε͍ͯΔ (ਤ 3.6)ɻΧλϩάͱর߹ɺಉఆ͢Δఱମ͸৚݅நग़ʹΑΓআ֎Ͱ͖ΔͨΊ௥੻؍ଌΛߦΘͳ͍͕ɺ
ΧλϩάԽ͞Ε͍ͯͳ͍ਓ޻ఱମ͸௥੻؍ଌʹΑΓيಓΛܾఆ͢Δ·Ͱখ࿭੕͔Ͳ͏͔Θ͔Βͳ͍ɻ࣮ࡍʹ௥੻

ఱମͰ͋ΔՄ޻తʹਓݧܦΓɺ·ٻಓ͕يಓͰਫ਼౓ྑ͘يपճٿଌͨ͠ͱ͜Ζɺ଎౓͕େ͖͍ఱମͷଟ͘͸஍؍

ೳੑ͕͍ߴɻΧλϩάԽ͞Ε͍ͯͳ͍ਓ޻ఱମͷيಓܾఆ͸εϖʔεΨʔυͷ؍఺͔Β͸ॏཁͰ͋Δ͕ɺຊڀݚ

ͷ໨త͸ NEOͷൃݟͰ͋ΔͨΊ௥੻ΛߦΘͳ͍ɻҙਤ͠ͳ͍ਓ޻ఱମͷ௥੻ΛݮΒͨ͢Ίʹ΋يಓཁૉ΍଎౓
ͷ෼෍Λ΋ͱʹখ࿭੕ͱਓ޻ఱମΛ൑ผ͢ΔΞϧΰϦζϜΛ࡞੒͢Δ͜ͱ͸ޙࠓͷ՝୊Ͱ͋Δɻ

·ͨຊڀݚͷ৚݅நग़Λຬͨ͢ఱମͷதʹ΋໌Β͔ͳݕޡग़ؚ͕·ΕΔ (ਤ 3.7)ɻ͜ͷΑ͏ͳఱମͷআڈʹ͸
ΑΓଟ༷ͳݕޡग़ΛࢣڭσʔλʹؚΊͨϞσϧͷֶश͕ඞཁͱͳΔɻ
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ਤ 3.6 Tomo-e Gozen͕ൃͨ͠ݟਓ޻ఱମɺෆ໌ఱମɻ
12·ͨ͸ 18ϑϨʔϜͷσʔλϑϨʔϜηοτͷ֤ϐΫηϧͷ࠷େ஋Λऔಘ͠ NEOपล 100ϐΫηϧ (2෼
֯)࢛ํΛ੾Γग़ͨ͠ը૾ɻ֤ը૾ͷதԝʹ NEO͕ଘ͠ࡏը૾ͷ্෦ʹ͸ఱମ໊Λͨ͠ࡌهɻΧλϩάͱর
߹ɺಉఆͨ͠ఱମ͸ͦͷରԠఱମ໊ɺnot match (10 arcmin)͸ఱମݕग़࣌ࠁʹ 10෼֯Ҏ಺ʹΧλϩάରԠ
ఱମ͕ଘ͠ࡏͳ͍ఱମɻ֤ը૾ͷ౳ڃ஋͸ͦͷఱମͷॳϑϨʔϜͷ౳ڃ஋ͰɺՄੑࢹΛ্͛ΔͨΊεέʔϧ͸

ఱମຖʹௐ੔͍ͯ͠Δɻ

ਤ 3.7 ग़ͷྫɻݕޡ

දه͸ਤ 3.6ͱಉ༷ɻseeing dance ग़ɻverticalݕޡҼ͢Δىʹ༳Β͗ؾ͸େ(ࠨ) line (ӈ)͸ηϯαʔͷෆ
ௐʹΑΔݕޡग़ɻ
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3.2.2 શఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

2019 ೥ 9 ݄ 19 ೔͔Β 2020 ೥ 12 ݄ 26 ೔·Ͱͷ໿ 1 ೥ 4 ϲ݄ؒʹ NEO ͷ௥੻؍ଌΛͨͬߦ೔਺͸ 108
೔ɺNEO ௥੻؍ଌͷ૯࿐ޫճ਺͸ 2752 ճͰ͋Γɺ௥੻؍ଌΛͨͬߦ೔ͷฏۉ௥੻؍ଌճ਺͸ 25 ࿐ޫͰ͋Δ
(ਤ 3.3)ɻNEOͷ௥੻؍ଌͰ͸ηϯαʔؒͷܺؒΛຒΊΔͨΊʹσΟβϦϯάΛ͜͏ߦͱΛྀ͢ߟΔͱɺಠཱͳ
௥੻؍ଌ͸ฏۉ 1೔໿ 4ճͰ͋Δɻ

ਤ 3.8 ௥੻؍ଌͨ͠ NEOͷఱ্ٿͷ෼෍ɻ
NEO ͷ௥੻؍ଌ͕ߦΘΕͨ੺ಓ࠲ඪͰͷ 2752 ࿐ޫͷҐஔɻ௚ઢঢ়ʹ࿈ͳΔ఺ (RA=140◦ɺ DEC=15◦ ΍

RA=290◦ɺDEC=50; ;෇ۙ)ͷଟ͘͸ಉҰఱମʹର͢Δ௥੻؍ଌɻ

3.2.3 ͜Ε·Ͱͷ NEO୳݁ࡧՌ

͍ͨ༺ग़γεςϜΛݕ଎Ҡಈఱମߴ NEO୳ࡧͷ݁Ռɺ͜ Ε·Ͱʹ NEOީิఱମ 35ఱମΛMPCʹ౤ͨ͠ߘɻ
MPCʹ౤͞ߘΕͨఱମ͸ఱମྐྵͳͲͷ৘ใ͕ੈքதͷ؍ଌऀʹެ։͞ΕΔɻ௥੻؍ଌ͕ߦΘΕͯيಓͷਫ਼౓͕
ͨͬ·ߴ NEOʹ͸খ࿭੕ͱͯ͠ͷԾූ߸͕෇༩͞ΕΔɻ͜Ε·Ͱʹ Tomo-e GozenΛ༻͍ͯൃ͠ݟ౤ͨ͠ߘఱ
ମͷ͏ͪ 19ఱମʹԾූ߸͕෇༩͞Εͨ (ਤ 3.9ɺਤ 3.10) 36ɻҎԼɺԾූ߸Λऔಘͨ͠ NEOΛ Tomo-e Gozen
Ծූ߸औಘ NEOͱݺͿɻTomo-e GozenԾූ߸औಘ NEOͷৄࡉΛද 3.2ʹ·ͱΊͨɻਤ 3.9͔Βӡ༻ؒظʹ
੒ޭ͍ͯ͠Δ͜ͱ͕Θ͔Δɻʹݟൃʹৗత߃͍͓ͯ

36 Tomo-e GozenԾූ߸औಘ NEOͷ͏ͪ 2019FAɺ2020 SU10 ͸ຊ֨Քಇલʹൃ͍ͯ͠ݟΔɻ
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ਤ 3.9 Tomo-e GozenʹΑΔ NEOྦྷੵൃݟ਺ͷਪҠɻ
2019 ೥ 10 ݄ͷຊ֨Քಇ͔Β NEO Λ߃ৗతʹൃ͍ͯ͠ݟΔɻTomo-e Gozen Ծූ߸औಘ NEO ͷ͏ͪ
2019FAɺ2020 SU10 ͸ຊ֨Քಇલʹൃ͍ͯ͠ݟΔɻ
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ਤ 3.10 Tomo-e Gozen͕ൃͨ͠ݟ NEO
දه͸ਤ 3.6ͱಉ༷ɻ౳ڃ͸ॳݕग़࣌ॳϑϨʔϜͷ஋Λ͍ͯ͠ࡌهΔɻ
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ୈ 3 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

ද 3.2͔Β௚͕ܘখ͘͞ɺ஍ٿʹ઀ۙ͢Δɺ໌Δ͍ NEOͷൃݟʹ੒ޭ͍ͯ͠Δ͜ͱ͕Θ͔ΔɻҎԼͰ͸ൃݟ
ͨ͠ NEOͷઈର౳ڃͱيಓཁૉɺ஍ٿͱͷ࠷઀ۙڑ཭ɺࢹ౳ڃΛଞͷ NEOͱൺֱ͢Δɻ·ͨ 3೥࠶ʹޙ౓஍
઀ۙ͢Δʹٿ 2020YO3 ͷఱମྐྵΛ͢ࡌܝΔɻޙ࠷ʹԾූ߸ΛऔಘͰ͖ͳ͔ͬͨ౤ߘఱମʹ͍ͭͯऔΓѻ͏ɻ

Tomo-e GozenԾූ߸औಘ NEOͷઈର౳ڃͱيಓཁૉ
Tomo-e Gozen Ծූ߸औಘ NEO ͷઈର౳ڃͱيಓཁૉͷ෼෍Λਤ 3.11 ʹࣔ͢ɻ௚ܘͷେ͖ͳఱମͷিಥഁ

յยͰ͋Δඍখఱମ΄Ͳଘࡏ਺͕ଟ͘ (Granvik et al. 2018)ɺ஍ۙٿ๣Λ؍ଌର৅ͱ͢Δ Tomo-e Gozen ͷ؍
ଌͰ͸ͦͷΑ͏ͳඍখ NEO͕ଟ͘ൃ͞ݟΕ͍ͯΔɻ஍ۙٿ๣Λ௨ա͢ΔఱମͰ͋Ε͹௚͕ܘେ͖ͳ NEO΋ݕ
ग़Ͱ͖Δ͕ɺඍখ NEOʹൺ΂ଘࡏ਺͕গͳ͍ͨΊݕग़཰͸௿͍ɻ௚͕ܘେ͖ͳ NEOͰ͋Ε͹஍͔ٿΒͷڑ཭
͕ԕͯ͘΋໌Δ͍ͨΊ Tomo-e GozenͰݕग़͢Δ͜ͱ͕Ͱ͖Δ͕ɺͦͷΑ͏ͳఱମ͸ఱ্ٿͷ͚͔ݟͷҠಈ଎౓
͕খ͘͞ɺߴ଎Ҡಈఱମݕग़γεςϜͰ͸ݕग़͞Εͳ͍ (ྫ͑͹ɺϝΠϯϕϧτ࠷େͷఱମ (1) Ceres͸ Tomo-e
Gozenͷ 2fps؍ଌͰ΋े෼ʹ໌Δ͘ݕग़Մೳ͕ͩɺ12ϑϨʔϜͷσʔλϑϨʔϜηοτͰ͸΄ͱΜͲҠಈ͠ͳ
͍ͨΊ߃੕ϚεΫʹΑΓϚεΫ͞ΕɺҠಈఱମͱͯ͠ݕग़Ͱ͖ͳ͍)ɻൃݟఱମͷيಓ௕൒ܘɺيಓ཭৺཰ɺيಓ
ಓཁૉ͸ي஋Λ࣋ͭɻ͍޿͸෯֯ࣼ܏ NEO͕ϝΠϯϕϧτ͔ΒيಓਐԽ͢Δͱͨ͑ߟ৔߹ɺيಓมԽͷ࣌ؒ৘
ใʹରԠ͢ΔɻΑΓൃݟ਺Λ૿΍͢͜ͱͰɺภΓͳ͍ NEOͷيಓཁૉΛ༻͍ͯ NEOͷيಓਐԽʹର͢Δ஌ݟ
ΛಘΔ͜ͱ͕ظ଴Ͱ͖Δɻ
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ୈ 3 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

ਤ 3.11 ஌ͷط NEOͱ Tomo-e GozenԾූ߸औಘ NEOͷઈର౳ڃͱيಓཁૉͷ෼෍ (2021೥ 1݄ 4೔࣌
఺)ɻ
ઈର౳͔ڃΒ௚ܘ΁ͷม׵͸زԿΞϧϕυ 0.168 ΛԾఆɻ্ࠨ:NEO ͷۙ೔఺ڑ཭ͱઈର౳ڃͷؔ܎ɻӈ
্:NEO ͷيಓ௕൒ܘͱيಓ཭৺཰ͷؔ܎ɻͨͩ͠ NEO ͷ͏ͪيಓ௕൒͕ܘେ͖ͳ 8 ఱମ͸আ֎ɻӈଆʹ
NEO ͕ଘ͠ࡏͳ͍ͷ͸ NEO ͷఆٛ (q = a(1 − e) < 1.3) Λຬͨ͞ͳ͍͔ΒͰ͋ΔɻࠨԼ:NEO ͷيಓ௕
൒ܘͱઈର౳ڃͷؔ܎ɻNEOͷ͏ͪيಓ௕൒͕ܘେ͖ͳ 8ఱମΛআ֎ɻӈԼ:NEOͷيಓ௕൒ܘͱيಓࣼ܏
֯ͷؔ܎ɻNEOͷ͏ͪيಓ௕൒ܘ·ͨ͸ىಈ͕֯ࣼ܏େ͖͍ 9ఱମΛআ֎ɻMPC͕ެ։͍ͯ͠Δيಓཁૉ
σʔλϕʔε (2021೥ 1݄ 4೔)Λ࢖༻ɻ

஍ٿͱͷ઀ۙڑ཭

աڈҰ೥ؒʹ஍ٿʹ઀ۙͨ͠ NEOͷ઀ۙڑ཭ͷώετάϥϜΛਤ 3.12ʹࣔ͢ɻTomo-e GozenʹΑΔ؍ଌͰ
͸աڈҰ೥ؒʹ݄ڑ཭Ҏ಺Λ௨աͨ͠ఱମͷ໿ 4.6%Λൃ͍ͯ͠ݟΔɻ͜ͷΑ͏ͳ஍ۙۃٿ๣Λ௨ա͢Δఱମͷ
ைࣚྗʹΑΓ͍ڧ఺͔ΒඇৗʹॏཁͰ͋Δɻ·ͨ઀ۙ࣌ͷ؍͸εϖʔεΨʔυͷݟൃ NEOͷࣗసঢ়ଶ΍ද໘༷
૬ (૊੒)ͷมԽ͕͜ىΔՄೳੑ͕͋Γɺ࿭੕઀ۙ࣌ʹখఱମʹಇ͘࡞༻Λ໌Β͔ʹ͢Δ্Ͱ΋ॏཁͳఱମͰ͋Δɻ
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ୈ 3 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

ਤ 3.12 2020೥ 1݄ 13೔͔Β 2021೥ 1݄ 12೔ʹ஍ٿʹ઀ۙͨ͠ NEOͷ઀ۙڑ཭ͷώετάϥϜɻ
1 ͍͓ͯʹʹ཭Ҏ಺·Ͱ઀ۙͨ͠ఱମڑ݄ Tomo-e Gozen ʹΑΔൃݟఱମͷׂ߹͸ 4.6% ͿɻJPLٴʹ
Center for Near Earth Object Studies(CNEOS)͕ެ։͍ͯ͠Δ࠷઀ۙڑ཭ͷ৘ใ37Λ࢖༻ɻ

ڃ౳ࢹ

MPCʹొ࿥͞ΕͨԾූ߸औಘલ NEOͷࢹ౳ڃͱઈର౳ڃͷؔ܎Λਤ 3.13ʹࣔ͢ɻTomo-e Gozen͕ൃ͢ݟ
Δ NEO͸ଞͷԾූ߸औಘલ NEOʹൺ΂໌Δ͍ɻ໌Δ͍ఱମ͸খதܘޱͷ๬ԕڸͰ΋؍ଌ͕͜͏ߦͱ͕Ͱ͖ɺ௥
੻؍ଌ͕͍ߦ΍͍͢ɻ؍ଌ͕࣌ؒݶΒΕͨ NEOͷ؍ଌʹ͓͍ͯ؍ଌ఺ɺ؍ଌؒظΛ૿΍͢͜ͱ͸ൃݟҎ߱ͷي
ಓ༧ଌͷਫ਼౓ΛߴΊΔ͜ͱʹͭͳ͕Δɻ

37 https://cneos.jpl.nasa.gov/ca/
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ୈ 3 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

ਤ 3.13 Ծූ߸औಘલ NEOͷࢹ౳ڃͱઈର౳ڃͷؔ܎ɻ
MPCͷԾූ߸औಘલ NEOͷҰཡ (2020೥ 5݄ 5೔͔Β 2020೥ 12݄ 31೔)Λ38༺࢖ɻࢹ౳ڃ͸औಘલఱ

ମʹଘ͢ࡏΔؒ (Ծූ߸Λऔಘ͢Δఱମͷଟ͘͸਺೔)ͷ࠷΋໌Δ͍஋Λ࢖༻ɻͨͩ͠MPC౤ߘલɺԾූ߸
औಘޙͷ౳ڃ͸൓ө͞Ε͍ͯͳ͍͜ͱʹ஫ҙ͕ඞཁɻ

઀ۙ͢Δఱମʹٿ౓஍࠶

ఱମͷҰͭͰ͋Δݟൃ 2020YO3 ͸ 3೥ޙʹ஍࠶ʹٿ઀ۙ͠ɺ16౳୆·Ͱ໌Δ͘ͳΔ (ਤ 3.14্)ɻ͜Ε·Ͱ
ͨ͠ݟൃʹ NEOͷதͰ 5೥Ҏ಺ʹ 17౳ΑΓ΋໌Δ͘ͳΔఱମ͸ 2020YO3 ͷΈͰ͋Δ (ਤ 3.14Լ)ɻͨͩ͠ي
ಓࠩޡ͸େ͖͘ɺ઀ۙ࣌·Ͱʹ࠶౓؍ଌ͕ߦΘͳ͚Ε͹λʔήοτ؍ଌ͢Δͷ͸೉͍͠ɻੈքதͷαʔϕΠ؍ଌ

ʹΑΓ઀ۙҎલʹ؍ଌ఺Λ૿΍͢͜ͱ͕Ͱ͖Ε͹ɺ࠷઀ۙ࣌ʹৄࡉͳ෼ޫ΍ޫ౓ۂઢΛऔಘ͢ΔͨΊͷ௥؍ଌͷ

ྑ͍ର৅ͱͳΔɻ

38 https://minorplanetcenter.net/iau/NEO/toconfirm_tabular.html
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ୈ 3 ষ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEOͷ୳ࡧ

ਤ 3.14 2020YO3(্)ɺ2020EO(Լ)ͷ౳ڃͱيಓ༧ଌࠩޡͷਪҠɻ
ͱ΋ʹຊڀݚͰൃͨ͠ݟఱମͰ͋Δɻଟ͘ͷఱମ͸ 2020EOͱಉ͘͡ɺগͳ͘ͱ΋਺े೥ؒ͸࠶౓஍ٿʹ઀

ۙ͢Δ͜ͱ͸ͳ͍͕ɺରͯ͠ 2020YO3 ͸ 3೥ͱ͍͏͍ۙ͏ͪʹ࠶౓઀ۙ͢Δɻ

Ծූ߸͕෇༩͞Εͳ͔ͬͨ౤ߘఱମ

Ծූ߸औಘʹࢸΒͳ͔ͬͨఱମͷॾݩΛද 3.3ʹ·ͱΊͨɻ͜ΕΒ͸ҎԼ 4ͭʹ෼ྨͰ͖Δɻ
1ͭ໨͸౤ࣦߘഊ·ͨ͸ޡ౤ߘఱମͰ͋Δɻද 3.3Ͱ͸ TMG0001ɺTMG0003ɺTMG0006͕֘౰͢Δɻආ͚

Δ΂͖ߦҝͰ͋ΓɺMPC΁ͷ౤ߘաఔ (MPCࣜܗΛؚΊͨ౤ߘϝʔϧ࡞੒)ΛࣗಈԽ͢Δ͜ͱͰରॲͨ͠ɻ
2ͭ໨͸ਓ޻ఱମͰ͋Δɻද 3.3Ͱ TMG0003ɺTMG0011ɺTMG0012ɺTMG0017ɺTMG0025ɺTMG0027

͕֘౰͢ΔɻTMG0012ɺTMG0017 ͸ MPC ͕อ͍࣋ͯ͠Δਓ޻ఱମΧλϩάͱর߹ɺಉఆͨ͠ఱମͰ͋Δɻ
NEOϏϡʔΞʔͰ༻͍͍ͯΔਓ޻ఱମΧλϩάͰ͸ΧλϩάԽ͞Εͨਓ޻ఱମΛશͯ໢ཏͰ͖͍ͯͳ͍͜ͱΛҙ
ຯ͠ɺࢀরఱମΛ௥Ճ͢Δ͜ͱ͕ඞཁͰ͋Δɻଞͷ 4ఱମ͸ਓ޻ఱମΧλϩάͱর߹ɺಉఆ͠ͳ͍͕খఱମͰ͸
ͳ͍ͱ൑அ͞ΕͨఱମͰ͋ΔɻTMG0025ͷ؍ଌͰ͸࣮࣭ 3఺ ग़ͷִؒ͸໿ݕͷޙ࠷ॳͱ࠷) 2.5࣌ؒ)ͷ؍ଌͷ
ಓ཭৺཰͕يಓͰͷيपճٿ஍ʹޙ 1ΑΓେ͖͘ͳͬͨͨΊɺଠཅपճيಓͰ͋Δͱ൑அͯ͠MPCʹ౤ͨ͠ߘɻ
ಓي਺ेඵͱେ͖͔ͬͨ͜ͱ͕Θ͔ͬͨɻ͕ࠩޡಓيՌͷ݁ࢉܭಓي͍ͨ༺ೝͨ͠ͱ͜Ζɺ3఺Λ֬ʹޙ͔͠͠
΋Ճຯ͢Δඞཁ͕͋ΔɻڹͷӨࠩޡಓيՌͷղऍʹ͸݁ࢉܭ
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ୈ 4ষ

ඍখ NEOͷؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌ

ࣗΒ͕։ൃͨ͠ߴ଎Ҡಈఱମݕग़γεςϜΛ༻͍Δ͜ͱͰɺ͜Ε·Ͱ؍ଌ͕ࠔ೉Ͱ͋ͬͨ஍ۙٿ๣Λ௨ա͢Δ

௚ܘ 100mҎԼͷඍখ NEOΛଟ਺ൃͨ͠ݟɻ͜ΕΒ͸ଞͷαʔϕΠ؍ଌͰൃ͞ݟΕΔඍখ NEOʹൺ΂ͯ֨ஈ
ʹ໌Δ͘ɺ௥؍ଌʹΑΓଞͷ෺ཧྔΛಘΔͨΊͷ؍޷ଌର৅Ͱ͋Δɻඍখ NEOͷߴ଎ࣗసͷݕग़Λ໨తͱͨ͠
2 fpsؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌΛͨͬߦɻ

4.1 ଌઓུ؍

։ൃͨ͠ߴ଎Ҡಈఱମݕग़γεςϜΛ༻͍ͯൃ͢ݟΔඍখ NEO(Tomo-e Gozen Ծූ߸औಘ NEO) Λओͳ؍
ଌର৅ͱͯؒ࣌͠ߴ෼ղޫ౓ۂઢ؍ଌΛͨͬߦɻ؍ଌ૷ஔ͸໦ી 105 cmγϡϛοτ๬ԕڸͱߴ଎Χϝϥ Tomo-e
GozenΛ༻͍ͨɻ؍ଌର৅͸༧ଌࢹ౳͕ڃ 17౳ҎԼ͔ͭઈର౳ڃ H͕ 22.5౳ (௚ܘ໿ 100m)ҎԼͷ NEOͱ
ͨ͠ɻ

Tomo-e GozenԾූ߸औಘ NEOҎ֎ʹɺMPCͷϗʔϜϖʔδ39 Λࢀর͠৚݅Λຬͨ͢ NEOΛ؍ଌର৅ͱ
ͨ͠ɻ͜ͷதʹ͸ա͞ݟൃʹڈΕͯ਺೥ͿΓʹ஍ٿʹ઀ۙ͢Δ NEOɺԾූ߸औಘؒޙ΋ͳ͍ NEOɺԾූ߸औಘ
લ NEO ؚ͕·ΕΔɻൃ࣌ݟͷ؍ଌҎ߱਺೥ؒ؍ଌ͞Ε͍ͯͳ͍ఱମ΍ൃݟ௚ޙͷ؍ଌ఺͕গͳ͍ఱମͷ͏ͪي
ಓෆఆੑ͕େ͖͍ (෼֯Ҏ্)ఱମ͸؍ଌର৅͔Βআ֎ͨ͠ɻ
ଌͨ͠ఱମͷ಺༁Λද؍ 4.1 ʹࣔ͢ɻͳ͓ຊڀݚͰ؍ଌͨ͠খ࿭੕ީิఱମ͸શͯ؍ଌޙʹԾූ߸Λऔಘ͠

͍ͯΔͨΊԾූ߸औಘؒޙ΋ͳ͍ఱମʹؚΊͨɻද 4.1͔Β؍ଌఱମͷ 30%Ҏ্͸ Tomo-e GozenԾූ߸औಘ
NEOͰ͋Δ͜ͱ͕Θ͔Δɻ͜ΕΒඍখ NEOͷ؍ଌՄೳ࣌ؒ͸୹͘ɺਝ଎ͳ௥؍ଌ͕ඞཁͱͳΔɻྫͱͯ͠ຊݚ
ଌର৅ͷҰͭͰ͋Δখ࿭੕؍ͷڀ 2020VH5 ͷ؍ଌ೔લޙͷ༧ଌఱମྐྵΛਤࣔͨ͠ (ਤ 4.1)ɻTomo-e Gozenͷ
શఱαʔϕΠ؍ଌͰͷݕग़ (փ৭ઢ)يʹޙಓܾఆͷͨΊͷ௥੻؍ଌΛ͍ߦɺ໿ 3࣌ؒͰখ࿭੕ީิఱମͱͯ͠ใ
ࠂ ظͳͬͨͨΊɺे෼໌Δ͍࣌͘҉ʹܹٸʹޙఱମͰ͋Δɻͦͷͨ͠(৭ઢࠇ) (16౳୆)ͷ௥؍ଌ͸ൃޙݟ਺࣌
ͱ͕Ͱ͖ͳ͍ɻ͜͏ߦ͔ؒ͠

ද 4.1 ଌର৅ఱମͷ෼ྨ؍ઢۂ෼ղޫ౓ؒ࣌ߴ

ఱମ ɹɹɹɹ ɹ ଌ਺؍ ఱମྫ උߟ

Tomo-e GozenԾූ߸औಘ NEO 11 2020EO લষΛ༻͍ͯࣗΒൃݟ

ա͞ݟൃʹڈΕ਺೥ͿΓʹ઀ۙ͢Δఱମ 1 2017WJ16 ಓෆఆੑ͕େ͖͍͜ͱ͕͋Δي

Ծූ߸औಘؒޙ΋ͳ͍ఱମ 17 2020FL2 ઀ۙલʹൃ͞ݟΕͨఱମ͸؍ଌ͕༰қ

39 https://minorplanetcenter.net/
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ਤ 4.1 Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλ͔Βൃ͠ݟɺؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌΛͨͬߦ 2020VH5

ͷఱମྐྵɻ

੨৭ઢɺ੺৭ઢɺԫ৭ઢ͸ͦΕͧΕ໦ી͔Βͨݟ 2020VH5 ͷࢹ౳ڃɺߴ౓ɺ݄ڑ཭ɺΛද͠ɺփ৭ഁઢ͸

Tomo-e GozenͷશఱαʔϕΠ؍ଌͰͷॳݕग़࣌ࠁɻൃݟ௚ޙʹ໌Δ͞ͷۃେΛܴ͑ɺ௥؍ଌͷػ޷͸਺࣌ؒ
͔͠ͳ͍ɻ

యܕతͳ؍ଌ࣌ؒ͸ઈର౳ڃ H͕ 22.5౳ҎԼ͔ͭࣗసपٻ͕ظ·͍ͬͯΔখ࿭੕ͷయܕతͳࣗసप40ظʹൺ΂

௕͍ 20෼ؒͱઃఆͨ͠ɻຊޫ౓ۂઢ؍ଌͰ͸ 1ϑϨʔϜͷ࿐ޫ࣌ؒΛ 0.5ඵͱ͠ɺ120ϑϨʔϜܭ 1෼ؒΛҰͭ
ͷσʔλϑϨʔϜηοτͱͯ͠σʔλΛऔಘͨ͠ɻຊߘͰ͸͜ͷ 1෼ؒΛ 1ϒϩοΫͱఆٛ͢Δ (ද 4.2ɺ∆T)ɻ
Tomo-e Gozenશ 84ຕͷηϯαʔͷ͏ͪ 1ຕͷηϯαʹఱମΛಋೖΛ͠ɺߴ଎Ҡಈఱମʹରͯ͠͸ඞཁʹԠ͡
ɻϒϩοΫ಺Ͱͷఱମ௥ඌͨͬߦ໺ҠಈΛࢹͯ (ඇ߃੕௥ඌ)͸ߦͳ͍ͬͯͳ͍ɻਤ 4.1͸ 2020HS7 ͷ 1ϒϩο
Ϋʹର͠࠷େ஋ॲཧ41Λͨ͠ࢪը૾Ͱ͋Δɻը૾தԝԼ෦ʹଘ͢ࡏΔઢ͕ 2020HS7 ͷي੻Ͱ͋Δɻ

40 LCDB 2020೥ 10݄ 22೔൛ʹଘ͢ࡏΔઈର౳ڃ 22.5ҎԼͷఱମͷࣗసपظͷதԝ஋͸໿ 10෼ɻ
41 େͷ஋Λ֤ϐΫηϧͷ஋ͱ͢Δॲཧɻ࠷Ͱ޲ํ࣠ؒ࣌
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ਤ 4.2 2020HS7 1෼ؒͷσʔλϑϨʔϜηοτͷ࠷େ஋ॲཧޙը૾ɻ
39.7′ × 22.4′ ͷࢹ໺Λ࣋ͭ Tomo-e GozenͷҰͭͷηϯαʔΛද͢ɻը໘্͕๺ɻ(x, y) = (1000, 200)͔Β

(x, y) = (1500, 100)෇ۙͷઢ͕ 2020HS7 ͷي੻Ͱ͋Δɻࢹ͍޿໺Λ࣋ͭ Tomo-e Gozenͷ 1ηϯαʔΛ਺
෼ؒͰԣஅ͢Δߴ଎ҠಈఱମͷͨΊҠಈํ޲ʹ߹Θͤͨࢹ໺ҠಈΛޫ͍ͭͭߦ౓ۂઢΛऔಘͨ͠ɻ

4.2 ݩଌॾ؍

ຊڀݚͰ͸৽ͨʹ 29ఱମͷඍখ NEOʹରؒ࣌͠ߴ෼ղޫ౓ۂઢ؍ଌΛͨͬߦɻ؍ଌؒظ͸ 2020೥ 3݄–12
݄ͷ໿ 10ϲ݄ؒͰ͋Δɻ2018೥ɺ2019೥ʹ Tomo-e GozenΛ༻͍ͯ؍ଌͨ͠ 3ఱମͷඍখ NEOΛղੳʹՃ
͑ɺޙͷٞ࿦ʹ͸ Kojima (2019)ͷ 2ఱମͷඍখ NEOͷ؍ଌ݁Ռ΋༻͍ΔɻຊڀݚͰऔΓѻ͏ NEO͸ܭ 34ఱ
ମͰ͋Δ (ද 4.2)ɻ
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4.3 ղੳ

ղੳʹ͸ Tomo-e GozenͷࣗಈղੳύΠϓϥΠϯΛ༻͍ͯҰ࣌ॲཧ͕ߦΘΕͨσʔλΛ༻͍ͨɻࣗಈղੳύΠ
ϓϥΠϯͰߦΘΕΔॲཧ͸όΠΞεॲཧɺμʔΫҾ͖ɺϑϥοτิਖ਼ɺWCS ֱਖ਼Ͱ͋Δɻͭ·ΓऔΓѻ͏σʔ
λ͸Ұ࣌ॲཧ͕ߦΘΕͨϑΟϧλͳ͠୯৭σʔλϑϨʔϜηοτ (3 ݩ࣍ fits ϑΝΠϧ) ͱͳΔɻ͜ͷσʔλϑ
ϨʔϜηοτ͔Βখ࿭੕ͷ෺ཧྔΛऔಘ͢ΔͨΊଌޫղੳͱपظղੳΛ42ͨͬߦɻ౳ڃ΁ͷม׵͸ Gaia Data
Release2(Gaia Collaboration et al. 2018)ͱͯ͠ެ։͞Ε͍ͯΔ GaiaӴ੕͕ଌఆͨ͠౳ڃ (ҎԼ G౳ڃ)Λ༻
͍ͨ43ɻయܕతʹ 20෼ͷ؍ଌ࣌ؒ಺ʹ͓͚Δ NEOͷҐ૬֯ɺ஍৺ڑ཭ (஍ٿͱఱମؒͷڑ཭)ͷมԽ͸े෼ʹ
খ͍͞ͱ͠ɺิਖ਼͸͍ͯͬߦͳ͍44ɻ

4.3.1 ଌޫղੳ

ଌޫղੳ͸ҎԼͷखॱͰͨͬߦɻ

1. Ҡಈఱମͷيಓܾఆ
͸ɺϑϨʔϜ͝ͱʹଌޫҐஔΛҠಈͤ͞Δඞཁ͕͋Δɻσʔλϑʹ͏ߦ໺಺ΛҠಈ͢Δখ࿭੕ͷଌޫΛࢹ

ϨʔϜηοτதͷෳ਺ຕͷݕग़఺Λ໨ࢹͰ֬ೝ͠ઢ͢׬ิܗΔ͜ͱͰখ࿭੕ͷଌޫҐஔΛܾఆͨ͠ɻ

2. ఺ͷܾఆݪڃর੕Λ༻͍ͨ౳ࢀ
ଌର৅ͱͳΔ؍ NEO ͱಉ͡ϑϨʔϜʹଘ͢ࡏΔ G ౳ڃ 12-15 ౳ͷෳ਺ͷ੕Λ༻͍ͯ౳ݪڃ఺Λܾఆ͠
ͨɻͨͩ͠੕͕ଟ͘ଘ͢ࡏΔྖҬͰ͸໌Δ͍ఱମͷΈΛ༻͍ͯ౳ݪڃ఺ΛٻΊͨɻ

3. NEOͷଌޫ
GaiaΧλϩάΛ༻͍Δ͜ͱͰɺࢹ໺಺ͷ౳ᮢڃ஋ҎԼͷఱମʹର͢Δ߃੕ϚεΫΛ࡞੒ͨ͠ɻϚεΫ൒ܘ
͸֤ϑϨʔϜʹ͓͚Δయܕతͳ PSFͷ FWHMΛ༻͍ͨɻ͜ͷ߃੕ϚεΫͱখ࿭੕ͷଌޫҐஔͷ৘ใΛ༻
͍֤ͯϑϨʔϜͰͷখ࿭੕ͷଌޫΛͨͬߦɻଌޫ൒ܘ͸੕૾ϚεΫͱಉ༷ʹయܕతͳ PSF ͷ FWHM Λ
΋ͱʹͦͷఆ਺ഒΛ࠾༻ͨ͠ɻ·ͨ։ޱ಺ʹϚεΫ͞ΕͨϐΫηϧؚ͕·ΕΔσʔλ͸আ֎ͨ͠ɻ౳ݪڃ

఺ (C)ɺখ࿭੕ͷ։ޱ಺૯Χ΢ϯτ (Fneo)Λ༻͍ͯҎԼͷࣜͰখ࿭੕ͷ౳ڃmneo Λਪఆͨ͠ɻ

mneo = C − 2.5 log10 Fneo (4.1)

·ͨଌޫࠩޡ σneo ͸

σ2
neo =

∑

i

σ2
i +

Fneo

g
, (4.2)

Ͱͨ͠ࢉܭɻͨͩ͠ӈลୈҰ߲ͷ࿨͸ଌޫ൒ܘͷϐΫηϧʹ͍ͭͯͱΔ͜ͱΛද͠ɺୈҰ߲ɺୈೋ߲ͦΕ

ͧΕഎܠϊΠζɺఱମͷϙΞιϯϊΠζʹରԠ͢Δɻg ͸ίϯόʔδϣϯϑΝΫλʔ (ADU/e−)Ͱ͋Δɻ
എܠϊΠζ͸֤ϑϨʔϜͷશମͰଌఆͨ͠Χ΢ϯτͷඪ४ภࠩΛϑϨʔϜ಺ͷଌޫ஋ͷࢉܭࠩޡʹ༻͍ͨɻ

ෳ਺ͷσʔλϑϨʔϜηοτʹ͓͚Δ࣌ྻܥσʔλΛͭͳ͛Δ͜ͱͰ NEOͷޫ౓ۂઢΛऔಘ͢Δɻ

4.3.2 पظղੳ

ຊڀݚͷ؍ଌର৅ͷଟ͘͸ߴ଎ҠಈఱମͰ͋Γɺఱମ௥ඌͷͨΊͷࢹ໺ҠಈΛؒ͏ߦ͸؍ଌ఺͕ܽ೗͢Δɻ·

ଌ఺͕ܽ೗͢Δɻ͢ͳΘͪಘΒΕΔ໌Δ͞৘ใͷαϯϓϦϯά؍ͣͤ༺࢖ʹ੕෇ۙΛ௨ա͢Δσʔλ΋ղੳ߃ͨ

ִؒ͸ෆۉҰͱͳΔɻ͜ͷΑ͏ͳಛ௃Λ΋ͭଌޫ݁Ռ͔ΒࣗసपظΛਪఆ͢ΔͨΊʹ Lomb-Scargle๏ (ҎԼ LS
๏)Λ༻͍ͨ (Lomb 1976; Scargle 1982; VanderPlas 2018) ɻLS๏͸ਖ਼ݭ೾ΛԾఆͯ͠࠷খೋ৐ϑΟοςΟϯ

42 ͸ࡉৄ CɺDΛࢀরͷ͜ͱɻ
43 ϑΟϧλʔΛ΋ͨͣՄࢹҬʹ෯ײ͍޿౓Λ࣋ͭ Tomo-e Gozen ͱ Gaia Ӵ੕ͷ޿ҬόϯυϑΟϧλʔͷײ౓ಛੑ͕౳͍͠ͱԾఆͯ͠
͍Δ͜ͱʹରԠɻີݫʹ͸͜ͷ྆ऀʹ͸͕ࠩ͋ΔɻҎ߱ͷٞ࿦Ͱ͸౳ڃৼ෯ͱࣗసप͕ظॏཁͰ͋Γɺ౳ڃͷઈର஋͸ॏཁͰ͸ͳ͍ɻ
ઢͷॎ࣠Λۂඪͱͯ͠ޫ౓ࢦଌఱମͷ໌Δ͞ͷ؍ G౳ڃͰදͨ͠ɻ

44 2020EO ͷ ؍ ଌ (2020-03-13T10:47–55) ʹ ͓ ͍ ͯ Ґ ૬ ֯ ͸ 29.6286–29.5644◦ɺ஍ ৺ ڑ ཭ ͸ 0.00662297171562–
0.00662886512355 au ͱมԽɻͦΕͧΕ 0.1◦ɺ0.1 %ҎԼͷมಈͰ͋Δɻ
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άΛྻܥ͍࣌ߦσʔλͷपظΛਪఆ͢Δख๏Ͱ͋ΔɻਪఆपظΛ༻͍ͯޫ౓ۂઢΛંΓͨͨΉ͜ͱͰখ࿭੕ͷ౳

ʹຊతجͿɻݺઢͱۂઢΛંΓͨͨΈޫ౓ۂͰ͸ંΓͨͨΜͩޫ౓ߘͷਪఆ͕ՄೳͱͳΔɻຊظৼ෯ͱࣗసपڃ

ϑΟοςΟϯάۂઢͷ߲਺ (࣍਺)͸ 2ͱͯ͠ղੳΛ͕ͨͬߦɺہॴతͳߏ଄Λ࣋ͪϑΟοςΟϯάۂઢ͕໌Β͔
ʹϑΟοτ͠ͳ͍ఱମͰ͸߲਺Λ 5ͱͨ͠ɻࣗసपظͷੵݟ΋Γʹ͸͓͓ΑͦӨ͠ڹͳ͍͕ɺ౳ڃৼ෯ͷਪఆ஋
͕มԽ͢ΔɻϑΟοςΟϯάͷ߲਺Λେ͖͘͢Δ͜ͱͰΑΓ͔ࡉͳߏ଄Λਪఆ͢Δ͜ͱ͕Ͱ͖Δ͕શͯͷप೾਺

Ͱద߹౓Λ্͛Δ͜ͱʹͳΔɻٻΊͨप͕ظద੾ͳपظͰ͋Δ͔൑அ͢Δ্Ͱࡉ৺ͷ஫ҙ͕ඞཁͰ͋Δɻ

पظղੳ݁ՌΛݩʹɺ؍ଌఱମΛ 1)ࣗసपظΛਪఆɺ2)ࣗసपظͷԼݶ஋Λਪఆɺͷ 2ͭʹ෼ྨͨ͠ɻ2)ͷ
ఱମ͸ i)࣠ൺ͕খ͍͞ ࿐ޫ࣌ؒΑΓ͕ظ࿐ޫ࣌ؒΑΓे෼ʹ୹͍ɺiii)ࣗసप͕ظɺii)ࣗసप(͍ۙʹٿঢ়͕ܗ)
΋े෼ʹ௕͍ɺiiii)ଌޫ͕ࠩޡେ͖͍౳ͷݪҼ͕͑ߟΒΕΔɻ؍ଌ։͔࢝Β؍ଌऴྃ·Ͱͷ࣌ؒΛࣗసपظͷԼ
ଌఱମʹ͸ඇओ࣠ճసఱମ؍ͷڀݚ஋ͱͨ͠ɻຊݶ (λϯϒϥʔ)ީิ͕ଘͨ͠ࡏɻλϯϒϥʔ͸௨ৗͷࣗసʹՃ
͑ɺࣗస͕࣠ࠩࡀӡಈ͍ͯ͠ΔఱମͰ͋Δ Paolicchi et al. (2002)ɻҰൠʹλϯϒϥʔͷޫ౓ۂઢ͸ࣗసपظͱࡀ
ࠩपظͷෳ߹ʹΑΓෳࡶʹͳΔɻͦΕΒ͕ۙࣅతʹ੔਺ൺͱͳΔ৔߹ɺͦͷෳ߹पظͰંΓͨͨΉ͜ͱʹΑΓࣗ

సपظΛਪఆ͢Δ͜ͱ͕Ͱ͖Δ (Urakawa et al. 2019)ɻෳ߹प؍͕ظଌ࣌ؒʹऩ·Βͳ͍৔߹͸໌Β͔ͳ౳ڃม
ಈ͕͋Δ͕྆प͕ظఆ·Βͳ͍ɻͨͩ͠Ұํͷप͕ظप೾਺ͷϐʔΫͱͳΓࣗసपظΛਪఆͰ͖Δ͜ͱ͕͋Γɺ

͜ͷ৔߹ʹ͸ંΓͨͨΈޫ౓ۂઢ͕͕޿ΓΛ΋ͭ͜ͱʹͳΔɻͭ·Γλϯϒϥʔʹ͸ 2ͭͷपٻ͕ظ·Δɺ1ͭ
ͷपظͷΈٻ·Δɺप͕ظҰͭ΋ٻ·Βͳ͍ͱ͍͏ 3ͭͷՄೳੑ͕͑ߟΒΕΔɻ
తͳखॱͱͯ͠͸·ͣଌޫղੳσʔλʹରͯ͠ࡍ࣮ LS๏Λ༻͍͍͔ͯͭ͘ͷީิ ΛظͱͳΔࣗసप(ݸ5-10)
ɻλϯͨͬߦͰ͋Δ͔Ͳ͏͔ͷ൑அΛظઢ͔Βద੾ͳࣗసपۂͰંΓͨͨΜͩޫ౓ظΊͨɻͦΕͧΕͷࣗసपٻ

ϒϥʔʹ͍ͭͯ͸ંΓͨͨΈۂઢΛҐ૬ຖʹ෼ղͯ֬͠ೝ͢Δ͜ͱͰ൑அΛͨͬߦɻ

4.4 ݁Ռ

4.4.1 ࣗసपظ

ղੳͷ݁Ռɺ20 ఱମͷࣗసपظΛਪఆ͠ɺ12 ఱମʹ͍ͭͯ͸ࣗసपظͷԼݶ஋ΛٻΊͨ (ਤ 4.3) 45ɻ·ͨ

2020EOɺ2017WJ16ɺ2020TE6 ͷ 3ఱମΛλϯϒϥʔީิఱମͱ൑அͨ͠ɻ2020EO͸Ұํͷप͕ظਪఆͰ͖

͕ͨɺ࢒Γ 2ఱମ͸ࣗసपظෆఆͰ͋ΔɻຊߘͰ͸్தʹബӢ͕௨աͨ͠৔߹ͳͲѱఱީͱࢥΘΕΔσʔλ͸ϒ
ϩοΫ͝ͱ༻͍ͣআ֎ͨ͠ɻͦͷΑ͏ͳఱମ͸؍ଌϒϩοΫͷయܕత࣌ؒͰ͋Δ໿ 1෼ؒͷഒ਺ͷ࣌ؒͷσʔλ
͕ܽ೗ͨ͠ޫ౓ۂઢͱͳΔ (E.19 2020HT7 ͷޫ౓ۂઢͳͲ)ɻ
ҎԼʹ஫ҙ͢΂͖ఱମΛ·ͱΊΔɻ

• 2020HS7

2020೥ 4݄ 27೔ʹ Pan-STARRS2ʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻ؍ଌ։࢝࣌ͷҠಈ଎౓͕ 3 arcsec/s

ͱେ͖͘ɺ͞Βʹͦͷޙ஍ٿʹ͖ۙͮɺ؍ଌ࣌ؒதʹঃʑʹ໌Δ͘ͳͬͨ (E.19 2020HS7 2)ɻ͜ͷΑ͏ͳ
ఱମʹରͯ͠͸஍ڑٿ཭ͷิਖ਼͕ඞཁͱͳΔ͕ɺΑΓ௕͍ޫ౓ۂઢ (E.18 2020HS7 1) ͷղੳʹ͓͍ͯप
ෆఆͱ൑அͨ͠ɻظΒΕͳ͍͜ͱ͔Βࣗసपݟ͕ੑظ

• 2020QW

2020೥ 8݄ 17೔ʹ Tomo-e GozenʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻൃݟ೔ʹऔಘͨ͠σʔλ͸ࢹ໺಺ʹ
ଟ͘ͷ੕͕ଘ͠ࡏɺਪఆࣗసपظͷંΓͨͨΈۂઢ͔Βਖ਼͍ࣗ͠సपظͰ͋Δ͔ͷ൑ผ͕͔ͭͳ͔ͬͨɻ

ཌ೔ʹͨͬߦ௥Ճ؍ଌͷपظղੳ݁Ռ΋ಉ༷Ͱ͋Δ͕ɺ྆೔ͰಠཱʹٻΊͨͷਪఆप͕ظ੔߹తͰ͋Δ͜

ͱ͔Βਖ਼͍ࣗ͠సपظͰ͋Δͱ൑அͨ͠ɻٞ࿦Ͱ͸Ұ೔໨ͷσʔλ͔ΒٻΊͨࣗసपظΛ༻͍ͨɻ

• 2020 SO

2020೥ 9݄ 17೔ʹ Pan-STARRS1ʹΑΓൃ͞ݟΕͨ NEOͰ͋ΔɻൃޙݟʹҰ࣌తʹ஍ٿॏྗʹଋറ͞
ΕͨఱମͰ͋Γɺ෼ޫ؍ଌʹΑΔεϖΫτϧ͔Βਓ޻ఱମͰ͋ΔՄೳੑ͕͍͜ߴͱ͕Θ͔͍ͬͯΔ (Weiner
et al. 2020)ɻΑͬͯຊߘͰ͸ޙͷٞ࿦ʹؚΊͳ͍ɻ

• 2020XH1

2020೥ 12݄ 6೔ʹ ATLASʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻଞͷࣗసप͕ظఆ·Βͳ͍ͱͨ͠ఱମ͸ฏ

45 શఱମͷৄࡉͳ݁Ռ͸ EɺFΛࢀরͷ͜ͱɻ
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ਤ 4.3 ࣗసप͕ظਪఆͰ͖ͨఱମͷંΓͨͨΈޫ౓ۂઢͱ LS๏ϐϦΦυάϥϜɻ
੨৭ઢɺ྘৭ઢ͸ͦΕͧΕਪఆͨࣗ͠సपظͰંΓͨͨΈޫ౓ۂઢͱϑΟοςΟϯάۂઢɻӈԼͷೋͭ͸

2020EO ͱ 2020UQ6 ͷ Lomb-Scargle periodogramɻλϯϒϥʔީิఱମͰ͋Δ 2020EO ͸ഒԻͰͳ͍

Ґஔʹ΋प೾਺ͷϐʔΫΛ΋ͭɻ
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ୱͳޫ౓ۂઢΛ࣋ͭͷʹର͠ɺ؍ଌ࣌ؒ಺Ͱ໌Β͔ͳ૿ޫ͕͋޲܏Δ (෇࿥ޫ౓ۂઢ 2020XH1)ɻ͜ͷΑ
͏ͳখ࿭੕Ͱ͋Ε͹౳ڃৼ෯ʹ͍ͭͯ΋੍ݶΛ͚ͭΔ͜ͱ͕Ͱ͖Δɻ͜ͷఱମͷ৔߹໿ 0.5౳ΑΓ΋େ͖
͍͜ͱ͕Θ͔Δɻ

• 2020YJ2

2020೥ 12݄ 21೔ʹ Tomo-e GozenʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻ20෼ؒͷؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌ
͔Β͸ߴ౓ͷ૿ݟ͕ݮΒΕΔ͕ࣗసप͕ظఆ·Βͳ͔ͬͨɻޫ౓ۂઢલޙͷ Tomo-e GozenαʔϕΠ؍ଌ
ͷσʔλ఺Λ௥Ճͯ͠पظղੳΛ͍ࣗߦసपظΛٻΊͨɻ

• 2019BE5

2019೥ 1݄ 31೔ʹ ZTFʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻൃ࣌ݟͷ؍ଌσʔλ͔Βߴ଎ࣗసͰ͋Δ͜ͱ͕
ࣔࠦ͞Ε͓ͯΓɺڞಉऀڀݚͷ࿈བྷΛड͚؍ଌ͢Δ͜ͱΛܾఆͨ͠ఱମͰ͋ΔɻͦͷͨΊଞͷఱମʹൺ΂

ͯ௕͍໿ೋ࣌ؒͷ؍ଌΛ͍ͯͬߦΔɻ

• 2018 JX

2018೥ 5݄ 7೔ʹ CSSʹΑΓൃ͞ݟΕͨ NEOͰ͋Δɻଞͷ؍ଌʹΑΓࣗసप͕ظ໿ 207ඵͰ͋Δͱใ
Ε͍ͯΔ͞ࠂ (Hayes-Gehrke et al. 2018)ɻຊߘͰ͸؍ଌ͕࣌ؒগͳ͘Լݶ஋Λਪఆͨ͠ͱͯٞ͠࿦Λਐ
ΊΔɻ

4.4.2 ௚ܘ-ࣗసप܎ؔظ

ଟ਺ͷখ࿭੕ͷޫ౓ۂઢ͕ొ࿥͞Ε͍ͯΔ LCDBͷ NEO 783ఱମʹຊڀݚͷఱମΛՃ͑௚ܘ-ࣗసप܎ؔظ
Λϓϩοτͨ͠ (ਤ 4.4)ɻ͜Ε·Ͱ؍ଌ਺͕গͳ͍ߴ଎ࣗస͢Δඍখ NEOͷࣗసपظͷਪఆʹ੒ޭ͍ͯ͠Δ͜
ͱ͕Θ͔Δɻ

ਤ 4.4 ຊڀݚͱ LCDBͷ NEOͷ௚ܘ-ࣗసप܎ؔظɻ
LCDB σʔλͷதͰਫ਼౓Αࣗ͘సपٻ͕ظΊΒΕ͍ͯΔ (LCDB ͷෆఆੑࢦඪ U = 3, 3−) 783 ఱମΛփ৭
఺Ͱϓϩοτͨ͠ɻຊڀݚͰऔΓѻ͏ఱମͷ͏ͪࣗసपظΛਪఆͨ͠ఱମ͸੺৭ඛܗ఺ɺࣗసपظͷԼݶ஋Λ

ਪఆͨ͠ఱମ͸੨৭఺ʹ໼ҹΛՃ͑ͯϓϩοτͨ͠ɻ໼ҹͷ௕͞͸ҰఆͰҙຯΛ΋ͨͳ͍ɻ

খ࿭੕ͷޫ౓ۂઢΛଟ਺औಘ͍ͯ͠Δଞͷ؍ଌܭըͱͷൺֱΛද 4.3ɺਤ 4.5 ʹࣔ͢ɻൺֱର৅͸ 2013
͔Β 2017 ೥·Ͱ 11 ୆ͷ๬ԕڸΛ༻͍ͯ؍ଌΛͨͬߦ EURONEAR(EUROpean Near Earth Asteroids
Reserch, Vaduvescu et al. 2017)ɺ2013 ೥͔Β 2020 ೥·Ͱ 7 ୆ͷ๬ԕڸΛ༻͍ͯ؍ଌΛ͓͜ͳͬͨ
MANOS (Mission Accessible Near-Earth Objects Survey, Thirouin et al. 2016, 2018) ͱͨ͠ɻͱ΋ʹ NEO
Λ؍ଌର৅ͱ͢ΔڊେܭըͰ͋Δɻ
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ըͷܭΑΔଟ೥ʹڸ͸ෳ਺๬ԕڀݚଌ਺ʹ͓͍ͯɺຊ؍ MANOSɺEURONEAR ͹ͳ͍ɻ͔͠͠ຊٴʹ
Ұ୆Λ༻͍ͯҰ೥Ͱ໿ڸ͸๬ԕڀݚ 30 ఱମͷ؍ଌΛ͍ͯͬߦΔɻ๬ԕڸҰ୆Ұ೥ؒ͋ͨΓʹͨ͠ࢉ׵৔߹
EURONEARͱMANOSͷ؍ଌ਺͸ͦΕͧΕ 2.3ɺ8.6ఱମͰ͋Γɺຊڀݚͷ؍ଌ਺ʹٴ͹ͳ͍ɻ͞Βʹͦͷయ
ଌ࣌ؒ͸؍తܕ 20෼ؒͰ͋Γɺଞͷ؍ଌʹൺ΂๬ԕڸ઎༗͕࣌ؒগͳ͍͜ͱ΋ಛ௕ͱ͍͑Δɻຊڀݚͷ؍ଌఱମ
ͷαΠζ͸ଞͷೋͭʹൺ΂ͯখ͍͞ɻ4m๬ԕڸΛ༻͍ΔଞͷαʔϕΠ؍ଌͰ͸ԕ͘ʹଘ͢ࡏΔΑΓখ͍͞ఱମ
Ͱ͸ڀݚଌ͢Δ͜ͱ͕೉͍͠ɻҰํຊ؍଎Ҡಈ͢Δখ࿭੕Λߴ๣ΛۙٿଌՄೳ͕ͩɺ஍؍͕ Tomo-e GozenΛ༻
ଌ͢Δ͜ͱʹΑΓɺඍখ؍ઢۂ෼ղޫ౓ؒ࣌ߴ઀ۙ͢ΔఱମΛ࠷͍ͯ NEOΛײ౓Λམͱͣ͞ʹ؍ଌ͢Δ͜ͱ͕
Ͱ͖Δɻࣗసपٻ͕ظ·ͬͨఱମͷׂ߹͸ 0.45–0.58ͷൣғͰൺֱత͍ۙɻͨͩ͠ EURONEAR͸ࣗసपط͕ظ
஌ͷఱମΛଟ͘؍ଌ͍ͯ͠Δ͜ͱʹ஫ҙ͕ඞཁͰ͋Δɻ·ͨ؍ଌର৅ͷαΠζɺ؍ଌ਺ɺ؍ଌ͕࣌ؒҟͳΔͨΊ௚

઀ൺֱ͢Δ͜ͱ͸೉͍͠ɻຊڀݚ͸ଞͷ 2ͭͷαʔϕΠʹൺ΂λϯϒϥʔͷ؍ଌׂ߹͕͍ߴɻͳ͓ EURONEAR
ଌͨ͠؍͕ tumberͷ 8ͭ͸ط஌ͷλϯϒϥʔͰ͋Δɻ

ද 4.3 ޫ౓ۂઢ؍ଌͷൺֱ a

survey #object mean H mean D #period (rate) #ultra-rapid rotators (rate) #tumblers (rate)
(mag) (m)

Tomo-e Gozen 33b 26.1 18 19 (0.58) 2 (0.061) 3 (0.091)
EURONEARc 101 17.9 782 45 (0.45) 0 (0) 15 (0.149)

MANOSd 232 24.1 45 142 (0.47) 4 (0.017) 10 (0.043)

a #object:؍ଌఱମ਺ɺmean H:ฏۉઈର౳ڃɺmean D:ฏۉ௚ܘɺ#period (rate):ࣗసपٻ͕ظ·ͬͨ਺ (ׂ߹)ɺ
#ultrarapidrotators (rate):ࣗసपظ 20ඵະຬͷখ࿭੕਺ (ׂ߹)ɺ#tumblers (rate):λϯϒϥʔͷ਺ (ׂ߹)ɻ

bਓ޻ఱମͷՄೳੑ͕͋Δ 2020 SOΛআ͘ɻ
c The EUROpean Near Earth Asteroids Reserch(Vaduvescu et al. 2017)
d Misson Accesible Near-Earth Objects SurveyʹΑΔશ؍ଌఱମ (301Ҏ্)ͷதͰ࿦จԽ͞Ε͍ͯΔఱମͷΈΛ্ܭ

(Thirouin et al. 2016, 2018)ɻ

ਤ 4.5 ओཁͳޫ౓ۂઢαʔϕΠ؍ଌఱମͷઈର౳ڃɻ

ώετάϥϜͷ෯͸ 1౳ڃͰ͋ΓɺH− 0.5͔Β H+ 0.5ͷఱମ͕ HͷϏϯʹؚ·ΕΔɻ

ຊڀݚͱઌڀݚߦͷ௚ܘ-ࣗసपظ෼෍Λൺֱ͢ΔͨΊɺਤ 4.4ͷ௚ܘ-ࣗసप܎ؔظΛࣗసपظͷ୹͍ํ͔Βੵ
Έ্͛ͨώετάϥϜΛ࡞੒ͨ͠ (ਤ 4.6ӈ)ɻࣗసपظͷൣғ͸ຊڀݚͰਖ਼֬ʹਪఆՄೳͳ 600ඵ (యܕతͳ؍
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ଌ࣌ؒͷ൒෼)·Ͱͱ͠ɺ࠷খઈର౳ڃ͸ 25౳ (໿ 30m)ͱઃఆͨ͠ (ਤ ɻൣғ֎ͷఱମΛάϨʔͷྖҬ(ࠨ4.6
Ͱ͍ࣔͯ͠Δɻਤ 4.6ӈͷώετάϥϜ͔Βຊڀݚͷఱମ͸ LCDBͷఱମͱൺֱͯࣗ͠సप͕ظ୹͍ଆʹ௒ա܏
͍͓ͯʹظΔɻ͜Ε͸ಛʹ୹प͕͋޲ LCDBʹؚ·ΕΔσʔλͷࣗసपظ෼෍͕ਅͷࣗసपظ෼෍Λ൓ө͍ͯ͠
ͳ͍ՄೳੑΛࣔࠦ͢Δɻඍখ NEOͷ؍ଌ਺Λ૿΍͢͜ͱͰ͜ͷࠩҟͷ༗ແʹ੍͍ڧ໿ΛಘΔ͜ͱ͕ظ଴Ͱ͖Δɻ

ਤ 4.6 ࣗసपظͷྦྷੵώετάϥϜͷൺֱɻ

ന৭෦:ࠨ (H > 25ɺP < 600 s)ͷఱମΛαϯϓϧͱ͢Δɻ
ӈ:৚݅Λຬͨ͢ఱମΛࣗసपظͷ୹͍ॱʹੵΈ্͛ɺ֨نԽͨ͠ྦྷੵώετάϥϜɻ
Tomo-e Gozen(੺৭)͸ࣗసप͕ظ୹͍෦෼Ͱ LCDB(੨৭)ΑΓ΋ྦྷੵׂ߹͕͍ߴɻ

4.4.3 ଎ࣗసখ࿭੕ͷܽ೗ߴ

͸ిՙͷಡΈग़͠ͳͲ࿐ޫؒͷΦʔόʔϔου࣌ؒʹґଘ͢ΔͨΊɺ෼ҎԼظଌ૷ஔͰਪఆՄೳͳࣗసप؍֤

ͷߴ଎ࣗసখ࿭੕ͷपظΛਪఆ͢ΔͨΊʹ͸ߴ଎؍૾ࡱଌΛ͏ߦඞཁ͕͋Δɻ2fpsͷؒ࣌ߴ෼ղ؍ଌΛ͏ߦຊݚ
Ͱ͸ڀݚग़͢Δ͜ͱ͕Ͱ͖Δɻຊݕ΋ظ଎ࣗసपߴͰ͸ɺ10ඵҎԼͷڀ 34ఱମͷඍখ NEOʹର͠ 2 fpsͷಈը
ظ΋ࣗసपͯͬߦଌΛ؍ 10ඵҎԼͷߴ଎ࣗసখ࿭੕͸ݕग़͞Εͳ͔ͬͨ46ɻඍখ NEOͷܥ౷తͳߴ଎؍ଌʹΑ
Γߴ଎ࣗస͢Δඍখ NEOͷܽ೗Λࣔͨ͠ͷ͸ຊ͕ڀݚॳΊͯͰ͋Δɻ

4.4.4 ࣠ൺ

࣍ʹຊڀݚͷఱମͱMANOSͷ؍ଌఱମ (MANOSఱମ)ͷ࣠ൺΛൺֱ͢Δɻޫ౓ۂઢ͔Βਪఆͨ͠౳ڃৼ෯
ͱখ࿭੕ͷ࣠ൺͷԼݶ஋ͷؒʹ͸ҎԼͷ͕ࣜ੒Γཱͭɻ47ɻ

a

b
= 10−0.4∆m(α)

1+sα (4.3)

ຊؚڀݚΊ஍ۙٿ๣ͷఱମΛ؍ଌ͢Δඞཁ͕͋Δඍখ NEOͷ؍ଌʹ͓͍ͯ͸ɺߴҐ૬֯ͷ؍ଌ͕ߦΘΕΔ͜ͱ
͕ଟ͍ɻͦͷΑ͏ͳ؍ଌ͔Β࣠ൺΛਪఆ͢Δ৔߹ɺಛʹҐ૬֯ʹΑΔิਖ਼͕ॏཁͱͳΔɻΑͬͯൺֱର৅ͱͯ͠

ଌ࣌ͷҐ૬͕֯ެ։͞Ε͍ͯΔMANOSఱମΛ༻͍Δɻ؍

46 ͨͩ͠ਓ޻ఱମͰ͋Δͱ͑ߟΒΕ͍ͯΔ 2020EO͸আ͘ɻ
47 ͸ࡉৄ A.1Λࢀরͷ͜ͱ
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ਤ 4.7 ɻ܎ͱ࣠ൺͷؔܘɻӈ:௚܎ͱ࣠ൺͷؔظసपࣗ:ࠨ
੨৭఺ɺ੺৭఺͸ͦΕͧΕMANOSɺ Tomo-e GozenʹΑΔ؍ଌఱମɻഁઢ͸ͦΕͧΕͷαϯϓϧͷ࣠ൺͷ
ฏۉ஋Λද͢ɻ

ਤ ૬ؔ͸ΈΒΕͳ͍ɻ·ͨਤ͍ڧൺʹ͸࣠-ظΒࣗసप͔ࠨ4.7 4.7ӈ͔ΒαΠζ-࣠ൺʹ͸͍ڧ૬ؔ͸ΈΒΕͳ
͍ɻ͜ΕΒͷ޲܏͸ઌڀݚߦ (Hatch and Wiegert 2015; Thirouin et al. 2016)ͱ੔߹తͰ͋Δɻ·ͨ࣠ൺͷฏ
஋΋MANOSఱମͱ͍ۙ஋Ͱ͋ΔͱΘ͔Δɻۉ

4.4.5 λϯϒϥʔͷࣗసपظΛ༻͍ͨিಥੜ੒೥୅ͷਪఆ

λϯϒϥʔީิఱମͨͬ·ٻ͕ظଌ͞Εͨ͏ͪɺࣗసप؍Ͱڀݚຊʹޙ࠷ 2020EOʹ஫໨͢Δɻਤ 4.4ʹؚ·
ΕΔλϯϒϥʔͷΈΛਤ 4.8ʹϓϩοτͨ͠ɻ·ͨڧ౓Λࡍྀͨ͠ߟʹখ࿭੕͕ഁյ͞Εͣʹଘ͢ࡏΔ͜ͱ͕Ͱ
͖ΔྟքࣗసपظΛϓϩοτͨ͠ɻਤ 4.8ӈ্ͷࣗసप͕ظ୹͘௚͕ܘେ͖͍ఱମ΄Ͳɺ؍ଌ͞ΕͨࣗసपظΛ
อͭͨΊʹ͸ڧ͍ڧ౓Λඞཁͱ͢Δɻ2020EO͸͜Ε·Ͱൃ͞ݟΕ͍ͯΔλϯϒϥʔͷͳ͔Ͱڧ͍ڧ౓Λ࣋ͭఱ

ମͰ͋Δ͜ͱ͕ࣔࠦ͞ΕΔɻ

ࣗసपظ Pɺ௚ܘ D Λ༻͍ͯҎԼͷࣜͰλϯϒϥʔͷయܕతण໋Λਪఆ͢Δ͜ͱ͕Ͱ͖Δ (Burns and
Safronov 1973; Harris 1994; Paolicchi et al. 2002)ɻ

τdamp =

(
1

17

)3 P 3

D2
(4.4)

ͨͩ͠ τdamp ͸͕ࠩࡀམͪண͘·Ͱͷݮਰ࣌ؒ (Byr)ɺP ͸ࣗసपظ (hour)ɺD ͸খ࿭੕௚ܘ (km)Ͱ͋Δɻ
ఆ਺͸ Harris (1994)ʹ͓͍ͯϥϒϧύΠϧখ࿭੕ͷ෺ཧྔΛԾఆͯ͠ࢉग़ͨ͠஋Ͱ͋Δɻ(4.4)ࣜʹ෺ཧྔΛ୅
ೖ͢͠ࢉܭΔͱɺ2020EOͷݮਰ࣌ؒ͸ 4ສ೥ͱͳΔɻিಥੜ੒ޙͷλϯϒϦϯάঢ়ଶΛࡏݱ·Ͱอ͍ͬͯΔͱ
͢Δͱ 2020EO͸িಥͯؒ͠΋ͳ͍ඇৗʹए͍ఱମͰ͋Δͱਪଌ͞ΕΔɻ(4.4)ࣜͷఆ਺͸ܗঢ়౳ʹґଘͯ͠ม
Խ͢Δ͕ɺͦͷ఺Λྀͯ͠ߟ΋యܕతͳ NEOͷྗֶతλΠϜεέʔϧ (< 10Myr)ʹൺ΂ͯ୹͍ɻ
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ਤ 4.8 λϯϒϥʔͷ௚ܘ-ࣗసप܎ؔظɻ
྘৭఺ɺ੨৭఺͸ͦΕͧΕ LCDBͷλϯϒϥʔɺຊڀݚͰ؍ଌͨ͠λϯϒϥʔީิఱମ 2020EOΛද͢ɻ྘

৭ྖҬ͸εϐϯόϦΞΛද͠ɺBennu(B ɺ1.26ܕ g/cm3ɺChesley et al. 2014)ɺEros(S ɺ2.67ܕ g/cm3ɺ

Yeomans et al. 2000) ͷີ౓Λ༻͍ͯࢉܭɻԫ৭ྖҬɺᒵ৭ྖҬ͸ͦΕͧΕయܕతͳ݄ͷϨΰϦεڧ౓ɺ஍
্ʹམԼͨ͠ᯁੴͷڧ౓ɻͨͩ͠ຎ͕֯ࡲ 40◦ɺີ౓͕ 2500 kg/m3 ͷٿΛԾఆɻLCDB 2020೥ 10݄ 22೔
൛Λ༻͍ͯϓϩοτɻ
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ୈ 4ষʹ͓͍ͯߴ଎ࣗసपظΛਪఆՄೳͳ 2 fpsಈը؍ଌΛ͜͏ߦͱͰඍখ NEOͷࣗసपظ෼෍ʹ͓͚Δߴ
଎ࣗసͷ௒ա໌͕޲܏Β͔ʹͳͬͨɻ·ͨपظ 10ඵҎԼͷߴ଎ࣗస͸ݕग़͞Εͳ͔ͬͨɻ͜ΕΒ͸ಈը؍ଌΛߦ
͏ຊڀݚʹΑͬͯॳΊͯ໌Β͔ʹͳ࣮ͬͨࣄͰ͋Δɻ͜ͷΑ͏ͳඍখখ࿭੕ͷ௚ܘ-ࣗసपظ෼෍ͷղऍͱͯ͠ 1)
ඍখ NEOͷڧ౓͕খ͍͞ɺ2)ඍখ NEO͸ੜ੒ޙʹे෼ࣗసՃ଎Λ͍ͯ͠ݧܦͳ͍ɺͱ͍͏ೋͭͷղऍΛ͏ߦɻ

5.1 YORPࣗసՃ଎ͱ௚ܘ-ࣗసपظ෼෍

ඇॏྗޮՌͷҰͭͰ͋Δ YORPޮՌ͸খఱମͷࣗసपظ෼෍ΛมԽͤ͞ΔɻYORPޮՌʹΑΔࣗసՃ଎ͷڧ
͞ (YORPՃ଎౓)͸ఱମͷ௚ܘͷೋ৐ʹ൓ൺྫ͢ΔͨΊɺඍখ NEOͷࣗసपظ͸୹͍λΠϜεέʔϧͰมԽ͢
ΔɻYORPޮՌʹΑΔࣗసपظͷมԽΛ͑ߟΔ͜ͱͰɺNEOͷিಥੜ੒͔࣌Βͷܦա࣌ؒ (NEO೥ྸ)Λਪఆ
͢Δɻ

·ͣিಥੜ੒࣌ͷ NEOͷࣗసपظ෼෍Λಋೖ͢ΔɻNEOͷ೥ྸΛࣗసपظͷมԽ͔Βਪఆ͢Δʹ͸ɺখ࿭੕
ੜ੒࣌ͷࣗసपظͷ෼෍͕ඞཁͱͳΔɻຊڀݚͷ؍ଌఱମͰ͋Δ௚ܘ 100mҎԼͷඍখ NEOͷଟ͘͸େ͖ͳখ
࿭੕ͷഁยɺ͢ͳΘͪҰຕؠখ࿭੕Ͱ͋Δͱ͑ߟΒΕΔɻΑͬͯͦͷੜ੒࣌ͷࣗస଎౓ͱͯ͠িಥ࣮ݧʹ͓͚Δ

ഁյยͷ௚ܘ-ࣗసप܎ؔظ (Kadono et al. 2009,ҎԼ KadonoϥΠϯ)ΛݩʹҎԼͷࣜΛ༻͍Δɻ

P = 10

(
D

1 [m]

)
[s] (5.1)

࣍ʹ NEO ͷࣗసपظͷมԽཁҼͱͯ͠ YORP ޮՌΛ͑ߟΔɻYORP Ճ଎౓͸ఱମͷܗঢ়ɺαΠζɺີ౓ɺ
೤ੑ׳ͳͲଟ͘ͷ෺ཧྔʹґଘ͢Δ͕ɺಛʹαΠζʹରͯ͠ೋ৐ʹ൓ൺྫ͢Δ͍ڧґଘੑΛ࣋ͭ (Čapek and
Vokrouhlický 2004; Bottke et al. 2006; Vokrouhlický and Čapek 2002; Vokrouhlický et al. 2015)ɻΑͬͯຊ
४ఱମͷجͰ͸ڀݚ YORP Ճ଎౓ΛαΠζͰεέʔϦϯά͢Δ͜ͱͰ೚ҙͷఱମʹର͢Δ YORP Ճ଎౓Λಘ
Δɻج४ͱͯ͠ NEO (101955) Bennu(௚ܘ 492 m)ͷՃ଎౓

dω

dt
= 3.63× 10−6 deg/day2, (5.2)

Λ࠾༻͢Δ (Hergenrother et al. 2019)ɻ͜ͷࣜΛαΠζͰεέʔϦϯά͢Δ͜ͱʹΑΓ௚ܘ D ͷখ࿭੕ͷࣗస

Ճ଎౓ΛҎԼͷࣜͰಘΔ48ɻ

dω

dt
= 3.63

(DBennu

DNEO

)2
× 10−6 deg/day2 (5.3)

ω ͸֯଎౓ɺDBennuɺDNEO ͸ͦΕͧΕ BennuɺNEOͷ௚ܘͰ͋Δɻ(5.1)ࣜɺ(5.3)ࣜΛ༻͍ͯ NEO೥ྸΛ
ͣ·Δɻ͢ࢉܭ (5.1)Λ༻͍ͯఱମαΠζ͔Βॳࣗظసपظ P0 ΛಘΔɻ؍ଌͰಘͨޫ౓ۂઢ͔Βਪఆͨ͠খ࿭੕

ͷࡏݱͷࣗసपظΛ P1 ͱ͢Δͱɺࣗసप͕ظ P0 ͔Β P1 ʹͳΔ·Ͱͷ࣌ؒɺ͢ͳΘͪ NEO೥ྸ τYORP ͸ҎԼ

ͷΑ͏ʹ͢ࢉܭΔ͜ͱ͕Ͱ͖Δ49ɻ

48 ͜ͷԾఆͷଥ౰ੑ͸ 5.3.2Ͱٞ࿦͢Δɻ
49 ͸ࡉৄ GΛࢀরͷ͜ͱɻ
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τYORP ≡ 360D2

C

(
1

P
− 1

P0

)
(5.4)

=
360D2

C

(
1

P1
− 1

10D

)
(5.5)

ͨͩ͠ C = 3.63 ·D2
Bennu × 10−6 Ͱ͋Δɻ

্ࣜΛ༻͍ͯͨ͠ࢉܭ௚ܘ 0.1 kmɺ0.01 km ͷఱମͷੜ੒ޙͷࣗసपظͷਪҠͷྫΛਤ 5.1 ʹࣔ͢ɻYORP
ޮՌ͕͘ڧಇ͘௚͕ܘখ͍͞ఱମ΄Ͳɺ୹͍λΠϜεέʔϧͰࣗసप͕ظมԽ͢Δɻ௚ܘ 0.1 km ͷఱମͰ͸
50Myr(NEOʹؔΘΔྗֶਐԽͷλΠϜεέʔϧʹൺ΂े෼௕͍࣌ؒ)ͷؒʹయܕతͳҰຕؠখ࿭੕͕ࣗసഁյ
͢Δྟքࣗసपظ (ਤ 5.1ᒵ৭ྖҬ)·ͰՃ଎͞Εͳ͍͕ɺ௚ܘ 0.01 kmͰ͸ྟքࣗసपظʹୡ͢Δ͜ͱ͕Θ͔Δɻ

ਤ 5.1 YORPޮՌʹΑΔ NEOͷࣗసपظͷมԽྫࢉܭɻ
্:੨ઢ͸ॳࣗظసपظ 1000 ඵɺ௚ܘ 100m ͷఱମͷࣗసपظมԽΛද͢ɻԫ৭ഁઢɺᒵ৭ഁઢ͸ͦΕͧΕ
యܕతͳ݄ͷϨΰϦεڧ౓ɺᯁੴͷڧ౓Λද͢ɻຎ֯ࡲ͸ 40◦ɺີ౓͸ 2500 kg/m3 ͷٿͱͯ͠ڧ౓Λࢉग़͠

ͨɻԼ:௚ܘ 10mͷఱମʹର͢Δಉਤɻ

͋Δ௚ܘɺࣗసपظΛ࣋ͭఱମ͕ KadonoϥΠϯ͔Β YORPޮՌΛड͚Ճ଎ͨ͠ͱ͖ͷ NEO೥ྸΛਤ 5.2ʹ
ࣔ͢ɻ͜ͷਤ͔Βඍখ NEOͷଟ͘͸ͦͷྗֶਐԽաఔͷλΠϜεέʔϧʹൺ΂ͯ୹͍λΠϜεέʔϧͰ YORP
ޮՌʹΑΓࣗసՃ଎͠ɺߴ଎ࣗస͍ͯ͠Δ͜ͱ͕ظ଴͞ΕΔɻਤதͰ͸೥ྸ͕ए͍੨৭ྖҬ͔Βփ৭ྖҬ΁ͱҠ

ಈ͢Δ͜ͱʹରԠ͢Δɻ͔͠͠ຊڀݚͰ؍ଌͨ͠ඍখ NEOؚΉ͜Ε·Ͱ؍ଌ͞Εͨඍখ NEOͷଟ͘͸ߴ଎ࣗ
స͍ͯ͠ͳ͍ (ਤ 5.2த఺)ɻҎԼͰ͸͜ͷ௚ܘ-ࣗసपظ෼෍Λઆ໌͢ΔೋͭͷղऍΛ͏ߦɻ
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ਤ 5.2 ௚ܘ-ࣗసप܎ؔظʹରԠ͢Δ NEO೥ྸͷ݁ࢉܭՌɻ
փ৭ɺ੺৭͸ͦΕͧΕ LCDBɺTomo-eͷ NEOɻԫ৭ഁઢ͸ KadonoϥΠϯɻᒵ৭ͷྖҬ͸యܕతͳᯁੴͷ
ܘ౓Λද͢ɻ௚ڧ 1 kmҎԼͷ NEOͷ NEO೥ྸΛϓϩοτɻҎԼຊߘͰ͸௚ܘ 100 m ҎԼΛҰຕؠͱߟ
͑ٞ࿦ʹ༻͍Δɻඍখఱମʹ͸ YORPޮՌ͕͘ڧಇ͖ɺྗֶਐԽաఔͷλΠϜεέʔϧʹൺ΂୹͍λΠϜε
έʔϧͰࣗసՃ଎͢ΔɻKadonoϥΠϯͷԼଆྖҬ͸ࣗసݮ଎ͷλΠϜεέʔϧΛࢉܭɻ

5.2 ղऍ 1: ඍখ NEOͷڧ౓͕খ͍͞

YORPޮՌʹΑΓࣗసՃ଎ͨ͠ඍখ NEO͕͋ΔྟքࣗసपظͰԕ৺ྗʹ଱͑ΒΕͣഁյ͞Ε͍ͯΔ৔߹ɺߴ
଎ࣗస͍ͯ͠Δఱମ͕গͳ͍ࣗసपظ෼෍Λઆ໌͢Δ͜ͱ͕Ͱ͖Δɻඍখ NEOͷଟ͘͸ɺॏྗͷΈͰ݁߹ͨ͠
ϥϒϧύΠϧখ࿭੕͕ഁյ͞Εͳ͍ྟքࣗసपظ (εϐϯόϦΞɺ1.3.2) ΑΓ΋ߴ଎ʹࣗస͍ͯ͠Δɻ͜ͷߴ଎
ࣗస͸ද໘ϨΰϦεʹΑΔݻணྗ΍ؠੴͷҾுڧ౓ʹΑΓ࣮͍ͯ͠ݱΔɻॏྗͷΈΛྀͨ͠ߟεϐϯόϦΞͱಉ

༷ʹɺݻணྗ΍খ࿭੕ͷڧ౓Λࡍͨ͑ߟʹ΋ྟքࣗసप͕ظଘ͠ࡏɺྟքࣗసपظʹୡͨ͠খ࿭੕͸ܗঢ়มܗ΍

ഁյΛ͢ݧܦΔ͜ͱʹͳΔɻͦͷྟքࣗసपظͱڧ౓ͷؔ܎͸ҎԼͰੵݟ΋Δ͜ͱ͕Ͱ͖Δ (Holsapple 2007;
Kwiatkowski et al. 2010)ɻ

P =
7.3× 10−4

C

(ρ
κ

) 1
2 ·D 5

4 (5.6)

P ͸ࣗసपظ (h)ɺC ͸ܗঢ়ʹґଘ͢Δఆ਺ɺρ͸খ࿭੕ີ౓ (kg/m3)ɺκ͸ڧ౓܎਺ (N/m3/2)ɺD͸খ࿭੕௚

ܘ (m)Ͱ͋Δɻ࣮͔ݧ࣮ࣨݧΒఱମͷڧ౓ k͸αΠζґଘੑΛ࣋ͭ͜ͱ͕Θ͔͓ͬͯΓɺڧ౓܎਺ͱͷؒʹ͸൒
ܘ r = D/2Λ༻͍ͯ

k = κr−1/2, (5.7)

ͷ͕ؔ܎੒ཱ͢Δ (Housen and Holsapple 1999)ɻ؍ଌͰਪఆͨ͠ఱମͷࣗసपظɺαΠζɺܗঢ়Λ༻͍Δ͜ͱ
ͰͦͷఱମͷࣗసΛอ࣋͢ΔͨΊʹඞཁͳڧ౓ͷԼݶ஋Λਪఆ͢Δ͜ͱ͕Ͱ͖Δɻ۩ମྫͱͯ͠ຊڀݚͷ؍ଌఱ

ମ 2020PY2(ࣗసपظ 19.84ඵ)ɺ2019BE5(ࣗసपظ 11.98ඵ) ͦΕͧΕͷࣗస଎౓ΛอͭͨΊʹ͸ 0.43MPaɺ

3.7 kPaͷڧ౓͕ඞཁͱͳΔɻ

ಉ༷ʹɺܗঢ়͸ޫ౓ۂઢ͔ΒಘΒΕΔ࣠ൺͷԼݶ஋ɺີ౓͸ 2500 kg/m3ɺຎ֯ࡲ͸ 40◦ ͱͯ͠ (5.6) ࣜΛ༻
͍Δ͜ͱͰ MANOS ఱମɺTomo-e Gozen ఱମͷڧ౓ͷԼݶ஋Λਪఆ͠ώετάϥϜΛ࡞੒ͨ͠ (ਤ 5.3)ɻͨ
ͩ͠খ࿭੕Λ 3 ࣠ͷ௕͞ aɺbɺc(a > b > c) ͷ 3 ࣠ෆ౳ପԁମͱ࣌ͨ͑ߟͷ α = c

aɺβ = b
a ͕౳͍͠ͱԾఆ

͠ɺ஋Λ౳ڃৼ෯͔Βਪఆͨ͠ɻ͋Δڧ౓Λ΋ͭখ࿭੕ͷྟքࣗసपظͷ஋͸͍޿ύϥϝʔλʔൣғͰ͍ۙ஋

ΛͱΔ͜ͱ͔Βɺύϥϝʔλʔͷબ୒͸݁Ռʹେ͖͘Ө͠ڹͳ͍ (ਤ 5.4)ɻ݄ͷϨΰϦεΛอ࣋ͨ͠ఱମͷڧ
౓ (k = 0.9 − 3 kPa, Colwell et al. 2007)ɺ஍্Ͱ࠾औ͞Εͨᯁੴͷڧ౓ (k = 0.2 − 0.3MPa, Jenniskens et al.
2009) ΛͦΕͧΕԫ৭ɺᒵ৭ͷྖҬͰද͍ͯ͠Δɻଟ͘ͷখ࿭੕͸ԫྖҬͷࠨଆʹҐஔ͠ɺϥϒϧύΠϧখ࿭੕
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ͷϨΰϦεʹΑΔݻணྗͰઆ໌Ͱ͖Δࣗస଎౓Λ࣋ͭɻ͜ΕΒ͕ϥϒϧύΠϧখ࿭੕Ͱ͋Ε͹ɺͦͷଟ͘͸͜Ε

Ҏ্ࣗసՃ଎ͨ͠ࡍʹԕ৺ྗʹ଱͖͑Εͣࣗస่յ͢ΔՄೳੑ͕͋Δɻඍখ NEO͸ڧ౓͕খ͘͞ߴ଎ࣗస͢Δ
ͱഁյͯ͠͠·͏ͨΊඍখͳߴ଎ࣗస NEO͸ܽ೗͓ͯ͠Γɺࣗసप͕ظ௕͍ NEO͕ଟ͘؍ଌ͞Ε͍ͯΔͱղ
ऍ͢Δ͜ͱ͕Ͱ͖Δɻ

ਤ 5.3 MANOSɺTomo-e Gozenͷ NEOͷڧ౓ͷԼݶ஋ɻ
Tomo-e GozenɺLCDBఱମͷ NEO೥ྸΛͦΕͧΕ੺৭ɺ੨৭Ͱදͨ͠ɻԫ৭ഁઢɺᒵ৭ഁઢ͸ͦΕͧΕయ
౓Λද͢ɻαڧ౓ɺᯁੴͷڧతͳ݄ͷϨΰϦεܕ = βɺີ౓͸ 2500 kg/m3ɺຎ֯ࡲ͸ 40◦ ͱͯ͠ࢉܭɻ

ਤ 5.4 ྟքࣗసपظͷύϥϝʔλʔґଘੑɻ

ີ౓ (ρ)ɺຎ֯ࡲ (φ)ɺܗঢ়ύϥϝʔλʔ (α,β)ͷҰͭΛݻఆ͠ଞͷೋͭΛมԽͤͨ͞ࡍͷґଘੑΛද͢ɻຊ
ʹͰ͸ৗڀݚ α = β ͱͨ͠ɻ

Λ֯ࡲຎ:ࠨ 30◦ ͱݻఆͨ͠ͱ͖ͷྟքࣗసपظͷີ౓ͱܗঢ়ͷґଘੑɻ

த:ܗঢ়Λ α = β = 1ͱݻఆͨ͠ͱ͖ͷྟքࣗసपظͷີ౓ͱຎ֯ࡲͷґଘੑɻ

ӈ:ີ౓Λ 2500 km/m3 ͱݻఆͨ͠ͱ͖ͷྟքࣗసपظͷܗঢ়ͱຎ֯ࡲͷґଘੑɻ

ඍখ NEOͷڧ౓͕খ͍͞ཧ༝ͱͯ͠ɺͦΕΒ͕ϥϒϧύΠϧఱମ΍ͻͼׂΕͨҰຕؠখ࿭੕Ͱ͋Δ͜ͱ͕ߟ
͑ΒΕΔɻඍখ NEO ͕Ұຕ͔ؠϥϒϧύΠϧͲͪΒͰ͋Δ͔ͷܾఆతͳূڌ͸ͳ͍͕ɺ2008 ೥ʹ஍ٿʹিಥ
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ͨ͠௚ܘ਺ m ͷඍখ NEO2008TC3 ͷಥೖ࣌ͷ؍ଌͰ͸ɺ2008TC3 ͕ෳ਺ͷ૊੒Λ࣋ͭϥϒϧύΠϧখ࿭੕

Ͱ͋ΔՄೳੑ͕ࣔࠦ͞Ε͍ͯΔ (Sánchez and Scheeres 2014)ɻ͜ͷ໰͍ʹରͯ͠͸ɺ͸΍Ϳ͞ খ࿭੕͏ߦ2͕
1998KY26 ΁ͷ֦ுϛογϣϯͷ݁Ռ͔Βͷ੍໿͕ظ଴Ͱ͖Δɻ

5.3 ղऍ 2: ඍখ NEO͕े෼ͳࣗసՃ଎Λ͍ͯ͠ݧܦͳ͍

ͨ͠ࢉܭΒ͔ظͱࣗసपܘଌσʔλ͔Βਪఆͨ͠ఱମͷ௚؍ LCDBͱຊڀݚͷ؍ଌఱମͷ NEO೥ྸΛਤ 5.5
ʹࣔ͢ɻਤ స଎౓Λࣗظɺӈ͸ͦΕͧΕॳࠨ5.5 KadonoϥΠϯɺ0ඵ ্ࢉܭ) 108 ඵ)ͱͯ͠ٻΊͨ NEO೥ྸ
Ͱ͋ΔɻҰຕؠখ࿭੕Ͱ͋Δͱ͑ߟΒΕΔઈର౳͕ڃ 22.5౳ΑΓେ͖͍ (௚ܘ໿ 100mҎԼ)NEOΛ༻͍ͨɻ

ਤ 5.5 YORPޮՌʹΑΔࣗసՃ଎͔Βͨ͠ࢉܭ NEO೥ྸɻ
స଎౓ͱ͢ΔࣗظKadonoϥΠϯΛॳ:ࠨ NEO೥ྸɻTomo-e GozenɺLCDBఱମͷ NEO೥ྸΛͦΕͧΕ
੺৭఺ɺ੨৭఺Ͱදͨ͠ɻઈର౳ڃ H͕ 22.5౳ΑΓେ͖͍ (௚ܘ໿ 100mҎԼ)ఱମͷΈΛ༻͍͍ͯΔɻ྘
৭఺ઢ͸ 1MyrΛද͢ɻӈ:ॳࣗظస଎౓Λ 108ඵͱͨ͠ NEO೥ྸɻ

5.3.1 NEO೥ྸͱྗֶతλΠϜεέʔϧͷൺֱ

ਤ 5.5ΑΓଟ͘ͷඍখ NEOͷ NEO೥ྸ͸యܕతͳ NEOͷྗֶਐԽաఔͷλΠϜεέʔϧ (ϝΠϯϕϧτ಺
Ͱͷ YarkovskyޮՌʹΑΔڞ໐΁ͷҠಈɺڞ໐͔Β஍ۙٿ๣΁ͷيಓਐԽɺ∼ 10Myr) ʹൺ΂े෼ʹ୹͍͜ͱ͕
Θ͔Δɻ·ͨਤ 5.5ͷࠨӈͷ෼෍ͷൺֱ͔ΒɺNEO೥ྸ͸ NEOͷܗ੒࣌ͷࣗసपظ෼෍ʹ͘ڧґଘ͠ͳ͍ɻ

NEO೥ྸͷए͞Λઆ໌͢ΔͨΊɺඍখ NEO͕஍ۙٿ๣ྖҬʹ͓͍ͯΑΓେ͖ͳఱମ (฼ఱମ)͔Βੜ੒ͨ͠
ՄೳੑΛ͢ূݕΔɻ2008೥ʹ஍্ʹᯁੴͱͯ͠མԼͨ͠ NEOɺ2008TC3 ͱผͷ NEOɺ1998KU2 ͷيಓͷྨ

๣ྖҬͰͷఱମͷ෼཭ͷՄೳੑ͸ࣔࠦ͞Ε͍ͯΔۙٿΒɺ஍͔ੑࣅ (Jenniskens et al. 2009)ɻຊߘͰ͸฼ఱମ͔
Βඍখ NEO͕ੜ੒͢ΔཁҼͱͯ͠িಥഁյɺࣗసՃ଎ɺைࣚഁյɺ೤ർ࿑ʹண໨͢Δ (ਤ 5.6)ɻ

1:িಥഁյ

ϝΠϯϕϧτʹ͓͚Δখ࿭੕ͷিಥण໋͸ҎԼͷࣜͰੵݟ΋ΒΕΔ (Farinella et al. 1998)ɻ

τcol = 20× (D [m])0.5 Myr (5.8)

͜ͷࣜΛ༻͍ΔͱϝΠϯϕϧτʹ͓͚Δ௚ܘ 1 kmͷখ࿭੕ͷিಥण໋͸໿ 630MyrͱͳΔɻNEOͷ਺͸ϝΠ
ϯϕϧτখ࿭੕ʹൺ΂গͳ͍ͨΊɺিಥण໋͸ΑΓ௕͍ͱ͑ߟΒΕΔɻNEOͷయܕతͳྗֶతण໋ (10MyrҎ
ԼɺGranvik et al. 2018)ͱͷൺֱ͔Βɺ஍ۙٿ๣ྖҬͰͷিಥՄೳੑ͸௿͍ɻ
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2:ࣗసՃ଎

܎ؔظసपࣗ-ܘ஌ͷখ࿭੕ͷ௚ط (ਤ 1.9)ʹ͓͚ΔॏྗͷΈΛྟྀͨ͠ߟքࣗసपظʹ͍ۙࣗసपظΛ΋ͭఱ
ମͷଘࡏ͸ɺྟքࣗసपظʹୡͨ͠ఱମ͕มܗ΍ࣗసഁյΛ͍ͯ͠ݧܦΔ͜ͱΛࣔࠦ͢Δɻྟքઢʹ͍ۙࣗసप

໿ظ 2࣌ؒͷఱମ͸௚ܘ 200mఔ౓·Ͱଘ͓ͯ͠ࡏΓɺຊڀݚʹ͓͚Δ௚ܘ 100mҎԼͷඍখ NEO͸ɺΑΓେ
͖ͳϥϒϧύΠϧখ࿭੕͕ࣗసഁյͨ͠ࡍͷੜ੒ഁยͰ͋ΔՄೳੑ͕͋ΔɻJacobson et al. (2014)Ͱ͸ YORP
ޮՌʹΑΔࣗసՃ଎ͱͦͷޙͷࣗసഁյΛྀͨ͠ߟγϛϡϨʔγϣϯΛ͜͏ߦͱʹΑΓɺϝΠϯϕϧτখ࿭੕ͷ

αΠζස౓෼෍ͷݱ࠶ʹ੒ޭ͍ͯ͠Δɻ·ͨ؍ଌ͞Ε͍ͯΔೋॏখ࿭੕ͷଟ͕͘ྟքࣗసपظ෇ۙͷେ͖ͳ֯ӡ

ಈྔΛ࣋ͭͱ͍͏͔࣮ࣄΒ΋ࣗసഁյʹΑΔখ࿭੕ഁյγφϦΦΛ࣋͢ࢧΔ͜ͱ͕Ͱ͖Δ (Pravec and Harris
2007; Margot et al. 2015)ɻͭ·ΓࣗసՃ଎ʹΑΔ NEOͷੜ੒͸͜ىΓ͏Δͱ͑ߟΒΕΔɻ

3:ைࣚഁյ

஍ۙٿ๣Λ௨ա͢Δ NEO ͸஍ٿ΍݄ͷைࣚྗΛ͘ڧड͚ΔɻNEO ͷεϖΫτϧܕͱ࿭੕࠷઀ۙڑ཭ͷؔ܎
Λௐࠪͨ͠ઌڀݚߦͰ͸ɺ࿭੕઀ۙ࣌ͷைࣚྗʹΑΓখ࿭੕ͷද໘༷૬͕มԽ͢Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Binzel
et al. 2010; Nesvorný et al. 2010)ɻைࣚྗ͕ΑΓ͘ڧಇ͍ͨ৔߹͸ද໘༷૬มԽͷΈͰ͸ͳ͘খఱମ͕ഁյ͞Ε
ΔՄೳੑ͕͋Δ (Comet Shoemaker–Levy 9, Sekanina et al. 1994)ɻ2029೥ʹ஍ٿද໘͔Β໿ 33,000 kmΛ௨
ա͢Δͱ༧ଌ͞Ε͍ͯΔ (99942) Apophisͷ࠷઀ۙ࣌ͷைࣚ࡞༻Λ໛ٖͨ͠γϛϡϨʔγϣϯͰ͸ɺApophisڃ
ͷఱମ͕஍ٿද໘͔Β 1.9 ஍ٿ൒ܘ (໿ 12000 km) ·Ͱۙͮ͘ͱ࣭ྔ์ग़͕͜ىΔ͜ͱ͕ࣔ͞Ε͍ͯΔ (Zhang
and Michel 2020:4.1)ɻͭ·Γ NEOྖҬͰͷைࣚഁյ͸͜ىΓ͏Δͱ͑ߟΒΕΔɻ

4:೤ർ࿑

NEOͷۙ೔఺ڑ཭ͱΞϧϕυʹ͸૬͕ؔΈΒΕɺۙ೔఺ڑ཭͕খ͍͞ఱମ΄Ͳ௿Ξϧϕυখ࿭੕͕গͳ͍ɻ͜
Ε͸௿Ξϧϕυখ࿭੕͸ߴΞϧϕυখ࿭੕ʹൺ΂ 1)Ճ೤ʹΑΓԹ౓্͕ঢ͠΍͍͢ɺ2)ੑൃش෺࣭ΛΑΓଟ͘
ؚΉͱ͍͏ೋͭͷཧ༝ʹΑΓ೤తʹഁյ͞Ε΍͍͔͢ΒͰ͋Δͱ͑ߟΒΕ͍ͯΔ (Delbo et al. 2014; Granvik
et al. 2016)ɻ͜ͷ࡞༻Λ೤ർ࿑ (thermal fatigue) ͱ͍͏ɻNEO ͷ૊੒͝ͱͷ࣭ྔׂ߹ʹ͓͍ͯɺ௚͕ܘେ͖
ͳখ࿭੕ʹൺ΂ඍখ NEO ʹ͓͚Δ௿Ξϧϕυখ࿭੕ͷׂ߹͸͍ߴ (Binzel et al. 2019; Mommert et al. 2016;
Devogele et al. 2019; Perna et al. 2018)ɻ೤ർ࿑ޮՌʹΑΔ NEOྖҬͰͷഁյݱ৅͸͜ىΓ͏Δͱ͑ߟΕΔɻ

/ 14

衝突破壊

太陽

太陽近傍を 
通過するNEO

自転破壊 潮汐破壊 熱疲労による破壊

地球
など

NEOの軌道
NEOの軌道

惑星や月の近傍を 
通過するNEO

ਤ 5.6 ஍ۙٿ๣ྖҬʹ͓͚Δ NEOͷੜ੒աఔͷ֓೦ਤɻ
Βॱʹিಥഁյɺࣗసഁյɺைࣚഁյɺ೤ർ࿑ʹΑΔഁյɻ͔ࠨ

– 81–



ୈ 5 ষ ٞ࿦

5.3.2 ߲ࣄྀߟ

ຊٞ࿦ʹ͓͍ͯॏཁͳ߲ࣄྀߟΛड़΂Δɻ

YORPޮՌͷදࣜͷଥ౰ੑ
ຊڀݚͰ͸ YORPޮՌʹΑΔࣗసՃ଎ͷڧ౓ (YORPՃ଎౓)ͱͯ͠αΠζͷΈΛεέʔϦϯάͨ͠ (5.3)ࣜ

Λ༻͍ͨɻ͜͜Ͱ͸ଞͷ෺ཧྔ ྀͨ͠ߟΔɻ͜ΕΒΛྀ͢ߟ͍ͯͭʹͷґଘੑ(ಓ཭৺཰ɺີ౓يɺܘಓ௕൒ي)
YORPՃ଎౓͸ҎԼͷΑ͏ʹ͔͚Δ (Rossi et al. 2009:(1)ࣜ)ɻ

dω

dt
= 3.63

(DBennu

DNEO

)2(aBennu

aNEO

)2(√1− e2Bennu√
1− e2NEO

)(ρBennu

ρNEO

)
× 10−6 deg/day2 (5.9)

aɺeɺρ͸ͦΕͧΕيಓ௕൒ܘɺيಓ཭৺཰ɺີ౓Ͱ͋Γɺ(5.3)ࣜͱಉ༷ʹఴࣈ͸ BennuɺNEOͷ෺ཧྔΛද
͢ɻJPL Small Body Database 50 ʹΑΔͱ aBennu = 1.126ɺeBennu = 0.204ɺρBennu = 1.26Ͱ͋Δɻຊڀݚ

ͷఱମͷيಓ௕൒ܘ͸ 0.61–3.52ͷൣғͰ͋Γɺ(5.9)ࣜͷيಓ௕൒ܘͷ߲͸ܻͰ͸มΘΒͳ͍ɻيಓ཭৺཰ (ຊ
ఱମͷൣғڀݚ 0.04–0.83)ʹ͍ͭͯ΋ಉ༷Ͱ͋Δɻີ౓ʹ͍ͭͯ΋ɺNEOʹ͸ Bennu(Cܕ)ʹൺ΂ີߴ౓ͳ S
Δ͜ͱ͕Θ͔͍ͬͯΔ͕ɺܻͰ͸มΘΒͳ͍ɻΑͬͯαΠζͷΈΛεέʔϦϯάͨ͢͠ࡏଟ۟ଘ͕ܕ (5.3)ࣜͰ΋
݁Ռ͸େ͖͘มΘΒͳ͍ͱ͑ߟΒΕΔɻͨͩ͠ NEOͷيಓཁૉͷ࣌ؒมԽΛࢉܭྀͨ͠ߟ͸ޙࠓͷ՝୊Ͱ͋Δɻ
ΒΕΔ͕ɺYORP͑ߟͱ͍ߴখ࿭੕ͷଟ͘͸ͦͷද໘ʹϨΰϦεΛ΋ͨͣ೤఻ಋ౓͕ؠ଎ࣗస͢ΔҰຕߴͨ·

ޮՌʹΑΔࣗసՃ଎ʹ͸େ͖͘Ө͠ڹͳ͍ (Čapek and Vokrouhlický 2004)ɻ

ଞͷཁҼʹΑΔࣗసมԽ

ຊڀݚͰ͸ࣗస଎౓ (ࣗసपظ)ͷมԽཁҼͱͯ͠ YORPޮՌͷΈΛྀͨ͠ߟɻ࣮ࡍʹ͸࿭੕ͱͷ઀ۙ࣌ͷॏ
ྗ૬࡞ޓ༻΍ඍখᯁੴͷিಥʹΑΓࣗసঢ়ଶ͕มԽ͢ΔՄೳੑ͕͋Δɻ

1. ࿭੕઀ۙʹΑΔࣗసมԽ
2012೥ͷখ࿭੕ (367943) Duende (2012DA14) ઀ۙ࣌ (஍දߴ౓໿ 28000 km) ʹ͸઀ۙલͱޙͰࣗస଎
౓ͷมԽ͕ࣔࠦ͞Ε͍ͯΔ (De León et al. 2013; Benson et al. 2020)ɻຊڀݚͰ༻͍ͨ NEO͸؍ଌ࣌ʹ
͸͜͜·Ͱ஍ٿʹ઀͍ۙͯ͠ͳ͍ɻ2029 ೥ͷ (99942) Apophis ͷ஍ٿ઀ۙ΍ͦͷଞ஍ٿʹ઀ۙ͢Δখ࿭
੕ͷ؍ଌ͕࿭੕઀ۙ࣌ͷࣗసมԽʹର͢Δ஌ݟΛಘΔͷʹ༗༻Ͱ͋ΔɻTomo-e Gozen͸ଞͷ؍ଌʹൺ΂
֨ஈʹ஍ٿʹۙͮ͘ఱମΛൃ͓ͯ͠ݟΓɺൃݟ௚؍ʹޙଌΛଓ͚Δ͜ͱʹΑΔࣗసपظͷมԽΛଊ͑Δ͜

ͱ͕ظ଴Ͱ͖Δɻ

2. ඍখᯁੴʹΑΔࣗసมԽ
5.3.1ʹ͓͍ͯিಥഁյยΛ؍ଌ͍ͯ͠ΔՄೳੑ͸௿͍͜ͱΛ֬ೝͨ͠ɻ͜ͷଞʹഁյʹ͸ࢸΒͳ͍͕ɺ֯
ӡಈྔΛަࣗ͠׵సपظΛมԽΛ΋ͨΒ͢ඍখᯁੴͷিಥΛྀ͠ߟͳ͚Ε͹ͳΒͳ͍ɻWiegert (2015)
Ͱ͸ఱମαΠζΛྀͨ͠ߟඍখᯁੴͷিಥͱ YORP ޮՌͷൺֱ͔Β௚ܘ໿ 57m ͷඍখ NEO (54509)
YORP (2000PH5) ʹ͓͍ͯ YORP Ճ଎͕ࢧ഑తͰ͋Δͱ݁࿦Λಘ͍ͯΔɻͨͩ͠খ࿭੕ͷαΠζ͕খ
͍͞΄ͲඍখᯁੴʹΑΔࣗసपظͷมԽͷλΠϜεέʔϧ͕୹͘ͳΓ௚ܘ 10mڃఱମͰ͸ YORPޮՌͱ
ಉ౳ʹͳΓແࢹͰ͖ͳ͘ͳΔͱ͍ͯ͠ٴݴΔɻຊ͕ڀݚऔΓѻ͏ఱମʹ͸ 10mҎԼͷඍখ NEO΋ଘ͢ࡏ
ΔͨΊ஫ҙ͕ඞཁͰ͋Δɻͨͩͦ͠ͷΑ͏ͳఱମΛআ͍ͨͱͯ͠΋෯͍޿αΠζൣғͰ NEOͷ೥ྸ͸ए
͘ (ਤ 5.5)ɺٞ࿦ͷ݁Ռ͸มΘΒͳ͍ɻ

ඇओ࣠ճస

ࣗసมԽΛ͑ߟΔ্Ͱ͸ඇओ࣠ճసΛ͍ͯ͠Δλϯϒϥʔʹ͍ͭͯ΋ྀ͠ߟͳ͚Ε͹ͳΒͳ͍ɻিಥഁյ

γϛϡϨʔγϣϯʹ͓͍ͯɺিಥੜ੒ഁยͷଟ͕͘ඇओ࣠ճసΛ͍ͯ͠Δ͜ͱ͕ࣔ͞Ε͍ͯΔ (Asphaug and
Scheeres 1999)ɻͭ·Γੜ੒௚ޙͷඍখখ࿭੕͸ߴ଎ࣗసλϯϒϥʔͰ͋ΔՄೳੑ͕͍ߴɻ(4.4)ࣜΑΓλϯϒϦ
ϯάͷݮਰ࣌ؒ͸ࣗస଎౓ͷ 3৐ʹ൓ൺྫ͢ΔͨΊɺߴ଎ࣗస͢Δඍখখ࿭੕ͷλϯϒϦϯά͸͙͢ʹݮਰ͢Δɻ

50 https://ssd.jpl.nasa.gov/
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ͦͷܗޙঢ়ʹґଘͯ͠໿൒਺͕ࣗసՃ଎ɺ൒਺͕ࣗసݮ଎͢Δ (Čapek and Vokrouhlický 2004)͕ɺݮ଎͢Δఱ
ମʹ͓͍ͯ͸࠶౓λϯϒϦϯάঢ়ଶʹ͸͍ΔͳͲෳࡶͳਐԽΛͱ͛ɺࣗసपظΛ೥ྸͷτϨʔαʔͱ͢Δ͜ͱ͕

Ͱ͖ͳ͍ɻͭ·Γ໿൒਺ͷখ࿭੕ʹରͯ͠͸ຊڀݚͷٞ࿦͸ద༻Ͱ͖ͣɺຊڀݚͷ؍ଌఱମͷதʹ͸͜ͷΑ͏ͳ

ෳࡶͳਐԽΛࡏݱͯܦͷࣗసঢ়ଶʹ͋Δ NEO͕ଘ͢ࡏΔՄೳੑ͕͋Δɻ͔͠͠໿൒਺ଘ͢ࡏΔՃ଎͠ଓ͚͖ͯ
ͨ NEO΋ଘ͢ࡏΔ͸ͣͰ͋Γɺ΄ͱΜͲͷඍখ NEOͷ೥ྸ͕ྗֶతλΠϜεέʔϧʹൺ΂୹͍͜ͱΛઆ໌Ͱ
͖ͳ͍ɻ

5.4 ݁࿦

YORPޮՌʹΑΓࣗసՃ଎͞Εͨඍখ NEO͸ྗֶతਐԽաఔͷλΠϜεέʔϧ (∼ 10Myr)ʹൺ΂୹͍λΠ
ϜεέʔϧͰࣗసՃ଎͢ΔɻຊڀݚͰ؍ଌͨ͠ඍখ NEOͷதʹ͸ࣗసपظ 10ඵҎԼͷߴ଎ࣗస NEO͸ଘͤࡏ
ͣɺYORPࣗసՃ଎Ͱ͸આ໌͢Δ͜ͱ͕Ͱ͖ͳ͍ɻඍখ NEOͷ௚ܘ-ࣗసप܎ؔظ͸ 1)ඍখ NEOͷڧ౓͸খ
͘͞ɺߴ଎ࣗస͢Δ NEO͸ഁյ͞ΕΔͨΊ೥ྸ͕ए͍ఱମ͔͠؍ଌ͞Εͳ͍ɺ2)ඍখ NEO͸஍ۙٿ๣ྖҬͰ
ΑΓେ͖ͳ฼ఱମ͕ࣗసՃ଎ɺைࣚྗ͓Αͼ೤ർ࿑ʹΑΓഁյ͞ΕΔ͜ͱͰੜ੒ͨ͠ఱମͰ͋Δɺͱ͍͏ೋͭͷ

ղऍʹΑΓઆ໌͢Δ͜ͱ͕Ͱ͖Δɻͨͩ͠ͲͪΒͷղऍΛ༻͍ͯ΋ɺ௚ܘ 10mҎԼͷ NEOͷ΄ͱΜͲ͕ࣗసप
ظ 10−2 ࣌ؒΑΓ΋௕͍ͱ͍͏؍ଌ࣮ࣄ͸આ໌Ͱ͖ͳ͍ɻ௚͕ܘখ͍͞ NEO΄Ͳߴ଎Ҡಈ͠؍ଌػձ͕ݶΒΕΔ
͕ɺ͜ͷΑ͏ͳఱମͷ؍ଌΛ͜͏ߦͱͰ͞ΒͳΔٞ࿦Λల։͢Δ͜ͱ͕Ͱ͖Δɻ
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ୈ 6ষ

·ͱΊͱޙࠓ

஍ٿʹ઀ۙ͢ΔيಓΛ࣋ͭ஍ٿ઀ۙখ࿭੕ (Near Earth Objects, NEO)͸ଠཅܥ಺ͷ෺࣭Λ஍ٿʹ΋ͨΒ͠͏
ΔఱମͰ͋Γɺͦͷ૊੒ɺڧ౓ɺيಓਐԽաఔ΍αΠζස౓෼෍ͷཧղ͸ɺ஍ٿͷਫ΍ੜ໋ͷݯىΛղ໌͢Δ্

ͰඇৗʹॏཁͰ͋Δɻଟ͘ͷ NEO͸Ր੕-໦੕ؒͷϝΠϯϕϧτ͔ΒيಓਐԽͨ͠ఱମͰ͋Δ͜ͱ͕Θ͔͓ͬͯ
ΓɺͦͷيಓਐԽաఔͰ͸ଠཅ΍࿭੕ͷॏྗʹՃ͑ɺଠཅͷ᫔ࣹʹىҼͯ͠খ࿭੕ͷيಓ΍ࣗసঢ়ଶ͕มԽ͢Δඇ

ॏྗޮՌ͕ॏཁͱͳΔɻඇॏྗޮՌͷҰͭͰ͋Δ YORPޮՌ͸௚͕ܘখ͍͞ఱମʹΑΓ࡞͘ڧ༻͠ɺNEOͷي
ಓਐԽʹൺ΂ͯ୹͍λΠϜεέʔϧͰࣗసपظΛมԽͤ͞Δɻߴ଎ࣗస͢Δখ࿭੕ʹ͸͍ڧԕ৺ྗ͕ಇ͖ɺߏ଄

Λҡ࣋Ͱ͖ͳ͘ͳΔྟքࣗసपظʹୡ͢Δͱมܗ΍ࣗసഁյΛ͢ݧܦΔͨΊɺYORPޮՌ͕͘ڧಇ͘ඍখ NEO
ͷࣗసपظΛ༻͍Δ͜ͱͰɺඍখখ࿭੕ͷڧ౓ʹ੍໿Λ༩͑Δ͜ͱ͕Ͱ͖Δɻඍখখ࿭੕ͷ؍ଌΛ͏ߦʹ͸஍ٿ

ۙ๣ʹ઀͚͔ۙͨ͠ݟͷ໌Δ͕͞໌Δ͍ఱମΛ؍ଌ͢Δඞཁ͕͋Δ͕ɺ஍ٿʹ઀ۙͨ͠ఱମ͸͚͔ݟͷҠಈ଎౓

͕େ͖͘ɺ؍ଌ࣌ʹ੕૾͕৳ͼͯײ౓͕௿Լ͢Δͱ͍͏໰୊͕ੜ͡Δɻ·͚͔ͨݟͷ଎౓͕େ͖͍ͨΊʹ؍ଌՄ

ೳ͕࣌ؒ୹͘ɺඍখখ࿭੕ͷ૊੒΍ࣗసपظͳͲͷ෺ཧྔΛಘΔͨΊͷ௥؍ଌΛ͜͏ߦͱ͕೉͍͠ɻҎ্ͷཧ༝

͔Βඍখ NEOͷൃݟ཰͸௿͘ɺྫ͑͹௚ܘ 30mҎԼͷ NEOͷ໿ 98%͕ະൃݟͰ͋Γɺ෺ཧྔΛಘΔͨΊͷ
௥؍ଌ͕ߦΘΕͨఱମ΋͘͝Ұ෦ʹݶΒΕ͍ͯΔɻۙ೥Ͱ͸෼ҎԼͷࣗసपظΛ΋ͭߴ଎ࣗసখ࿭੕͕͔ͭݟΓ

ͭͭ͋Δ͕ɺ10ඵҎԼͷࣗసपظΛ࣋ͭখ࿭੕͸ൃ͞ݟΕ͍ͯͳ͍ɻ֤؍ଌ૷ஔͰਪఆՄೳͳࣗసपظ͸ిՙͷ
ಡΈग़͠ͳͲ࿐ޫؒͷΦʔόʔϔου࣌ؒʹґଘ͢ΔͨΊɺ෼ҎԼͷߴ଎ࣗసখ࿭੕ͷपظΛਪఆ͢ΔͨΊʹ͸

͸ଟछଟ༷ͳ૷ஔͰਪఆ͞Εͨ஋Ͱ͋ظඞཁ͕͋Δɻ͜Ε·ͰಘΒΕ͍ͯΔখ࿭੕ͷࣗసप͏ߦଌΛ؍૾ࡱ଎ߴ

ΓɺͲͷࣗసपظ·Ͱ͕ਅͷখ࿭੕ͷࣗసपظ෼෍Λਖ਼͍ͯ͘͠͠ݱ࠶Δͷ͔ɺ·ͨ 10ඵҎԼͷߴ଎ࣗసपظΛ
࣋ͭখ࿭੕͕ଘ͠ࡏͳ͍ͷ͔͸໌Β͔Ͱ͸ͳ͍ɻຊߘͰ͸ඍখ NEOͷൃݟɺಛ௃͚ͮͷೋͭͷڀݚΛͨͬߦɻ
ୈ 2ষͰ͸ Tomo-e GozenͷશఱαʔϕΠ؍ଌσʔλͷத͔Βߴ଎ҠಈఱମΛݕग़͢ΔγεςϜͷ։ൃΛͬߦ

ͨɻ20ฏํ౓ͷࢹ޿໺Ͱ໿ 7000ฏํ౓ͷۭʹର͠ 2 fpsͷಈը؍ଌΛ͏ߦ Tomo-e GozenͷશఱαʔϕΠ؍ଌ
Ͱ͸ߴ଎Ҡಈఱମͷײ౓Λ௿Լͤ͞Δ͜ͱͳ͘ݕग़͢Δ͜ͱ͕Ͱ͖Δɻ͔͠͠ຖ൩໿ 20 TBͷ๲େͳσʔλʹର
͠ैདྷͷఱମݕग़Λ͏ߦͱσʔλྔʹൺྫͯ͠ଟ͘ͷݕޡग़͕ੜͯ͡͠·͍ɺਅͷҠಈఱମͷݕग़͕ࠔ೉ͱͳΔɻ

ݚଌʹ͓͍ͯਅͷҠಈఱମͰ͋Δ͔ͷଈ࣌൑அ͸ෆՄܽͰ͋Δɻͦ͜Ͱຊ؍଎ҠಈఱମͷߴଌՄೳ͕࣌ؒ୹͍؍

࡞ցֶशϞσϧΛػ͍ͨ༺ΊɺϥϯμϜϑΥϨετΞϧΰϦζϜΛͨ͏ߦग़ͱਅͷҠಈఱମͷ෼ྨΛݕޡͰ͸ڀ

੒ͨ͠ɻ͞ΒʹҠಈఱମͷதʹଘ͢ࡏΔ NEOީิఱମʹର͠ଈ࣌௥੻؍ଌΛͨ͏ߦΊͷ΢ΣϒΞϓϦέʔγϣ
ϯΛ։ൃͨ͠ɻҠಈఱମީิͷ֬ೝɺఱମΧλϩάͱͷর߹ɺಉఆɺ௥੻؍ଌɺيಓܾఆɺখ࿭੕ൃ࣌ݟͷใࠂΛ

ΠϯλϥΫςΟϒʹ࣮ߦՄೳͳ΢ΣϒϏϡʔΞʔΛ׬੒ͤͨ͞ɻ

ୈ 3ষͰ͸։ൃͨ͠ߴ଎Ҡಈఱମݕग़γεςϜΛ༻͍ɺTomo-e GozenશఱαʔϕΠ؍ଌσʔλ͔Βͷ NEO
ͷ୳ࡧΛͨͬߦɻߴ଎Ҡಈఱମݕग़γεςϜͷݕग़ఱମͷ͏ͪಠࣗͷج४Λຬͨ͢ NEOީิఱମʹର͠໿ 1೥
4ϲ݄ͷαʔϕΠ؍ଌͰ 2752ճͷ௥੻؍ଌΛ࣮ͨ͠ࢪɻTomo-e GozenΛ༻͍ͯൃͨ͠ݟ 35ఱମͷ NEOީิ
ఱମΛখ࿭੕ηϯλʔʹ౤͠ߘɺ18ఱମʹԾූ߸͕෇༩͞Εͨɻ͜Ε·Ͱʹ Tomo-e Gozen͕ൃͨ͠ݟ NEOͷ
ฏۉҠಈ଎౓͸ 2.8 arcsec/sɺฏۉ௚ܘ͸ 20mͰ͋Γɺ͜Ε·Ͱࠔ೉Ͱ͋ͬͨߴ଎Ҡಈ͢Δඍখ NEOͷൃݟʹ
੒ޭ͍ͯ͠Δɻ

ୈ 4ষͰ͸ࣗΒൃ͢ݟΔ NEOΛؚΉܭ 29ఱମͷඍখ NEOʹର͢Δؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌΛͨͬߦɻաڈ
ʹ Tomo-e GozenΛ༻͍ͯ؍ଌͨ͠ NEOΛؚΊͨશ 34ఱମͷ͏ͪ 19ఱମͷࣗసपظΛਪఆͨ͠ɻઌڀݚߦͱ
ͷࣗసपظͷൺֱ͔ΒɺຊڀݚͰ؍ଌͨ͠ NEOͰ͸ߴ଎ࣗస NEOͷ௒աݟ͕޲܏ΒΕͨɻ͜Ε͸ઌڀݚߦʹ
ग़Ͱ͖͍ͯͳ͔ͬͨ͜ͱΛࣔࠦ͢Δ݁ՌͰ͋Δɻ·ͨॏཁͳ݁Ռͱͯ͠ɺ2ݕ଎ࣗసΛਖ਼͘͠ߴ͍͓ͯ fpsͷ؍ଌ
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Λͯͬߦ΋ࣗసपظ 10ඵҎԼͷ NEO͸ݕग़͞Εͳ͔ͬͨɻඍখ NEOͷܥ౷తͳߴ଎؍ଌʹΑΓߴ଎ࣗసখ࿭
੕ͷܽ೗Λࣔͨ͠ͷ͸ຊ͕ڀݚॳΊͯͰ͋Δɻ

ୈ 5ষͰ͸ୈ 4ষͷؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌͰॳΊͯ໌Β͔ʹͳͬͨඍখ NEOͷ௚ܘ-ࣗసपظ෼෍ͷղऍΛ
ɻYORPޮՌʹΑΓࣗసՃ଎͞Εͨඍখͨͬߦ NEO͸ྗֶతਐԽաఔͷλΠϜεέʔϧ (∼ 10Myr)ʹൺ΂୹
͍λΠϜεέʔϧͰࣗసपظ 10 ඵҎԼ΁ͱࣗసՃ଎͢ΔɻຊڀݚͰಘΒΕͨɺߴ଎ࣗస͢Δ NEO ͕গͳ͍௚
෼෍͸ɺ1)ඍখظసपࣗ-ܘ NEOͷ಺෦ڧ౓͸খ͍͞ɺ2)ඍখ NEO͸ࣗసഁյɺைࣚྗ͓Αͼ೤ർ࿑ʹΑΓɺ
ΑΓେ͖ͳ฼ఱମ͕ഁյ͞Εੜ੒ͨ͠ఱମͰ͋ΔͨΊੜ੒ޙʹे෼ͳࣗసՃ଎Λ͍ͯ͠ݧܦͳ͍ɺͱ͍͏ೋͭͷ

ղऍʹΑΓઆ໌Ͱ͖Δɻ

Ҏ্ɺຊڀݚͰ͸͜Ε·Ͱͷඍখ NEOͷ؍ଌͷࠔ೉ੑΛࠀ෰͠ඍখ NEOͷൃݟͱಛ௃͚ͮΛͨͬߦɻޙ࠷
ͷ՝୊ΛҎԼʹ·ͱΊΔɻޙࠓʹ

1. ϩόετͳػցֶशϞσϧͷ࡞੒ɻ
ຊڀݚͷػցֶशϞσϧ͸ఱީ͕ѱԽͨ͠ࡍʹଟ͘ݕޡग़Λੜ੒ͯ͠͠·͏ɻΑΓϩόετͳػցֶशϞ

σϧͷ࡞੒ʹ͸ɺNEOϏϡʔΞʔͷࢣڭσʔλ࡞੒ػೳΛ༻͍Δ͜ͱͰޡϥϕϦϯά͕ݶΓͳ͘ 0ʹ͍ۙ
σʔλΛ༻ҙ͢Δ͜ͱ͕༗༻Ͱ͋Δɻࢣڭ

2. ௒ߴ଎Ҡಈఱମ͔Βͷ NEOީิఱମͷநग़ɻ
ຊڀݚͰ͸ಠࣗͷج४ͱͯ͠଎౓৘ใΛ༻͍ͯ NEO ީิఱମͷநग़Λͨͬߦɻͭ·Γ͚͔ݟͷ଎౓͕
5 arcsec/sΑΓ΋େ͖͍௒ߴ଎Ҡಈ NEO͕ଘͯ͠ࡏ΋௥੻؍ଌ͍ͯ͠ͳ͍ɻ͜Ε͸ Tomo-e Gozenͷߴ
଎؍ଌΛ࠷େݶੜ͔͖͠Ε͍ͯͳ͍͜ͱΛҙຯ͢Δɻ௒ߴ଎Ҡಈఱମͷݕग़఺ͷ੺ಓ࠲ඪɺ଎౓ͷํ޲ɺ

σʔλϑϨʔϜηοτͰͷޫ౓มಈͳͲΛ༻͍ͯ NEOΒ͠͞ΛධՁ͠ɺNEOީิఱମΛநग़͢Δ͜ͱ͕
Ͱ͖Ε͹ۃ஍ۙٿ๣Λ௨ա͢Δ NEOΛൃ͢ݟΔ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ͳ NEO͸ୈ 5ষͷைࣚྗʹΑ
Δ NEOͷഁյʹ΋੍ݶΛ༩͑Δ༗༻ͳఱମͰ͋Δɻ

3. ଌαϯϓϧͷ૿େɻ؍ઢۂ෼ղޫ౓ؒ࣌ߴ
ୈ 4ষͷ݁ՌͰ͋Δຊڀݚͷߴ଎ࣗసपظͷ௒ա޲܏͸ݱঢ়Ͱ͸ఱମ਺͕গͳٞ͘࿦ͷ༨஍͕͋ΔɻΑΓ
ଟ͘ͷඍখ NEOͷࣗసपظΛٻΊɺ౷ܭతͳٞ࿦Λల։͢Δඞཁ͕͋Δɻ

4. ෼ޫ؍ଌɺଟ৭ଌޫ؍ଌʹΑΔεϖΫτϧܕͷܾఆ
ඍখ NEOʹର͠ɺ෼ޫ؍ଌɺଟ৭ଌޫ؍ଌʹΑΔεϖΫτϧܕͷਪఆΛ͜͏ߦͱͰୈ 5ষͷղऍʹΑΓ
Λ͚ͭΔ͜ͱ͕Ͱ͖Δɻղऍݶ੍͍ڧ 1)ʹΑΔඍখ NEOͷഁյ͕͜ىΔͷͰ͋Ε͹ɺഁյ͞Εͳ͍ৎ෉
ͳඍখ NEO(ྫ͑͹ Sܕ)͕ଟ͘ଘ͢ࡏΔ͜ͱ͕༧ଌ͞ΕΔɻҰํɺղऍ 2)ʹΑΔ฼ఱମͷഁյ͕͜ىΔ
ͷͰ͋Ε͹ΑΓ΋Ζ͍খ࿭੕͕ଟ͘ഁյ͞ΕΔ͜ͱʹͳΓɺ؍ଌ͞ΕΔඍখ NEO͸΋Ζ͍ NEO(ྫ͑͹
Cܕ)͕ଟ͘ଘ͢ࡏΔ͜ͱ͕༧ଌ͞ΕΔɻ

5. ੺֎ઢ؍ଌʹΑΔΞϧϕυͷܾఆ
੺֎ઢ؍ଌͱՄޫࢹͷ؍ଌΛ૊Έ߹ΘͤΔ͜ͱͰఱମͷΞϧϕυΛਖ਼֬ʹٻΊΔ͜ͱ͕Ͱ͖ΔɻΞϧϕυ

෼෍ΛಘΔ͜ͱͰɺεϖΫτϧܕͱಉ༷ʹୈ 5ষͷղऍʹ੍ݶΛ༩͑Δ͜ͱ͕Ͱ͖Δɻ·ͨΞϧϕυΛٻ
ΊΔ͜ͱͰ௚ܘͷෆఆੑΛখ͘͢͞Δ͜ͱ͕Ͱ͖Δɻ
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म࢜՝ఔೋ೥ؒͷڀݚੜ׆ʹ͓͍ͯञ޲ॏߦ।ڭतʹ͸େม͓ੈ࿩ʹͳΓ·ͨ͠ɻञࢯ޲ͷࣗ༝ؾ··ͳڀݚ

ελΠϧ͸Ұॏʹ૬ੑ͕Α͘ɺ2೥ؒͷڀݚੜ׆͸ॆ࣮ͨ͠΋ͷͱͳΓ·ͨ͠ɻम࢜࿦จࣥචʹͯ͠ࡍ͸͜Ε·
ͰҎ্ʹີͳࢦಋΛ͍͖ͯͨͩ͠·ͨ͠ɻڀݚҎ֎ʹ͓͍ͯ΋ɺ΋ͷΛେ͖ͤ͘ݟΔज़΍ਓͱͷ෇͖߹͍ํͳͲ

ਓͱͯ͠ߟࢀʹ͢΂͖͜ͱΛଟֶ͘ͼ·ͨ͠ɻ৺ΑΓँײਃ্͛͠·͢ɻ

େᖒ྄ಛ೚ॿڭʹ͸ڀݚશମͰඇৗʹ͓ੈ࿩ʹͳΓ·ͨ͠ɻػࢉܭʹؔ͢Δجຊతͳ஌͔ࣝΒখఱମͷ࿩·Ͱɺ

େᖒࢯͱͷٞ࿦͸ඇৗʹ༗ҙٛͳ࣌ؒͰͨ͠ɻ׳Εͳ͍։ൃͰ͕ͨ͠ɺڞಉͰͷݕग़γεςϜͷߏஙʹ͸ݴ༿ʹ

Ͱ͖ͳָ͍͕͋͠͞Γ·ͨ͠ɻڀݚձ΍ֶձͷ౓ʹ͍͍ͨͩͨଟ͘ͷਖ਼֬ͳϑΟʔυόοΫ΋ڀݚͷྐͱͳΓ·

ͨ͠ɻਂ͘ँײਃ্͛͠·͢ɻ

ΒΕ͍ͯ·͕ͨ͠ɺ໦ݶձ͸ػ಺֎Ͱେม͓ੈ࿩ʹͳΓ·ͨ͠ɻձ͏ڀݚतʹ͸ڭһͰ͋Δখྛঘਓ।ڭಋࢦ

ી͔Β༏͘͠แΈࠐΉখྛࢯͷଘࡏ͸ڀݚͷ͑ࢧͱͳΓ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

͸ຖ೔ͷαʔϕΠʹࢯوஐ۾͸ఆྫϛʔςΟϯάʹ͓͍ͯଟ͘ͷΞυόΠεΛ͍͖ͨͩ·ͨ͠ɻॾʹࢯྯా୍

ଌΛ࢝Ί؍ Tomo-eͷ؍ଌ໘Ͱ͓ੈ࿩ʹͳΓ·ͨ͠ɻ·ͨ໦ી؍ଌॴͷօ༷ʹ΋େม͓ੈ࿩ʹͳΓ·ͨ͠ɻڮߴ
ӳଇࢯʹ͸໦ીͷॳ๚໰࣌ʹૹؚܴΊ͓ੈ࿩ʹͳΓ·ͨ͠ɻ৿༝ࢯوʹ͸ NEOػࢉܭηοτΞοϓ࣌ʹωοτ
ϫʔΫઃఆ౳Λ༏͖͍ͩͨͯ͑͘͠ڭେมษڧʹͳΓ·ͨ͠ɻ׬੒લʹ Tomo-eʹؔΘΔ͜ͱʹͳͬͨࣗ෼Λஆ
͔ܴ͍͑͘Εͯͩͬͨ͘͞ Tomo-e GozenνʔϜͷօ༷ʹ͸େม͍ͯ͠ँײ·͢ɻޙ࠷ͷηϯαʔ෦औΓ෇͚࣌
ͷօ༷ͷද৘͸๨ΕΔ͜ͱ͕Ͱ͖·ͤΜɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

೔ຊεϖʔεΨʔυڠձͷӜ઒੟ଠ࿠ࢯʹ͸ NEOʹ͍ͭͯͷଟ͘ΛڭΘΓ·ͨ͠ɻର໘ػձ͸ݶΒΕ͍ͯ·
͕ͨ͠ɺϏσΦ΍ϝʔϧͰͷٞ࿦͸༗ҙٛͳ࣌ؒͰͨ͠ɻλϯϒϦϯάղੳʹؔͯ͠΋ଟ͘ͷॿݴΛ͍͖ͨͩ·

ͨ͠ɻ·ͨຊڀݚͰൃͨ͠ݟ NEOʹର͢ΔεϖʔεΨʔυηϯλʔͷ௥੻؍ଌʹ΋͍ͯ͠ँײ·͢ɻ͋Γ͕ͱ
͏͍͟͝·ͨ͠ɻ

Λ͍͖ͨͩ·ͨ͠ɻ਺ʑͷ཰௚ͳݴॻྨʹؔͯ͠ଟ͘ͷॿڀݚ͸ʹࢯେֶͷ٢ాೋඒۀ޻ҩՊେֶɺઍ༿ۀ࢈

ίϝϯτ͸ڀݚʹްΈΛ࣋ͨͤΔ͜ͱʹͭͳ͕Γ·ͨ͠ɻ·ͨൃͨ͠ݟ NEOͷ௥؍ଌͷͨΊͷࠃ֎๬ԕڸͷਝ
଎ͳख഑ʹ͸େม͔͞ڻΕ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

Ӊ஦ۭߤ։ൃߏػͷ٢઒ਅࢯɺ༄୔ढ़࢙ࢯɺ࡚ࠇ༟ࢯٱɺ೔ຊεϖʔεΨʔυڠձͷԞଜਅҰ࿠ࢯʹ͸ֶձɺݚ

ͨ·౳ʹؔͯ͠ଟ͘ͷίϝϯτΛ͍͖ͨͩ·ͨ͠ɻߘձͷ༧ڀ NEO୳ࡧঢ়ڞͯؔ͠ʹگ༗͢Δػձ΋͍͖ͨͩɺ
େมษڧʹͳΓ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

౦࡯ܯژපӃͷࠤ౻ӳࢯوʹ͸ଟ͘ͷൃݟ NEOͷ௥੻؍ଌΛ͍͖ͯͨͩ͠·ͨ͠ɻίϩφՒͷதɺڀݚʹྭ
Ή͜ͱ͕Ͱ͖ͨͷ͸ࢯ౻ࠤΛؚΉҩྍैऀࣄͷօ༷ͷ͓͔͛Ͱ͢ɻຊ౰ʹ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

খఱମηϛφʔͷօ༷ʹ͸ɺम࢜ೋ೥ͷҰ೥ؒͰଟ͘ͷൃදػձΛ͍͖ͨͩ·ͨ͠ɻଟ͘ͷϑΟʔυόοΫ͕

ಘΒΕΔوॏͳػձΛ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻ

Ӊ஦ۭߤ։ൃߏػڀݚͷӓҪจ඙ࢯʹ͸म࢜࿦จࣥචʹ͠ࡍɺଟେͳΔॿݴΛ͍͖ͨͩ·ͨ͠ɻ·ͨޙࠓͷݚ

ྉ΋͍͖ͨͩ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻࢿߟࢀ໾ཱͭଟ͘ͷʹڀ

౦ژେֶͷਿాਫ਼࢘ࢯɺਿాࣨڀݚͷօ༷ɺDr.Patrick Michel ͱͷٞ࿦͸ඇৗʹ༗ҙٛͳ࣌ؒͱͳΓ·ͨ͠ɻ
࿭੕Պֶͷ࠷ઌ୺Λֶ͹͍͖ͤͯͨͩେมษڧʹͳΓ·ͨ͠ɻҰिؒલʹٸᬎൃදͷ৔Λ༻ҙͯͩͬͨ͘͠͞ਿ

ͱͯ͠ॏཁͳ΋ͷΛֶ͹͍͖ͤͯͨͩ·ͨ͠ɻ͋Γ͕ͱ͏͍͟͝·ͨ͠ɻऀڀݚԠม͔͞Β͸ɺػͷྟࢯా

஌ࣝͯؔ͠ʹݧ಺༰ʹରͯ͠༗ҙٛͳίϝϯτΛ͍͖ͨͩ·ͨ͠ɻিಥ࣮ڀݚ͸ʹࢯҩՊେֶͷ໳໺හ඙ۀ࢈

͕ͳ͍ࣗ෼ʹΘ͔Γ΍͖͍ͩͨͯ͑͘͢ڭେม͓ͯ͠ँײΓ·͢ɻ
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ँࣙ

ఱจηϯλʔͷօ༷ʹ͸ຖ೔ͷΑ͏ʹ͓ੈ࿩ʹͳΓ·ͨ͠ɻ౔ډकࢯʹ͸ಛʹ૔ෑͷڀݚձʹͯ NEO ௥؍
ଌͷՄೳੑʹ͍ͭͯٞ࿦͍͖ͤͯͨͩ͞·ͨ͠ɻଟ͘ͷํͱ NEO ͷ࿩Λ͢Δ͜ͱ͕Ͱ͖ඇৗʹྑ͍ݧܦͱͳ
Γ·ͨ͠ɻࢯࢤོాٶʹ͸ MIMIZUKU αΠΤϯεݕ౼ձʹࢀՃ͍͖ͤͯͨͩ͞ɺ੺֎ઢ؍ଌʹֶ͍ͭͯ͹
͍͖ͤͯͨͩ·ͨ͠ɻຊݦݪଠ࿠ࢯʹ͸ଟ͘ͷੜ׆Λ๛ʹ͢Δज़Λ͖͍ͩͨͯ͑ڭ·ͨ͠ɻϋϫΠ؍ଌॴͰͷ

MIMIZUKUӡൖۀ࡞Ͱ͸খ੢ਅࢯ޿ɺ্௩ࢯ࢙وʹ͓ੈ࿩ʹͳΓ·ͨ͠ɻࢁ௖ۀ࡞Ͱ͸ࢁߴපʹΑΓ໎࿭Λ͔
͚ͯ͠·͍·͕ͨ͠ɺوॏͳݧܦΛ͢Δ͜ͱ͕Ͱ͖·ͨ͠ɻ্௩ࢯʹ͸ڀݚʹؔͯ͠ίϝϯτΛ͍ͨͩ͘͜ͱ΋

ଟ͘ɺ͓࿩͢͠ΔதͰ͑ߟΛ੔ཧ͢Δ͜ͱ͕Ͱ͖·ͨ͠ɻઙ໺݈ଠ࿕ࢯʹ͸ಛʹίϩφ΢ΠϧεʹΑΔࡏ୐ؒظɺ

म࢜࿦จࣥචؒظͱ݈ؾʹ߁Λ഑͍͖ͬͯͨͩɺՈ଒ͷΑ͏ͳ༏͠͞Λ͡ײ·ͨ͠ɻڀݚʹؔͯ͠΋සൟʹؾʹ

͔͚͍͖ͯͨͩ·ͨ͠ɻӹݪѪࢯࢠʹ͸ຖ೔ͷΑ͏ʹٞ࿦૬खʹͳ͍͖ͬͯͨͩ·ͨ͠ɻՃ౻Նࢯࢠʹ͸ωοτ

ϫʔΫʹؔͯ͠৭ʑͱ͓ੈ࿩ʹͳΓ·ͨ͠ɻಉظͰ͋Δ܅ޗ٦݈ͱ͸ݶʹڀݚΒͣ࿩Λ͢Δ͜ͱ͕ଟ͘ɺॆ࣮͠

ͨ࣌ؒΛա͢͜͝ͱ͕Ͱ͖·ͨ͠ɻ܅٦ͷ͖͍ͭࢥͰ๚Εͨ૬๾ύϯέʔΩͷ͓͔͛Ͱɺաࠅͳۀ࡞ਚ͘͠ͷϋ

ϫΠग़ு͕ྑ͍͍ࢥग़ͱͳΓ·ͨ͠ɻ·ͨଟ͘ͷઌഐɺಉظɺޙഐʹڀݚͷ಺֎Ͱ͓ੈ࿩ʹͳΓ·ͨ͠ɻ͋Γ͕

ͱ͏͍͟͝·ͨ͠ɻ

ެӹஂࡒ๏ਓؠਨ঑ֶձͷ঑੍ֶۚ౓͸ڀݚੜ׆ͷ͑ࢧͱͳΓ·ͨ͠ɻ͜ͷ৔ΛआΓͯँײਃ্͛͠·͢ɻ

ѪͳΔ฼ͱܑɺ૆෕฼΁ͷ࠷ఆ͠ɺԠԉ͠ଓ͚ͯ͘Ε͍ͯΔߠɺ͜Ε·Ͱͷਓੜʹ͓͚Δࣗ෼ͷશͯΛʹޙ࠷

Λද͠·͢ɻँײ
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A. খ࿭੕ʹؔ͢Δิ଍
B. ցֶशʹؔ͢Δิ଍ػ
ցֶशػ (ϥϯμϜϑΥϨετ) ͷ֓ཁͱ 7 ͭͷػցֶशϞσϧͷఱମݕग़ύϥϝʔλʔͷ෼෍ɻࢹೝੑ
Λ͋͛ΔͨΊʹ֎Ε஋Λআ͍ͯ࡞੒ (3 sigma clipped)ɻϑϨʔϜ਺ʹґଘ͠ͳ͍ϞσϧΛߏங͢ΔͨΊ
model202008Ҏ͍͔߱ͭ͘ͷݕग़ͺͨϝʔλʔΛ֨نԽ͓ͯ͠ΓɺͦΕҎલͷϞσϧͱൺ΂ݕग़ύϥϝʔ
λʔͷઈର஋͕มԽ͍ͯ͠Δɻmodel202011Ͱ༻͍ͨఱମݕग़ύϥϝʔλʔͷछྨ͸ຊจͷmodel202012
ͷఱମݕग़ύϥϝʔλʔͱಉҰɻଞͷϞσϧͰͷఱମݕग़ύϥϝʔλʔ͸ҎԼͷ௨Γɻ຤ඌͷ 1ɺ2 ͸࠷
ॳɺޙ࠷ͷϑϨʔϜͰͷ஋ɺXɺY͸ͦΕͧΕ xɺy੒෼Λද͢ɻ
FWHM_IMAGE:ຊจ fwhmʹରԠɻX2_IMAGE:ຊจ x2ʹରԠɻXY:ຊจ xyʹରԠɻFLUX_MAX:
େ஋ɻຊจͰͷ࠷ͷࠩޡग़ϑϥοΫεͷݕ:େ஋ɻFLUXERR_BEST࠷ग़ͷϑϥοΫεͷݕ fluxerr͸ฏ
஋Ͱ͋ΓҟͳΔɻBACKGROUND:ຊจۉ bg_level ʹରԠɻMOVE_MEAN:ຊจ vnorm ͷ xɺy ੒෼
ͷ஋ɻMOVE_STD:ຊจ svxɺsvyʹରԠɻTRACKS:ຊจ tracksʹରԠɻSIGN_COUNT:ຊจ cxɺxy
ʹରԠɻ

C. ଌޫղੳ
D. पظղੳ
पظղੳͷख๏ͷղઆͱɺٖޫࣅ౓ۂઢΛ༻͍ͨपظਪఆγϛϡϨʔγϣϯɻ

E. ޫ౓ۂઢ
Tomo-e GozenΛ༻͍ͯ؍ଌͨ͠ඍখ NEOͷޫ౓ۂઢɻԣ࣠͸ 1ϑϨʔϜ໨ͷ؍ଌ͔࣌ࠁΒͷܦա࣌ؒ
(ඵ)ɻॎ࣠͸ Gaia ΧλϩάΛ༻͍ͯ૬ରଌޫͨ͠ G-band magnitudeɻෳ਺ճޫ౓ۂઢΛऔಘͨ͠σʔ
λ͸ 2017WJ16 1ͷΑ͏ʹճ਺Λදͨ͠هɻ·ͨࣗసप͕ظ୹͍ఱମ͸ 2017WJ16 2 2000− 4000sͷΑ͏

ʹҰ෦ͷ࣌ؒͷޫ౓ۂઢΛఴ෇ͨ͠ɻఱମ͸ΞϧϑΝϕοτॱʹฒ΂ͨɻ

F. ંΓͨͨΈޫ౓ۂઢ/Lomb-Scargel periodogram
Lomb-ScargleղੳΛͨͬߦपظղੳ݁Ռ ظͰपߘઢɻຊۂͰંΓͨͨΜͩޫ౓ظͱਪఆͨࣗ͠సप(ࠨ)
ɻఱମ͸ΞϧϑΝϕοτॱʹฒ΂ͨɻࡌܝղੳ݁ՌͷΈΛظΒͳ͍ͱ൑அͨ͠ఱମʹ͍ͭͯ͸प·ٻ͕
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A খ࿭੕ʹؔ͢Δิ଍

A.1 খ࿭੕ͷૅج

ಓཁૉي

খఱମͷيಓཁૉͷ֓೦ਤΛਤ A.1ʹࣔ͢ɻ֤يಓཁૉͷઆ໌Λද A.1ʹ·ͱΊΔɻ

ਤ A.1 ଠཅܥఱମيಓཁૉ֓೦ਤɻ

ଠཅ (ԫ৭)ͷपΓΛԁيಓͰެస͢Δఱମ ಓΛيΛද͢ɻփ৭ԁɺ੺৭ԁ͸ͦΕͧΕԫಓ໘ͱఱମͷ(৭ࠇ)
ද͍ͯ͠Δɻఱମͷيಓͷঢަ఺ (ascending node)ɺ߱ަ఺ (descending node)ɺۙ೔఺ (perihelion)ɺi͸

ɺω֯ࣼ܏ಓي ͸ۙ೔఺Ҿ਺ɺν ͸ਅۙ఺֯ɺΩ ͸ঢަ఺ԫܦɺreference direction ͸ఱମ͔Βͨݟय़෼఺
ɻ޲ํ
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ද A.1 ಓཁૉͷఆٛي

ಓཁૉي γϯϘϧ આ໌

ܘಓ௕൒ي (semimajor axis) a ฏۉతͳଠཅ͔Βͷڑ཭ɻيಓͷεέʔϧΛܾΊΔɻ

ಓ཭৺཰ي (eccentricity) e ঢ়Λද͢ɻ0ܗಓͷي < e < 1Ͱପԁيಓɺ

e = 1Ͱ์෺ઢيಓɺe > 1Ͱ૒ۂઢيಓͱͳΔɻ

֯ࣼ܏ಓي (inclination) i ४໘ج (ԫಓ໘)ʹର͢Δيಓͷ͖܏Λද͢ɻ
ఱମͰߦٯ 90◦ Ҏ্ͱͳΔɻ

ۙ (೔)఺Ҿ਺ (argument of perihelion) ω ಓ໘ͷճసΛද͢ɻي

ঢަ఺ԫܦ (longitude of ascending node) Ω ४໘ج (ԫಓ໘)ʹର͢Δيಓ໘ͷ͖޲Λද͢ɻ
ฏۙۉ఺֯ (mean anomaly) M ఱମͷପԁيಓͱ֎઀͢ΔԁيಓΛఱମͱ౳͍͠पظͰ౳଎

ԁӡಈ͔ͭۙ͠೔఺Λಉ࣌ࠁͰ௨ա͢ΔԾ૝ఱମΛͨ͑ߟͱ͖ʹ

ԁيಓͷத৺͔ΒΈͯɺԾ૝ఱମ͕ظݩʹ͓͍ͯଘ͢ࡏΔҐஔͱ

ۙ೔఺͕ͳ֯͢ɻ཭৺཰ͱਅۙ఺֯ͱέϓϥʔํఔࣜͰ݁ͼͭ͘ɻ

e ≥ 1Ͱ͸ఆٛͰ͖ͳ͍ɻ

ਅۙ఺֯ (true anormaly) ν ଠཅ͔Βۙ೔఺ʹ͚ͨ޲൒௚ઢͱଠཅ͔Βఱମʹ͚ͨ޲൒௚ઢͷ

ͳ֯͢ɻ཭৺཰ͱฏۙۉ఺֯ͱέϓϥʔํఔࣜͰ݁ͼͭ͘ɻ

ظݩ (epoch) Λද͢ɻࠁಓཁૉ͕ಘΒΕͨ࣌ي

ಓཁૉʹΑΔي NEOͷΫϥε෼ྨ
NEO͸يಓཁૉΛ༻͍ͯࡉ෼Խ͞ΕΔ (A.2)ɻ

ද A.2 ಓཁૉʹΑΔي NEOͷΫϥε෼ྨ

Ϋϥε ఆٛ a ਺ݟൃ 1 ྫ આ໌

ΞϞʔϧ܈ (Amors) a > 1.0 au, 1.017 < q < 1.3 au 9026 (1221) Amor ৗʹ஍ٿͷ֎ଆͷيಓɻ

Ξϙϩ܈ (Apollos) a > 1.0 au, q < 1.017 au 13442 (1862) Apollo ΑΓ΋େ͖͘ٿ஍͕ܘಓ௕൒ي

஍ٿʹަࠩ͢Δيಓɻ

Ξςϯ܈ (Atens) a < 1.0 au, Q > 0.983 au 1851 (2062) Aten ΑΓ΋খ͘͞ٿ஍͕ܘಓ௕൒ي

஍ٿͱަࠩ͢Δيಓɻ

ΞςΟϥ܈ (Atiras) Q < 0.983 au 23 (163693) Atira ৗʹ஍ٿͷ಺ଆͷيಓɻ

ϰΝςΟϥ܈ (Vatiras)b Q < 0.718 au 1 2020AV2 ৗʹۚ੕ͷ಺ଆͷيಓɻ

a 1.017ɺ0.983ɺ0.718 au͸ͦΕͧΕ஍ٿͷԕ೔఺ڑ཭ɺۙ೔఺ڑ཭ɺۚ੕ͷۙ೔఺ڑ཭ɻ
bΞςΟϥ܈ͷαϒάϧʔϓɻ

ଌʹ͓͚Δ֯౓؍

ଠཅܥ಺ఱମ؍ଌʹ͓͍ͯ͸Ґ૬֯ (phase angle)ɺΞΫϖΫτ֯ (aspect angle)ɺࣗ స֯ࣼ܏ (obliquity angle)
ͷͭࡾͷ֯౓͕ఆٛ͞ΕΔ (ਤ A.2)ɻҐ૬֯͸ఱମͷيಓ͕ఆ·Ε͹ܾ·ΔྔͰ͋Δɻޫ౓ۂઢ؍ଌʹΑΓܗঢ়
ΛٻΊΔࡍʹ͸ࣗస֯ࣼ܏ɺΞεϖΫτ֯͸Ծఆ͢Δ͜ͱ͕ଟ͍ɻ
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phase angle ;  
‣ angle between the Asteroid-Earth direction and the Asteroid-Sun direction

α

aspect ( viewing ) angle ;  
‣ angle between the spin axis and the Asteroid-Earth direction

θ

obliquity angle ;  
‣ dihedral angle between the aspect plane and the plane perpendicular the phase plane 
- phase plane ; the plane contains phase angle ( x-y plane in the figure ) 
- aspect plane ; the plane contains aspect angle
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ਤ A.2 খఱମ؍ଌʹ͓͚Δ֯౓ͷ໛ࣜਤɻ

஡৭ɺਫ৭ɺԫ৭ͷԁ͸ͦΕͧΕখ࿭੕ɺ஍ٿɺଠཅΛද͢ɻ

খ࿭੕ͷαΠζਪఆ

୯৭ͷ؍ଌσʔλ͔ΒಘΒΕΔఱମͷ౳ڃΛ༻͍ͯখ࿭੕ͷαΠζ (௚ܘ)Λਪఆ͢Δ͜ͱ͕Ͱ͖Δɻ஍্؍ଌ
ʹΑΔαΠζਪఆ͸ҎԼͷखॱͰߦΘΕΔɻVόϯυϑΟϧλʔΛ༻͍ͯҐ૬֯ αɺ஍৺ڑ཭∆ɺ೔৺ڑ཭ Rͷ

খ࿭੕Λ؍ଌ͢Δ৔߹Λ͑ߟΔɻVόϯυ౳ڃͰͳ͍৔߹͸ଌఆͨ͠౳ڃΛม͢׵Δ͜ͱͰಉ༷ͷਪఆ͕Մೳͱ
ͳΔ (Fukugita et al. 1996; Jordi et al. 2006)ɻ·ͣɺࢹ౳ڃΛࢉ׵౳ڃʹม͢׵Δɻࢉ׵౳ڃ͸ଠཅҐ૬͕֯
αɺ೔৺ڑ཭ͱ஍৺ڑ཭͕ 1 auͷ࣌ͷখ࿭੕ͷ౳ڃͰ͋Δɻଌఆͨ͠౳͕ڃ Vobs Ͱ͋Δ࣌ɺࢉ׵౳͕ڃҎԼͰٻ

ΊΒΕΔɻ

H(α) = Vobs − 5 log10(R∆) (A.1)

͸ଠཅҐ૬͕֯ڃΔɻઈର౳͢׵มʹڃΛઈର౳ڃ౳ࢉ׵ʹ࣍ 0◦ɺ೔৺ڑ཭ͱ஍৺ڑ཭͕ 1 auͷ࣌ͷখ࿭੕ͷ౳
׵ΒΕ͍ͯΔɻ͍༺͘޿ඪͱͯ͠ࢦͰ͋Δ͕ศٓతʹఆٛ͞ΕαΠζͷگΓಘͳ͍ঢ়͜ىͰ͋Δɻ෺ཧతʹ͸ڃ

ڃ౳ࢉ H(α)Λ༻͍ͯઈର౳ڃ͸ҎԼͰٻΊΒΕΔ (Bowell et al. 1989)ɻ

H = H(α) + 2.5 log10 [(1−G)Φ1(α) +GΦ2(α)] (A.2)

ͨͩ͠ G͸εϩʔϓύϥϝʔλʔͱΑ͹ΕεϖΫτϧܕͱ͕ؔ͋܎Δ͜ͱ͕Θ͔͍ͬͯΔɻΦ1ɺ Φ2 ͸Ґ૬ؔ਺

Ͱ͋Δɻ͜ΕΒ͸͍޿Ґ૬֯Ͱ؍ଌΛ͜͏ߦͱͰਪఆͰ͖Δ෺ཧྔͰ͋Δɻ৽͍͠খ࿭੕ൃ࣌ݟͳͲݶΒΕͨҐ

૬֯ͷ؍ଌ͔ΒαΠζ (ઈର౳ڃ)ΛٻΊΔࡍ͸ݧܦతͳయܕ஋Λ༻͍Δ͜ͱʹͳΔɻG͸ 0.15ͱ͍͏஋ΛԾఆ
͢Δ͜ͱ͕ଟ͍ɻޙ࠷ʹҎԼͷࣜΛ༻͍ͯઈର౳ڃΛαΠζ΁ม͢׵Δ (Harris 1998)ɻ

D =
1329
√
pV

× 10−
H
5 (A.3)

ͨͩ͠ D ͸ఱମ௚ܘ (km)ɺpV ͸ఱମͷ V όϯυزԿΞϧϕυ (൓ࣹ཰) Ͱ͋ΔɻҎ্ͷΑ͏ʹ஍্؍ଌͰಘ
ΒΕΔ৘ใ͔ΒαΠζΛਪఆ͢Δʹ͸ଟ͘ͷԾఆΛ༻͍Δඞཁ͕͋Δɻਖ਼֬ͳαΠζͷਪఆʹ͸೤؍ଌ (Harris
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1998; Sekiguchi et al. 2003)ɺϨʔμʔ؍ଌʹΑΔαΠζଌఆ (Brozović et al. 2018)ɺۭؒߴ෼ղೳ؍ଌɺ୳ࠪ
ΑΔͦͷ৔୳ࠪͳͲ͕ඞཁͰ͋Δɻʹػ

ޫ౓ۂઢ͔Βͷ෺ཧྔͷಋग़

খ࿭੕Λ࣠ͷ௕͕͞ aɺbɺc (a > b > c)ͷ࣠ࡾෆ౳ପԁମͱԾఆ͢Δͱɺࣗసʹ൐͏౳ڃৼ෯͸

∆m = 2.5 log
(a
b

)
− 1.25 log

(
a2 cos ξ2 + c2 sin ξ2

b2 cos ξ2 + c2 sin ξ2

)
, (A.4)

ͱද͞ΕΔ (Binzel et al. 1989; Thirouin et al. 2016)ɻ͜ͷࣜΛΞεϖΫτ֯ ξ = 90◦ ΛԾఆͯ࣠͠ൺ (b/a)ʹ
͍ͭͯղ͘͜ͱͰ࣠ൺͷԼݶ஋͕ٻ·Δɻ

a

b
≥ 100.4∆m (A.5)

ৼ෯͸Ґ૬֯ʹґଘ͢Δ͜ͱ͕Θ͔͍ͬͯΔڃଌͰಘΒΕΔ౳؍ͨ· (Zappala et al. 1990)ɻখ࿭੕૊੒ (ε
ϖΫτϧܕ)ʹґଘͨ͠܎਺ sΛ༻͍ɺҎԼͷࣜͰҐ૬֯ 0◦ ͷ౳ڃৼ෯Λਪఆ͢Δ͜ͱ͕Ͱ͖Δɻ

∆m(α = 0◦) =
∆m(α)

1 + sα
(A.6)

ಛʹ஍ۙٿ๣Λ௨ա͢Δ NEOͷ؍ଌͰ͸ൺֱతߴҐ૬֯Ͱͷ؍ଌΛ͜͏ߦͱ͕Ͱ͖ɺ௿Ґ૬֯ʹൺ΂େ͖ͳ
౳ڃৼ෯͕ಘΒΕΔ͜ͱʹͳΔɻͦͷΑ͏ͳσʔλͷ౳ڃৼ෯Λ༻͍ͯখ࿭੕ܗঢ়ʹؔ࿈͢Δ࣠ൺͳͲΛਪఆ͢

Δࡍ͸্هͷิਖ਼Λͨͬߦ஋Λ༻͍Δඞཁ͕͋Δɻ

Ҏ্Λ੔ཧ͢Δͱɺ؍ଌ͔ΒಘΒΕΔҐ૬֯ αͰͷ౳ڃৼ෯͔Βখ࿭੕ͷ࣠ൺ͸

a

b
= 100.4

∆m(α)
1+sα , (A.7)

ͱਪఆ͢Δ͜ͱ͕Ͱ͖Δɻͨͩ͠ aɺb͸খ࿭੕ͷ௕࣠ɺ୹࣠ɺα͸؍ଌ࣌ͷଠཅҐ૬֯ɺs͸খ࿭੕ຖʹܾ·Δ
ఆ਺Ͱ͋Δɻsʹ͍ͭͯ͸ NEOʹଟ͍খ࿭੕ܕͰ͋Δ Sܕখ࿭੕ͷయܕ஋ 0.03Λ༻͍Δɻۙ஍ٿখ࿭੕͸ߴҐ
૬֯Ͱ΋؍ଌΛ͜͏ߦͱ͕Ͱ͖ΔͨΊɺ͜ͷิਖ਼ΛߦΘͳ͚Ε͹ਖ਼֬ͳ࣠ൺͷԼݶ஋ΛಘΔ͜ͱ͸Ͱ͖ͳ͍ɻ

ޫ౓ۂઢ͔ΒٻΊΔܗঢ়͸ɺΞεϖΫτ֯ͷෆఆੑ͔ΒԼݶ஋ͱͳΔɻαΠζਪఆͱಉ༷Ϩʔμʔ؍ଌ΍ͦͷ

৔؍ଌʹΑΓΑΓৄࡉͳܗঢ়ΛಘΔ͜ͱ͕Ͱ͖Δ (Brozović et al. 2018)ɻ

ϥϒϧύΠϧখ࿭੕ͷεϐϯόϦΞ

ԕ৺ྗͱॏྗͷ௼Γ߹͍ΑΓɺඵ୯Ґͷྟքࣗసपظ Pcri ͸

Pcri =

√
3π

Gρ
, (A.8)

ͱද͢͜ͱ͕Ͱ͖Δɻͨͩ͠ Gɺρ͸ͦΕͧΕMKS୯ҐܥͰͷສ༗Ҿྗఆ਺ɺີ౓Ͱ͋Δɻయܕతͳີ౓Λ୅
ೖ͢ΔͱɺϥϒϧύΠϧখ࿭੕ͷྟքࣗసपظ͸໿ 2࣌ؒͱٻ·Δɻ
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A.2 খ࿭੕৘ใͷৄࡉ

ຊߘͰऔΓѻͬͨখ࿭੕ؔ࿈৘ใʹ͍ͭͯৄࡉΛ·ͱΊΔɻ

઀ۙఱମͷ֬ೝ

MPC ͷτοϓϖʔδ51 ӈଆԼஈʹ Close Approaches ͱͯ͠໿ 2 ϲ݄ؒʹ઀ۙ͢Δఱମ͕͞ࡌܝΕ͍ͯΔɻ
ຊڀݚʹ͓͚Δؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌͷ؍ଌఱମΛఆΊΔ্Ͱߟࢀͱͨ͠৘ใͰ͋Δɻຖ೔ͦΕΒͷఱମͷఱ

ମྐྵΛMPCͷఱମྐྵࢉܭϖʔδ52Λ༻͍ͯ֬ೝ͠ɺج४Λຬ͍ͨͯ͠ΔఱମΛ؍ଌͨ͠ɻͨͩ͠஍ٿʹ઀ۙ͠

଎Ҡಈ͢Δఱମͷఱମྐྵ͸ਫ਼౓͕ѱ͍͜ͱ͕͋Δߴ (େ͖͍࣌ʹ͸෼֯)ɻͦͷΑ͏ͳఱମͷ؍ଌΛࡍ͏ߦʹ͸
NASA JPL Horizons 53 ͷఱମྺ΋ߟࢀʹͨ͠ɻ

·ͨԾූ߸औಘલ NEOͷޫ౓ۂઢ؍ଌͰ͸Ծූ߸औಘલ NEOͷެ։ϖʔδ54 Λ༻͍ͯ؍ଌର৅ͷఱମྐྵΛ

औಘͨ͠ɻ

MPCࣜܗ
MPCʹର͢Δ؍ଌใࠂ͸MPC͕ࢦఆ͢ΔࣜܗͰ͏ߦඞཁ͕͋Δɻ͜ΕΛMPCࣜܗͱ͍͍ɺҰߦ 80จ͔ࣈ

ΒͳΔςΩετͰ͋Δɻৄࡉ͸MPCϗʔϜϖʔδʹͯड़΂ΒΕ͍ͯΔɻ55

Find_OrbΛ༻͍ͨيಓࢉܭ
ෳ਺ճ؍ଌΛͨͬߦ NEO͸يಓࢉܭιϑτ Find_Orb 56 Λ༻͍ͯيಓࢉܭΛͨͬߦɻProject PlutoʹΑΓ

։ൃ͞Ε͍ͯΔιϑτ΢ΣΞͰ͋ΓɺΦϯϥΠϯ൛57 Λ༻͍ͯيಓࢉܭΛͨͬߦɻFind_OrbͷೖྗͷҰͭͱ͠
ͯMPC࠾͕ࣜܗ༻͞Ε͍ͯΔɻݕग़ఱମͷMPCࣜܗΛͦͷ·· Find_Orbʹೖྗ͢Δ͜ͱͰيಓߦ͕ࢉܭΘ
ΕΔɻ஍ٿपճ/ଠཅपճͷબ୒Λ͍ߦɺͦΕͧΕͷيಓཁૉͱͦͷϑΟοτࠩޡΛ֬ೝͯ͠يಓ൑அΛͨͬߦɻ

MPC΁ͷ౤ߘ
ҎԼ 2020೥ 11݄ 9೔ͷ؍ଌʹͯൃͨ͠ݟ NEOީิఱମΛ TMG0030ͱͯ͠౤ྫ࣮ͨ͠ߘͰ͋ΔɻҎԼͷ಺

༰ͷΈΛͨ͠ࡌه eϝʔϧΛMPC 58 ʹૹ৴͢ΔɻΧλϩάʹ͞ࡌܝΕͨখఱମ/ਓ޻ఱମͰͳ͍ͱ൑அ͞ΕΕ
͹ NEOީิఱମϖʔδ59 ͳ͍͔͍֬ͯͬޡਓ͔ΒݸMPCʹଐ͢ΔʹࡍΔ͢ࠂ஌ͷఱମΛใطΕΔɻ͞ࡌܝʹ
ೝ͢Δࢫͷ eϝʔϧ͕ಧ͍ͨ͜ͱ͕͋Δ͕ɺجຊతʹ͸ػցతʹॲཧ͞ΕΔͨΊɺϑΥʔϚοτ௨ΓͰ͋Δ͔े
෼ʹ֬ೝͯ͠౤͠ߘͳ͚Ε͹ͳΒͳ͍ɻ

51 https://minorplanetcenter.net/
52 https://minorplanetcenter.net/iau/MPEph/MPEph.html
53 https://ssd.jpl.nasa.gov/horizons.cgi#results
54 https://minorplanetcenter.net/iau/NEO/toconfirm_tabular.html
55 https://minorplanetcenter.net/iau/info/ObsDetails.html
56 https://www.projectpluto.com/find_orb.htm
57 https://www.projectpluto.com/fo.htm
58 obs@cfa.harvard.edu
59 https://minorplanetcenter.net/iau/NEO/toconfirm_tabular.html
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Listing 6.1 "firstMPCformat of TMG0030"

1 COD 381
2 CON N.Kobayashi, Kiso Observatory, Institute of Astronomy,
3 CON Graduate School of Science, The University of Tokyo,
4 CON 10762-30 Mitake, Kiso-machi, Kiso-gun, Nagano 397-0101, Japan
5 OBS J.Beniyama
6 TEL 1.05-m f/3.1 Schmidt + CCD
7 NET Gaia DR2
8 ACK NEO CANDIDATE TMG0030 2020-11-09T15:14:57Z
9 AC2 tomoe-ps@ioa.s.u-tokyo.ac.jp

10

11 TMG0030* C2020 11 09.48342601 39 44.92 +23 54 33.2 17.2 G 381
12 TMG0030 C2020 11 09.48353001 39 44.54 +23 55 12.4 17.2 G 381
13 TMG0030 C2020 11 09.55751201 32 35.99 +32 35 45.5 16.5 G 381
14 TMG0030 C2020 11 09.55758101 32 35.69 +32 36 14.1 16.8 G 381
15 TMG0030 C2020 11 09.56812501 31 20.13 +33 58 10.9 17.1 G 381
16 TMG0030 C2020 11 09.56819401 31 19.75 +33 58 40.0 16.9 G 381
17 TMG0030 C2020 11 09.60496501 26 21.93 +38 58 13.5 17.1 G 381
18 TMG0030 C2020 11 09.60502301 26 21.35 +38 58 45.7 16.5 G 381
19 TMG0030 C2020 11 09.61956001 24 06.17 +41 02 47.2 16.8 G 381
20 TMG0030 C2020 11 09.61959501 24 05.81 +41 03 04.8 15.8 G 381

Listing 6.2 "secondMPCformat of TMG0030"

1 COD 381
2 CON N.Kobayashi, Kiso Observatory, Institute of Astronomy,
3 CON Graduate School of Science, The University of Tokyo,
4 CON 10762-30 Mitake, Kiso-machi, Kiso-gun, Nagano 397-0101, Japan
5 OBS J.Beniyama
6 TEL 1.05-m f/3.1 Schmidt + CCD
7 NET Gaia DR2
8 ACK NEOCP TMG0030 2020-11-09T16:04:45Z
9 AC2 tomoe-ps@ioa.s.u-tokyo.ac.jp

10

11 TMG0030 C2020 11 09.59480301 27 50.16 +37 33 21.5 16.9 G 381
12 TMG0030 C2020 11 09.59486101 27 49.64 +37 33 54.2 17.4 G 381
13 TMG0030 C2020 11 09.60121501 26 54.98 +38 26 47.2 16.8 G 381
14 TMG0030 C2020 11 09.60128501 26 54.39 +38 27 17.8 17.3 G 381
15 TMG0030 C2020 11 09.61193301 25 18.41 +39 57 22.3 16.7 G 381
16 TMG0030 C2020 11 09.61200201 25 17.78 +39 57 54.9 16.9 G 381
17 TMG0030 C2020 11 09.61942101 24 07.51 +41 01 31.7 16.6 G 381
18 TMG0030 C2020 11 09.63430601 21 37.22 +43 11 17.4 16.5 G 381
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B ցֶशʹؔ͢Δิ଍ػ

B.1 ցֶशػ (ϥϯμϜϑΥϨετ)ͷ֓ཁ

ցֶशϞσϧػ

ຊߘͰ༻͍ͨϥϯμϜϑΥϨετɺͦͷجຊͱͳΔܾఆ໦ͷೋͭͷػցֶशΞϧΰϦζϜʹ͍ͭͯड़΂Δɻ

ܾఆ໦ Decision Tree
ܾఆ໦ (Decision tree)͸ 1984೥ʹ BreimanʹΑΓఏএ͞ΕͨΞϧΰϦζϜͰ͋Δ (Breiman 1984)ɻҎԼͰ

͸ 2Ϋϥε෼ྨ໰୊Λ͑ߟΔ͜ͱͱ͠ɺͦͷ֓೦ਤΛਤ B.3ʹࣔ͢ɻ

/ 14

p1 > 5 ?

p2 < 10 ?   p3 > 3 ?

親ノード  {0,1,0,1}N

右子ノード  {0,1}Nr
左子ノード  {0,1}Nr

孫ノード クラス0

木の深さ 
dtree = 3

クラス1クラス0 クラス1

ਤ B.3 ܾఆ໦ͷ֓೦ਤɻ

͜ͷ໦Ͱ͸ύϥϝʔλʔ p1ɺp2ɺp3ʹΑͬͯΫϥε 0ɺ1ͷ෼ྨ͕ߦΘΕΔɻ໦ͷਂ͞͸ 3Ͱ͋Δɻ

ΘΕΔɻ֤෼ྨաఔʹ͓͍ͯσʔλͷ෼ߦऴతͳΫϥε෼ྨ͕࠷ͯܦຊతʹܾఆ໦Ͱ͸ෳ਺ճͷ෼ྨաఔΛج

ྨͷͨΊͷద੾ͳύϥϝʔλʔɺᮢ஋Λ୳͢ࡧΔ͜ͱΛֶशͱ͍͏ɻ͋Β͔͡Ί෼ྨΫϥε͕Θ͔͍ͬͯΔσʔ

λΛࢣڭσʔλͱ͍͍ɺֶश͸ࢣڭσʔλΛ༻͍ͯߦΘΕΔɻ

ਤ B.3ʹ͍ͯͮج෼ྨʹ༻͍Δ໦ߏ଄Λఆٛ͢Δɻ֤෼ྨաఔΛϊʔυͱ͍͍ɺى఺ͱͳΔ֊૚Λ਌ϊʔυݺ
Ϳɻ਌ϊʔυͷҰͭԼʹଘ͢ࡏΔϊʔυΛࢠϊʔυɺ͞ΒʹͦͷԼΛଙϊʔυͱ͍͏ɻ͜ͷؔ܎͸૬ରతʹఆٛ

͞ΕΔ΋ͷͰ͋Γɺ͋Δ਌ϊʔυʹͱͬͯͷଙϊʔυ͸ͦͷࢠϊʔυʹରͯ͠͸ࢠϊʔυͰ͋Δɻ·ͨ 2෼ྨͰ
͸ೋͭͷࢠϊʔυ͕ఆٛ͞ΕΔ͕ɺͦΕͧΕΛ໦ߏ଄ͷࠨӈͲͪΒʹଘ͢ࡏΔ͔Ͱࢠࠨϊʔυɺ ӈࢠϊʔυͱఆ

ٛ͢Δɻ·֤ͨϊʔυΛ tɺͦͷϊʔυ (਌ϊʔυ)ɺࢠࠨϊʔυɺӈࢠϊʔυʹଘ͢ࡏΔσʔλ਺Λ NɺNlɺNr

ͱද͢هΔɻ࠷ॳͷ෼ྨաఔ͔Β࠷ऴతͳ෼ྨΫϥε·Ͱͷ֊਺Λ໦ͷਂ͞ͱ͍͏ɻ

֤ϊʔυͰ͸ͦͷ֊૚ʹଘ͢ࡏΔΫϥεͷׂ߹Λ΋ͱʹͯ͠ෆ७౓ (Inpurity)͕ఆٛ͞ΕΔɻෆ७౓͸֤ϊʔ
υͷ৘ใͷ͹Β͖ͭ۩߹Λද͢ɻ୅දతͳෆ७౓ͱͯ͠͸ 1)δχෆ७౓ (Giniʟs diversity index)IGɺ2)৘ใΤ
ϯτϩϐ (Information entropy)IHɺ3)ޡ෼ྨ཰ (misclassification Error)IE ͳͲ͕͋ΓɺͦΕͧΕҎԼͷΑ͏ʹ
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ఆٛ͞ΕΔɻ

IG(t) = 1−
c∑

i=1

p(i|t)2 (B.9)

IH(t) = −
c∑

i=1

p(i|t) log2 p(i|t) (B.10)

IE(t) = 1−max{p(i|t)} (B.11)

2Ϋϥε෼ྨʹ͓͚Δෆ७౓Λϓϩοτ͢Δͱਤ B.4ͷΑ͏ʹͳΔɻԣ࣠͸ͦͷϊʔυʹ͓͚ΔยํͷΫϥεͷ
ׂ߹ p1 Ͱ͋Δɻͳ͓άϥϑͷܗঢ়Λൺֱ͢ΔͨΊ৘ใΤϯτϩϐʔ͸ 0.5ഒͯ͠ද͍ࣔͯ͠Δɻ

ਤ B.4 ෆ७౓ͷൺֱɻ

IHɺIGɺIE ͸ͦΕͧΕ৘ใΤϯτϩϐʔɺδχෆ७౓ɺޡ෼ྨ཰Ͱ͋Δɻ

͜ΕΒ͸ͱ΋ʹ p1 = 0.5Ͱ࠷େ஋ɺp1 = 0, 1Ͱ࠷খ஋ΛͱΓͦΕͧΕ࠷΋ෆ७౓͕େ͖͍/খ͍͞ͱ͍͏ಉ༷
ͷ޲܏Λ࣋ͭɻ

֤֊૚ෆ७౓ͷ͔ࠩΒҎԼͷ৘ใརಘ (Information Gain)IGΛఆٛ͢Δ͜ͱ͕Ͱ͖Δɻ

IG(t, f) = I(tp)− (
Nl

N
I(tl) +

Nr

N
I(tr)) (B.12)

ͨͩ͠ I͸ෆ७౓Λද͢ɻ͜Ε͸਌ϊʔυͱͦͷࢠϊʔυͷෆ७౓ͷࠩͰ͋Γɺͦͷ෼ྨʹΑΓෆ७౓͕Ͳͷఔ
౓খ͘͞ͳ͔ͬͨΛද͢ɻܾఆ໦෼ྨͰ͸৘ใརಘΛ࠷େԽ͢Δ͜ͱͰ෼ྨΛ͏ߦɻͭ·Γ৘ใརಘ͕࠷େͱͳ

ΔΑ͏ʹద੾ͳύϥϝʔλʔͱͦͷᮢ஋Λબ୒͢ΔͷͰ͋Δɻ

ϥϯμϜϑΥϨετ Romdom Forest
ෳ਺ͷܾఆ໦Λ૊Έ߹Θͤͦͷ݁Ռͷଟ਺ܾΛऔΔ͜ͱͰ෼ྨ݁ՌΛධՁ͢ΔϥϯμϜϑΥϨετ͕ Breiman

ʹΑͬͯ 2001೥ʹఏএ͞Εͨ (Breiman 2001)ɻͦͷ֓೦ਤΛਤ B.5ʹࣔ͢ɻ
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1 / 14

p1 > 5 ?

p2 < 10 ?   p3 > 3 ?

0 1 0 1

p3 < 3 ?

p1 < 10 ?   p2 < 1 ?

0 1 0 1

p1 > 50 ?

p3 > 2 ?   p2 > 5 ?

0 1 0 1

木の数 
ntree = 3

ਤ B.5 ϥϯμϜϑΥϨετͷ֓೦ਤ

ܾఆ໦ҰͭΛ༻͍ͨ෼ྨͰ͸ֶशʹ༻͍ͨࢣڭσʔλʹ࠷దԽ͞Εͨ෼ྨ͕ߦΘΕΔͨΊະ஌ͷσʔλʹର͠

ͯੑೳΛൃشͰ͖ͳ͍աֶश͕͜ىΓ͏Δɻܾఆ໦Λଟ਺૊Έ߹Θͤͨ݁ՌΛ࠷ऴ݁Ռͱ͢ΔϥϯμϜϑΥϨε

τΛ༻͍Δ͜ͱͰաֶशΛ཈੍ͨ͠ϞσϧΛߏங͢Δ͜ͱ͕Ͱ͖Δɻ໦Λෳ਺༻͍ΔͨΊ୯ମͷܾఆ໦ΑΓࢉܭ

ྔ͸େ͖͘ͳΔɻ෼ྨʹ༻͍Δύϥϝʔλʔͱ͸ผʹɺϞσϧ࡞੒ʹ͓͍ͯ࡞੒ऀ͕໌ࣔతʹ༩͑Δ΂͖ύϥ

ϝʔλʔΛϋΠύʔύϥϝʔλʔͱ͍͏ɻϥϯμϜϑΥϨετʹ͓͚ΔओͳϋΠύʔύϥϝʔλʔΛද B.3 ʹࣔ
ͨ͠ɻ

ද B.3 ϥϯμϜϑΥϨετʹ͓͚ΔϋΠύʔύϥϝʔλʔ

ϋΠύʔύϥϝʔλʔ γϯϘϧ આ໌

ෆ७౓ I ຊڀݚͰ͸δχෆ७౓·ͨ͸৘ใΤϯτϩϐʔ

ύϥϝʔλʔ਺ np ͻͱͭͷ໦Ͱ༻͍Δύϥϝʔλʔͷ਺

໦ͷਂ͞ dtree ֤໦ͷॎํ޲ͷ֊૚ (ϊʔυ)਺
໦ͷ਺ ntree Ϟσϧʹ༻͍Δܾఆ໦ͷ਺

ຊڀݚͰ͸ෳ਺ͷϋΠύʔύϥϝʔλʔΛ༻͍ͯϞσϧΛ࡞੒ɺൺֱ͢Δ͜ͱͰɺਫ਼౓͕͍ߴϞσϧΛੜ੒͠

ͨϋΠύʔύϥϝʔλʔΛ࠾༻ͨ͠ɻ͜Ε͸άϦουαʔνͱݺ͹ΕϋΠύʔύϥϝʔλʔͷܾఆʹ͓͍ͯ͠͹

͠͹༻͍ΒΕΔख๏Ͱ͋Δɻ
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B.2 ग़ύϥϝʔλʔͷ෼෍ݕցֶशϞσϧͷఱମػ

ਤ B.6 model 20200223 (3 sigma clipped)
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ਤ B.7 model 20200303 (3 sigma clipped)
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ਤ B.8 model 20200311 (3 sigma clipped)
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ਤ B.9 model 202004 (3 sigma clipped)
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ਤ B.10 model 202008 (3 sigma clipped)
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ਤ B.11 model 202011 (3 sigma clipped)
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C ଌޫղੳ

Source Extractor(SExtractor, Bertin and Arnouts 1996)͸ఱจ෼໺Ͱ͘޿༻͍ΒΕ͍ͯΔఱମݕग़ɺଌޫ
ͷͨΊͷιϑτ΢ΣΞͰ͋ΔɻຊڀݚͰ͸ SExtractorͷத਻ػೳΛಠཱͯ͠ར༻Մೳʹͨ͠ pythonϥΠϒϥϦ
SEP(Python library for Source Extraction and Photometry 60 ) Λ༻͍ͯղੳΛͨͬߦɻ۩ମతͳଌޫखॱʹ
͍ͭͯ SEPͷؔ਺Λ sep.somefunctionͷΑ͏ʹҾ༻͠ҎԼʹࣔ͢ɻ

• എޫܠϊΠζͷਪఆ
sep.BackgroundΛ༻͍Δ͜ͱͰσʔλϑϨʔϜͷഎޫܠϊΠζ (ADU/frame)ͷਪఆΛ͏ߦɻຊߘͰ͸
େہతͳഎޫܠϊΠζΛٻΊɺͦͷఆ਺ഒΛϑϨʔϜʹ͓͚ΔഎޫܠϊΠζͱͯ͠༻͍ͨɻҎԼͰ͸എܠ

ޫϊΠζΛ σ ͱද͢هΔɻ

• PSFͷ FWHMͷࢉܭ
sep.extractΛ༻͍ͯ໌Δ͍੕ͷݕग़Λ͏ߦɻຊߘͰ͸ݕग़ͷᮢ஋Λ 20σ ͱͨ͠ɻ

• σʔλϑϨʔϜηοτΛ༻͍ͨ߃੕ϚεΫͷ࡞੒ (ୈ 2ষ)
3σ Λᮢ஋ͱ͢ΔϚεΫΛ࡞੒͢ΔɻσʔλϑϨʔϜηοτ ຊతʹ͸ج) 0.5 ඵੵ෼σʔλ 120 ຕ) ͷ࠷
ॳͱޙ࠷ͷϑϨʔϜʹͯᮢ஋Ҏ্ͷσʔλΛ߃੕ͱ൑அ͠ϚεΫը૾Λੜ੒͢Δɻཧ૝తʹ߃੕͕ಈ͔

ͳ͚Ε͹͜ͷೋຕͷϚεΫ͸ಉ͡ͱͳΔ͕ɺσʔλϑϨʔϜηοτؒͷ๬ԕڸͷτϥοΩϯάͷζϨɺ

େؾ༳Β͗ʹΑΔζϨʹΑΓҟͳΔϚεΫͱͳΔɻ͜ͷೋຕͷϚεΫͷ and ԋࢉΛ͍ߦ৽͍͠ϚεΫΛ
͸ը૾ॲཧϥΠϒϥϦʹ࡞੕ϚεΫͱͨ͠ɻ(͜ͷૢ߃ऴతͳ࠷੒͢Δɻ͜ͷϚεΫΛଠΒͤΔ͜ͱͰ࡞
scikit-image61 ͷ skimage.morphology.binary_dilationΛར༻)

• GaiaΧλϩάΛ༻͍ͨ߃੕ϚεΫͷ࡞੒ (ୈ 4ষ)
খ࿭੕ͷؒ࣌ߴ෼ղޫ౓ۂઢ؍ଌσʔλͷଌޫͰ͸ Gaia ΧλϩάΛ༻͍ͯ߃੕ϚεΫΛ࡞੒ͨ͠ Gaia
DR2ΧλϩάΛ΋͍ͪɺࢹ໺಺ͷ౳ᮢڃ஋ҎԼͷఱମʹର͠ଌޫ൒ܘΛࢦఆͨ͠ϚεΫΛ࡞੒ͨ͠ɻϚε
Ϋ൒ܘ͸ఱମͷଌޫ൒ܘͱಉ༷ʹσʔλͷ੕૾ͷయܕత FWHMΛ༻͍ͨɻTomo-e Gozenͷશఱαʔϕ
Π؍ଌͱಉ͘͡σʔλϑϨʔϜηοτͷࣜܗͰσʔλΛऔಘ͢ΔͨΊ্ํه๏ͷ߃੕ϚεΫͷ࡞੒΋Մೳ

͕ͩɺઌʹड़΂ͨσʔλϑϨʔϜηοτΛ༻͍ͨ߃੕ϚεΫͷ࡞੒Ͱ͸ݕग़ᮢ஋ʹ͍ۙ໌Δ͞Λ࣋ͭ҉͍

੕ʹରͯ͠͸߃੕ϚεΫ͕࡞੒͞Εͳ͍͜ͱ͕ݧܦతʹΘ͔͍ͬͯΔɻͦͷΑ͏ʹϚεΫ͞Εͳ͍੕͕ఱ

ମͷଌޫ։ޱʹࠞೖͨ͠ࡍຊདྷΑΓ΋໌Δ͍ଌޫ݁Ռ͕ग़ྗ͞Εͯ͠·͏ɻҠಈఱମݕग़ʹ͓͍ͯ͸ଌޫ

ਫ਼౓ΑΓ΋ݕग़͢Δ͜ͱΛॏ͍ͯ͠ࢹΔͨΊσʔλϑϨʔϜηοτΛ༻͍ͨϚεΫΛ࡞੒ͨ͠ɻҰํୈ 4
ষͰ͸ଌޫ੍౓Λॏ͢ࢹΔͨΊΧλϩάΛ༻͍ͯϚεΫΛ࡞੒ͨ͠ɻ

• ఱମͷଌޫ
sep.sum_circleΛ༻͍ͯଌޫΛ͏ߦɻߴ଎Ҡಈఱମ͸૾͕৳ͼΔ͜ͱ͕͋Δ͕ɺຊߘͰؒ࣌ߴ෼ղޫ౓

ଌޫΛޱͷ։ܗͰ͋Δͱ͠ԁܗΒΕͳ͍ɻΑͬͯ੕૾͸ԁݟஶͳ৳ͼ͸ݦʹఱମͷ੕૾ͨͬߦଌΛ؍ઢۂ

Ͱਪఆͨ͠ه͸্ܘɻଌޫ൒ͨͬߦ fwhmΛ༻͍ͨɻԁ؀ଌޫ͸ͤͣɺ։ޱ಺ͷϑϥοΫεΛ଍͠߹Θͤ
ఱମϑϥοΫεͱͨ͠ɻ

60 https://sep.readthedocs.io/en/v1.0.x/
61 https://scikit-image.org/
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D पظղੳ

D.1 ղੳํ๏

Lomb-Scargle ๏͸ఱจֶ໰Θͣपظղੳʹ͘޿༻͍ΒΕ͍ͯΔख๏Ͱ͋ΔɻຊߘͰ͸෯͍޿ఱจֶతॲཧΛ
ͱ͕Ͱ͖Δ͜͏ߦ pythonϥΠϒϥϦ astropy 62 ͷ࣌ྻܥॲཧʹ༗༻ͳύοέʔδ astropy.timeseries ʹଘ

Δ͢ࡏ astropy.timeseries.LombScargle ΫϥεΛ༻͍ͨɻҎԼ astropy.timeseries.LombScargleΛ ls

ͱද͢ɻ۩ମతͳղੳखॱʹ͍ͭͯ lsͷϝιουΛ ls.somemethodͷΑ͏ʹҾ༻͠ҎԼʹࣔ͢ɻ

• σʔλೖྗ
࣌ؒɺ౳ڃ (ɺ౳ࠩޡڃ)ɺͷσʔλΛೖྗ͢Δ͜ͱͰΠϯελϯεΛ࡞੒͢Δɻ͜ͷ֨نʹࡍԽʹؔ͢Δ
normalizarionɺϑΟοτ͢Δؔ਺ͷ߲਺Λද͢ ntermΛࢦఆͰ͖ΔɻຊߘͰ͸ޙʹड़΂Δࠩޡͷࢉܭͷ

ͨΊ normalization=psdͱ͠ɺ߲਺͸جຊతʹ nterm=2ͱͨ͠ɻnormalization=psdͰ͸ҎԼͷࢉܭ

ࣜͰύϫʔ͕͞ࢉܭΕΔɻ

P (f) =
1

2
(χ2

ref − χ(f)2) (D.13)

χ(f)2 =
∑

f

(y(f)fit − yobs)
2 (D.14)

ͨͩ͠ y(f)fit ͸ਪఆͨ͠ϑΟοςΟϯάۂઢɺyobs ͸؍ଌ఺Ͱ͋Δɻ·ͨ χ2
ref ͸ఆ਺Ͱ͋Δɻ

• ϐϦΦυάϥϜͷ࡞੒
ls.powerΛ༻͍Δ͜ͱͰϐϦΦυάϥϜΛ࡞੒͢Δ͜ͱ͕Ͱ͖ΔɻҾ਺ͱͯ͠༩͑Δप೾਺ʹ͍ͭͯຊ

Ͱ͸ҎԼͷΑ͏ʹઃఆͨ͠ɻߘ

େप೾਺࠷ fmax ͸ fNy ͱ͢Δɻͨͩ͠ fNy ͸φΠΩετप೾਺Ͱ͋ΓɺαϯϓϦϯάִؒ ∆T Λ༻͍

ͯ fNy = 1
2∆T Ͱఆٛ͞ΕΔྔͰ͋ΔɻҰൠʹఱจ؍ଌʹ͓͚ΔαϯϓϦϯάִؒ͸Φʔόʔϔου (ి

ՙͷಡΈग़࣌ؒ͠ͳͲ) ͱੵ෼࣌ؒΛྀ͢ߟΔඞཁ͕͋ΔɻຊߘͰ͸ੵ෼࣌ؒͱಡΈग़͕࣌ؒͦ͠ΕͧΕ
0.5ඵɺ0ඵͰ͋Δͱ͠ɺfmax = 1ͱͨ͠ɻ࠷খप೾਺ fmin ͸ T (ଌ։͔࢝Βऴྃ·Ͱͷ࣌ؒ؍) Λ༻͍ͯ
fmin = 1

T ͱͨ͠ɻ؍ଌ࣌ؒͷೋഒҎ্ͷࣗసपظ͸ਪఆͰ͖ͳ͍ͱ൑அ͠༻͍ͳ͍͜ͱΛҙຯ͢Δɻ͜Ε

Βͷબͼํ͸ҰҙͰ͸ͳ͍ɻؔ࿈͢Δٞ࿦͸ VanderPlas (2018:7.1)ʹৄ͍͠ɻ
• ࢉܭͷࠩޡ
ϑΟοςΟϯάۂઢͷ෯͔Βप೾਺ͷࠩޡΛ͢ࢉܭΔɻ

σf = f 1
2

√
1

Ppeak
(D.15)

ͨͩ͠ f 1
2
͸ϐʔΫप೾਺ͷϐϦΦυάϥϜͷ෯ɺ(HWHM)ɺPpeak ͸஫໨͍ͯ͠Δप೾਺ͷϐʔΫύϫʔ

Ͱ͋ΔɻϐϦΦυάϥϜͷ෯͸؍ଌ։͔࢝Βऴྃ·Ͱͷ࣌ؒ T Λ༻͍ͯ f 1
2
= 1

T ͱͨ͠ɻҎ্͔Βप೾਺

fͷϐʔΫΛ΋ͭࣗసपظͷࠩޡ σP ͸

σP = P ×
(
σf

f

)
(D.16)

ͱਪఆͰ͖Δɻؔ࿈͢Δٞ࿦͸ VanderPlas (2018:7.4.1)ʹৄ͍͠ɻ
• ϑΟοςΟϯάۂઢͷ࡞੒
े෼ͳύϫʔΛ࣋ͭप೾਺ʹରͯ͠ɺls.modelΛ༻͍ͯ࡞੒ͨ͠ɻ

62 https://docs.astropy.org/en/stable/index.html
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D.2 पظਪఆγϛϡϨʔγϣϯ

Tomo-e Gozen ʹΑΔ 2 fps ಈը؍ଌͰ͸ଞͷ؍ଌʹൺ΂୹͍ࣗసपظ·Ͱਪఆ͢Δ͜ͱ͕ظ଴Ͱ͖Δɻ͜͜
Ͱ͸౳ڃৼ෯ɺࣗసपظΛࢦఆ͢Δ͜ͱͰਓ޻తʹখ࿭੕ͷޫ౓ۂઢΛੜ੒͠ɺೋछྨͷ؍ଌͰͦΕͧΕͲͷΑ

͏ͳ؍ଌ/ղੳ݁ՌͱͳΔ͔Λൺֱ͢Δɻ1)࿐ޫ࣌ؒɺΦʔϕʔϔου (ಡΈग़࣌ؒ͠౳)ͱ΋ʹ 2ඵɺ2)Tomo-e
Gozenͷ؍ଌ (࿐ޫ࣌ؒ 0.5ඵɺΦʔόʔϔου 0ඵ) ೋछྨͷ؍ଌΛൺֱ͢Δɻ؍ଌ࣌ؒ͸ 2෼ؒɺখ࿭੕ͷ౳
ৼ෯͸ڃ 1౳ڃɺࣗసपظ͸ 10ඵͱ͢Δɻ
ղੳ݁ՌΛͦΕͧΕਤظଌγϛϡϨʔγϣϯ݁Ռɺप؍ D.12ɺਤ D.13 ʹࣔ͢ɻߴ଎͔ͭ૾ࡱΦʔόʔϔου

͕ͳ͍ Tomo-e Gozenͷ؍ଌͰ͸ଞํʹൺ΂ີͳޫ౓ۂઢΛಘΔ͜ͱ͕Ͱ͖ɺपظղੳ݁ՌͰ͸Ӷ͍ϐʔΫΛಘ
Δ͜ͱ͕Ͱ͖ΔɻҰํ࿐ޫ͕࣌ؒ௕͘Φʔόʔϔου͕࣌ؒແࢹͰ͖ͳ͍؍ଌͷ৔߹ɺपظղੳ݁Ռʹ͢ΔͲ͍

ϐʔΫ͸ݟΒΕͳ͍ɻখ͞ͳϐʔΫͰંΓͨͨΉ͜ͱͰࣗసपظΛਪఆ͢Δ͜ͱ͕Ͱ͖ͨͱͯ͠΋ɺσʔλ఺͕

গͳ͘౳ڃৼ෯Λਫ਼౓Α͘ਪఆͰ͖ͳ͍͜ͱ΋Θ͔Δɻ

ਤ D.12 ଌ఺ɻ؍ઢͱۂ౓ޫࣅٖ

্:࿐ޫ࣌ؒɺΦʔόʔϔουͱ΋ʹ 2 ඵͱԾఆͨ͠؍ଌɻԼ:Tomo-e Gozen ʹΑΔ؍ଌ (࿐ޫ࣌ؒ 0.5 ඵɺ
Φʔόʔϔου 0ඵ)ɻ
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ਤ D.13 ઢɻۂղੳ݁ՌͱંΓͨͨΈޫ౓ظଌγϛϡϨʔγϣϯσʔλʹର͢Δप؍

্:࿐ޫ࣌ؒɺΦʔόʔϔουͱ΋ʹ 2ඵͱԾఆͨ͠؍ଌɻ౳ڃৼ෯ͷਪఆ஋͸ 0.75౳ڃɻԼ:Tomo-e Gozen
ʹΑΔ؍ଌ (࿐ޫ࣌ؒ 0.5ඵɺΦʔόʔϔου 0ඵ)ɻ౳ڃৼ෯ͷਪఆ஋͸ 0.98౳ڃɻ
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E ޫ౓ۂઢ

ਤ E.14 Light curve 1
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ਤ E.15 Light curve 2
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ਤ E.16 Light curve 3
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ਤ E.17 Light curve 4
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ਤ E.18 Light curve 5
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·ͣຊจ (5.3)ͷఆ਺෦෼Λ Cͱ͓͍ͯղ͘ɻ

dω

dt
=

C

D2
(G.17)

ω =
C

D2
t+ C0 (G.18)

ͨͩ͠ C0 ͸ఆ਺Ͱ͋Γɺੜ੒࣌ (t=0)ͷ֯଎౓Ͱ͋Δɻ֯଎౓ͱࣗసपظΛม͢׵Δɻ

360

P
=

C

D2
t+

360

P0
(G.19)

͜͜Ͱ P0 ͸ॳࣗظస଎౓Ͱ͋ΔͷͰ (5.1)Λ༻͍ͯ tʹ͍ͭͯม͢ܗΔͱ

τYORP ≡ t =
360D2

C

(
1

P
− 1

P0

)
(G.20)

=
360D2

C

(
1

P
− 1

10D

)
(G.21)
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