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ۚ୩࿨ڭࢸत͕਺ཧ෺࣭ܥ௕Λୀ೚͠ɺૉཻࢠ࿦ࣨڀݚͷڭतʹ෮ͨ͠ؼʢ2015೥
4݄ 1೔ʣɻ
୩ޱ༟հതࢉܭ͕࢜Պֶڀݚηϯλʔ।ڭतʹঢ೚ͨ͠ʢ2016೥ 1݄ 1೔ʣɻ

ʲ׆ڀݚಈʳ

ૉཻࢠཧ࿦άϧʔϓʹ͓͍ͯ͸ɺຊ೥౓΋ɺ֨ࢠ৔ͷཧ࿦ͱ௒ݭཧ࿦ͷ 2ͭͷ෼
໺Ͱൃ׆ͳ׆ڀݚಈ͕ߦͳΘΕͨɻ

QCDࢠͷ΋ͱɺ֨ܞηϯλʔͱີ઀ͳ࿈ڀݚՊֶࢉܭ৔ͷཧ࿦άϧʔϓ͸ɺࢠ֨
ͷେܕγϛϡϨʔγϣϯڀݚΛਪਐ͍ͯ͠Δɻ֨ࢠ৔ͷཧ࿦άϧʔϓͷऀڀݚͷେ

൒͕ࢀՃ͢ΔओཁϓϩδΣΫτͰ͋ΔHPCIઓུϓϩάϥϜ෼໺̑ڀݚ։ൃ՝୊ 1
ʮ֨ࢠ QCDʹΑΔ෺ཧ఺ͰͷόϦΦϯؒ૬࡞ޓ༻ͷܾఆʯ͸ɺ2015೥౓Ͱऴྃ͠
ͨɻ2016೥ळ͔Β JCAHPCʢ࠷ઌ୺ڞಉHPCج൫ࢪઃɿஜ೾େֶͱ౦ژେֶ྆ػ
ؔͷڭ৬һ͕த৺ͱͳΓઃ͢ܭΔεʔύʔίϯϐϡʔλγεςϜΛઃஔ͠ɺ࠷ઌ୺

ͷେن໛ੑߴೳجࢉܭ൫ΛߏஙɾӡӦ͢ΔͨΊͷ૊৫ʣʹ͓͍ͯ Oakforest-PACS
ʢϐʔΫԋੑࢉೳ 25PFLOPSͷ௒ฒྻΫϥελػࢉܭɺʮژʯΛ௒͑Δࠃ಺ੑߴ࠷ೳ
γεςϜͱͳΔࠐݟΈʣ͕Քಇ༧ఆͰ͋Γɺ͜Εʹ͚ͯ޲PACS CollaborationΛ૊
৫͠ɺ४උڀݚΛ։͍ͯ࢝͠Δɻ͜Εͱฒͯ͠ߦɺ༗ݶԹ౓ɾ༗ີݶ౓QCDͷݚ
ɺඪ४ཧ࿦Λ௒͑Δڀݚήʔδཧ࿦ͷࢠ֨ͮ͘جʹࣜܗɺςϯιϧωοτϫʔΫڀ

෺ཧͷ୳ٻͳͲɺൃ׆ͳ׆ڀݚಈΛͨͬߦɻ͞Βʹɺ֨ࢠQCD഑Ґ΍ͦͷଞͷσʔ
λΛڞ༗͢ΔҝͷσʔλάϦου ILDG/JLDGͷߏஙɾ੔උΛਪਐͨ͠ɻ

ͱͯ͠ɺ2015೥౓Ͱऴྃͨ͠HPCIઓུϓϩάϥϜͷ޲Պֶશମͷಈࢉܭ಺ͷࠃ
ʯͰॏ఺తʹऔΓ૊Ή΂͖ࣾձతɾՊֶతژͱͯ͠ɺ2016೥౓͔Βʮϙετʮܧޙ
՝୊ʯʹؔ͢ΔΞϓϦέʔγϣϯ։ൃɾڀݚ։ൃ͕࢝·ͬͨɻࡏݱ 9ͭͷॏ఺՝୊
͕ઃఆ͞Ε͓ͯΓɺ9൪໨ͷ՝୊Ͱ͋ΔʮӉ஦ͷجຊ๏ଇͱਐԽͷղ໌ʯ͕ૉཻࢠ
෺ཧɾ֩ࢠݪ෺ཧɾӉ஦෺ཧ෼໺͕ର৅ͱ͢ΔૅجՊֶతڀݚ՝୊Ͱ͋Δɻͦͷ׆

ಈ͸ɺhttp://www.jicfus.jp/jpʹৄ͍͠ɻ
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௒ݭཧ࿦άϧʔϓ͸ݭͷ৔ͷཧ࿦ɺྻߦ໛ܕɺήʔδɾॏྗରԠͱ͍͏ 3 ͭͷ ؔ
࿈͢ΔςʔϚΛத৺ͱͯ͠ڀݚΛਐΊ͍ͯΔɻࠓ೥౓͸തڀݚ࢜һͷ໦ଜࢯɾଜ໦

ͷݭਖ਼ଇԽɺݩ࣍ͷ৔ͷཧ࿦ͱݭɻ͕ͨͬ޿ͷ෯͕ڀݚՃΘͬͨ͜ͱʹΑΓɺ͕ࢯ

৔ͷཧ࿦ͷݩ࣍ਖ਼ଇԽͱϧʔϓৼ෯ɺήʔδ-ॏྗ૒ରੑͱՄੵ෼ੑʹ݁ڧͮ͘ج߹
ήʔδཧ࿦ͷڀݚɺίώʔϨϯτঢ়ଶΛ༻͍ͨزྻߦԿͷڀݚ౳ɺ௒ݭཧ࿦ʹؔ࿈

͢Δ༷ʑͳ෼໺ʹ͍ͭͯͷڀݚΛͨͬߦɻ

ʲ̍ʳ ৔ͷཧ࿦ࢠ֨

ʢۚ୩ ࿨ࢸɺ᤽૿ Յ৳ɺੴ௩ ੒ਓɺ୩ޱ ༟հɺ࡚ࢁ ߶ɺߐ٢ ༑রɺࠜଜ ӳࠀɺු

ా ঘ࠸ɺࠤʑ໦ ઒׈ɺࢤ݈ ༟հ)

(1) HPCIઓུϓϩάϥϜ෼໺ 5ʹ͓͚Δڀݚ։ൃ՝୊

෼໺ 5ʮ෺࣭ͱӉ஦ͷݯىͱߏ଄ʯͷઓུ໨ඪ͸ɺϏοάόϯʹ࢝·ΔӉ஦ͷ
ݯىΔ෺࣭ͱӉ஦ͷࢸʹ੒ܗૉ߹੒ɺ੕ɾۜՏݩΒ͔ࢠԙ͚Δɺૉཻʹ࢙ྺ

ͱߏ଄Λɺෳ਺ͷ֊૚Λࢉܭ͙ܨՊֶతख๏Ͱ౷Ұతʹཧղ͢Δ͜ͱʹ͋Δɻ

͜ͷ໨ඪΛ໨ͯ͠ࢦ 4ͭͷڀݚ։ൃ՝୊͕ઃఆ͞Ε͓ͯΓɺͦͷ͏ͪͷҰ͕ͭ
ʮ֨ࢠQCDʹΑΔ෺ཧ఺ͰͷόϦΦϯؒ૬࡞ޓ༻ͷܾఆʯͰ͋Δɻຊ՝୊͕
໨͢ࢦ΋ͷ͸ɺ֨ࢠQCDࢉܭͷඍࡉԽͱϚϧνεέʔϧԽΛݤͱ͢Δ৽͍͠
ల։Ͱ͋ΔɻඍࡉԽͱ͸ɺΞΠιεϐϯରশੑͷഁΕͷޮՌΛऔΓೖΕͨࢉܭ

΍ɺ௿ΤωϧΪʔͷϋυϩϯߏ଄ࢉܭΛҙຯ͢ΔɻଞํɺϚϧνεέʔϧԽͱ

͸ɺ֨ࢠQCDΛ༻͍ͨ֩ࢠݪͷ௚઀ߏ੒ʹΑͬͯͦͷଋറΤωϧΪʔΛٻΊ
ͨΓɺ͋Δ͍͸֩ؒࢠͷ༗ޮϙςϯγϟϧΛௐ΂ͨΓ͢Δ͜ͱΛҙຯ͢Δɻલ

ऀ͸ɺ࡚ࢁɾ᤽૿Λத৺ͱͨ͠άϧʔϓʹΑͬͯਪਐ͞Ε͓ͯΓɺऀޙ͸HAL
QCD Collaboration͕औΓ૊ΜͰ͍ΔΞϓϩʔνͰ͋Δʢޙड़ʣɻ

ʮژʯͰੜ੒͞Εͨ഑ҐΛ༻͍ͨجຊ෺ཧྔࢉܭ

ʮژʯͰ͸ɺDDHMCʢDomain-Decomposed Hybrid Monte Carloʣ๏Λ༻͍
ͯɺ964ͷ֨ࢠαΠζɺ0.1 fmఔ౓ͷִ֨ؒࢠΛͭ࣋ɺ2+1ϑϨʔόʔʢmu =
md ̸= msʣQCDͷήʔδ഑ҐΛੜ੒ͨ͠ɻ͜ͷ഑Ґͷ࠷େͷಛ௃͸ɺ(9fm)3

ͱ͍͏ैདྷʹͳ͍ѹ౗తͳେ͖͞ͷۭؒମੵͰ͋Δɻͦͷ࠷େͷར఺͸ɺෳ਺

ͷ͔֩ࢠΒ֩ࢠݪΛ௚઀ߏ੒͢Δ͜ͱ͕ՄೳʹͳΔ͜ͱ΍ɺ཭ࢄԽ͞Εͨӡ

ಈྔͷࠁΈ෯͕͔͘ࡉͳΔ͜ͱʹΑͬͯɺϋυϩϯܗঢ়Ҽࢠͷӡಈྔۭؒʹ͓

͚Δਫ਼ີͳղੳ͕ՄೳͱͳΔ͜ͱͰ͋Δɻ഑Ґੜ੒͸ 2014೥౓ॳΊʹऴྃ͠ɺ
HA-PACSʢࢉܭϊʔυ਺ 332ɺGPU෦ϐʔΫԋੑࢉೳ 1.048PflopsɺCPU෦
ϐʔΫԋੑࢉೳ 0.118PflopsʣΛ༻͍ͯϋυϩϯ࣭ྔͳͲͷجຊ෺ཧྔͷଌఆ
Λ͖ͨͯͬߦɻ2015೥౓͸ɺϋυϩϯ࣭ྔɺΫΥʔΫ࣭ྔɺٖεΧϥʔதؒ
͠༺ฒਐରশੑΛརۭؒ࣌ରͯ͠ʹࢉܭຊతͳ෺ཧྔͷجյఆ਺ͳͲͷ่ࢠ

ͨ౷ܭਫ਼౓ͷ্޲Λ໨ͨ͠ࢦɻਤ 1͸෺ཧ఺Ͱͷϋυϩϯ࣭ྔࢉܭͷ࠷ऴ݁Ռ
Λ࣮ݧ஋ͱൺֱͨ͠΋ͷͰ͋Δɻ͜͜Ͱ͸ɺΫΥʔΫ࣭ྔ (mu = md ̸= ms)ͱ
ΛܾΊΔͨΊͷִؒࢠ֨ 3ͭͷ෺ཧྔͱͯ͠ɺπதؒྔ࣭ࢠʢmπʣɺKதؒࢠ
࣭ྔʢmKʣɺΩόϦΦϯ࣭ྔʢmΩʣΛ࠾༻͍ͯ͠Δɻ
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ਤ 1: 2+1ϑϨʔόʔ֨ࢠ QCDࢉܭͰಘΒΕͨϋυϩϯ࣭ྔͱ࣮ݧ஋ͱͷൺֱɻനൈ͖γϯϘϧ

͸ΫΥʔΫ࣭ྔͱִ֨ؒࢠΛܾΊΔͨΊͷ෺ཧΠϯϓοτΛද͢ɻ

҆ఆཻࢠ ͷൣғͰҰக͍ͯ͠Δࠩޡ஋ͱݧ͸࣮(Ͱ่յ͠ͳ͍༺࡞ޓ૬͍ڧ)
ͷʹରͯ͠ɺෆ҆ఆཻࢠ Ͱ่յ͢Δ༺࡞ޓ૬͍ڧ) ρ΍∆ͳͲ)͸ɺࠩޡͷൣ
ғΛ௒࣮͑ͯݧ஋ͱͷ༗ҙͳζϨ͕ͯݟऔΕΔɻ͜Ε͸ɺ࠾ࡏݱ༻͍ͯ͠Δϋ

υϩϯ࣭ྔͷํࢉܭ๏͕ෆ҆ఆཻࢠʹରͯ͠͸༗ޮͰͳ͍͜ͱΛද͓ͯ͠Γɺ

͜Ε΄Ͳ໌֬ʹ࣮ূ͞Εͨྫ͸ੈքͰॳΊͯͰ͋Δɻ͜ͷଞɺϋυϩϯ࣭ྔͷ

ͷ่յఆ਺ɺΧΠϥϧઁಈ࿦ʹ͓͚Δ௿ΤࢠɺٖεΧϥʔதؒͯ͠ߦͱฒࢉܭ

ωϧΪʔఆ਺ɺ֩ࢠͷγάϚ߲ͳͲͷࢉܭ΋࣮͠ߦɺେมڵຯਂ͍݁ՌΛಘͯ

͍Δʢ࿦จ 8ʣɻ

ɹ

(2) Kத่ؒࢠյৼ෯ͷڀݚ
ૉཻࢠඪ४໛ܕʹ͸ɺੲ͔Βͷະղܾͳ໰୊Ͱɺ͔ͭཧ࿦ͷۃ͍͓ͯʹূݕΊ

ͯॏཁͳ໰୊͕͞࢒Ε͍ͯΔɻKத่ؒࢠյͰͷ ∆I = 1/2ଇͷղ໌ͱɺCP
ඇอଘύϥϝʔλ (ϵ′/ϵ) ͷཧ࿦͔Βͷ༧ଌͰ͋Δɻ͜ΕΒͷ໰୊ʹ͸ɺK த
ೋͭͷ͕ࢠؒ πதؒࢠʹ่յ͢Δ৔߹ͷ่յৼ෯ͷ͕ࢉܭඞཁͰ͋Δɻ

ੴ௩ɺߐ٢Β͸ɺ֨ࢠ QCDʹΑΓ่յৼ෯Λ֨ࢠ QCDʹΑΓ਺஋͠ࢉܭɺ
໰୊ͷڀݚΛͨͬߦɻπதؒྔ࣭ࢠ mπ = 280MeV ͷݩͰɺऴঢ়ଶͷ πதؒ
੒ͤͨ͞׬ΛࢉܭӡಈྔΛ΋͍ͨͳ͍৔߹ͷ͕ࢠ (จ9.ݙ)ɻ͜ͷࢉܭʹΑΓɺ
∆I = 1/2ଇͷஹީΛݟΔ͜ͱ͕Ͱ͖ͨɻCP ඇอଘύϥϝʔλ (ϵ′/ϵ) ʹؔ͠
ͯ͸౷͕ࠩޡܭඇৗʹେ͖͘ɺࢉܭͷվળ͕ඞཁͰ͋Δ͜ͱ͕෼͔ͬͨɻ

͜ͷڀݚΛݩʹɺࢉܭΛӡಈྔΛ΋࣮ͭݱͷ่յͷ৔߹ʹ֦ு͠ɺ৴པੑͷߴ

͍ৼ෯ΛٻΊΔڀݚΛ։ͨ࢝͠ɻࡏݱɺ่յৼ෯ͷࢉܭͷͨΊʹɺ৽ͨͳήʔ

δ഑ҐΛੜ੒͠ɺຊ֨ࢉܭݧࢼ͚ͨ޲ʹࢉܭΛ͍ͯͬߦΔɻ

(3) ༗ݶԹ౓ɾ༗ີݶ౓QCDͷڀݚʢWHOT-QCD Collaborationʣ
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ۚ୩ɺ୩ޱΒ͸ɺ৽ׁେֶߐ৲৴࢘।ڭतɺ޿ౡେֶകా࢜و।ڭतɺ۝भେ

ֶླ໦തڭतΒͱͷڞಉڀݚͰɺWilsonܕΫΥʔΫʹΑΔ༗ݶԹ౓ɾີ౓̦
̘̙ͷڀݚΛҾ͖ଓ͖ਪਐͨ͠ɻ

վྑWilsonΫΥʔΫʹΑΔNF = 2+ 1 QCDͷ෺ཧ఺ۙ๣ʹ͓͚Δঢ়ଶํఔ
ࣜͷͨΊͷ഑Ґੜ੒Λܧଓͯ͠ਪਐ͢Δͱͱ΋ʹɺঢ়ଶํఔࣜͷධՁʹඞཁͳ

ϕʔλؔ਺ΛQCDͷଟม਺ۭؒͰਫ਼౓Αܾ͘ఆ͢Δख๏ͱͯ͠ɺଟॏ఺࠶ॏ
Έ෇͚๏ʹΑΔϕʔλؔ਺ධՁͷݧࢼΛͨͬߦɻ͞ΒʹɺGradient Flow๏Λ
༻͍ͨ༗ݶԹ౓ঢ়ଶํఔࣜͷධՁΛɺಈతΫΥʔΫΛؚΉQCDͰ࣮͢ߦΔ࠷
ॳͷڀݚΛ։࢝͠ɺڀݚݧࢼͷ݁ՌΛಘͨɻ

0.14 0.142 0.144
κ

1.66

1.67

1.68

1.69

1.7

P

κ=0.1400
κ=0.1425
κ=0.1440
simulation point
multi point

 0.141

 0.1415

 0.142

 0.1425

 0.143

 0.1435

 0.144

 0.1445

 1.81  1.815  1.82  1.825  1.83  1.835

κ

β

mPS/mV=0.70
mPS/mV=0.72
mPS/mV=0.74
mPS/mV=0.76

ਤ 2: NF = 2 QCDʹ͓͚Δଟॏ఺࠶ॏΈ෇͚๏ͷڀݚ [࿦จ 11] ɻࠨਤɿվྑϓϥέοτ P =

c0W 1×1 +2c1W 1×2 ͷظ଴஋ͷ β = 1.825.ʹ͓͚Δ κ ґଘੑɻؙࠇ͸ɺ̏ͭͷγϛϡϨʔγϣϯ఺

ʹ͓͚Δ؍ଌ݁Ռɻࢵɺ྘ɺ੨͸ɺ̏఺ͦΕͧΕͷσʔλʹΑΔ୯७ͳ࠶ॏΈ෇͚๏ͷ݁ՌɻʮॏͶ

͋Θͤ໰୊ʯͷͨΊʹɺύϥϝʔλΛେ͖͘ಈ͔͢ͱ୯७ͳ࠶ॏΈ෇͚๏Ͱ͸؍ଌ݁ՌΛݱ࠶Ͱ͖ͳ

͍͜ͱ͕Θ͔Δɻ੺͸ɺ̏఺ͷσʔλΛଟॏ఺࠶ॏΈ෇͚๏ʹΑΓ݁߹ͯ݁ͨ͠͠ࢉܭՌɻ؍ଌ݁Ռ

ΛεϜʔεʹ͗ܨɺ͍޿ύϥϝʔλྖҬͰਫ਼౓ͷ͕ࢉܭ͍ߴՄೳͱͳΔɻɹӈਤɿmPS/mV ͷ݁Ռ

͔ΒٻΊͨ౳෺ཧઢ (LCP)ɻmPS/mV ͕ 1ʹ͍ۙ΄ͲΫΥʔΫ࣭ྔ͕େ͖͍৔߹ʹ૬౰͢Δɻ

ଟॏ఺࠶ॏΈ෇͚๏ʹΑΔQCDϕʔλؔ਺

༗ݶԹ౓ɾ༗ີݶ౓QCDͷঢ়ଶํఔࣜ΍෺ཧྔͷԹ౓ɾີ ౓ґଘੑΛ͢ࢉܭΔ

ͨΊʹ͸ɺཧ࿦ͷύϥϝʔλۭؒ಺ͷʮ౳෺ཧઢʢLine of Constant Pjhysics:
LCPʣʯʢಉҰͷ෺ཧܥΛ༷ʑͳִ֨ؒࢠͰදݱʣͱɺLCP্Ͱύϥϝʔλͷ֨
ґଘੑΛ͋ΒΘ͢ʮϕʔλؔ਺ʯͷ৘ใ͕ඞཁͰ͋ΔɻQCD͸ɺήʔִؒࢠ
δ݁߹ఆ਺ (β)ͱෳ਺ͷΫΥʔΫ࣭ྔ (κ)΍Խֶϙςϯγϟϧ (µ)Λجຊύϥ
ϝʔλͱ͕ͯͭ࣋͠ɺଟݩ࣍ͷύϥϝʔλۭؒͰ LCP΍ϕʔλؔ਺Λਫ਼౓Α
͘ධՁ͢Δ͜ͱ͸؆୯Ͱ͸ͳ͍ɻͦΕΛղܾ͢ΔͨΊʹʮଟॏ఺࠶ॏΈ෇͚๏

ʢmulti-point reweighting๏ʣʯΛݕ౼͠ɺີ౓θϩͷNF = 2 QCDͷ৔߹ʹ
ʢ࿦จͨͬߦΛڀݚݧࢼ 10,11ʣɻ

ॏΈ෇͚๏ʢreweighting࠶ͷύϥϝʔλґଘੑΛௐ΂Δ༗ྗͳํ๏ͱͯ͠ɺܥ
๏ʣ͕Α͘࢖ΘΕΔ͕ɺ༗ݶԹ౓ɾ༗ີݶ౓QCDͷڀݚͰཁ͞ٻΕΔΑ͏ͳɺ
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ਤ 3: ଟॏ఺࠶ॏΈ෇͚๏ʹΑΔɺNF = 2 QCDͷϕʔλؔ਺ a(dβ/da)ʢࠨਤʣͱ a(dκ/da)ʢӈ

ਤʣɻmVaΛۙ๣Ͱ݁߹ύϥϝʔλͷ̎࣍ϑΟοτͨ݁͠Ռʹͨ͠ࢉܭ͍ͯج΋ͷɻࠨਤͷഁઢ͸ɺ

NF = 0 ͱ 2 ͷ৔߹ͷઁಈ̍࣍ͷ݁Ռɻ[࿦จ 11]

ύϥϝʔλۭؒͷྖ͍޿ҬʹԠ༻͢Δ͜ͱʹ͸ࠔ೉͕൐͏ɻਤ ɺվྑϓʹࠨ2
ϥέοτ P ͷ κ ґଘੑΛࣔ͢ɻؙࠇ͸̏ͭͷγϛϡϨʔγϣϯ఺ʹ͓͚Δ؍
ଌ݁ՌͰɺࢵɺ྘ɺ੨͸ɺͦΕͧΕͷγϛϡϨʔγϣϯ఺ͷσʔλΛ࠶ͯͬ࢖

ॏΈ෇͚๏Λͨ͠ࢉܭͯͬ࢖ P ͷ κ ґଘੑͷ༧ݴΛ͋ΒΘ͢ɻύϥϝʔλΛ
େ͖͘ಈ͔͢ͱ؍ଌ݁ՌΛݱ࠶Ͱ͖ͳ͍͜ͱ͕Θ͔ΔɻࠩޡධՁ΋৴པੑ͕௿

͘ɺ͜ͷ·· LCP΍ϕʔλؔ਺ͷ͜͏࢖ʹࢉܭͱ͸೉͍͠ɻ͜Ε͸ɺ࠶ॏΈ
෇͚๏ʹඞཁͳώετάϥϜΛɺ֤γϛϡϨʔγϣϯ఺Ͱͷظ଴஋ۙ๣Ͱ͔͠

৴པͰ͖ΔධՁ͕Ͱ͖ͣɺظ଴஋͕େ͖͘ಈ͘ࣄʹରԠ͢ΔΑ͏ͳύϥϝʔλ

ͷେ͖ͳมԽʹରԠͰ͖ͳ͍ࣄʹΑΔʢʮॏͶ͋Θͤ໰୊ʯʣɻ

ଟॏ఺࠶ॏΈ෇͚๏Ͱ͸ɺॏͶ͋Θͤ໰୊Λղܾ͢ΔͨΊʹɺෳ਺ͷγϛϡ

ϨʔγϣϯσʔλΛ౷߹ͯ͠࠶ॏΈ෇͚͢Δɻਤ ਤʹɺ̏ͭͷγϛϡϨʔࠨ2
γϣϯΛ߹Θͤͯଟॏ఺࠶ॏΈ෇͚๏ʹΑΓ݁ͨ͠ࢉܭՌΛ੺ઢͰࣔ͢ɻ؍ଌ

݁ՌʢؙࠇʣΛεϜʔεʹ͗ܨɺγϛϡϨʔγϣϯ఺ͷؒͷྖҬ΋ؚΊɺ͍޿

ύϥϝʔλྖҬͰ৴པੑͱਫ਼౓ͷ͍݁ߴՌ͕ಘΒΕͨɻ͜ΕʹΑΓɺLCPͱ
ϕʔλؔ਺ͷࢉܭʹඞཁͳɺύϥϝʔλۭؒͷྖ͍޿ҬͰͷਫ਼౓ͷ͍ߴଌఆ͕

ՄೳͱͳΔɻͦΕʹͨ͠ࢉܭ͍ͯͮجNF = 2 QCDͷ LCPͱϕʔλؔ਺Λɺ
ਤ 2ӈਤͱਤ 3ʹࣔ͢ɻ

NF = 2 + 1 ෺ཧ఺QCDͱ༗ີݶ౓QCD

͜ͷख๏ΛԠ༻ͯ͠NF = 2 + 1 ෺ཧ఺QCD΍༗ີݶ౓QCDΛ͢ڀݚΔͨ
Ίͷ४උ΋ਐΊ͍ͯΔʢ࿦จ 12ʣɻ

զʑ͕։ൃͨ͠Δݻఆִ֨ؒࢠΞϓϩʔνʹ͖ͮجɺPACS-CSͷθϩԹ౓γ
ϛϡϨʔγϣϯͱಉ͡γϛϡϨʔγϣϯɾύϥϝʔλΛͯͬ࢖ɺT = 140–500
MeV ʹ૬౰͢Δ༗ݶԹ౓഑ҐΛܥ౷తʹ஝ੵ͍ͯ͠Δɻ͜Ε·Ͱʹੜ੒ͨ͠
༗ݶԹ౓഑ҐͱɺPACS-CS͕ެ։͍ͯ͠ΔθϩԹ౓഑Ґ΍ reweighting factor
Λ༻͍ͯɺPlaquette ଴஋ɺPolyakovظ loop ܭ଴஋ɺ͞Βʹঢ়ଶํఔࣜͷظ
ͷ༺࡞ͰඞཁͱͳΔQCDࢉ coupling parameterඍ෼ͷࢉܭݧࢼΛ͓͜ͳ͍ɺ
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଴͢ΔৼΔ෣͍Λ֬ೝͨ͠ʢਤظ ॏΈ෇࠶ਤʣɻ͜ΕΛൃలͤ͞ɺଟॏ఺ࠨ4
͚๏΍ Gradient Flow๏Λ༻͍ͨ෺ཧ఺Ͱͷϕʔλؔ਺ͷධՁ͕࣍ͷ՝୊Ͱ
͋Δɻ
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ਤ 4: Թ౓ݶਤɿ෺ཧ఺ʹ͓͚Δ༗ࠨ QCDͷ഑ҐͰͨ͠ࢉܭ Polyakov loop ଴஋ͷԹ౓ґଘੑɻظ

ҎલͷࢉܭʹΑΔൺֱతॏ͍ΫΥʔΫ࣭ྔͰͷ݁Ռ΋ࣔ͢ɻΫΥʔΫ࣭ྔ͕ܰ͘ͳΔͱ૬సҠԹ౓͕

Լ͕Δ͕ࣄ෼͔Δɻ[࿦จ 11] ɹӈਤɿGradient Flow๏ʹΑΔNF = 2 + 1 QCDঢ়ଶํఔࣜʢதؒ

݁Ռʣɻॎ࣠͸ ϵ/T 4ɺԣ࣠͸ T [MeV]ɻ੺ؙ͕ Gradient Flow๏ͷ݁ՌͰɺ֯ࡾࠇ͸ T -ੵ෼๏ʹΑ

ΔҎલͷ݁Ռɻ

Gradient Flow๏ʹΑΔNF = 2 + 1 QCDঢ়ଶํఔࣜ

ۙ೥QCD೤ྗֶྔͷ৽͍͠ํࢉܭ๏ͱͯ͠ gradient flow Λ༻͍ͨํ๏͕஫
໨Λཋͼ͍ͯΔɻ͜ͷํ๏Ͱ͸܁Γࠐ·ΕͨΤωϧΪʔӡಈྔςϯιϧΛ֨ࢠ

্Ͱ௚઀͢ࢉܭΔ͜ͱ͕ՄೳʹͳΓɺΤωϧΪʔີ౓ͳͲͷঢ়ଶํఔࣜΛࢉܭ

͢Δ͜ͱ͕Ͱ͖Δɻ͞Βʹ gradient flow ʹΑΔΫʔϦϯάͷޮՌʹΑͬͯɺ
೤ྗֶྔʹ͓͚Δࠩޡͷେ෦෼Λ઎ΊΔήʔδ഑Ґͷ༳Β͕͗ԡ͑͞ΒΕɺै

དྷͷੵ෼๏Λϕʔεͱͨ͠ࢉܭख๏ʹൺ΂ͯɺߴਫ਼౓ͷ͕ࢉܭՄೳʹͳΔ͜ͱ

଴͞Ε͍ͯΔɻظ͕

͜Ε·ͰʹΫΤϯνۙࣅͰ͸ gradient flow Λ༻͍ͨߦ͕ࢉܭΘΕ͓ͯΓɺͦ
ͷ༗ޮੑ͕ࣔ͞Ε͍ͯΔɻಈతΫΥʔΫΛؚΉ࡞༻Ͱͷ gradient flow ͷఆࣜ
Խ͸ɺM. LüscherʹΑΓߦΘΕ͓ͯΓɺfull QCDͰͷΤωϧΪʔӡಈྔςϯι
ϧͷධՁํ๏΋ H. Makino ͱ H. Suzuki ͷ࿦จͰ։ൃ͞Ε͍ͯΔɻ͞Βʹɺɺ
ΧΠϥϧΦʔμʔύϥϝʔλ΍Ґ૬਺ͷධՁ΋ gradient flow ʹΑΓ༰қʹͳ
Δͱظ଴͞Ε͓ͯΓɺ૬ߏ଄ͳͲͷڀݚʹ΋େ͖ͳਐల͕ظ଴͞ΕΔɻզʑ͸ɺ

͜ΕΒΛͯͬ࢖ಈతΫΥʔΫΛؚΉ (2+1)-flavor QCD ʹ͓͚Δ gradient flow
Λ༻͍ͨ QCD೤ྗֶྔͷࢉܭΛ໨తͱͯ͠ɺڀݚΛਐΊ͍ͯΔɻͦͷͨΊͷ
ίʔυΛɺࢉܭ Bridge++Λϕʔεʹ։ൃͨ͠ɻ

ॳͷεςοϓͱͯ͠ɺmPS/mV࠷ = 0.65ͷ΍΍ॏ͍ΫΥʔΫ࣭ྔྖҬͰNF =
2 + 1 QCDͷঢ়ଶํఔࣜͷڀݚΛ։ͨ࢝͠ɻݻఆִ֨ؒࢠ๏Λ࠾༻͠ɺCP-
PACS CollaborationͰੜ੒ͨ͠θϩԹ౓഑Ґͱಉ͡γϛϡϨʔγϣϯɾύϥ
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ϝʔλΛ༻͍ɺT = 170–700MeVʹ૬౰͢Δ༗ݶԹ౓഑ҐΛੜ੒͍ͯ͠Δɻਤ
4ӈਤʹɺgradient flow Λ༻͍ͨঢ়ଶํఔࣜࢉܭͷதؒ݁ՌΛࣔ͢ɻMakinoi-
SuzukiʹΑΔঢ়ଶํఔࣜʢΤωϧΪʔɾӡಈྔςϯιϧʣͷධՁํ๏Ͱ͸ɺflow
time tʹ͍ͭͯθϩͷݶۃΛ֎ૠ͢Δඞཁ͕͋Δ͕ɺNt ≈ 4ͷߴԹ֨ࢠҎ֎
Ͱ͸ɺ҆ఆͨ݁͠ՌΛಘΔ͜ͱ͕ग़དྷͨɻਤ 4ӈਤͰɺ੺ؙ͕Gradient Flow
๏ʹΑΔΤωϧΪʔີ౓ͷ݁ՌͰɺ֯ࡾࠇ͸ɺT -ੵ෼๏ʹΑΓզʑ͕Ҏલܭ
ՌͰ͋ΔɻGradient݁ͨ͠ࢉ Flow๏ʹΑΔӈ୺ͷσʔλʢNt = 4ʣͱͦͷ࣍
ͷσʔλʢNt = 6ʣͰ͸ɺt → 0ͷ֎ૠʹෆఆੑ͕༗Δ͕ɺͦͷܥ౷ࠩޡ͸Τ
ϥʔόʔʹؚ·Ε͍ͯͳ͍ɻ࿈ଓݶۃҎ֎ͰGradient Flow๏ͱ T -ੵ෼๏͕
Ұக͢Δඞવੑ͸ͳ͍͕ɺ༗ݶͷ্֨ࢠͰ྆ऀ͕΄΅Ұக͍ͯ͠Δ͜ͱ͸ɺํ

๏ͷ༗༻ੑΛ͍ࣔࠦͯ͠Δɻ

Gradient Flow๏ʹΑΔؒ࣌ࢉܭ͸ɺT -ੵ෼๏ΑΓେ͖͘͞ݮ࡟Ε͍ͯΔɻ࣍
ͷ໨ඪ͸ɺҟͳΔִ֨ؒࢠͰͷಉ༷ͷࢉܭΛ͍ߦɺ࿈ଓݶۃΛௐ΂Δ͜ͱͰ͋

Δɻ࠷ऴతʹ͸ɺ෺ཧ఺Ͱͷ༗ݶԹ౓഑ҐΛ༻͍ͨΤωϧΪʔӡಈྔςϯιϧ

ͷଌఆΛ໨͍ͯ͠ࢦΔɻ

(4) ڀݚQCDʹΑΔอଘిՙͷ༳Β͗ͱ૬ؔͷࢠ֨

s1/2
NN

 [GeV]

(MQ/σQ
2 )/(MP/σP

2 )

(MP/σP
2)2

QCD:      (Tf,0, κf
2=0)

(Tf,0,κf
2=0.02)

STAR: pt
max=2.0 GeV

pt
max=0.8 GeV

PHENIX/STAR2.0

 0.05

 0.1
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 0.2

 0.25

 0  0.2  0.4  0.6  0.8  1

200 62.4 39 27 19.6 11.5         7.7

ਤ 5: ૯ిՙ༳Β͗ͷฏۉͱ෼ࢄͷൺͱ૯ཅࢠ਺༳Β͗ͷฏۉͱ෼ࢄͷൺͷൺͷ࣮ݧ஋ʢγϯϘϧʣ

ͱ֨ࢠ QCDࢉܭʢόϯυٴͼઢʣͱͷൺֱɻ

ด͡ࠐΊɾඇด͡ࠐΊ૬సҠͷલޙͰ͸ɺܥͷࣗ༝౓͕ϋυϩϯ͔ΒΫΥʔΫ

ʹมԽ͢Δɻอଘిՙͷ༳Β͗΍ͦΕΒͷؒͷ૬ؔ͸ɺ͜ͷࣗ༝౓ͷมԽʹහ

ௐ΂Δͷʹ༗༻Ͱ͋ΔɻʹࡉͰ͋Γɺ૬సҠͷੑ࣭Λৄײ

େ໺͸ɺFrithjof KarschࢯΛத৺ͱ͢Δ BNL-Bielefeld-CCNU Collaboration
Ճ͠ɺ2+1ϑϨʔόʔͷHighlyࢀʹ Improved Staggered Quark࡞༻Λ༻͍ͨ
ͼͦΕΒͷؒٴQCDγϛϡϨʔγϣϯʹΑΓɺ༷ʑͳอଘిՙͷ༳Β͗ࢠ֨
ͷ૬ؔʹؔ͢ΔڞಉڀݚΛͨͬߦɻ͜͜ͰɺγϛϡϨʔγϣϯ͸ෳ਺ͷ֨ࢠ

ԹྖҬʹ͓͍ͯɺߴΛͱͬͨɻ·ͣɺ300–700MeVͷݶۃɺ࿈ଓ͍ߦͯʹִؒ
u,d,sΫΥʔΫʹର͢Δର֯ٴͼඇର֯ΫΥʔΫ਺ײड཰Λ ·ͷΦʔμʔ࣍4
Ͱͨ͠ࢉܭɻͦͯ͠ɺಘΒΕͨ݁ՌΛ͍͔ͭ͘ͷઁಈࢉܭͱൺֱ͠ɺ͍ޓʹΑ
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͘Ұக͢Δ͜ͱΛࣔͨ͠ʢ࿦จ 14ʣɻ·ͨɺԹ౓ͱԽֶϙςϯγϟϧʹؔ͢Δ
ςΠϥʔల։Λ༻͍ͯɺ૯όϦΦϯ਺ٴͼ૯ిՙͷ༳Β͗ͷฏۉͱ෼ࢄΛࢉܭ

ͨ͠ɻͦͯ͠ɺͦͷ݁ՌΛ STARٴͼPHENIX࣮ݧͷ݁Ռͱൺֱ͠ɺόϦΦ
ϯԽֶϙςϯγϟϧ͕ 0ͷݶۃͰͷ freeze-outԹ౓Λܾఆ͢Δͱͱ΋ʹɺॳΊ
ͯɺfreeze-out lineͷۂ཰ʹ੍ݶΛ༩͑ͨʢ࿦จ 16ʣɻ

(5) ༗ݶԹ౓֨ࢠQCDʹΑΔΫΥʔίχ΢ϜফࣦͱॏΫΥʔΫ༌ૹͷڀݚ
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ਤ 6: ༷ʑͳϞσϧʹͮ͘جεϖΫτϧؔ਺ͷϑΟοτ͔ΒಘΒΕͨॏΫΥʔΫӡಈྔ֦܎ࢄ਺ͷ݁

Ռɻփ৭ͷόϯυ͸࠷ऴ݁ՌΛࣔ͢ɻ

ΫΥʔίχ΢Ϝ͸νϟʔϜ΍ϘτϜͱ͍ͬͨॏΫΥʔΫͱͦͷ൓ΫΥʔΫͷଋ

റঢ়ଶͰ͋ΔɻRHIC΍ LHCͰͷ૬ର࿦తॏΠΦϯিಥ࣮ݧʹ͓͚ΔΫΥʔ
ίχ΢Ϝੜ੒ྔͷ཈੍͸ɺΫΥʔΫɾάϧΦϯɾϓϥζϚ (QGP)ੜ੒Λࣔ͢
ॏཁͳγάφϧͷҰͭͰ͋ΓɺΫΥʔίχ΢ϜͷߴԹഔ࣭தͰͷৼΔ෣͍Λ

ཧ࿦తʹཧղ͢Δ͜ͱ͸ɺ࣮݁ݧՌΛઆ໌͢Δ্ͰඇৗʹॏཁͰ͋Δɻ·ͨɺ

QGPͷྲྀମྗֶతͳੑ࣭΋஫໨͞Ε͓ͯΓɺྲྀମϞσϧʹ݁ݧ࣮ͮ͘جՌͷ
આ໌ʹ͸ɺQGPதͰͷॏΫΥʔΫ༌ૹݱ৅ͷཧ࿦తཧղ͕ඞཁෆՄܽͰ͋Δɻ

େ໺͸ɺYorkେͷAnthony FrancisࢯɺBielefeldେͷOlaf KaczmarekࢯɺBern
େͷMikko Laineٴࢯͼ JülichࢉܭηϯλʔͷThomas NeuhausࢯΒͱڞʹɺ
େ࠷ 1923×48ͱ͍͏ඇৗʹେ͖ͳ֨ࢠΛ༻͍ͯ pure SU(3) ͷ֨ࢠ QCDγ
ϛϡϨʔγϣϯΛ͍ߦɺ࿈ଓݶۃʹ͓͚Δ৭ిՙ૬ؔؔ਺Λͨ͠ࢉܭɻͦ͠

ͯɺ͜ͷ૬ؔؔ਺ʹର༷ͯ͠ʑͳϞσϧʹͮ͘جϑΟοτΛ͍ߦɺεϖΫτϧ

ؔ਺Λ͠ࢉܭɺͦͷθϩप೾਺ۙ๣ͷৼΔ෣͍͔ΒॏΫΥʔΫӡಈྔ֦܎ࢄ

਺ (κ)Λੵݟ΋ͬͨɻͦͷ݁Ռɺ૬సҠԹ౓ͷ໿ 1.5ഒͷԹ౓ (T )ʹ͓͍ͯɺ
κ/T 3 = 1.8 − −3.4ͱ͍͏஋Λಘͨʢ࿦จ 15ʣɻ·ͨɺHeng-Tong Dingࢯɺ
Olaf KaczmarekࢯɺSwagato MukherjeeٴࢯͼHai-Tao ShuࢯΒͱͷڞಉݚ
Δํ๏ͱͯ͠ɺ֬཰࿦తͳख͢ࢉܭΑΓɺ૬ؔؔ਺͔ΒεϖΫτϧؔ਺Λʹڀ

๏Λಋೖ͠ɺΫΥʔίχ΢ϜͷεϖΫτϧؔ਺ͷ༷͚ͨ޲ʹࢉܭʑͳ༧උతܭ
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ʢ࿦จͨͬߦΛࢉ 17ʣɻޙࠓ͸ɺΑΓৄࡉͳܥ౷ࠩޡͷূݕ΍طଘͷํ๏ͱͷ
ൺֱ౳ͱڞʹɺ༷ʑͳԹ౓ʹ͓͚ΔΫΥʔίχ΢ϜͷεϖΫτϧؔ਺Λࢉܭ

͠ɺΫΥʔίχ΢ϜͷফࣦԹ౓΍ॏΫΥʔΫ֦܎ࢄ਺ͷਪఆΛ͏ߦɻ

(6) 3ϑϨʔόʔɾ2+1ϑϨʔόʔ༗ݶԹ౓QCDʹ͓͚Δ૬ߏ଄ʢ᤽૿ʣ

8

FIG. 4. Results for the critical endpoints in the plane of 1/l and 1/s (black open circles). Also shown (red squares) are the
points where zero temperature simulations are carried out to calculate hadron masses. SU(3)-symmetric line is drawn in pink,
while for green and blue lines the sum of three quark masses is constant.

FIG. 5. CEL in the plane of (
p
t0m⇡)

2 and (
p
t0m⌘s)

2 and the slope along CEL calculated by the fit in eq. (7). Pink line
denotes the line of SU(3) symmetry ( Nf = 3). Three types of polynomial fitting results are overlapping in upper plot.

[11] X. -Y. Jin, Y. Kuramashi, Y. Nakamura, S. Takeda and A. Ukawa, Phys. Rev. D 91, 014508 (2015) [arXiv:1411.7461
[hep-lat]].

[12] K. Rajagopal, appearing in Quark-Gluon Plasma 2, edited by R. Hwa, World Scientific, 1995, [arXiv:hep-ph/9504310].
[13] X. -Y. Jin, Y. Kuramashi, Y. Nakamura, S. Takeda and A. Ukawa, Phys. Rev. D 92, 114511 (2015) [arXiv:1504.00113

ਤ 7: m2
π-m

2
η ฏ໘ʹ͓͚Δྟքऴઢɻ௚ઢ͸ SU(3)ରশ఺ʢmπ = mηʣΛද͢ɻ

Թ౓ T ͱΫΥʔΫԽֶϙςϯγϟϧ µΛؔ਺ͱ͢Δ QCDͷ૬ਤΛ֬ఆͤ͞
Δ͜ͱ͸ɺ֨ࢠQCDγϛϡϨʔγϣϯʹ͓͚Δ࠷େͷ໨ඪͷҰͭͰ͋Δɻ᤽
૿͸ɺཧࢉܭݚՊֶߏػڀݚʢAICSʣͷӉ઒෭ߏػ௕ɺதଜڀݚһɺۚ୔େ
ֶ෢ాॿ͓ڭΑͼถࠃΞϧΰϯψڀݚཱࠃॴͷ JinڀݚһΒͱͷڞಉڀݚͷ΋
ͱɺO(a)վྑΛͨ͠ࢪWilson-CloverΫΥʔΫ࡞༻ͱ Iwasakiήʔδ࡞༻Λ༻
͍ͯɺTɺµɺΫΥʔΫ࣭ྔmqͷύϥϝʔλۭؒʹ͓͚Δ 3ϑϨʔόʔQCD
ͷྟքऴઢͷܾఆʹऔΓ૊ΜͰ͖ͨɻઌͣɺ࠷ॳͷεςοϓͱͯ͠ µ = 0ʢີ
౓θϩʣʹ͓͚Δ 3ϑϨʔόʔQCDʹ͓͚Δྟքऴ఺Λܾఆͨ͠ʢ࿦จൃද
ʣɻΘΕΘΕ͕༻͍ͨํ๏͸ɺઑ౓ࡁ (kurtosis)ަࠥ๏ͱݺ͹ΕΔ༗ݶαΠζ
εέʔϦϯάղੳख๏ͷҰछͰ͋ΓɺҰ࣍૬సҠྖҬʹ͓͚Δ෺ཧྔ෼෍ͷઑ

౓ͱΫϩεΦʔόʔଆͷରԠ෺͕ɺҟͳΔۭؒମੵґଘੑΛ࣭ੑͭ࣋Λར༻͠

͍ͯΔɻຊڀݚ͸ɺੈքͰॳΊͯ 3ϑϨʔόʔQCDʹ͓͚Δྟքऴ఺ͷܾఆ
ʹ੒ޭͨ͠΋ͷͰ͋ΓɺQCDͷ૬ߏ଄Λཧղ͢Δ্Ͱͷඇৗʹॏཁͳૅੴͱ
ͳ͍ͬͯΔɻ

ͷεςοϓ͸࣍ 3ϑϨʔόʔQCD͔Β 2+1ϑϨʔόʔQCD΁ͷ֦ுͰ͋Δ
͕ɺΘΕΘΕ͸ઌͣ 3ϑϨʔόʔQCDͷ݁ࢉܭՌΛ༻͍ͨ reweighting๏ʹ
Αͬͯɺ3ϑϨʔόʔ QCDͷྟքऴ఺ۙ๣ͷྟքऴઢͷৼΔ෣͍Λௐ΂ͨɻ
ͨͩ͠ɺࠓճ͸ʮ޲ํؒ࣌ʯͷ֨ࢠαΠζΛNT = ఆ͍ͯ͠Δɻਤݻʹ6 7͸ɺ
m2

π-m
2
ηฏ໘ʹ͓͚Δ SU(3)ରশ఺ۙ๣ͷྟքऴઢͷৼΔ෣͍Λϓϩοτͨ͠
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ਤ 8: ΫΥʔΫԽֶϙςϯγϟϧ µ/T ͷؔ਺ͱͯ͠ͷΫΥʔΫ਺ີ౓ͷ̎࣍ΩϡϜϥϯτ

⟨N̂2⟩c/(V T 3). άϥϑ͸্͔ΒߴԹଆɿβ = 2.1 (orange), 1.9 (red), 1.7 (magenta), 1.5 (green),

1.3 (dark green), 1.1 (blue), 0.9 (black)ɿ௿Թଆɻ

΋ͷͰ͋Δɻࢵ৭ͷ௚ઢ͸ SU(3)ରশͳ఺Λද͓ͯ͠ΓɺͦΕΛԣ੾Δྟքऴ
ઢͷ͖܏͸ཧ࿦తʹ−2ʹͳΔ͸ͣͰ͋Δ͕ɺΘΕΘΕͷ݁Ռ΋ྑ͍ਫ਼౓Ͱͦ
ΕΛ͍ͯ͠ݱ࠶Δɻ

(7) ༗ີݶ౓QCDͷڀݚ

ླ໦ͱ୩ޱ͸ࡕେͷதଜ७ࢯɺཱڭେͷԬকଠ࿠ࢯΒͱڞಉͰ͢ΔΧϊχΧϧ

๏Λ༻͍ͨ༗ີݶ౓QCDͷڀݚΛͨͬߦɻ

༗ີݶ౓֨ࢠQCDʹ͸ෳૉ࡞༻ͷ໰୊ɺٴͼͦͷ೿ੜͱͯ͠ͷූ߹໰୊ͱݺ
͹ΕΔະղܾͷ໰୊͕͋Δɻ͜ͷෳૉ࡞༻ͷ໰୊Λ௚઀ճආ͢Δํࡦͱͯ͠ɺ

ΧϊχΧϧ෼഑ؔ਺ΛϑΨγςΟʔల։ͷ܎਺ͱͯ͠௚઀͢ࢉܭΔΧϊχΧϧ

๏ͱݺ͹ΕΔख๏Λڀݚͨ͠༺࠾Λͨͬߦɻಛʹॏ͍ΫΥʔΫʹରͯ͠༗ޮͳ

hopping parameterల։Λ࠾༻͢Δ͜ͱͰɺ͍޿Թ౓ྖҬͰΧϊχΧϧ෼഑ؔ
਺ͷࢉܭΛͨͬߦɻ

෺ཧྔͱͯ͠͸ɺΫΥʔΫ਺ີ౓ͱͦͷ࣍ߴͷΩϡϜϥϯτͷࢉܭΛओʹͬߦ

ͨɻಛʹΫΥʔΫ਺ͷ༳Β͗ʹ૬౰͢Δ̎࣍ͷΩϡϜϥϯτʹ͸ T < Tcͷ௿

Թଆʹ͓͍ͯ૬సҠʹಛ༗ͳϐʔΫߏ଄͕ݱΕ͍ͯΔ͜ͱ͕ͯݟऔΕΔ (ਤ 8)ɻ
ͷΩϡϜϥϯτͷൺ࣍ͱ̍࣍̎ʹߋ ⟨N̂2⟩c/⟨N̂⟩ʹ͍ͭͯࢉܭΛͨͬߦ (ਤ 9)ɻ
͜Ε͸ϋυϩϯϨκφϯεΨε໛ٴܕͼΫΥʔΫΨε໛ܕͱͷൺֱ͕໌֬ͳ

ྔͰ͋Δ͕ɺ஫໨͢΂͖ϙΠϯτ͸ɺಛʹ T < Tcͷ௿ԹଆͰͷৼΔ෣͍Ͱ͋

Δɻ௿ີ౓ଆͰ͸ϋυϩϯ໛ܕͷ༧ݴͱΑ͘Ұக͍ͯ͠ΔҰํͰɺີ౓Λ্͛

͍ͯͮۙʹݴͷ༧ܕΒ͸ͣΕͯɺΫΥʔΫ໛͔ܕɺϋυϩϯ໛ͯͬैʹ͘ߦͯ

ͱΑ͘Ұக͠ݴͷ༧ܕԹଆͰ͸Ұ؏ͯ͠ΫΥʔΫ໛ߴऔΕΔɻͯݟ͕ࢠ༷͍͘

͍ͯΔ͜ͱͱൺֱ͢Δͱ͜Ε͸ஶ͍͠ҧ͍Ͱ͋Δɻ͜Ε͸ɺ௿ԹଆͰີ౓Λ্

ڥΊ૬సҠͷࠐΊʖඇด͡ࠐɺQCD૬ਤͷΫΥʔΫͷดͯͬ͡ैʹ͘ߦͯ͛
քΛ·͍ͨͰݱ͘ߦ৅ͱ͑ߟΒΕΔɻ࣍̎ʹޙ࠷ͷΩϡϜϥϯτʹݱΕͨϐʔ

ΫͷҐஔ͔ΒQCDͷ૬ਤΛྨਪͨ͠΋ͷ͕ਤ 10Ͱ͋Δɻ
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ਤ 9: όϦΦϯԽֶϙςϯγϟϧ µB/T ͷؔ਺ͱͯ͠ͷΫΥʔΫ਺ͷ̎࣍ΩϡϜϥϯτͱΫΥʔΫ

਺ͷൺ ⟨N̂2⟩c/⟨N̂⟩. ϋυϩϯϨκφϯεΨε໛ܕʢ੨ઢʣٴͼΫΥʔΫΨε໛ܕʢ੺ઢʣͱͷൺֱΛ

Δɻ͍ͯͬߦ

ਤ 10: ΫΥʔΫ਺༳Β͗ʹݱΕΔϐʔΫͷҐஔ͔Βྨਪͨ͠ QCD૬ਤɻ
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(8) ςϯιϧωοτϫʔΫࢠ֨ͮ͘جʹࣜܗήʔδཧ࿦ͷڀݚ

ΞϧΰϦζϜͷ։ൃɾվن΍৽্޲ೳྗͷػࢉܭͰ͸ɺۙ೥ͷࢉܭQCDࢠ֨
ྑͷ݁Ռɺࣗવքͷͷ uɺdɺsΫΥʔΫ࣭ྔ্ͰͷγϛϡϨʔγϣϯ΍ɺߋʹ
͸ܰ֩ࢠݪͷଋറΤωϧΪʔࢉܭ·Ͱ΋͕ՄೳͱͳΓͭͭ͋ΔɻͦͷҰํͰɺ

ղܾ͢΂͖௕೥ͷ՝୊͕ͦͷ··͞࢒Ε͍ͯΔ͜ͱ΋࣮ࣄͰ͋Δɻ࠷΋ॏཁ

ͳ՝୊͸ɺϑΣϧϛΦϯܥΛѻ͏ࡍͷෛූ߸໰୊͓Αͼෳૉ࡞༻Λܥͭ࣋ͷγ

ϛϡϨʔγϣϯͰ͋Δɻ͜ΕΒ͸ɺ͍ܰΫΥʔΫͷμΠφϛΫεɺStrong CP
໰୊ɺ༗ີݶ౓QCDͷڀݚʹ͓͍ͯආ͚ͯ௨Εͳ͍໰୊Ͱ͋ΔɻΘΕΘΕ͸ɺ
ۙ೥෺ੑ෺ཧ෼໺ͰఏҊ͞ΕͨςϯιϧωοτϫʔΫͮ͘جʹࣜܗ෼഑ؔ਺ͷ

਺஋ࢉܭख๏Λ֨ࢠήʔδཧ࿦΁Ԡ༻͠ɺϞϯςΧϧϩ๏ʹىҼ͢Δෛූ߸໰

୊͓Αͼෳૉ࡞༻໰୊Λղܾ͠ɺ͜Ε·Ͱͷ֨ࢠQCD͕ࢉܭ੒͠ಘͳ͔ͬͨ
৽ͨͳ෺ཧڀݚͷ։୓Λ໨͍ͯ͠ࢦΔɻ
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ਤ 11: αΠζʹ͓͚Δࢠ10244֨ ͓ʹਤɿDcut=10ࠨΠδϯάϞσϧͷ૬సҠԹ౓ͷܾఆɻݩ࣍4

͚Δςϯιϧͷݻ༗஋ͷॖॏ౓ʹΑΔߴԹ૬ʢॖॏ౓ 1ʣͱ௿Թ૬ʢॖॏ౓ 2ʣͷಉఆɻӈਤɿసҠ

Թ౓ͷ Dcut ґଘੑɻ੨͍ԣઢ͸ϞϯςΧϧϩ๏ʹΑΔ݁ࢉܭՌΛද͢ɻ

͜Ε·Ͱɺ᤽૿ͱཧࢉܭݚՊֶߏػڀݚʢAICSʣͷਗ਼ਫಛผڀݚһ͸ɺςϯ
ιϧ܁ΓࠐΈ܈ΛάϥεϚϯ਺΋ѻ͑ΔΑ͏ʹ֦ு͠ʢάϥεϚϯςϯιϧ

ʣɺੈքͰॳΊͯϑΣϧϛΦϯೖΓͷήʔδཧ࿦΁ͷԠ༻ʹ੒ޭ͠܈ΈࠐΓ܁

ͨɻ۩ମతʹ͸ɺάϥεϚϯςϯιϧ܁ΓࠐΈ܈Λ༻͍ͯɺθ߲͕༗Δ৔߹ͱ
ແ͍৔߹ͷ 1ϑϨʔόʔͷ ࢠ֨ݩ࣍2 SchwingerϞσϧʢ2ࢠ֨ݩ࣍QEDʣʹ
͓͚Δ૬ߏ଄Λௐ΂ͨʢ࿦จൃදࡁʣɻ͜ͷڀݚʹΑΓɺάϥεϚϯςϯιϧ

໰୊Λղ༺࡞Δෛූ߸໰୊΍ෳૉ๊͕͑ࢉܭQCDࢠͷ֨ࡏݱɺ͕܈ΈࠐΓ܁
ܾ͍ͯ͠Δ͜ͱΛࣔ͢͜ͱʹ੒ޭͨ͠ɻޙࠓ͸ɺ࠷ऴ໨ඪͰ͋Δ QCDݩ࣍4
΁ͷԠ༻ʹ͚޲ɺ(i)ඇՄ׵ήʔδཧ࿦΁ͷ֦ுɺ(ii)ݩ࣍ߴϞσϧ΁ͷԠ༻ɺ
(iii)෺ཧྔࢉܭͷͨΊͷख๏։ൃɺͱ͍͏ 3ͭͷ՝୊ʹऔΓ૊Ήඞཁ͕͋Δɻ
2015೥౓ʹ͓͍ͯಛʹਐల͕͋ͬͨڀݚ͸ɺςϯιϧ܁ΓࠐΈ܈Λ༻͍ͨ ࣍4
ΠδϯάϞσϧͷղੳͰ͋Δɻਤݩ 11͸ɺ10244֨ࢠαΠζʹ͓͚Δ Πݩ࣍4
δϯάϞσϧͷ૬సҠԹ౓ࢉܭΛද͍ͯ͠Δɻઌͣɺ֤Dcutʢςϯιϧ܁Γࠐ

Έࢉܭ͍͓ͯʹ܈ਫ਼౓Λίϯτϩʔϧ͢Δύϥϝʔλʣʹ͓͍ͯɺςϯιϧݻ

༗஋ͷॖॏ౓Λௐ΂Δ͜ͱʹΑͬͯ૬సҠԹ౓Λܾఆ͢ΔɻࠨਤͰ͸Dcut=10
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ͷྫΛϓϩοτ͍ͯ͠Δɻͦͷޙɺ૬సҠԹ౓ͷDcutґଘੑʹ͓͍ͯऩଋͷ

ऴతͳ૬సҠԹ౓Λܾఆ͢Δʢӈਤʣɻ੨͍ԣ࠷Λௐ΂Δ͜ͱʹΑͬͯɺࢠ༷

ઢ͸ϞϯςΧϧϩ๏ͷ݁ՌΛද͍ͯ͠Δ͕ɺςϯιϧ܁ΓࠐΈ܈ͷ݁Ռ΋͍ۙ

஋ʹऩଋ͍ͯ͠Δ͜ͱ͕Θ͔Δɻͨͩ͠ɺैདྷͷϞϯςΧϧϩࢉܭʹ͓͚Δ࠷

େ֨ࢠαΠζ͸ 804Ͱ͋ΓɺࠓճͷΘΕΘΕͷࢉܭʹ͓͚Δ αΠζࢠ10244֨
ʹൺ΂ͯඇৗʹখ͍͞ɻςϯιϧ܁ΓࠐΈ܈ʹ͓͚Δࢉܭίετͷମੵґଘੑ

͸ର਺తͰ͋Γɺ͜ͷ఺΋ϞϯςΧϧϩ๏ʹ͘Β΂ͯѹ౗తͳ༏ҐੑΛͭ࣋ಛ

௃ͷҰͭͰ͋Δɻ

(9) ੒ߏͷ௚઀֩ࢠݪQCDʹΑΔΫΥʔΫΛࣗ༝౓ͱͨ͠ࢠ֨

᤽૿ɺ࡚ࢁ͸ཧࢉܭݚՊֶߏػڀݚ (AICS)ͷӉ઒෭ߏػ௕ͱͷڞಉڀݚʹΑ
Γɺ2010 ೥ੈքͰॳΊͯ֨ࢠ QCD ʹΑΔϔϦ΢Ϝ֩ࢠݪͷߏ੒ʹ੒ޭ͠ɺ
ͦͷͷͪ 2 ܭ੒ʹ΋੒ޭͨ͠ɻ͜ΕΒͷߏͷࢠͷଋറঢ়ଶͰ͋Δॏཅܥࢠ֩
͍ͨ༺ॏ͍ΫΥʔΫ࣭ྔΛ͔ͭࣅίετΛ཈͑ΔͨΊʹΫΣϯνۙࢉܭ͸ɺࢉ

ՌΛऔΓೖΕͨޮۃɺਅۭภޙతͳ΋ͷͰ͋ͬͨɻͦͷݧࢼ 2+1 ϑϨʔόʔ
QCD γϛϡϨʔγϣϯΛ͍ߦɺۙࣅΛഉͨ͠ΑΓੈ࣮ݱքʹ͍ۙঢ়گͰͷϔ
Ϧ΢Ϝ͓֩ࢠݪΑͼ 2 ੒ޭͨ͠ɻͨͩ͠ɺ͜ʹࢉܭͷଋറΤωϧΪʔܥࢠ֩
ͷࢉܭ ͸ πதؒྔ࣭ࢠ 0.5 GeV ૬౰ͷΫΥʔΫ࣭ྔΛ༻͍ͨ΋ͷͰ͋Γɺ෺
ཧ఺ (πதؒྔ࣭ࢠ 0.14 GeVʹ૬౰) ΑΓ΋͔ͳΓॏ͍ɻͦͷͨΊɺ෺ཧ఺΁
ౡେֶ޿ΫΥʔΫ࣭ྔґଘੑΛௐ΂ΔͨΊʹɺ͚ͨ޲ ੴ઒݈Ұ।ڭतΛڞಉ

ྔ࣭ࢠՃ͑ɺπதؒʹऀڀݚ 0.3 GeV ૬౰ͷΫΥʔΫ࣭ྔͰͷࢉܭΛ਱͠ߦ
ͨɻ͜ͷڀݚ੒Ռ͸ɺຊ೥౓ɺֶज़࿦จʹ͞ࡌܝΕͨ (࿦จ 22, 23)ɻ͜ͷ੒Ռ
Λ౿·͑ɺʮژʯͰੜ੒͞Εͨ 964 αΠζͷήʔδ഑ҐΛ༻͍ͨ෺ཧ఺Ͱࢠ֨
ͷܰ֩ࢠݪଋറΤωϧΪʔࢉܭΛߦͳ͍ͬͯΔɻ3He֩ࢠݪͷଋറΤωϧΪʔ
ʹରԠ͢Δ༗ޮΤωϧΪʔࠩͷதؒ݁ՌΛਤ 12ʹࣔ͢ɻ෺ཧ఺ͰͷࢉܭͰ͸
౷ࠩޡܭΛ཈͑Δ͜ͱ͕ඇৗʹ೉͍ͨ͠Ίɺݱஈ֊Ͱ͸౷ܭతʹ༗ҙͳ݁Ռ͸

ಘΒΕ͍ͯͳ͍͕ɺޙࠓ౷ࠩޡܭΛখ͘͢͞ΔͨΊͷࢉܭΛܧଓ͍ͯ͘͠ɻ

0 4 8 12 16 20
t

-0.04

-0.02

0

0.02

0.04
experiment

3He ∆E

ਤ 12: 3He֩ࢠݪͷ༗ޮΤωϧΪʔࠩɻԣ࣠͸ؒ࣌ڏɺ࣮ઢ͸࣮ݧ஋ɻେ͖ͳྖؒ࣌ڏҬͰɺ༗ޮ

ΤωϧΪʔ͕ࠩఆ਺ʹͳΕ͹ɺͦͷ஋͕ଋറΤωϧΪʔʹରԠ͢Δɻ

(10) ڀݚ଄ߏࢠ͍֩ͨ༺QCDΛࢠ֨
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ཅࢠͱதੑࢠ ௐ΂Δʹࡉ଄Λৄߏ͸ΫΥʔΫͷଋറঢ়ଶͰ͋Γɺͦͷ(ࢠ֩)
ͨΊʹ͸ɺ͍ڧ૬࡞ޓ༻ͷୈҰݪཧࢉܭͰ͋Δ֨ࢠQCDΛ༻͍͕ͨࢉܭඞཁ
Ͱ͋Δɻ͜Ε·Ͱʹ֨ࢠQCDΛ༻͍ͯɺ֩ߏࢠ଄ʹؔ͢܎Δ֩ܗࢠঢ়Ҽࢠͷ
Ͱ͖ݱ࠶஋ΛݧͳΘΕ͖͕ͯͨɺඇৗʹྑ͍ਫ਼౓Ͱଌఆ͞Ε͍ͯΔ࣮ߦ͕ڀݚ

͍ͯͳ͍ɻ͜ͷ࣮ݧ஋ͱͷෆҰகͷओͳݪҼ͸ɺࢉܭʹ༻͍ΒΕͨΫΥʔΫ࣭

ΒΕ͍ͯΔɻ͑ߟͷ΋ͷΑΓ΋େ͖͍ͨΊͰ͋Δͱ࣮ݱ͕ྔ

᤽૿ɺ࡚ࢁ͸ɺ޿ౡେֶ ੴ઒݈Ұ।ڭतɺ౦๺େֶ ݚतɺཧڭʑ໦উҰ।ࠤ

ߏػڀݚՊֶࢉܭ (AICS)Ӊ઒෭ߏػ௕ͱͱ΋ʹɺPACS Collaborationʹ͓͍
ͯɺ͜ͷݪҼΛऔΓআ͍ͨࢉܭͰ͋Δɺ࣮ݱͷΫΥʔΫ࣭ྔʹۃΊ͍ͯۙύϥ

ϝʔλ (πதؒྔ࣭ࢠ 145MeV) Ͱͷ֩ܗࢠঢ়ҼࢉܭࢠΛߦͳͬͨʢ࿦จ 23ʣɻ
ਤ 13͸ిؾత֩ܗࢠঢ়Ҽࢠͷதؒ݁ՌͰ͋Δɻ͜Ε·Ͱͷ݁ࢉܭՌͱ͸ҟͳ
Γɺ࣮ݧ஋ʹྑ͘Ұகͨ݁͠Ռ͕ಘΒΕ͍ͯΔɻޙࠓ΋͜ͷࢉܭΛਐΊɺ࣓ؾ

తܗঢ়Ҽࢠ΍࣠ੑΧϨϯτʹؔ͢܎Δܗঢ়ҼࢠͷڀݚΛߦͳ͍ͬͯ͘༧ఆͰ

͋Δɻ

0 0.1 0.2
q2 [GeV2]

0

0.2

0.4

0.6

0.8

1

1.2

G
E(q

2 )/G
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)
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m
π
=0.145 GeV

ਤ 13: ஋Λද͢ݧɺഁઢ͸࣮ߦɻԣ࣠͸ӡಈྔҠࢠঢ়Ҽܗࢠత֩ؾి

(11) ૉཻࢠඪ४໛ܕΛ௒͑ͨཧ࿦ͷ୳ࡧ

΢ΥʔΩϯάςΫχΧϥʔ໛ܕ͸ૉཻࢠඪ४໛ܕΛ௒͑ͨཧ࿦ͷ༗ྗͳީิ

Ͱ͋Δɻ͜ͷ໛ܕ͸ɺ݁ڧ߹ήʔδཧ࿦ͷμΠφϛΫεʹΑΓɺૉཻࢠඪ४໛

Λઆ໌Ͱ͖Δɻ͠ݯىͰ͸खͰ༩͑ΒΕ͍ͯͨిऑରশੑͷࣗൃతഁΕͷܕ

͔͠ɺ͜ͷ໛ܕΛߏங͢ΔͨΊʹඞཁͳ݁ڧ߹ήʔδཧ࿦ʹ͸ɺۙࣅతܗڞର

শੑΛͭ࣋ͳͲɺಛघͳ৚͕݅՝͞Ε͍ͯΔɻ࡚ࢁ͸໊ݹ԰େֶૉཻࢠӉ஦ى

ߏػڀݚݯ (KMI)Λத৺ͱͨ͠LatKMI Collaborationͷऀڀݚɺࢁ࿬޾Ұಛ
ผڭतɺ੨໦อಓ।ڭतΒͱڞʹɺ֨ࢠήʔδཧ࿦Λ༻͍ͨ਺஋͔ࢉܭΒɺͦ

ͷΑ͏ͳ৚݅Λຬͨ͢ήʔδཧ࿦͕ଘ͢ࡏΔ͔ͷ୳ࡧΛͨͬߦɻ͜Ε·Ͱͷ 4
ʢ࿦จ 24ʣɺ 8ɺ 12 ϑϨʔόʔ SU(3)ήʔδཧ࿦ͷ͔ڀݚΒɺ8ϑϨʔόʔཧ
࿦͕ͦΕΒ৚݅Λຬͨ͢Մೳੑ͕͋ΔࣄΛࣔͨ͠ʢ࿦จ 25ʣɻͦͷՄೳੑΛ֬
͔ΊΔͨΊɺ༷ʑͳϋυϩϯ࣭ྔʢ࿦จ 26ʣɺSύϥϝʔλʢ࿦จ 27ʣɺτϙ
ϩδΧϧνϟʔδʹؔͨ͠܎෺ཧྔʢ࿦จ 28 , 29ʣΛ͠ࢉܭɺ8ϑϨʔόʔཧ
࿦ͷੑ࣭ΛΑΓ໌֬ʹཧղ͢ΔͨΊͷڀݚΛͨͬߦɻ
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(12) ίϯϑΥʔϚϧཧ࿦ͷ਺஋తڀݚ

ૉཻࢠඪ४໛ܕΛӽ͑Δཧ࿦ͷީิͰ͋Δ΢ΥʔΩϯάςΫχΧϥʔ໛ܕ͸ɺ

ίϯϑΥʔϚϧରশੑΛ΋ͬͨཧ࿦Λϕʔεʹߏங͞ΕΔͱ͑ߟΒΕ͍ͯΔɻ

WMFQCD Collaboration ࡚ؠ) (ஜ೾ɾKEK)ɺੴ઒ ࢁɺத(ౡ޿) (Walter Burke
Institute), ໺ळ, Cossu (KEK)ɺߐ٢)͸ɺQCDతͳ৔ͷཧ࿦ (Nf ຊදجͷݸ

ͨ͠߹ͷϑΣϧϛΦϯ͕݁ݱ SU(3)ήʔδཧ࿦)ͷίϯϑΥʔϚϧରশੑʹؔ
͢Δཧ࿦ߏ଄ͷղ໌Λ໨తʹڀݚΛ͍ͯͬߦΔɻ܁ΓࠐΈ܈౳ʹͮ͘جཧ࿦త

ͳ࡯ߟͱɺͦΕΛ͢ূݕΔҝͷ֨ࢠγϛϡϨʔγϣϯΛڀݚखஈͱ͍ͯ͠Δɻ

લ೥౓·Ͱʹɺʮ༗ݶͷ IR cutoff Λͭ࣋ίϯϑΥʔϚϧཧ࿦ʯͱ͍͏ɺ৽֓
೦Λఏএ͠ɺͦͷཧ࿦ͷಛ௃Λ໌Β͔ʹ͖ͯͨ͠ɻͭ·Γɺ

• ήʔδ݁߹ఆ਺͕ IR fixed point (੺֎ݻఆ఺)Λͭ࣋ཧ࿦Λɺ༗ݶͷ IR
cutoff Λۭ࣌ͭ࣋ʢྫ͑͹ɺۭؒํ޲ͷαΠζ͕༗ݶͳۭ࣌ʣ্Ͱఆࣜ
Խ͢ΔͱɺIR cutoff ͕ແ͍ཧ࿦Ͱ͸ϑΣϧϛΦϯ࣭ྔ mf ͕θϩͰͷΈ

Δ͢ݱ࣮ conformal ରশੑ͕ɺ༗ݶͷ mf ΁͕޿Γɺʮด͡ࠐΊ૬ʯͱ΋

ʮඇด͡ࠐΊ૬ʯͱ΋ҟͳΔʮconformal ྖҬʯ͕ଘ͢ࡏΔ͜ͱɺ

• ʮconformal ྖҬʯͰͷ meson ఻ൖؔ਺ G(t) (ۭؒӡಈྔ p⃗ = 0)͸ɺม
ܕ౬઒ܗ

G(t) ∼ C exp(−mt)/tα

ͱͳΔʢด͡ࠐΊ૬Ͱ͸ࢦ਺ؔ਺ܕ G(t) ∼ C exp(−mt)ʣ͜ͱɺ

• conformal ྖҬͷਅۭ͸ɺۭؒํ޲ͷ Polyakov Loop ͕ඇࣗ໌ͳ Z(3) Ґ
૬Λ΋ͭ ”twisted Z(3) vacuum” Ͱ͋Δ͜ͱ

Λཧ࿦తɾ਺஋తʹࣔͨ͠ɻʢऀ̎ޙ͸ɺconformal ྖҬͷಛ௃ɻʣQCDతཧ
࿦ͷཧ࿦ߏ଄ͱͯ͠͸ɺ

• Nf = 7, 8, 12, 16 ͷܥͰίϯϑΥʔϚϧྖҬ͕ଘ͢ࡏΔ͜ͱ͔Βɺ QCD
తཧ࿦ʢθϩԹ౓ʣͷ conformal window ͸Nf = 7− 16 Ͱ͋Δ͜ͱɺ

• Nf = 2 ͷ༗ݶԹ౓ QCD ʹ͓͍ͯ΋ɺߴԹ૬ʹ conformal ྖҬ͕ଘ͢ࡏ
Δ͜ͱ

ͳͲΛ໌Β͔ʹͨ͠ɻ

ຊ೥౓͸ɺθϩԹ౓ͷQCDతཧ࿦ʹରͯ͠ɺIR fixed pointΛಉఆ͢Δ৽ख๏
ΛఏҊ͠ɺNf = 7, 8, 12, 16ͷ֨ࢠγϛϡϨʔγϣϯͰ࣮ࡍʹ IR fixed pointΛ
Ίͨʢ࿦จٻ 30ʣɻ৽ख๏͸ɺ܁ΓࠐΈͮ͘جʹ܈ɻαΠζʢIR cutoffʣͷҟͳ
Δ্ۭ࣌ͷ meson ఻ൖؔ਺ʹؔ͢Δ܁ΓࠐΈํ܈ఔ͔ࣜΒग़ൃ͠ɺ఻ൖؔ਺
ʢ͔Βఆٛ͞ΕΔ༗ޮ࣭ྔ m(t)ʣͷεέʔϦϯάଇ͕ಋ͔ΕΔɻͭ·Γɺm(t)
͸ɺؒ࣌ t ʢͱ༗ޮ࣭ྔࣗ਎ʣΛαΠζͰεέʔϧ͢ΔͱɺIR fixed point ্
(mf = 0)Ͱ͸ɺαΠζʹґଘ͠ͳ͍Ϣχόʔαϧͳؔ਺ͱͳΔɻ͜ͷख๏ͷ
ͷͨΊɺNfূݕ = 7, 8, 12, 16 ͷཧ࿦ʹରͯ͠ɺIwasaki ήʔδ࡞༻ͱWilson
ϑΣϧϛΦϯ࡞༻Λ༻͍ͨ֨ࢠγϛϡϨʔγϣϯΛ̏ͭͷ֨ࢠαΠζ 83 × 32,
123 × 48, 163 × 64 Ͱɺ݁߹ఆ਺Λม͑ͳ͕Β͍ߦɺʮಛఆͷ݁߹ఆ਺ͷ࣌ʢͷ
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Έʣɺεέʔϧͨ͠ meson ༗ޮ࣭ྔ͕αΠζʹΑΒͳ͍ʯ͜ͱΛࣔͨ͠ɻͭ·
ΓɺIR fixed point ΛಉఆͰ͖ͨɻ఻ൖؔ਺ͷεέʔϦϯάଇ͔Βɺҟৗ࣭ྔ
Ͱ͖Δ͕ɺ਺஋తʹҙຯͷ͋Δ݁ՌΛಘΔʹ͸ɺΑΓେ͖ͳ͕ࣄΊΔٻΛݩ࣍

αΠζͷ͕ࢉܭඞཁͰ͋Γɺޙࠓͷ՝୊Ͱ͋Δɻ

Nf = Թ૬ͷίϯϑΥʔϚϧతੑ࣭ͷղ໌ʹ͍ͭͯ΋ਐల͕͋ͬͨߴ2 (࿦จ
32)ɻࡢ೥౓·Ͱ͸ɺ޲ํؒ࣌ (Թ౓ํ޲ʣͷαΠζ Lt ͕ ͷαΠζ޲ํۭؒ

Ls ΑΓେ͖͍ܥʹରͯ͠ɺconformal ྖҬͷଘࡏΛ͖͕ࣔͯͨ͠ɺਖ਼͍͠༗
Ͱ͋ΔܥԹ౓ݶ Lt < Ls ͷܥʹରͯ͠΋ conformal ྖҬ͕ଘ͢ࡏΔࣄΛࣔ͠
ͨɻ۩ମతʹ͸ɺPolyakov loopͱ meson༗ޮ࣭ྔΛଌఆ͠ɺmf = 0ͰɺZ(3)
twisted state Λࣔͨ͠ɻࣄΔ͍ͯ͠ݱ࣮͕

ʹ೥౓͸ɺ͞Βࠓ domain wall quark Λ༻͍ͨγϛϡϨʔγϣϯʹΑΔίϯ
ϑΥʔϚϧཧ࿦ͷڀݚ΋ਪਐ͠ɺதؒ݁ՌΛɺࡍࠃձٞͰใͨ͠ࠂʢ࿦จ [?]ʣɻ
domain wall quark Ͱ͸ɺ࣭ྔͷνϡʔχϯά͕ෆཁͰ͋ΓɺΧΠϥϧରশੑ
ͷഁΕ/ճ෮ͷ௚઀͕ূݕՄೳͰ͋Δ఺ͰɺWilson quark ͷࢉܭΑΓ༏ҐͰ͋
Δɻࢉܭ͸ θϩԹ౓ Nf = 8 Ͱ͍ߦɺWilson quark ʹର͖ͯͨͯͬ͠ߦલड़
ͷղੳΛ͏ߦͱͱ΋ʹɺσΟϥοΫεϖΫτϧີ౓ͷղੳ͔Βҟৗ࣭ྔݩ࣍Λ

Δɻ͍ͯͬߦΈ΋ࢼ΋Δੵݟ

(13) ʢHALڀݚͷ༺࡞ޓQCDʹΑΔόϦΦϯؒ૬ࢠ֨ QCD Collaborationʣ

ཅ͓ࢠΑͼதੑࢠ ੒͍ͯ͠ΔྗߏΛ֩ࢠݪΛ݁ͼ͚ͭɺ(ࢠ֩) (֩ྗ)͸ɺݱ৅
࿦తʹ͸தؒ׵ަࢠʹΑͬͯੜ͡Δͱ͑ߟΒΕ͍ͯΔ͕ɺͦͷݯىΛΑΓجຊ

తͳΫΥʔΫɾάϧʔΦϯͷࣗ༝౓ʹ͍ͯͮجཧղ͢Δ͜ͱɺͱΓΘ͚୹ڑ཭

֩ྗʹ͓͚ΔੱྗਊͷൃߏػݱΛཧ࿦తʹಋ͘͜ͱ͸ɺૉཻ֩ࢠݪࢠ෺ཧʹ࢒

͞Εͨେ໰୊ͷ 1ͭͰ͋Δɻࠜଜɺࠤʑ໦͸ɺژ౎େֶૅج෺ཧֶڀݚॴ੨໦
һΒͱHALڀݚॴॳాओ೚ڀݚतɺཧԽֶڭ QCD Collaboration Λ݁੒͠ɺ
͠༺ͷϙςϯγϟϧΛಋ͖ग़͢ͱ͍͏ํ๏ΛԠؒࢠͷ೾ಈؔ਺͔Β֩ؒࢠ2֩
ͯɺ༷ʑͳཻؒࢠͷϙςϯγϟϧΛ֨ࢠ QCD ͷ਺஋γϛϡϨʔγϣϯͰࢉܭ
͖ͯͨ͠ɻ࿦จ 34Ͱ͸ɺPACS-CSʹΑͬͯੜ੒͞Εͨήʔδ഑Ґͷ͏ͪɺ֨
ִؒࢠ a = 0.09 fmɺۭؒମੵ L3 = (2.9fm)3ɺmπ ≈ 700 MeVɺmΩ ≈ 1970
MeV ͷ΋ͷΛ༻͍ͯ 1S0 νϟωϧͷΩΩ ϙςϯγϟϧͷࢉܭΛͨͬߦɻ࿦จ
35Ͱ͸ɺCP-PACS/JLQCD ʹΑͬͯੜ੒͞Εͨήʔδ഑ҐΛ༻͍ͯɺۭؒ
ମੵ L3 = (1.93fm)3 ʹ͓͚ΔϑϨʔό SU(3) ରশੑ͕ഁΕͨΫΥʔΫ࣭ྔ
(mπ/mK = 0.96, 0.90, 0.86) ͰͷετϨϯδωε S = −2 ηΫλʔͷ݁߹νϟ
ωϧόϦΦϯؒϙςϯγϟϧͷࢉܭΛͨͬߦɻҎԼͰ͸ɺ֨ࢠQCDʹΑΔ෺
ཧ఺ͰͷόϦΦϯؒ૬࡞ޓ༻ͷܾఆʹؔ࿈ͯ͠ߦΘΕͨ 2015 ೥౓ͷڀݚ੒Ռ
Λ঺հ͢Δɻ

ͷܾఆ༺࡞ޓQCDʹΑΔ෺ཧ఺ͰͷόϦΦϯؒ૬ࢠ֨

ͳͲͷػࢉܭ଎ژͷܾఆ͸ɺ༺࡞ޓQCDʹΑΔ෺ཧ఺ͰͷόϦΦϯؒ૬ࢠ֨
େن໛ͳݯࢿػࢉܭΛߦ͕ࢉܭͯ͠༺׆ΘΕͨɻ͜ͷڀݚ՝୊ʹ͸ɺετϨϯ

δωεΛͨ࣋ͳ͍֩ྗϙςϯγϟϧͱɺετϨϯδωεΛͨͬ࣋ϋΠϖϩϯϙ

ςϯγϟϧͷ྆ํؚ͕·ΕΔɻ֩ྗʹ͍ͭͯ͸ɺ͜Ε·Ͱʹ๛෋ͳ࣮ݧσʔλ
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ਤ 14: ମੵ (96a)4 ≈(8.2fm)4ɺִ֨ؒࢠ a ≈ 0.085fmɺ(mπ,mK) ≈ (146, 525)MeV ʹରԠ͢Δ΄

΅෺ཧ఺্Ͱ͞ࢉܭΕͨɺΛN −ΛN ର֯੒෼ͷϙςϯγϟϧΛࣔ͢ɻ৭ͷҧ͍͸্֨ࢠͰଌఆ͞Ε

:ࠨͷҧ͍Λ͍ࣔͯ͠Δɻؒ࣌ڏͨ 1S0 νϟωϧʹ͓͚Δத৺ྗϙςϯγϟϧɻதԝ: 3S1-3D1 νϟ

ωϧʹ͓͚Δத৺ྗϙςϯγϟϧɻӈ: 3S1-3D1 νϟωϧʹ͓͚Δςϯιϧྗϙςϯγϟϧɻ

՝୊Ͱ༻͍Δڀݚ৅࿦తʹ͸ਫ਼ີʹௐ΂ΒΕ͍ͯΔͨΊɺ͜ͷݱ͍ͯͮجʹ

ํ๏ʹΑͬͯɺ͜Ε·Ͱͷ֩ྗϙςϯγϟϧʹର͢Δཧղͱໃ६͠ͳ͍݁Ռ͕

ಘΒΕΔ͜ͱΛ͢ূݕΔͱ͍͏ଆ໘͕͋Δɻ͍ͬΆ͏ɺϋΠϖϩϯϙςϯγϟ

ϧʹ͍ͭͯ͸ɺ࣮ݧσʔλ͕ݶΒΕ͍ͯΔɺ΋͘͠͸΄ͱΜͲ࣮͔ݧΒͷ৘ใ

͕ແ͍ͨΊɺ͜ͷڀݚ՝୊ͰಘΒΕΔ݁Ռ͸ɺैདྷͷݱ৅࿦తͳ໛ܕͱ͸ҟ

ͳΓɺύϥϝʔλϑϦʔͷ༧ݴΛ༩͑Δͱ͍͏ॏཁͳ੒Ռ͕ظ଴͞ΕΔɻैͬ

ͯɺوॏͳݯࢿػࢉܭΛͰ͖Δ͚ͩ༗ޮ׆༻͢ΔͨΊʹɺ2 + 1 ϑϨʔόͷ֨
ࢠ QCD ീॏ߲όͨͬ࣋ͰҾ͖ग़͢͜ͱͷͰ͖ΔΞΠιεϐϯରশੑΛࢉܭ
ϦΦϯؒ૬࡞ޓ༻ͷ৘ใΛ͢΂ͯٻΊΒΕΔΑ͏ʹɺҎԼʹࣔ͢ 52 νϟωϧ
ͷ 4 ఺૬ؔؔ਺ΛҰ౓ͷࢉܭδϣϒͰಉ͢ࢉܭʹ࣌ΔΑ͏ʹϓϩάϥϜΛ४
උ্ͨ͠ͰࢉܭΛ։͍ͯ࢝͠Δɻ

⟨pnpn⟩,

⟨pΛpΛ⟩, ⟨pΛΣ+n⟩, ⟨pΛΣ0p⟩,

⟨Σ+npΛ⟩, ⟨Σ+nΣ+n⟩, ⟨Σ+nΣ0p⟩,

⟨Σ0ppΛ⟩, ⟨Σ0pΣ+n⟩, ⟨Σ0pΣ0p⟩,

⟨ΛΛΛΛ⟩, ⟨ΛΛpΞ−⟩, ⟨ΛΛnΞ0⟩, ⟨ΛΛΣ+Σ−⟩, ⟨ΛΛΣ0Σ0⟩,

⟨pΞ−ΛΛ⟩, ⟨pΞ−pΞ−⟩, ⟨pΞ−nΞ0⟩, ⟨pΞ−Σ+Σ−⟩, ⟨pΞ−Σ0Σ0⟩, ⟨pΞ−Σ0Λ⟩,

⟨nΞ0ΛΛ⟩, ⟨nΞ0pΞ−⟩, ⟨nΞ0nΞ0⟩, ⟨nΞ0Σ+Σ−⟩, ⟨nΞ0Σ0Σ0⟩, ⟨nΞ0Σ0Λ⟩,

⟨Σ+Σ−ΛΛ⟩, ⟨Σ+Σ−pΞ−⟩, ⟨Σ+Σ−nΞ0⟩, ⟨Σ+Σ−Σ+Σ−⟩, ⟨Σ+Σ−Σ0Σ0⟩, ⟨Σ+Σ−Σ0Λ⟩,

⟨Σ0Σ0ΛΛ⟩, ⟨Σ0Σ0pΞ−⟩, ⟨Σ0Σ0nΞ0⟩, ⟨Σ0Σ0Σ+Σ−⟩, ⟨Σ0Σ0Σ0Σ0⟩,

⟨Σ0ΛpΞ−⟩, ⟨Σ0ΛnΞ0⟩, ⟨Σ0ΛΣ+Σ−⟩, ⟨Σ0ΛΣ0Λ⟩,

⟨Ξ−ΛΞ−Λ⟩, ⟨Ξ−ΛΣ−Ξ0⟩, ⟨Ξ−ΛΣ0Ξ−⟩,

⟨Σ−Ξ0Ξ−Λ⟩, ⟨Σ−Ξ0Σ−Ξ0⟩, ⟨Σ−Ξ0Σ0Ξ−⟩,

⟨Σ0Ξ−Ξ−Λ⟩, ⟨Σ0Ξ−Σ−Ξ0⟩, ⟨Σ0Ξ−Σ0Ξ−⟩,

⟨Ξ−Ξ0Ξ−Ξ0⟩,
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2015 ೥౓தͰ͸ɺ্هീॏ߲ʹՃ͑ͯɺ͍ڧ૬࡞ޓ༻ʹΑΔ่յνϟωϧͷ
։͔ͳ͍ (ΊΒΕΔٻͷํ๏Ͱ҆શʹϙςϯγϟϧΛࡏݱͯͬै) ΩΩ νϟω
ϧ΋Ճ͑ͨେن໛͢͢ࢉܭΊΒΕͨɻσʔλ͕๲େͰ͋ΔͨΊղੳ΋·ͩਐߦ

தͰ͋Δ͕ɺ༧උతͳ݁ՌͷҰྫͱͯ͠ɺΛNͷத৺ྗٴͼςϯιϧྗϙςϯ
γϟϧΛਤ 14ʹࣔ͢ɻ

(14) σʔλάϦου༺ڀݚQCDࢠ֨ JLDG/ILDGͷӡ༻

JLDG (Japan Lattice Data Grid) ͸ɺࠃ಺ͷࢉܭૉཻࢠ෺ཧڀݚάϧʔϓ͕
೔ʑͷڀݚσʔλΛ؅ཧɾڞ༗͢ΔҝͷσʔλάϦουͰ͋ΔɻओγεςϜ͸ɺ

৘ใཱࠃ఺̕Օॴʹઃஔͨ͠ϑΝΠϧαʔόΛڌڀݚQCDࢠ಺ͷओཁͳ֨ࠃ
Δ͢ڙॴ͕ఏڀݚֶ SINET VPN Ͱ઀ଓ͠ɺάϦουϑΝΠϧγεςϜιϑ
τ΢ΣΞ Gfarm ͰଋͶͨϑΝΠϧγεςϜͰ͋ΔɻͲͷڌ఺͔ΒΞΫηε͠
ͯ΋ಉҰͷϑΝΠϧγεςϜ͕͑ݟΔͷͰɺʮ͋Δڌ఺ͷεύίϯͰੜ੒ͨ͠

σʔλʢ֨ࢠQCD഑ҐͳͲʣΛ JLDG ʹ౤ೖɾ஝ੵ͠ɺผڌ఺ͰಡΈग़͠
ͯɺͦͷڌ఺ͷεύίϯͰ࠶ղੳʢ෺ཧྔͷࢉܭʣΛ͓͜ͳ͏ʯͱ͍ͬͨσʔ

λڞ༗Λɺ༰қʹ͓͜ͳ͏͕ࣄͰ͖Δɻ·ͨɺαϒγεςϜͱͯ͠ɺHPCI ڞ
༻ετϨʔδͱͷ࿈ܞγεςϜͱ ILDG (International Lattice Data Grid)ͱ
ͷ઀ଓγεςϜΛඋ͍͑ͯΔʢਤ ఺ͷ୅දऀɺڌরʣɻJLDGͷӡ༻͸ɺ֤ࢀ
ͷ୲౰ऀۀԉͷҕୗઌͷࢧ༺άϧʔϓͷ୅දऀɺγεςϜ։ൃऀɺ؅ཧӡڀݚ

ऀɺΛϝϯόʔͱ͢Δ JLDGνʔϜ͕͓ͯͬߦΓɺஜ೾େ͔Β͸ɺݐ෦ɺఱ
ּʢγεςϜ৘ใʣͱ࡚ࢁɺࢀ͕ߐ٢Ճ͍ͯ͠Δɻ

JLDG͸ 2005೥ʹ։ൃΛ։࢝͠ɺ2007೥͔Βӡ༻͍ͯ͠ΔɻJLDG͸ɺҰࡢ
೥౓·Ͱ͸γεςϜͷվྑ΍৽ػೳͷ࣮૷Λ͓͜ͳͬͯɺͦͷརศੑ্͕޲

͖͕ͯͨ͠ɺࡢ೥౓͔Β͸ɺγεςϜͷ૿ڧɾ҆ఆӡ༻ʹओ͕؟Ҡ͖͍ͬͯͯ

Δɻ·ͨɺࠃ಺ͷෳ਺ͷେ͖ͳڀݚάϧʔϓ͕ڀݚΠϯϑϥͱͯ͠ JLDGΛ
ʹ੒ͷҬ׬ΒɺJLDG͕࣮༻γεςϜͱͯ͠ɺҰఆͷ͔ࣄΔɻ͜ͷ͍ͯ͠༺࢖
ୡͨ͠ͱ൑அ͠ɺ͜ͷஈ֊ͰͷγεςϜͱͦͷӡ༻ʹ͍ͭͯͷه࿥ͱࠃ಺֎

΁ͷ޿ใͷ໨తͰɺࡍࠃձٞ CHEP2015ʹͯ JLDGͷ૯߹ใࠂΛ͓͜ͳͬͨ
ʢ࿦จ 33ʣɻ

ಈΛ͓͜ͳͬͨɻ׆ͱ҆ఆӡ༻ͷҝͷڧ೥౓͸ɺҎԼͷγεςϜ૿ࠓ

• ϑΝΠϧαʔόͷ૿ڧ:લ೥౓ 28αʔό 5.0PB͔Β 39αʔό 7.5PB΁

• ؅ཧߋثػ৽ʢJLDG 2݅ɺILDG 2݅ʣ

• Gfarm ৽ߋ (4ճ)

• SINET5΁ͷҠߦରԠ: Ұ෦ڌ఺Ͱ 1Gbps ͔Β 10Gbps ΁૿଎

• ϑΝΠϧαʔόͷݸผো֐ରԠ

ILDG͸ɺੈ ք5஍Ҭʹߏங͞Εͨ Lattice QCD༻ͷσʔλάϦουΛɺLattice
QCD ͷૅجσʔλʢ഑Ґʣͷڞ༗Λ໨తͱͯ͠ɺ૬ޓӡ༻ΛՄೳʹ͢Δ Gird
of GridsͰ͋ΔɻJLDG͸ ILDGͷ೔ຊ஍ҬάϦουͰ͋Δɻ·ͨɺ೔ຊ͔Β
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͸ɺILDGͷ board member ͱͯ͠᤽૿͕ɺMetadata working group member
ͱͯ͠ Ճ͍ͯ͠Δɻ·ͨɺ΋͏ͻͱͭͷࢀ͕ߐ٢ Middleware working group
ʹ͸ɹఱּʢγεςϜ৘ใʣ͕ϝϯόʔͱͯ͠ࢀՃ͢Δͱͱ΋ʹɺߐ٢΋Φ

ϒβʔόͱͯ͠ࢀՃ͠ϢʔβʔαΠυ͔Βͷఏݴ౳Λ͓͜ͳ͍ͬͯΔɻILDG
͸ɺ2007೥ͷӡ༻։࢝ґཔɺ͔ࡉͳվྑ͸͋Δ΋ͷͷɺओཁ෦෼͸҆ఆͨ͠
ӡ༻Λଓ͚͍ͯΔɻ

ILDG ʹ͸ɺӡ༻։࢝౰ॳ͔Βʮެ։͞Ε͍ͯΔ֨ࢠQCD഑ҐΞϯαϯϒϧ
ͷར༻ঢ়گΛ೺Ѳ͢Δ࢓૊Έ͕ແ͍ʯ͕ࣄ໰୊Ͱ͋ͬͨɻ࿦จͷҾ༻ɾඃҾ༻

ͷه࿥ͱ͸ผʹɺσʔλͷҾ༻ɾඃҾ༻ؔ܎ͷه࿥Λ஝ੵͰ͖Ε͹ɺͦΕΛ༻

͍ͯɺͦͷ഑Ґσʔλͷ༗༻ੑΛଌΔࢿྉͱͳΓ͏Δ͠ɺͻ͍ͯ͸ɺσʔλڞ

༗ͷҝͷ ILDGͷ༗༻ੑΛࣔ͢ࢿྉͱ΋ͳΓ͏Δɻ͜ͷࣄ͸ɺ֨ࢠQCD഑Ґ
σʔλʹͨͬݶ໰୊Ͱ͸ͳ͘ɺଟ͘ͷڀݚ෼໺͕ɺσʔλͷҾ༻ɾඃҾ༻ؔ܎

Λ೺Ѳ͢ΔχʔζΛ͍ͯͬ࣋Δɻ͜ͷ༷ͳഎܠͷԼͰɺֶज़࿦จͷग़൛քͰ޿

͘༻͍ΒΕ͍ͯΔʰDOI(DigitalObjectIdentifier) ొ࿥ʱͷ࢓૊ΈΛڀݚσʔ
λʹ΋༻͍ΔࢼΈ͕࢝·͍ͬͯΔɻILDGͰ΋ɺh ࢠ֨ QCDΞϯαϯϒϧ΁
ͷDOIొ࿥ʱΛ͍ߦɺHigh Energy Physics ෼໺ͷ࠷େͷ৘ใγεςϜͰ͋Δ
INSPIRE-HEP Λ༻͍ͯɺΞϯαϯϒϧͷҾ༻ɾඃҾ༻ؔ܎Λ೺ѲͰ͖Δ࢓૊
ΈΛߏங͢ΔఏҊ͕ͳ͞Εɺ2015೥ 4݄ͷ ILDG workshop Ͱɺ֤஍ҬάϦο
υͰݕ౼͢Δࣄͱͳͬͨɻ

͜ͷ߹ҙΛड͚ɺ೔ຊͰ͸ɺఱּɺদݹ (KEK)ɺ͕ߐ٢த৺ͱͳͬͯɺDOI
ొ࿥ͷମ੍໘ͷݕ౼ʢDOIొ࿥ؔػͱͷٞڠɺؔؔػ܎ͱͷٞڠͱ DOIొ
࿥࣮ࢪମ੍ͱϑϩʔͷݕ౼ʣΛ͓͜ͳ͏ͱͱ΋ʹɺDOIొ࿥ʹඞཁͳ࣮ۀ࡞
ʢMetadataͱ landing pageͷ ILDG ensemble/configuration metadata͔Βͷ
൒ࣗಈੜ੒ʣͷߦࢼʹணखͨ͠ɻ

(15) ௨ίʔυ։ൃڞQCDࢠ֨

ࢠ೥౓ʹҾ͖ଓ͖ɺ֨ࡢ QCDڞ௨ίʔυ Bridge++ ͷ։ൃΛਐΊͨʢ࿦จ
37 , 38ʣɻ֨ࢠQCDڞ௨ίʔυ Bridge++ ͸ɺQCD ΛؚΉ֨ࢠήʔδཧ࿦
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γϛϡϨʔγϣϯͷͨΊͷ൚༻ίʔυηοτͰ͋Δɻ༷ʑͳ֨࡞ࢠ༻΍Ξϧΰ

ϦζϜΛద༻ՄೳͰɺϊʔτPC͔Β௒ฒྻػࢉܭ·Ͱ෯͍޿ΞʔΩςΫνϟ
ʹରԠ͍ͯ͠Δɻ2012೥ 7݄ʹ Bridge++ ver.1.0.0 Λެ։ͯ͠Ҏ߱ɺܧଓ͠
ͯίʔυͷվળɺ֦ுΛ͍ͯͬߦΔ (http://bridge.kek.jp/Lattice-code/)ɻૉ
Ճ͍ͯ͠Δɻࢀɺුా͕ޱ઒ɺࠜଜɺ୩׈ཧ࿦άϧʔϓ͔Β͸ɺۚ୩ɺࢠཻ

ຊ೥౓͸ɺҰൠԽϑΣϧϛΦϯͷ௥ՃɺFFT ରԠɺXML ͷಋೖͳͲΛࣜܗ
ΛؚΊͨߋɻ͜ΕΒͷมͨͬߦ Bridge++ ver.1.3.0 ΁ͷϝδϟʔΞοϓσʔ
τ͕ 2015೥ վఆɺվྑ͕ਐΊ͍͔ࡉ΋ɺίʔυͷޙΕͨɻͦͷ͞ࢪ࣮ʹ10݄
ΒΕ͍ͯΔɻ࠷৽൛͸ ver.1.3.2 Ͱ͋Δɻͳ͓ɺڞ௨ίʔυΛڀݚͨ͠༺࢖࿦
จ͕ɺࠓ೥౓৽ͨʹ̕ຊ௥Ճ͞Εͨɻ௨̏̍ࢉຊͷ࿦จ͕ڞ௨ίʔυΛݩʹൃ

ද͞Ε͍ͯΔɻ

ʲ̎ʳ ௒ݭཧ࿦

ʢੴڮ Ԇ޾ɺҏෑ ౻ࠤ࿠ɺޗ ༐ೋɺໟར ʣ݈࢘

(1) Sine-square deformationͱܗڞ৔ͷཧ࿦

Ұݩ࣍εϐϯܥʹ͓͍ͯɺྡͷεϐϯͱͷ૬࡞ޓ༻ΛҐஔͷαΠϯؔ਺ͷ 2৐
ʹൺྫ͢ΔΑ͏ʹͱͬͨ৔߹ɺͦͷجఈঢ়ଶ͸૬࡞ޓ༻͕ҐஔʹدΒͳ͍৔߹

ͱҰக͢Δ͜ͱ͕ܡʢ౦େʣΒͷڀݚʹΑͬͯΘ͔͍ͬͯΔɻੴڮ͸ଟాʢཧ

Λ༺࡞ޓରশੑ͕͋Δ৔߹ʹ͍ͭͯௐ΂ͨɻ૬ܗڞ৅Λݱʣͱͱ΋ʹɺ͜ͷݚ

αΠϯؔ਺ͷ 2৐ʹͱͬͨ৔߹ͱఆ਺ͷ৔߹͸ɺ͋Δܗڞม׵Ͱ݁ͼ͍͍ͭͯ
Δ͜ͱΛࣔ͠ɺ͜ͷܗڞม͔׵Βجఈঢ়ଶ౳ͷੑ࣭͕ཧղͰ͖Δ͜ͱΛࣔͨ͠

ʢ࿦จ 39ʣɻ·ͨɺ͜ͷཧ࿦ʹݱΕΔԋࢠࢉɾঢ়ଶͷੑ࣭Λௐ΂ͨʢ࿦จ 40ʣɻ

(2) ήʔδ-ॏྗ૒ରੑͱՄੵ෼ੑʹ݁ڧͮ͘ج߹ήʔδཧ࿦ͷڀݚ

ॏྗཧ࿦ͱήʔδཧ࿦ͷ૒ରੑʹΑΓɺplanarݶۃͰͷ̐ۃݩ࣍େ௒ରশήʔ
δཧ࿦ͷࢄ߹݁ڧཚৼ෯͸ɺ൓υδολʔۭ࣌தͷޫతڥքΛۃͭ࣋খۂ໘ͷ

໘ੵͰ༩͑ΒΕΔɻ͜ͷࢄཚৼ෯͸ޫతܦ࿏͔ΒͳΔ΢Οϧιϯϧʔϓͷਅۭ

ΕΔՄݱʹޙΑΓզʑ͸ɺ૒ରੑͷഎʹڀݚ଴஋ͱ౳ՁͰ͋Δɻ͜Ε·Ͱͷظ

ੵ෼໛ܕΛ༻͍ͯࢄ߹݁ڧཚৼ෯ΛղੳతʹٻΊΔํ๏ΛఆࣜԽ͖ͯͨ͠ɻ

͸౻ࠤ Z. Bajnok, J. Balog, G.Z. Toth (Wigner Research Centre),ҏ౻ʢ౦޻ژ
ɺྔʹڞେֶʣͱۀ Λղੳ͢Δ৽ͨͳख๏Λ։ൃ͠ɺ̎ܥՄੵ෼ࢠ తͳӡಈݩ࣍

ྔΛࢠཻͭ࣋ͷ̍̌఺ࢄ߹݁ڧཚৼ෯Λ༩͑ΔՄੵ෼໛ܕͰ͋Δ su(3)2/u(1)2

౳࣭αΠϯΰϧυϯ໛ܕͷີݫͳ࣭ྔ-݁߹ؔࣜ܎Λಋ͍ͨɻ͜Ε͸ɺෳ਺ͷ
εέʔϧΛࢠྔͭ࣋Մੵ෼໛ܕʹର͢ΔॳΊͯͷ݁ՌͰ͋Γɺ౰֘෼໺ͷ̎̌

೥དྷͷ໰୊Λղܾ͢Δ΋ͷͰ͋Δɻ·ͨɺ͜ͷ࣭ྔ-݁߹ؔࣜ܎ʹΑΓɺରԠ
͢Δࢄ߹݁ڧཚৼ෯ΛղੳతʹධՁ͢ΔզʑͷఆࣜԽ͕ͨ݁͠׬ʢ࿦จ 41ʣɻ

(3) ίώʔϨϯτঢ়ଶΛ༻͍ͨزྻߦԿͷڀݚ

௒ݭཧ࿦ͷඇઁಈతఆࣜԽͱͯ͠ظ଴͞Ε͍ͯΔྻߦ໛ܕͰ͸ɺݭ΍DϒϨʔ
ϯͱ͍ͬͨ෺ମ͸ɺزྻߦԿͱݺ͹ΕΔ཭ࢄతͳزԿͷ࿮૊ΈʹΑΓهड़͞Ε
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Δɻ͔͠͠ɺ͜ͷزྻߦԿͷੑ࣭͸͜Ε·Ͱਂ͘ཧղ͞Ε͍ͯͳ͔ͬͨɻҏෑ

͸͜ͷزԿͷߏ଄Λཧղ͢Δख๏ͱͯ͠ɺྔֶྗࢠͷίώʔϨϯτঢ়ଶΛ༻͍

ͨ৽ͨͳํ๏ΛఏҊͨ͠ʢ࿦จ 42ʣɻ͜ͷํ๏ʹΑΓ཭ࢄతͳزྻߦԿ͔Βɺ
Կֶతͳ৘ใΛಘΔ͜ͱ͕ग़དྷز΍DϒϨʔϯͷඍ෼ݭ཰ͱ͍ͬͨۂ΍ྔܭ
ΔΑ͏ʹͳͬͨɻ·ͨҏෑͱଜ໦͸େֶӃੜͷদຊͱͱ΋ʹɺ͜ͷํ๏Λ༻͍

଄Λௐ΂ͨʢ࿦จߏԿͷزྻߦͯ 43ʣɻͦͷ݁ՌɺಛఆͷزྻߦԿ͸έʔϥʔ
ͱ͕ࣔ͞Εͨɻ·ͨɺ͜ͷέʔͭ࣋͜଄Λߏ͹ΕΔඇৗʹྑ͍ੑ࣭ͷݺ଄ͱߏ

ϥʔߏ଄ͱྻߦͷ഑ҐΛ௚઀݁ͼ͚ͭΔ͕ؔࣜ܎ಘΒΕͨɻ

(4) ਖ਼ଇԽͱϧʔϓৼ෯ݩ࣍ͷ৔ͷཧ࿦ͷݭ

Ͱ͖Δ͜ͱ͕஌ΒΕ͍ͯΔࢉܭʹݶཚৼ෯͕ઁಈ࿦Λ༻͍ͯ༗ࢄͷཧ࿦͸ݭ

͕ɺൃࢄ͸૬͢ࡴΔͷͰ͋Γɺ࠷ॳ͔Βͳ͍Θ͚Ͱ͸ͳ͍ɻैͬͯɺ఺ཻࢠͷ

৔ͷཧ࿦ͱಉ༷ʹɺ͏·͍ਖ਼ଇԽͷํ๏Λ͑ߟΔ͜ͱ͸ॏཁͰ͋Δɻಛʹ௒ݭ

ͷ৔ͷཧ࿦ʹ͓͍ͯ͸ίϯλΫτλʔϜͷ໰୊ͱݺ͹ΕΔ໰୊͕͋Γɺtreeৼ
෯Ͱ͑ͯ͞͠͠ࢄൃ্͚͔ݟ·͏ͨΊɺਖ਼ଇԽΛ༩͑ͳ͚Ε͹ఆٛ͢Δ͜ͱ͕

ग़དྷͳ͍ɻ·ͨɺD-ϒϨʔϯͷӨڹ౳ͷࢄཚৼ෯ͱ͸ҟͳΔྔΛ͢ࢉܭΔࡍ
ʹ͸ɺݭͷཧ࿦ͷ͏·͍ਖ਼ଇԽͷํ๏Λ༩͑Δ͜ͱ͕ඞཁෆՄܽʹͳΔɻ

ੴڮ͸ଜ্ʢ۴࿏ߴઐʣΒͱͷ͜Ε·ͰͷڀݚͰɺݩ࣍ਖ਼ଇԽΛ༻͍ͨࢉܭʹ

ΑΓɺtreeৼ෯ʹ͍ͭͯ͸ୈҰྔࢠԽͷࢉܭͱҰக͢Δ݁ՌΛಘΔ͜ͱ͕Ͱ͖
Δ͜ͱΛ͍ࣔͯ͠Δɻࠓ೥౓͸௒ݭͷ৔߹ʹ͜ͷ݁ՌΛ֦ு͢ΔͨΊɺඇྟք

ʢ࿦จͨͬߦΛࢉܭΕΔੈք໘্ͷཧ࿦ͷ૬ؔؔ਺ͷݱʹݭͷ௒ݩ࣍ 44ʣɻ

(5) ͱӉ஦߲໰୊ۭ࣌ܠԿֶతഎزཧ࿦ʹ͓͚Δඇݭ

ඳ૾Λ௒͑Δۭ࣌Կֶతͳز૒ରੑʹΑΓɺϦʔϚϯݭཧ࿦ͷରশੑͰ͋Δݭ

ඇزԿֶతͳۭ࣌΋ݭཧ࿦ͷഎۭ࣌ܠͱͯ͠ՄೳͱͳΔɻ͜ͷΑ͏ͳഎ࣌ܠ

ۭ (T-fold/monodrofold) ͸యܕతʹ͸ਅۭͷϞδϡϥΠ͕ݭεέʔϧͷ৔߹
ʹՄೳͱͳΔɻ

εέʔϧͰ΋ݭ͖ͮجʹ৔ཧ࿦ܗڞɺʹڞɺ࿨ాʢ໋ཱؗେֶʣͱݪ͸ੁ౻ࠤ

༗ޮͳඇزԿֶతഎۭ࣌ܠͷղੳΛਐΊͨɻ·ͣɺܗڞରশੑΛอͭܗڞ৔ཧ

࿦ͷք໘ ք໘/conformalܗڞ) interface) Λ༻͍ͯඇزԿֶతഎۭ࣌ܠதͷݭ
ʹର͢Δ৽͍͠λΠϓͷϞδϡϥʔෆมͳ෼഑ؔ਺Λߏ੒ͨ͠ʢ࿦จ 45ʣɻ·
ͨɺ͜ͷΑ͏ͳߏ੒Λ֦ு͠ɺT-fold λΠϓͷඇزԿֶతഎܠதͷݭཧ࿦Ͱ
͸ɺۭ࣌ͷ௒ରশੑ͕ഁΕ͍ͯΔʹ΋߆Βͣ̍ϧʔϓͰͷӉ஦߲͕ফ͑Δɺݱ

৅࿦తʹڵຯਂ͍໛͕ܕ༰қʹߏ੒Ͱ͖Δ͜ͱΛࣔͨ͠ʢ࿦จ 46ʣɻ

(6) ήʔδ/ॏྗରԠͷ਺஋తূݕ

ҏෑ͸ژେݚجͷՖాਖ਼ൣ।ڭतɺҵ৓େֶͷඦ෢ܚจ।ڭतɺ̠̠̚ͷ੢ଜ

३।ڭतΒͱͱ΋ʹɺήʔδ/ॏྗରԠͷ਺஋తূݕΛͨͬߦʢ࿦จ 47ʣɻҏ
ෑΒ͸௒ݭཧ࿦ͱͷ౳Ձੑ͕༧૝͞ΕΔ ߦΛࢉܭͷήʔδཧ࿦ͷ਺஋ݩ࣍1
͍ɺ಺෦ΤωϧΪʔ౳ͷ೤ྗֶྔΛٻΊɺಘΒΕͨ݁ՌΛ௒ݭཧ࿦ͷ΋ͷͱൺ

ֱͨ͠ɻͦͷ݁Ռɺήʔδ/ॏྗରԠ͕͔֬ʹ੒ཱ͍ͯ͠Δͱ͍͏ڌূ͍ڧΛ
ಘΔ͜ͱ͕ग़དྷͨɻ͜ͷڀݚͰ͸ɺήʔδ܈ͷϥϯΫ͕ൺֱతେ͖͍৔߹ͱখ
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͍͞৔߹ͷ྆ํ͕ௐ΂ΒΕͨɻϥϯΫ͕େ͖͍৔߹ͷࢉܭ͸͢Ͱʹଞͷઌݚߦ

ΘΕ͍͕ͯͨɺҏෑΒ͸ͦͷ݁ՌΛ͞Βʹਫ਼ີԽͨ͠ɻҰํɺϥϯΫߦͰ΋ڀ

͕খ͍͞৔߹ͷઌڀݚߦ͸͜Ε·ͰʹߦΘΕ͓ͯΒͣɺ͜ͷڀݚʹΑͬͯ͸͡

ΊͯରԠ͕͞ূݕΕͨɻ

(7) ҰൠԽزԿֶͷڀݚ

ɹ௒ॏྗཧ࿦ͷNSNS෦෼͸ɺۭ࣌ͷྔܭɺKalb-Ramond৔ͱσΟϥτϯ৔
͔ΒͳΔɻҰൠԽزԿֶ͸ɺ͜ΕΒͷ৔ʹزԿֶతཧղΛ༩͑Δɻ͢ͳΘͪɺ

઀ଋͱ༨઀ଋ͔ΒͳΔ௚࿨ଋͷ্ʹɺۭ࣌ͷྔܭͱKalb-Ramond৔ͷزԿֶ
తͳهड़Λ࣮͍ͯ͠ݱΔɻݭཧ࿦Ͱ͸ɺ͜ΕΒͷ৔ͷద౰ͳ഑ҐΛഎܠͱ͠

ͯɺͦͷதͰͷݭͷӡಈΛ͢࡯ߟΔɻҟͳΔഎܠಉ࢜Ͱݭͷӡಈ͕ඇࣗ໌ʹ౳

ՁʹͳΔؔ܎ͱͯ͠ɺT૒ରੑ͕஌ΒΕ͍ͯΔɻۭ࣌ͷྔܭͱKalb-Ramond
৔Λಉ౳ʹѻ͏ҰൠԽزԿֶ͸ɺ͜ͷ T૒ରੑΛؚΊͯزԿֶతʹهड़͢Δ
ͱظ଴͞ΕΔɻɹࣜܗతʹ T૒ରੑม׵Λ͢ࢪͱɺ͜Ε·Ͱ͑ߟΒΕͯ͜ͳ
͔ͬͨΑ͏ͳ৔ͷ഑Ґ͕ಘΒΕΔɻಛʹڵຯਂ͍ͷ͸ɺطଘͷزԿֶͰ͸ଊ͑

͖Εͳ͍ʮඇزԿֶతʯͳ৔ͷ഑Ґ͕ग़͢ݱΔͱ͍͏ٞ࿦Ͱ͋ΔɻҰൠԽزԿ

ֶ͸ T૒ରੑΛؚΊͯഎܠ৔ͷزԿֶతهड़Λ༩͑Δ͜ͱ͔Βɺ͜ΕΛ༻͍
ͯඇزԿֶతͳഎܠΛʮزԿֶతʯʹཧղ͠Α͏ͱ͍͏ٞ࿦͕ͳ͞Ε͍ͯΔɻ

ɹଜ໦͸ҰൠԽزԿֶʹ͓͍ͯ઀ଋͱ༨઀ଋͷ໾ׂΛೖΕସ͑ͨมछΛಋೖ

͠ɺඇزԿֶతഎܠͷཧղΛ୳ͨ͠ٻɻಛʹҰൠԽزԿֶͷมछʹͮ͘جॏྗ

Λߏங͠ɺඇزԿֶతഎܠͱॏྗ৔ͱͷ݁߹Λ໌Β͔ʹͨ͠ʢ࿦จ 48ʣɻ

(8) ڀݚͷۭ࣌ܠΛϓϩʔϒͱͨ͠ΤΩκνοΫϒϨʔϯͷഎݭ

ΤΩκνοΫϒϨʔϯ͸௿ۭ࣌ݩ࣍ͷ௒ݭཧ࿦ʹొ৔͢ΔಛघͳϒϨʔϯͰ

͋Δɻഎۭ࣌ܠ͸Ұൠ࠲ඪม͚ͩ׵Ͱ͸ଊ͑ΒΕͣɺ௒ݭཧ࿦ͷ૒ରੑͷߏ଄

ؚ͕·ΕΔɻ͜ͷ༷ͳϒϨʔϯ΍എۭ࣌ܠ͸ɺ௒ݭཧ࿦ͷίϯύΫτԽͱͦ͜

͔ΒಘΒΕΔૉཻࢠ෺ཧΛแׅతʹཧղ͢ΔͨΊʹॏཁͰ͋ΔɻΤΩκνοΫ

ϒϨʔϯͷҰྫͰ͋Δ 522ϒϨʔϯ͸NS5ϒϨʔϯʹରͯ͠ 2ճT૒ରม͢׵
Δ͜ͱͰొ৔͢Δɻ໦ଜ͸ɺ2013೥ʹ 522ϒϨʔϯഎۭ࣌ܠΛ ࣜܗ௒৔ݩ࣍2
Λ༻͍ͨήʔδཧ࿦Λ༻͍ͨఆࣜԽΛ੒ޭ͍ͤͯͨ͞ɻ2ݩ࣍௒৔ࣜܗͰ͸T
૒ରม׵ʹରԠ͢Δ Legendreม׵Λਖ਼࣮͘͢͠ߦΔͨΊʹՄ໿ͳ௒৔Λಋೖ
͍͕ͯͨ͠ɺՄ໿Ͱ͋ΔͨΊଟ͘ͷ༨෼ͳ੒෼৔͕ొ৔͢ΔɻͦͷͨΊɺ௒ର

শήʔδม׵ʹΑͬͯ෺ཧతࣗ༝౓͚͕ͩੜ͖࢒Δਖ਼͍͠ήʔδݻఆ৚݅Λൃ

ͨ͠ݟ (࿦จ 49)ɻ͜ͷήʔδݻఆ͸ɺہॴԽఆཧΛ༻͍ͨ ௒ରশήʔݩ࣍2
δཧ࿦ͷܦ࿏ੵ෼ΛධՁ͢ΔࡍʹॏཁͰ͋Δɻ
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(Kobe Convention Center, Kobe, Japan, 7.14-18, 2015).

3. Y. Taniguchi ʮQCD energy momentum tensor at finite temperature using
gradient flowʯ,
RBRC Workshop on Lattice Gauge Theories 2016 (BNL, NY, USA, 3.9-11,
2016).

4. Yoshinobu Kuramashi,ʮTensor Network Scheme for Lattice Gauge Theoriesʯ
ʢট଴ߨԋʣɼ

XXVII IUPAP Conference on Computational Physics (CCP2015), (Indian In-
stitute of Technology Guwahati,, Assam, India, December 2-5, 2015).

5. Hiroshi Ohno, ʮCharmonia and bottomonia at finite temperature on large
quenched latticeʯ, The 33rd International Symposium on Lattice Field Theory
(Lattice 2015) (Kobe International Conference Center, Kobe, Japan, Jul. 14-
18, 2015).

6. Hiroshi Ohno,ʮCharmonium and bottomonium spectral functions from lattice
QCD at finite temperatureʯ, The XXV International Conference on Ultrarela-
tivistic Nucleus-Nucleus Collisions (Quark Matter 2015) (Kobe Fashion Mart,
Kobe, Japan, Sept. 27-Oct. 3, 2015).

7. Hiroshi Ohno,ʮCharmonia and bottomonia in hot medium and heavy quark
diffusion from lattice QCD at finite temperatureʯ(ট଴ߨԋ), New Progress
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in Heavy Ion Collision: What is Hot in the QGP (CCNU, Wuhan, China, Oct.
5-9, 2015).

8. Hiroshi Ohno, ʮCharmonium and bottomonium spectral functions at finite
temperatureʯ(ট଴ߨԋ), RBRC Workshop on Lattice Gauge Theories 2016
(BNL, New York, USA, Mar. 9-11, 2016).

9. ླ໦༡ʮCalculation of high-order cumulants with canonical ensemble method
in lattice QCDʯ, The 33rd International Symposium on Lattice Field Theory
(Lattice 2015), ( Kobe International Conference Center, Kobe, Japan, July
14-18, 2015).

10. ླ໦༡ʮStudy of finite density phase transition with Canonical approachʯ,
The 13th international eXtreme QCD conference (XQCD 2015), (CCNU,Wuhan,
China, Sep. 21-23, 2015).

11. ླ໦༡ʮCalculation of high-order cumulants with canonical ensemble method
in lattice QCDʯ, The XXV international conference on ultra-relativistic heavy-
ion collisions (Quark Matter 2015), (Kobe Fashion Mart, Kobe, Japan, Sep.
27- Oct. 3, 2015).

12. ླ໦༡ʮCalculation of Hadronic observable with Canonical approach in finite
density lattice QCDʯ, RBRC Workshop on Lattice Gauge Theories 2016,
(BNL, NewYork, USA, March 9-11, 2016).

13. ୩ޱ༟հʮStudy of high density phase transition in lattice QCD with canon-
ical approachʯ, The 33rd International Symposium on Lattice Field Theory
(Lattice2015), (Kobe Convention Center, Kobe, Japan, 14 July 2015 - 18 July
2015).

14. ୩ޱ༟հʮStudy of high density phase transition in lattice QCD with canonical
approachʯ, XXV INTERNATIONAL CONFERENCE ONULTRA-RELATIVISTIC
NUCLEUS-NUCLEUS COLLISIONS (Quark Matter 2015), (Kobe, Fashion
Mart, Japan, September 27 - October 3, 2015).

15. ୩ޱ༟հʮStudy of high density lattice QCD with canonical approachʯ, Sym-
posium on ‘Quarks to Universe in Computational Science (QUCS 2015)ʟ, (Nara
Kasugano International Forum IRAKA, Nara, Japan, November 4-8, 2015).

16. Takeshi Yamazaki ʮLight nuclei from 2+1 flavor lattice QCDʯ(ট଴ߨԋ),
Lattice Nuclei Nuclear physics and QCD – Bridging the gap – (European
Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*),
Italy, June 6-10, 2015).

17. Takeshi Yamazaki ʮLight nuclei and nucleon form factors in Nf=2+1 lattice
QCDʯ, The 33rd International Symposium on lattice field theory (Lattice
2015) (Kobe International Conference Center, Japan, June 14-18, 2015).
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18. Takeshi Yamazaki ʮLight nuclei and nucleon form factors in Nf=2+1 lattice
QCDʯ(ট଴ߨԋ), The 5th International Workshop on Lattice Hadron Physics
(LHPV) (Conference Centre of the Cairns Colonial Club Resort, Australia,
June 20-24, 2015).

19. Takeshi Yamazaki ʮLight nuclei and nucleon form factors in Nf=2+1 lat-
tice QCDʯ(ট଴ߨԋ), Long-term and Nishinomiya-Yukawa Memorial In-
ternational Workshop on ”Computational Advances in Nuclear and Hadron
Physics” (CANHP2015) (Yukawa Institute of Theoretical Physics (YITP), Ky-
oto University, Japan, September 21-October 30, 2015).

20. Takeshi YamazakiʮLight nuclei and nucleon form factors from lattice QCDʯ,
Symposium on Quarks to Universe in Computational Science (QUCS 2015)
(Nara Kasugano International Forum IRAKA, Japan, November 4-8, 2015).

21. Takeshi Yamazaki ʮNucleon form factors and light nuclei in Nf=2+1 lat-
tice QCDʯ(ট଴ߨԋ), RBRC Workshop on Lattice Gauge Theories 2016
(Brookhaven National Laboratory, USA, March 9-11, 2016).

22. ߐ٢ ༑র ʮSharing lattice QCD data over a widely distributed file systemʯ
21st International Conference on Computing in High Energy and Nuclear
Physics (CHEP2015) (Okinawa, Japan, April 13 - 17, 2015).

23. ༑রʮMetadataߐ٢ Working Group Reportʯ23th Workshop of International
Lattice Data Grid (video conference hosted by CSSM, Adelaide, Australia,
April 24, 2015).

24. S. Aoki, ʮHadron Interactions from lattice QCDʯʢট଴ߨԋʣɼ21th Inter-
national Conference on Few-Body Problems in Physics, (Chicago, USA, May
18-22, 2015).

25. S. Aoki, ʮNuclear forces from lattice QCDʯʢট଴ߨԋʣɼECT* Workshop
on ”Lattice Nuclei Nuclear Physics and QCD - Bridging the gap”, (Trento,
Italy, July 6-10, 2015).

26. S. Aoki,ʮComparative studies for baryon interactions with HAL QCDmethod
and Luscher’s methodʯʢট଴ߨԋʣɼLong-term and Nishinomiya-Yukawa
Memorial International Workshop on ”Computational Advances in Nuclear
and Hadron Physics”, (YITP, Kyoto, Japan, September 21-October 30, 2015).

27. S. Aoki, ʮRecent developments and challenges in lattice QCDʯʢট଴ߨԋʣɼ
International Symposium ”RIKKYO MathPhys 2016”, (Rikkyo University,
Tokyo, Japan, January 9-11, 2016).

28. S. Aoki,ʮNew strategies with HAL QCD potential methodʯʢট଴ߨԋʣɼJoint
HAL QCD-CalLat mini-workshop on lattice QCD for NP, (LBL, Berkeley,
USA, January 27-29, 2016).
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29. S. Aoki, ʮHadron interactions at heavier quark masses in lattice QCD –Are
deuteron and di-neutron bound ? – ʯʢট଴ߨԋʣɼYITP and IOPP Joint
workshop on Heavy Ion Physics, (CCNU, Wuhan, China, February 20, 2016).

30. H. Nemura, (for HAL QCD Collaboration), ʮAn implementation of hybrid
parallel CUDA code for the hyperonic nuclear forcesʯɼThe 33rd International
Symposium on Lattice Field Theory, (Kobe, Japan, July 14-18, 2015).

31. H. Nemura, (for HAL QCD Collaboration), ʮA fast algorithm for lattice
hyperonic potentialsʯɼThe 12th International Conference on Hypernuclear
and Strange Particle Physics, (Tohoku University, Sendai, Japan, September
7 - 12, 2015).

32. H. Nemura, (for HAL QCD Collaboration), ʮHyperonic lattice QCD poten-
tials and hypernuclear few-body problemsʯɼYIPQS Long-term and Nishinomiya-
Yukawa Memorial International Workshop, Computational Advances in Nu-
clear and Hadron Physics (CANHP 2015), (YITP, Kyoto, Japan, September
21 - October 30, 2015).

33. H. Nemura, (for HAL QCD Collaboration), ʮAlgorithm, benchmarks, and
hyperon potentials with strangeness S = −1 at almost physical pointʯɼSym-
posium on ‘Quarks to Universe in Computational Science (QUCS 2015)’, (Nara
Prefectural New Public Hall, Nara, Japan, November 4 - 8, 2015).

34. K. Sasaki for HAL QCD Coll., ʮFirst results on baryon interactions from
lattice QCD with physical masses (3) –Strangeness S=-2 two-baryon system–ʯɼ
The 33rd International Symposium on Lattice Field Theory(LATTICE2015)
(Kobe, Japan, Jul. 14-18, 2015).

35. K. Sasaki for HAL QCD Coll., ʮResults from HALQCD on light nuclei and
exotic statesʯɼEMMI workshop on anti-matter, hyper-matter and exotica
production at the LHC (CERN, Geneva, Switzerland, Jul. 20-22, 2015).

36. K. Sasaki for HAL QCD Coll., ʮCoupled channel baryon-baryon interac-
tions on the latticeʯɼThe 12th International Conference on Hypernuclear
and Strange Particle Physics (HYP2015), (Tohoku University, Sendai, Japan,
Sept. 7-12, 2015).

37. K. Sasaki for HAL QCD Coll., ʮLattice QCD studies of baryon-bayon inter-
actions and dibaryon statesʯɼELPH workshop C013 ”Meson Production and
Meson-Baryon Interaction”, (Tohoku University, Sendai, Japan, Sept. 12-14,
2015).

38. K. Sasaki for HAL QCD Coll., ʮPhysical point lattice QCD simulation on
the S = -2 baryon-baryon interactionsʯɼSymposium on Quarks to Universe
in Computational Science (QUCS 2015), (Nara, Japan, Nov. 4-8, 2015).
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39. Y.Namekawa ʮComparative study of topological charge in lattice QCDʯ,
Quarks to Universe in Computational Science (QUCS2015) (Nara, Japan, Nov
4-8, 2015).

40. Nobuyuki Ishibashi,ʮʠDimensional regularization of light-cone gauge super-
string field theory and multiloop amplitudesʯ(ট଴ߨԋʣ
International Conference on String Field Theory and Related Aspects VII,
SFT2015 (ChengDu, China, May 11-15, 2015).

41. Yuji SatohʮAnalytic expansions of strong-coupling amplitudes in N=4 SYMʯ
(ট଴ߨԋ),
Amplitudes in Asia 2015 ɹ (National Center for Theoretical Sciences, Taipei,
Taiwan, November 2 - 6 , 2015).

42. Goro Ishiki, ʮMatrix Geometry and Coherent Statesʯʢট଴ߨԋʣ,
Workshop on Noncommutative Field Theory and Gravity (Corfu, Greece, Sep.
21-26, 2015).

43. Goro Ishiki, ʮSpherical M5-branes from the plane wave matrix modelʯ,
KEK theory workshop Dec. (KEK, Tsukuba, Japan, Dec. 1-4, 2015).

44. Goro Ishiki, ʮSpherical M5-branes from the plane wave matrix modelʯ,
YITP workshopʮDevelopments in String Theory and Quantum Field Theoryʯ
(YITP, Kyoto, Japan, Nov. 9-13, 2015).

45. Goro Ishiki, ʮMatrix Geometry and Coherent Statesʯ,
YITP workshopʮNumerical approaches to the holographic principle, quantum
gravity and cosmologyʯ(YITP, Kyoto, Japan, July 21-24, 2015).

46. Goro Ishiki, ʮMatrix Geometry and Coherent Statesʯ,
The 33nd International Symposium on Lattice Field Theory (Lattice 2015)
(Kobe, Japan, July 14-18, 2015).

47. Takaki Matsumoto, ʮNew construction method of Matrixɹ Regularization
using coherent statesʯ,
Geometry in Gauge Theories and String Theory (Korea Institute for Advanced
Study, Seoul, Korea, Sep. 15-18, 2015).

48. Takaki Matsumoto,ʮNew construction method of Matrix Regularization using
coherent statesʯ,
YITP workshopʮDevelopments in String Theory and Quantum Field Theoryʯ
(YITP, Kyoto, Japan, Nov. 9-13, 2015).

49. Takaki Matsumoto, ʮKähler Structure in Matrix Geometryʯ,
KEK workshop 2015 Dec. (KEK, Tsukuba, Japan, Dec. 1-4, 2015).
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50. Hisayoshi Muraki, ʮGravity on Poisson manifoldʯ
Workshop on Higher structures in string theory and M-theory (Tohoku uni-
versity, Sendai, Mar. 7-11, 2016).

51. Hisayoshi Muraki, ʮGravity theory on Poisson manifold with R-fluxʯ
KEK workshop 2015 Dec. (KEK, Tsukuba, Dec. 1-4, 2015).

52. Hisayoshi Muraki, ʮGravity theory on Poisson manifold with R-fluxʯ
YITP workshopʮDevelopments in String Theory and Quantum Field Theoryʯ
(Yukawa Institute of Theoretical Physics, Kyoto, Nov. 9-13, 2015).

53. Tetsuji Kimura,ʮExotic five-branesʯ, 2nd String Theory in Greater Tokyo
(RIKEN, Saitama, Japan, June 9, 2015).

[ձڀݚ಺ֶձɺࠃ]

1. ҏ౻ӻࢠ, ླ໦ത, ୩ޱ༟հ, കా࢜و ʮάϥσΟΤϯτ ϑϩʔΛ༻͍ͨ

Nf=2+1 QCDͷ೤ྗֶྔͷଌఆʯ,
೔ຊ෺ཧֶձ (େࢢࡕେ, େࡕ, 9.25-28, 2015).

2. ୩ޱ༟հ, ੴݟྋ, കా࢜و, ,࢘৴৲ߐ ۚ୩࿨ࢸ, ๺୔ਖ਼ਗ਼, ླ໦ത, एྛ௚ً
ʮGradient flowͰݟΔ༗ݶԹ౓QCDʯ,
೔ຊ෺ཧֶձ ୈ 71ճ೥࣍େձ (౦๺ֶӃେ, ઋ୆, 3.19-22, 2016).

3. നۜਸ਼थ, ,࢘৴৲ߐ ۚ୩࿨ࢸ, ๺୔ਖ਼ਗ਼, ੴݟྋ ʮQuenched QCDͷҰ࣍૬
సҠ఺ʹ͓͚Δજ೤ͱѹྗΪϟοϓʯ,
೔ຊ෺ཧֶձ ୈ 71ճ೥࣍େձ (౦๺ֶӃେ, ઋ୆, 3.19-22, 2016).

4. ੴݟྋ, ,࢘৴৲ߐ ۚ୩࿨ࢸ, େ໺࢙ߒ, കా࢜و, ٢ా৴հʮO(4)εέʔϦϯ
άΛ༻͍ͨ༗ݶԹ౓ɾີ౓QCDͷ૬సҠઢʯ,
೔ຊ෺ཧֶձ ୈ 71ճ೥࣍େձ (౦๺ֶӃେ, ઋ୆, 3.19-22, 2016).

5. େ໺࢙ߒʮQuarkonia at finite temperatureʯ(ট଴ߨԋ), Թ౓ີݶձʮ༗ڀݚ
౓ܥͷ෺ཧͱ֨ࢠQCDγϛϡϨʔγϣϯʯ(ஜ೾େֶࢉܭՊֶڀݚηϯλʔ,
ɹͭ͘͹, 2015೥ 9݄ 5೔) .

6. େ໺࢙ߒʮ༗ݶԹ౓֨ࢠQCDʹΑΔνϟʔϞχ΢ϜٴͼϘτϞχ΢ϜεϖΫ
τϧؔ਺ͷڀݚʯ, ೔ຊ෺ཧֶձ 2015೥ळقେձ (େཱࢢࡕେֶਿຊΩϟϯύ
ε, େࡕ, 2015೥ 9݄ 25೔-28೔).

7. ୩ޱ༟հʮQCD phase transition at real chemical potential with canonical
approach ʯ, JICFUSηϛφʔ, .(౎େֶژ)

8. ୩ޱ༟հʮΧϊχΧϧ๏Ͱൃࢠ֨ͨ͠ݟQCDͷ༗ີݶ౓૬సҠݱ৅ͷڀݚʯ,
೔ຊ෺ཧֶձ 2015೥ळقେձ, (2015೥ 9݄ 25೔?2015೥ 9݄ 28೔ େཱࢢࡕ
େֶʢਿຊΩϟϯύεʣ).
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9. ླ໦ ༡ʮΧϊχΧϧ๏Λ༻͍ͨ༗ີݶ౓֨ࢠQCDʹ͓͚Δ૬సҠݱ৅ͷݚ
,ʯڀ ೔ຊ෺ཧֶձळقେձ, (େཱࢢࡕେֶ, 2015೥ 9݄ 25೔-28೔).

10. ླ໦ ༡ʮΧϊχΧϧ๏Λ༻͍ͨ༗ີݶ౓֨ࢠQCDʹ͓͚Δ૬సҠݱ৅ͷݚ
,ʯڀ ,ߍएखՆͷֶऀࡾ֩ࢠݪ (ϗςϧ͖ͨͭ, Ѫ஌, 2015೥ 8݄ 17೔-22೔).

11. ླ໦༡ʮΧϊχΧϧ๏Λ༻͍ͨ༗ີݶ౓֨ࢠQCDʹ͓͚Δ෺ཧྔͷࢉܭͱͦ
ͷମੵґଘੑͷڀݚʯ, ୈ 71ճ೥࣍େձ, (౦๺ֶӃେֶ, 2016೥ 3݄ 19೔-22
೔).

12. ࡚ࢁ ߶, ੴ઒ ݈Ұ, ᤽૿ Յ৳, ʑ໦ࠤ উҰ, Ӊ઒ জ for PACS Collaboration,
ʮվྑ͞Εͨ΢ΟϧιϯϑΣϧϛΦϯ࡞༻Λ༻͍ͨ 2+1ϑϨʔόʔQCDʹΑ
Δ֩ܗࢠঢ়Ҽࢠͷڀݚʯ೔ຊ෺ཧֶձ 2015೥ळقେձ (େཱࢢࡕେֶ, େࡕ,
2015೥ 9݄ 25–28೔).

13. ࡚ࢁ ߶, ᤽૿ Յ৳, ੴ઒ ݈Ұ, ුా ঘ࠸, ʮ֨ࢠQCDΛ༻͍ͨߏ֩ࢠݪ଄ܭ
,ʯڀݚૅج͚ͨ޲΁ࢉ HPCI ୈ 2ճ੒Ռใࠂձ (೔ຊՊֶະདྷؗ, ౦ژ, 2015
೥ 10݄ 26೔).

14. ࡚ࢁ ߶, ੴ઒ ݈Ұ, ᤽૿ Յ৳, Ӊ઒ জ for PACS Collaboration ʮNf = 2 + 1
,ʯࢉܭଋറΤωϧΪʔͷ֩ࢠݪQCDʹΑΔܰࢠ֨ ೔ຊ෺ཧֶձୈ 71ճ೥࣍
େձ (౦๺ֶӃେֶ, ,৓ٶ 2016೥ 3݄ 19–22೔).

15. լ਺ ३ฏʮNf = 2+ 1 ͰͷߦQCDʹΑΔඍখͳӡಈྔҠࢠ֨ πதؒܗࢠঢ়
Ҽࢠͷڀݚʯ೔ຊ෺ཧֶձୈ 71ճ೥࣍େձʢ౦๺ֶӃେֶɺઋ୆ɺ̎̌̍̒
೥݄̏̍̕೔ʔ̎̎೔ʣ.

16. (ԋߨট଴)ঢ়ͱ՝୊ʯݱ෺ཧֶʹ͓͚ΔσʔλγΣΞϦϯάͷࢉܭ༑রʮߐ٢
σʔλγΣΞϦϯάΛར༻ͨ͠Պֶٕज़ʹؔ͢Δษڧձ (จՊল, ౦ژɺ2015
೥ 5݄ 13೔).

17. ߐ٢ ༑রʮ֨ࢠγϛϡϨʔγϣϯʹΑΔίϯϑΥʔϚϧཧ࿦ͷڀݚʯஜ೾େ
ձࠂಉར༻੒ՌใڞࡍηϯλʔֶڀݚՊֶࢉܭֶ (ஜ೾େֶɺͭ͘͹ɺ2015೥
10݄ 20೔)

18. ߐ٢ ༑র ʮࢉܭૉཻࢠ෺ཧσʔλ؅ཧɾڞ༗ج൫ JLDGʯHPCIγεςϜར
ձࠂ՝୊੒Ռใڀݚ༺ (Պֶະདྷؗ, ౦ژɺ2015೥ 10݄ 26೔).

19. ߐ٢ ༑রʮHEPnet-J/sc ใࠂʯ2015೥౓ HEPnet-J Ϣʔβʔձɺ(޿ౡେֶ,
ౡɺ2015೥޿ 11݄ 24-25೔) .

20. ࠜଜӳࠀ, (HAL QCD Collaboration) ɹʮϋΠύʔ֩ͷগ਺ଟମ޲ʹࢉܭܥ
,ʯڀݚQCDʹΑΔϋΠϖϩϯϙςϯγϟϧͷࢠ͚֨ͨ ೔ຊ෺ཧֶձ ̎̌̍
̑೥ळقେձ, (େཱࢢࡕେֶʢਿຊΩϟϯύεʣɺ̎̌̍̑೥݄̎̑̕ʔ̎̔
೔).
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21. ࠜଜӳࠀ, (HAL QCD Collaboration) ɹʮ֨ࢠQCDʹΑΔϋΠϖϩϯϙςϯ
γϟϧͱ͍ܰ֩ࢠݪ΁ͷԠ༻ʯ, ৽ֶज़ྖҬʮ࣮ݧͱ؍ଌͰղ͖໌͔͢தੑࢠ
੕ͷ֩෺࣭ʯͷୈ̐ճڀݚձ, (ভೆࡍࠃଜηϯλʔɺ̎̌̍̑೥݄̍̓̕ʔ̍
̔೔).

22. ࠜଜӳࠀ, (for HAL QCD Collaboration), ɹʮϋΠύʔ֩ͷগ਺ଟମࢉܭܥʹ
HAL͚ͨ޲ QCD๏ʹΑΔϋΠϖϩϯϙςϯγϟϧͷڀݚʯ, ೔ຊ෺ཧֶձୈ
̓̍ճ೥࣍େձ, (౦๺ֶӃେֶઘΩϟϯύεɺ̎̌̍̒೥݄̏̍̕ʔ̎̎೔).

23. K. Sasaki for HAL QCD Coll., ʮCoupled channel approach to two-baryon
interactions from QCDʯɼετϨϯδωεɾϋυϩϯ߹ಉڀݚձɼ(KEK ౦ւ
Ωϟϯύε, ̎̌̍̑೥݄̔̏ʔ̓೔).

24. ࢤʑ໦݈ࠤ for HAL QCD Coll. ʮ෺ཧ఺֨ࢠQCDʹΑΔόϦΦϯؒ૬࡞ޓ
༻ –S=-2ηΫλ–ʯɼ೔ຊ෺ཧֶձɹ̎̌̍̑೥ळقେձʢେཱࢢࡕେ , ̎̌
̍̑೥݄̎̑̕ʔ̎̔೔).

25. ࢤʑ໦݈ࠤ for HAL QCD Coll., ʮ෺ཧ఺֨ࢠQCDʹΑΔόϦΦϯؒ૬࡞ޓ
༻ [2] – S=-2ηΫλʔ –ʯɼ೔ຊ෺ཧֶձɹୈ̓̍ճ೥࣍େձ (౦๺ֶӃେֶ
ɹઘΩϟϯύε , ̎̌̍̒೥݄̏̍̕ʔ̎̎೔).

26. K.Sasaki for HAL QCD Coll., ʮDibaryon searches from lattice QCDʯɼૉཻ
ʯγϯϙδ΢Ϝ͚ͯ޲ʹژΒϙετ͔ژɾӉ஦ʮ֩ࢠݪɾࢠ (ϫϯςϥείϞ
ϯϗʔϧɺ౦ژ౎ઍ୅ా۠ਆా , ̎̌̍̒೥݄̏̏̌ʔ̏̍೔).

27. ੴڮɹԆ޾ɺʮDimensional regularization of light-cone gauge superstring field
theory and multiloop amplitudesʯ,
೔ຊ෺ཧֶձ 2015೥ळقେձ (େཱࢢࡕେֶ, େࡕ, 2015೥ 9݄ 25೔-28೔).

28. Yuji Satoh ʮWorld-sheet conformal interfaces and their applicationsʯ(ট଴
,(ԋߨ
ͷ৔ͷཧ࿦ݭ 16 (ஜ೾େֶ౦ژΩϟϯύε, ౦ژ, 2016 ೥ 2 ݄ 22 - 23 ೔).

29. ҏ౻࢘ࠀ, ,༐ೋ౻ࠤ Chris Locke, ଋߚඇ, ʮT-Q relation for modified affine
B2 Toda field equationʯ,
೔ຊ෺ཧֶձୈ 71 ճ೥࣍େձ (౦๺ֶӃେֶ, ઋ୆ 2016 ೥ 3 ݄ 19 - 22 ೔).
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