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ୈ1ষ ং

1.1 ܠഎڀݚ

͞ΕΔɽͦͷͨΊɼߏ๔ूஂʹΑͬͯࡉ๔ੜ৫Խ͞ΕͨࡉਓؒΛ͡Ίͱͨ͠ଟͪͨࢲ

ੜମͷਖ਼ৗͳ৫ܗ৫ͷ߃ৗੑͷҡ࣋ʹɼࡉ๔૿৩ͱࡉ๔ࢮΛ࠷దͳόϥϯεʹௐઅ͢

Δ͜ͱ͕ॏཁͰ͋Δɽ͜ͷόϥϯεௐࡉ๔ؒͷԿΒ͔ͷ૬࡞ޓ༻ʹΑΓ࣮͞ݱΕ͍ͯΔɽۙ

ɼඇ໔Ӹੑͷजᙾ੍ߏػͱͯ͠͞Ε͍ͯΔࡉ๔ڝ߹ͱݺΕΔݱ (ਤ 1)Ͱɼࡉ๔ؒ

૬࡞ޓ༻ॏཁͳׂΛՌ͍ͨͯ͠Δɽ

Ͱ͋Δݱੜ͢Δൃʹ࣌Δ͢ࡏ๔ूஂ͕ಉҰͷ৫্ʹଘࡉɼ̎छྨͷ߹ڝ๔ࡉ [1]ɽ͜ͷ࣌ɼ

దԠͱݺΕΔͷ૬ରతͳࠩʹԠͯ͡ɼదԠ͕ࡉ͍ߴ๔ (ଟ͘ͷ߹ਖ਼ৗࡉ๔)ʹΑͬͯɼ

૬ରతʹదԠ͕͍ࡉ๔ (ଟ͘ͷ߹มҟࡉ๔)৫͔Βഉআ͞ΕΔɽͦͷ݁Ռɼࡉ๔ڝ߹

Λͨܦ৫దԠ͕ࡉ͍ߴ๔ʹΑͬͯ༗͞ΕΔɽ͜ͷݱͷಛɼࡉ๔ͷഉআ৫Λߏ

͢Δࡉ๔ͷछྨ͕ 1छྨͷ߹ʹൃੜͤͣ (ਤ 1D, E,G,H,K, L)ɼ̎छྨͷࡉ๔ूஂ͕ଘ͢ࡏΔ

߹ʹͷΈൃੜ͢Δͱ͍͏ঢ়گґଘੑΛͭ࣋ʹ͋Δ (ਤ 1F, I, M, N)ɽࡉ๔ڝ߹ʹ͓͍ͯɼมҟ

๔ྡͨ͠ਖ਼ࡉΔɽ͢ͳΘͪɼมҟ͜ىΑͬͯʹ༺࡞ޓͷ૬ڑ๔ͱͷࡉ๔ͷഉআਖ਼ৗࡉ

ৗࡉ๔ͱͷγάφϧୡ࣭ػցతͳܹΛհͨ͠૬࡞ޓ༻ʹΑͬͯഉআ͞ΕΔͷͰ͋Δɽഉ

আͷํ๏ಈछมҟͷछྨʹΑ༷ͬͯʑͰɼมҟࡉ๔ʹର͢Δࡉ๔ࢮɼࡉ๔ҳͷ༠ಋɼਖ਼

ৗࡉ๔ʹΑΔᩦ৯ͳͲ͕ใ͞ࠂΕ͍ͯΔ [1]ɽ͜ͷࡉ๔ڝ߹ͱ͍͏ݱ༷ʑͳ৫ੜͰ͘

ਐԽతʹอଘ͞Ε͍ͯΔ (ද 1)ɽҎԼͰɼͦΕΒʹ͍ͭͯৄࡉʹड़Δɽ

ද 1: ༷ʑͳϞσϧੜͰ͞؍ΕΔࡉ๔ڝ߹ͷྫ [2–17]

ੜ มҟɾཁҼ

γϣδϣόΤ (ਤ 1L) Minute(ਤ 1A-C), scrib(ਤ 1H-J), lgl, mahjong, Ras, Src, dMyc, Rab5(ਤ 1H-K)
θϒϥϑΟογϡ(ਤ 1L, N) Src, Wnt/β-catenin
ᄡೕྨഓཆࡉ๔ (ਤ 1M,N) RasV12, mahjong, Tead, Yap

Ϛε (ਤ 1L,N) Myc,Խ, COL17A1
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ਤ 1: ؍͕߹ڝ๔ࡉ๔Λද͢ɽA-Cࡉ๔ɼ৭ͷؙมҟࡉͷུ֓ਤɽਤʹ͓͍ͯਫ৭ͷؙਖ਼ৗ߹ڝ๔ࡉ
͞ΕΔঢ়گɽࡉ๔ڝ߹ʹɼ৫ʹมҟΛ༠ಋ͢Δܥ (A)ɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆ͢Δܥ (B)ɼ
ࣗવͳੜମʹ͓͍ͯ͞؍ΕΔܥ (C)͕ଘ͢ࡏΔɽD-NมҟΛਓҝతʹ༠ಋ͢Δ͜ͱͰ͜ىΔࡉ๔ڝ߹ͷܥɽ
ҹͷ͞৫͕͢ΔͨΊʹඞཁͳؒ࣌ͷ͞Λද͢ɽD-F૿৩͕͍ਖ਼ৗࡉ๔͕૿৩ͷ͍
มҟࡉ๔Λഉআ͢Δܥɽมҟࡉ๔͕୯ಠͰ৫Λߏ͢Δ࣌ɼ৫ͷʹਖ਼ৗ৫ΑΓ͕ؒ࣌ඞཁ͕ͩɼ
͢Δܗऴతʹਖ਼ৗͳαΠζͷ৫Λ࠷ (E)ɽਖ਼ৗ৫ʹ༠ಋ͞Εͨมҟࡉ๔৫͔Βۦஞ͞ΕΔ (F)ɽG-J
มҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δܥɽมҟࡉ๔୯ಠͰ৫Λߏ͢Δ࣌ɼਖ਼ৗαΠζΛ͑Δେ͖͞ͷ৫Λ
͢Δܗ (H)ɽਖ਼ৗ৫ʹ༠ಋ͞Εͨมҟࡉ๔ɼਖ਼ৗࡉ๔Λഉআ͠ͳ͕Β৫ͷ༗Λ্͍͛ͯ͘ (I)ɽ
͜ͷ࣌ɼਖ਼ৗࡉ๔ͷࡉ๔ࢮΛ્͢Δͱɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕ࠞͨ͠ࡏɼ௨ৗΑΓେ͖ͳ৫͕ܗ͞ΕΔ
(J)ɽK-Nजᙾੑݪͷมҟࡉ๔͕ਖ਼ৗࡉ๔ʹΑͬͯഉআ͞ΕΔܥɽมҟࡉ๔୯ಠͰ৫Λߏ͢Δ࣌ɼਖ਼ৗα
ΠζΛ͑Δେ͖͞ͷ৫Λܗ͢Δ (L)ɽ྆ࡉ๔͕৫ʹଘ͢ࡏΔ࣌ɼजᙾੑݪͷมҟࡉ๔Ͱ͋ͬͯɼࡉ
๔ڝ߹ʹΑͬͯ৫͔Βۦஞ͞ΕΔ (M)ɽ͔͠͠ɼ༠ಋͨ͠มҟࡉ๔ͷ͕ଟ͍߹ɼഉআΛड͚Δʹ
ؔΘΒͣมҟࡉ๔ͷ͕૿ՃΛଓ͚ɼ৫ͷ༗Λ্ঢ͍ͤͯ͘͞ܥใ͞ࠂΕ͍ͯΔ (N)ɽ
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1.2 ଟ༷ͳܥʹ͓͚Δࡉ๔ڝ߹

ઌड़ͷΑ͏ʹɼࠓͰࡉ๔ڝ߹ଟ͘ͷܥͰใ͞ࠂΕ͍ͯΔɽͦͷུ֓ʹ͍ͭͯਤ 1ͱද

1ʹ·ͱΊͨɽ͜͜ͰɼͦΕͧΕͷৄࡉʹ͍ͭͯड़Δɽ

େ͖͚͘Δͱ߹ڝ๔ࡉ 3छྨͷঢ়͞؍͍͓ͯʹگΕΔɽ͢ͳΘͪɼਓҝతʹ৫ʹมҟ

Λ༠ಋͨ͠ঢ়گ (ਤ 1A)ɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆͨ͠ঢ়گ (ਤ 1B)ɼࣗવͳੜମ

(ਤ 1C)ͷͭࡾͰ͋Δɽ·ͣɼࡉ๔࠷͕߹ڝॳʹൃ͞ݟΕͨɼਓҝతʹ৫ʹมҟΛ༠ಋͨ͠ঢ়

گ (ਤ 1A)ʹ͍ͭͯड़Δɽ

ॳΊɼࡉ๔ڝ߹γϣδϣόΤͷܥͰMorataͱ RipollʹΑͬͯ 1975ʹใ͞ࠂΕͨ [2]ɽ

൴ΒγϣδϣόΤ (Drosophila)ᠯ1جݪʹ͓͍ͯMinuteมҟΛ༠ಋ͠ɼͦͷޙͷൃੜա

ఔΛͨ͠؍ (ਤ 1D-F,ਤ 2)ɽMinuteมҟࡉ๔ϦϘιʔϜλϯύΫ࣭Λίʔυ͢ΔҨࢠͷػ

Λܽଛͨ͠ࡉ๔Ͱ͋ΔɽMinuteมҟࡉ๔୯ಠͰߏ͞Εͨᠯجݪਖ਼ৗࡉ๔ʹൺ৫ͷ

͕͍͕ɼਖ਼ৗͳαΠζͷ৫Λܗ͢Δ (ਤ 1B)ɽ͜ͷมҟΛ৫ͷҰ෦ʹ༠ಋ͠ܦաΛ؍

๔ফࣦͨ͠ࡉ๔ʹғ·ΕͨMinuteมҟࡉΔͱɼਖ਼ৗ͢ (ਤ 2A͓Αͼ 2BԼਤ)ɽMorataΒ

Minuteมҟࡉ๔ͱਖ਼ৗࡉ๔͕ڝ߹ͨ݁͠Ռɼਖ਼ৗࡉ๔ʹΑͬͯMinuteมҟࡉ๔͕ഉআ͞Εͨͱߟ

͑ɼ͜ͷݱΛࡉ๔ڝ߹ͱݺΜͩ [2]ɽ͜͜Ͱɼফࣦͨ͠ࡉ๔͕͋ΔʹؔΘΒͣɼͨ͠γϣ

δϣόΤͷᠯͷαΠζܗਖ਼ৗͰ͋ͬͨɽ͜ͷཧ༝ɼਖ਼ৗࡉ๔͕૿৩͢Δ͜ͱͰɼMinute

มҟࡉ๔͕ফࣦۭ͍ۭͯͨؒ͠ΛຒΊ͔ͨΒͰ͋Δͱ͑ߟΒΕͨɽ͜͏ͨ͠ྺ࢙తͳഎܠͱҨ

ֶతͳख๏ͷൃల͔Βɼࡉ๔ݱ߹ڝʹ͍ͭͯͷڀݚγϣδϣόΤΛ༻͍ͨ࠷͕ڀݚ׆

Βʹհ͍ͯ͘͠ɽ͍ͯͭ͞ʹྫࣄͷ߹ڝ๔ࡉΘΕͨɽͦ͜ͰγϣδϣόΤʹ͓͚Δߦʹൃ

௨ৗɼ্ൽ৫ʹ-جఈ࣠ํͷੑۃ (apico-basalੑۃ)͕ଘ͢ࡏΔ͕ɼੑۃҨࢠͰ͋Δ

scribble (scrib) lethal giant larvae (lgl)͕ܽଛͨ͠มҟࡉ๔ੑۃΛࣦ͏. ͜ΕΒͷมҟࡉ๔ࡉ

๔ڝ߹ʹΑͬͯਖ਼ৗࡉ๔͔ΒͷഉআΛड͚ɼ৫͔Βۦஞ͞ΕΔ͜ͱ͕ใ͞ࠂΕͨ (ਤ 1K-M) [3–5]ɽ

্ड़ͷΑ͏ͳ่͕ੑۃյͨ͠ࡉ๔ࡉ๔ڝ߹ʹΑͬͯഉআ͞Εͳ͍߹ɼ৫Λҳͯ͠ա૿৩

Λଓ͚ɼ͍ͣΕजᙾΛܗͯ͠͠·͏ɽ୯ಠͰ৫Λܗ͢Δ߹ɼਖ਼ৗαΠζΛ্ճΔڊ

େͳ৫Λܗ͢Δ (ਤ 1L)ɽ͜ͷΑ͏ͳੑ࣭͔Βɼ͜ΕΒͷҨࢠजᙾ੍Ҩࢠͱͯ͠ྨ

͞ΕΔɽଞʹजᙾ੍ҨࢠΛܽଛͨ͠ࡉ๔͕ࡉ๔ڝ߹ʹΑͬͯഉআ͞ΕΔྫͱͯ͠ɼmahjong

มҟࡉ๔ͷ͕ܥใ͞ࠂΕ͍ͯΔ [6]ɽҰํͰɼजᙾੑݪͷҨࢠͰ͋Δ Ras Src [7,8]ɼMyc [9]ͷ

1ᠯجݪͱɼγϣδϣόΤͷ༮ͷମʹ͋ΔɼকདྷᠯͱͳΔ৫Ͱ͋Δɽਤ 1Lʹ͓͚Δܕͷ৫͕
͜ΕʹͨΔɽ

2Reprinted from Developmental Biology, 42 /2, G.Morata and P. Ripoll, “Minutes: Mutants of Drosophila autonomously
affecting cell division rate”, 211-221, Copyright (1975), with permission from Elsevierɽ
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ਤ 2: ਖ਼ৗࡉ๔–Minuteܥͷ࣮݁ݧՌ [2]ɽA Minuteมҟࡉ๔ͷಋೖؒ࣌ͱ৫࣌ͷ༠ಋΫ
ϩʔϯͷࡉ๔ͷؔ2ɽԣ࣠ͦΕͧΕͷΫϩʔϯΛಋೖͨؒ࣌͠ ɼॎ(ؒ࣌աܦཛ͔Βͷ࢈)
࣠ͨ͠৫ʹ͓͚Δ༠ಋΫϩʔϯ༝དྷͷࡉ๔ͷࡉ๔Ͱ͋Δɽؙ͕ࠇਖ਼ৗࡉ๔Ϋϩʔϯ
Λಋೖͨ݁͠Ռɽന͕֯ࡾมҟࡉ๔ΫϩʔϯΛಋೖͨ݁͠Ռɽਤதͷҹɼ͜ΕΑΓૣ͍࣌
ؒʹ༠ಋͨ͠Ϋϩʔϯফ໓ͨ͜͠ͱΛҙຯ͢Δɽจݙ [2]ΑΓग़൛ࣾͷڐՄΛಘͯసࡌɽB࢈
ཛ͔Β ͱޙաܦؒ࣌36 ͍͓ͯʹݧͷ݁Ռͷུ֓ਤɽ࣮ݧͷΫϩʔϯ༠ಋ࣮ޙաܦؒ࣌60
ΫϩʔϯγϣδϣόΤᠯجݪʹ༠ಋ͞Εͨɽ࢈ཛ͔Β ͱޙաܦؒ࣌36 ؒ࣌60
͍͓ʹ৫Δ͜ͱ͔Βɼ͕͋ؒ࣌ʹ·Ͱ๔Ϋϩʔϯɼ৫ࡉಋೖͨ͠ਖ਼ৗʹޙաܦ
ཛ͔Β࢈๔͕ଟ͍ɽࡉͯ ͱޙաܦؒ࣌36 ๔Ϋϩʔϯɼࡉಋೖͨ͠มҟʹޙաܦؒ࣌60
ेͳ͕͋ؒ࣌Δ͜ͱͰɼࡉ๔ڝ߹ʹΑΓશʹফ໓͢Δɽ
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มҟࡉ๔ਖ਼ৗࡉ๔ͱͷؒͰڝ߹Λ͢͜ىɽ͜͜ͰɼMycมҟࡉ๔ͱਖ਼ৗࡉ๔ͷࡉ๔ڝ߹ʹ͓͍

ͯɼ͜Ε·Ͱʹհͨ͠έʔεͱରʹMycมҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δ͜ͱʹҙ͕ඞ

ཁͰ͋Δ (ਤ 1G-J)ɽॳγϣδϣόΤͰͷΈใ͞ࠂΕ͍ͯͨมҟΛ༠ಋ͢ΔλΠϓͷࡉ๔

͍͓ʹᡢظΕͨɽྫ͑ɼθϒϥϑΟογϡͰॳ͞ݟൃ͍͓ͯʹୈʹଞͷϞσϧੜ࣍ɼ߹ڝ

ͯਖ਼ৗࡉ๔ͱ Srcมҟࡉ๔ͷࡉ๔͞؍͕߹ڝΕͨ [8]ɽϚεͰMycλϯύΫ࣭ͷ࢈ੜΛ્

ͨ͠มҟΛॳظᡢͷࡉ๔ʹ༠ಋ͢Δ͜ͱͰɼ͜ΕΒͷࡉ๔͕ഉআ͞ΕΔ͜ͱ͕ใ͞ࠂΕͨ [10]ɽ

͜Ε·Ͱड़ͨࡉ๔ڝ߹ɼ৫ʹมҟΛ༠ಋ͍ͯͨ͠ɽ͜ΕΒࡉ๔͞ݟൃ͕߹ڝΕͨݹయ

తͳγνϡΤʔγϣϯͰ͋Δ͕ɼͦͷޙɼഓཆܥʹ͓͍ͯ 2छྨͷࡉ๔Λڞഓཆ͢ΔܥͰࡉ๔

Εͨ͞ݟൃ߹ڝ (ਤ 1B)ɽഓཆܥͰ࠷ॳʹࡉ͔ͨͬͭݟ๔ڝ߹ɼΠψਛଁ্ࡉൽࡉ๔༝དྷ

ͷࡉ๔Ͱ͋ΔMDCKࡉ๔ͷ࣮ܥݧΛ༻͍ͨͷͰ͋Δɽ͜ͷܥʹ͓͍ͯɼਖ਼ৗࡉ๔ͱ RasV12ม

ҟࡉ๔Λڞഓཆ͢Δͱɼมҟࡉ๔͕पғͷਖ਼ৗࡉ๔ʹΑͬͯࡉ๔ूஂ͔Βഉআ͞ΕͨͷͰ͋Δ [7]ɽ

͜ͷൃݟΛൽΓʹɼᄡೕྨͷഓཆࡉ๔ܥͰmahjongมҟࡉ๔ [6] Teadࡉݱൃߴ๔ [11]ɼYap

๔ࡉݱൃߴ [12]ͳͲͷมҟࡉ๔ͱਖ਼ৗࡉ๔ͷࡉ๔͞ݟൃ͕߹ڝΕͨɽ

͞Βʹɼਓҝతͳૢ࡞ΛՃ͍͑ͯͳ͍ࣗવͳঢ়ଶͷθϒϥϑΟογϡϚεͷੜମͰɼ

ಇ͍͍ͯΔ͜ͱ͕໌Β͔ʹ͞Ε͕ͨ߹ڝ๔ࡉ (ਤ 1C)ɽྫ͑ɼθϒϥϑΟογϡͰॳظᡢʹ͓

͍ͯ [13]ɼϚεͰॳظᡢ [10]ڳથ [14]ɼ৺ଁ [15]ͳͲͷ৫ʹ͓͍ͯɼͦΕͧΕࡉ๔ڝ߹

͕ಇ͍͍ͯΔ͜ͱ͕ใ͞ࠂΕ͍ͯΔɽͦͷৄ͍ͯͭࡉ §1.4Ͱड़Δɽ

Ҏ্ͷΑ͏ʹଟ͘ͷϞσϧੜͰ͞؍ΕΔ͜ͱ͔Βɼࡉ๔ڝ߹͘ਐԽతʹอଘ͞Εͨݱ

Ͱ͋Δͱ͞Ε͍ͯΔɽ

1.3 มҟࡉ๔ͷೝࣝͱഉআͷϝΧχζϜ

্ड़ͷΑ͏ʹɼࡉ๔ڝ߹ʹ͓͍ͯਖ਼ৗࡉ๔มҟࡉ๔ͷଘࡏΛೝࣝ͠ɼࡉ๔ࢮΛ༠ಋ͢Δɽ͜

ͷࢠϝΧχζϜͷղ໌ʹ͍ͭͯଟ͘ͷ͕ऀڀݚऔΓΜͰ͓Γɼ͍͔ͭ͘ͷܥʹ͓͍ͯɼม

ҟࡉ๔ͷೝ͔ࣝΒࡉ๔ࢮͷ༠ಋͷྲྀΕ͕໌Β͔ʹͳ͍ͬͯΔɽ͜͜ͰɼγϣδϣόΤݪ؟

๔ͱࡉΔਖ਼ৗ͚͓ʹج scribมҟࡉ๔ͷࡉ๔ڝ߹ʹ͓͍ͯ໌Β͔ʹͳͬͨϝΧχζϜΛྫͱͯ͠

հ͢Δ (ਤ 3) [18]ɽ

͜ͷࡉ๔ڝ߹Ͱࡉ๔ͷද໘ʹଘ͢ࡏΔϦΨϯυ Sasͱͦͷड༰ମͰ͋Δ PTP10D͕ॏཁͳಇ

͖Λ͢Δɽscribมҟࡉ๔ʹ͓͍ͯɼ௨ৗࡉ๔ʹଘ͢ࡏΔ PTP10D͕ࡉ๔ͷଆ໘ʹଘ͠ࡏ

͍ͯΔɽ͜ͷड༰ମͱਖ਼ৗࡉ๔ͷද໘ʹ͋Δ Sas͕݁߹͢Δ͜ͱͰɼscribมҟࡉ๔෦Ͱ EGFR
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ਤ 3: γϣδϣόΤʹ͓͚Δਖ਼ৗࡉ๔ͱ scribมҟࡉ๔ͷࡉ๔ڝ߹ͷϝΧχζϜͷࣜਤɽ

ͱ͍͏γάφϧͷୡ͕ϒϩοΫ͞ΕΔɽ͜ͷγάφϧ્͕͞ΕΔ͜ͱͰɼEiger/TNF-JNKͷγ

άφϧୡܦ࿏͕ಇ͖ɼscribมҟࡉ๔ࡉ๔ࢮΛ͢͜ىͷͰ͋Δɽ͜ͷΑ͏ʹɼࡉ๔ڝ߹Ͱྡ

͢Δࡉ๔ͱతʹ૬࡞ޓ༻͢Δ͜ͱࡉ๔΄Ͳಧ͘γάφϧୡ࣭ [19]Λհͯ͠ɼม

ҟࡉ๔Λೝࣝ͠ɼࡉ๔ࢮΛ༠ಋ͢Δ [20]ɽ

1.4 ͷੜཧֶతҙٛ߹ڝ๔ࡉ

͜Ε·Ͱʹड़༷ͨʹࡉ๔ڝ߹͞·͟·ͳछྨͷੜ৫Ͱ͞؍ΕΔɽͦΕͰɼͦͷ

ੜཧֶతͳҙٛͱԿͩΖ͏͔ɽͦͷҰͭͱ͑ߟΒΕ͍ͯΔͷ͕ɼजᙾ੍ߏػͱͯ͠ͷಇ͖Ͱ͋

Δɽ§1.2Ͱड़ͨΑ͏ʹɼࡉ๔ڝ߹Ͱଟ͘ͷजᙾੑݪͷมҟࡉ๔͕৫͔Βഉআ͞ΕΔɽಉ

༷ʹजᙾ੍Ҩࢠͷܽଛมҟࡉ๔ഉআ͞ΕΔɽ͜ΕΒͷ͜ͱ͔Βɼࡉ๔ڝ߹जᙾ੍ߏػ

ͱͯ͠ͷಇ͖Λظ͞Ε͍ͯΔ [21, 22]ɽ

దਖ਼ͳ৫αΠζͷௐઅʹؔ༩͍ͯ͠Δͱ͍͏Ծઆ͋ΔɽJohnstonΒγϣδϣ߹ڝ๔ࡉ

όΤᠯجݪͷܥͰɼࡉ๔पظࡉ๔૿৩ɼࡉ๔ࢮͷ੍ޚʹؔ༩͢ΔҨࢠ dMyc (Mycͷϗ

Ϟϩά)มҟࡉ๔ (উऀ)ͱਖ਼ৗࡉ๔ (ഊऀ)ͷࡉ๔ڝ߹ͷ؍Λͨͬߦɽͦͷ݁ՌɼdMycมҟࡉ๔

ʹΑΓਖ਼ৗࡉ๔ͷഉআ͕ߦΘΕΔ߹ɼͨ͠ᠯͷαΠζਖ਼ৗʹͳͬͨɽ͜ͷܥʹ͓͚Δਖ਼

ৗࡉ๔ͷࡉ๔ࢮɼਖ਼ৗࡉ๔ʹ͓͚ΔΞϙτʔγεଅਐҨࢠ hidͷੑ׆ԽʹΑΔͷͰ͋Δɽ͠

͕ͨͬͯɼhidͷҨ࢈ࢠΛ࢈ੜ͠ͳ͍มҟΛಋೖ͢Δ͜ͱͰɼࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛ્͢

Δ͜ͱ͕Ͱ͖Δɽࡉ๔ࢮͷ્ͷ݁Ռɼա૿৩͢Δ dMycมҟࡉ๔ͷͨΊʹਖ਼ৗͳαΠζΑΓେ͖

ͳᠯ͕ͨ͠ [19]ɽͦͷͨΊɼࡉ๔ڝ߹͕ൃੜ࣌ʹਖ਼ৗͳαΠζͷ৫Λ࡞Δ͜ͱʹؔ༩ͯ͠
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͍ΔՄੑ͕ࣔࠦ͞ΕͨɽՃ͑ͯɼजᙾੑݪͷมҟࡉ๔ͷܥʹ͓͍ͯɼࡉ๔ڝ߹ʹΑΔഉআΛ

੍͢Δͱɼมҟࡉ๔͕ա૿৩Λͯ͜͠ىजᙾ͕ܗ͞ΕΔͱ͍͏݁Ռ͕ใ͞ࠂΕ͍ͯΔɽ͜ͷ

݁Ռɼजᙾͱ͍͏ܗͰ৫͕ਖ਼ৗͳͷΑΓΔ͔ʹେ͖ͳͷͱͳΔͱ͍͏ཧղΛ͢Δ͜ͱ

͕Ͱ͖Δɽ͜͏͍ͬͨ͜ͱ͔Βɼ৫αΠζͷௐߏػͱजᙾ੍ߏػͱͯ͠ͷಇ͖ີʹؔ

Θ͍ͬͯΔՄੑ͕͋Δɽ

ۙใ͞ࠂΕ͍ͯΔࡉ๔ڝ߹ͷੜཧֶతͳҙٛͱͯ͠ɼ৫ͷࡉ๔ͷ࣭ͷҡ͛ڍ͕࣋ΒΕΔɽ

ྫ͑ɼϚεͷॳظᡢͰMyc͕ΑΓ͍ͯ͠ݱൃߴΔࡉ๔͕ൃݱͳࡉ๔Λഉআ͢Δ [10, 23]ɽ

Mycࡉװ๔ͷԽ͕ਐΉ΄Ͳൃ͕ݱԼ͢Δ͜ͱ͔Βɼ͜ͷࡉ๔ڝ߹௨ৗΑΓૣظʹԽ

ΒΕΔ͑ߟΔͱ࣋͢๔Λഉআ͠ɼ৫ͷଟੑΛҡࡉͨͬ·ͯ͠͠ [24]ɽϚεͰڳથͰ͜

Ε͍ͯΔ͞ࠂใ͕߹ڝ๔ࡉ͍ͨͬ͏ [14]ɽڳથͰ Tࡉ๔ͷલࡉۦ๔͕࡞ΒΕ͓ͯΓɼ͍ݹલۦ

๔ʹΑͬͯࡉ๔͕৽͍͠ࡉ͍ݹΕ͍ͯΔɽ͜ͷަ͞๔ͱަࡉۦ༝དྷͷ৽͍͠લࠎ๔ࡉ

ഉআ͞ΕΔͱ͍͏ࡉ๔ڝ߹ʹΑͬͯߦΘΕ͍ͯΔ͜ͱ͕໌Β͔ʹ͞ΕͨͷͰ͋Δɽ͜ͷࡉ๔ڝ߹

͕ࣦΘΕͨ࣌ɼϚεਓʹ͓͚Δ TϦϯύժੑٿന݂ප/Ϧϯύजʹͨࣅঢ়ଶʹͳΔɽͦͷͨΊɼ

͜ͷࡉ๔ڝ߹ࡉ๔ͷ࣭Λཧ͢Δ͜ͱͰजᙾ੍ߏػͱͯ͠ಇ͍͍ͯΔͱ͑ߟΒΕΔɽ͞Β

Εͨ͞ݟൃ͕߹ڝ๔ࡉ๔ʹ͓͍ͯࡉװϚεͷදൽʹۙ࠷͘͝ʹ [16]ɽ͜ͷܥͰίϥʔή

ϯCOL17A1Λ͍ͯ͠ݱൃߴΔࡉװ๔ʹΑͬͯൃݱͷࡉװ๔͕ഉআ͞ΕΔɽࡉ๔ڝ߹Λ੍͢Δ

ͱൽෘͷԽ͕ଅਐ͢Δ͜ͱ͔Βɼ͜ͷܥͰࡉ๔ڝ߹͕ൽෘͷए͞Λҡ͍ͯ࣋͠Δͱ͑ߟΒΕ

͍ͯΔɽ

1.5 ৫ͷӡ໋ͨܦΛ߹ڝ๔ࡉ

ॳɼࡉ๔ڝ߹૿৩ͷ૬ରతͳࠩʹΑΓɼ૿৩ͷࡉ͍ߴ๔͕͍ࡉ๔Λഉআ͢ΔݱͰ͋

Δͱ͑ߟΒΕ͍ͯͨ [25]ɽ͔͠͠ɼजᙾੑݪͷࡉ๔͕ࡉ๔ڝ߹ʹΑͬͯഉআ͞ΕΔ͜ͱ͕ใ͞ࠂ

Ε͍ͯΔɽ͜͏ͨ͠มҟࡉ๔ਖ਼ৗࡉ๔ʹൺͯඞͣ͠૿৩͕͍Θ͚Ͱͳ͍ɽΉ͠Ζɼज

ᙾੑݪͷࡉ๔୯ಠͰ৫Λߏͨ࣌͠ɼਖ਼ৗ৫ΑΓ໌Β͔ʹେ͖ͳαΠζͷ৫Λܗ͠ɼ

जᙾԽ͢ΔɽͦΕʹ͔͔ΘΒͣɼ͜͏͍ͬͨࡉ๔͕ਖ਼ৗࡉ๔ͱڞʹ৫ʹଘ͢ࡏΔ࣌ɼਖ਼ৗࡉ

๔ʹΑͬͯ৫͔Βۦஞ͞ΕΔɽͦͯ͠ɼਖ਼ৗͳ৫͕ܗ͞ΕΔͷͰ͋Δɽ͜ͷ͜ͱ͔Βɼࡉ

๔ڝ߹ʹ͓͍ͯͲͪΒͷࡉ๔͕ͲͪΒͷࡉ๔Λഉআ͢Δ͔ͱ͍͏͜ͱɼݹయతͳԾઆͷ༷ʹ୯

७ͳҰͭͷݪҼ ΒΕΔɽ͑ߟͰܾ·ΔͷͰͳ͘ɼෳ߹తͳཁૉͰܾఆ͞ΕΔͱ(ύϥϝʔλޚ੍)

γϣδϣόΤᠯجݪͷܥͰɼࡉ๔ڝ߹ͷ݁Ռͷ༧ଌ͕ΑΓࠔʹͳΔྫ͕MorataΒ
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ਤ 4: ਖ਼ৗࡉ๔–Rab5มҟࡉ๔ܥͷ࣮݁ݧՌͷ֓೦ਤ [17]ɽ࣮ݧʹ͓͍ͯΫϩʔϯγϣδϣ
όΤᠯجݪʹ༠ಋ͞ΕͨɽAಋೖ͞Εͨมҟࡉ๔͕গͳ͍࣌ɼ৫ͷͱͱʹมҟ
๔ͷ૿Ճ͍ͯ͘͠ɽࡉɼมҟ࣌๔͕ଟ͍ࡉஞ͞ΕΔɽBಋೖ͞Εͨมҟۦ๔ࡉ

ʹΑͬͯใ͞ࠂΕͨ (ਤ 4) [17]ɽ൴ΒΤϯυαΠτʔγεΛ੍͢ޚΔҨࢠͰ͋Δ Rab5มҟΛ

ϞβΠΫঢ়ʹਖ਼ৗ৫ʹ༠ಋ͢Δ࣮ݧΛͨͬߦɽRab5มҟࡉ๔ scribมҟࡉ๔ lglมҟࡉ๔ͱ

ಉ༷ʹजᙾੑݪͷࡉ๔Ͱ͋Γɼ୯ಠͰ৫Λߏͨ͠߹ɼਖ਼ৗ৫ΑΓڊେͳ৫Λܗ͢

Δɽ࣮ݧͷ݁Ռɼࡉ๔͜ى͕߹ڝΓ Rab5มҟࡉ๔ਖ਼ৗࡉ๔ʹΑͬͯഉআ͞Εͨ (ਤ 4A)ɽՃ͑

ͯɼ͜ͷܗʹ࣌͞Εͨ৫ͷαΠζɼਖ਼ৗͳͷͰ͋ͬͨɽ͔͠͠ɼॳظʹ৫ʹ༠ಋ͢Δ

Rab5มҟࡉ๔ͷׂ߹Λ૿ͨ͠ͱ͜Ζɼࡉ๔ڝ߹͕ੜͯ͡෦తʹมҟࡉ๔ͷഉআ͕͜ىΔʹ

ؔΘΒͣɼRab5มҟࡉ๔શʹۦஞ͞ΕͣɼΉ͠Ζ৫ΛΊΔׂ߹͕૿Ճͨ͠ͷͰ͋Δ

(ਤ 4B)ɽ͢ͳΘͪɼ͜ͷਖ਼ৗࡉ๔–Rab5ܥͰ৫͕ਖ਼ৗࡉ๔ͷΈͰܗ͞ΕΔͷ͔ɼͦΕͱ

ਖ਼ৗࡉ๔ͱมҟࡉ๔͕৫ʹڞଘ͢Δͷ͔ͱ͍͏ࡉ๔ڝ߹Λͨܦ৫ͷӡ໋͕ɼॳظͷࡉ๔ʹ

Αͬͯࠨӈ͞ΕͨͷͰ͋Δ3ɽ

Ҏ্ͷ͜ͱ͔Βɼࡉ๔ڝ߹ͷੑ࣭Λཧղ͢ΔͨΊʹɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩͚ͩͰ

ͳ͘ଞͷҼࢠྀ͠ߟͳ͚ΕͳΒͳ͍ͩΖ͏ɽ͞Βʹɼࡉ๔ڝ߹Λͯܦਖ਼ৗࡉ๔ͷΈͰਖ਼ৗͳ

৫ΛߏͰ͖Δͷ͔ɼͦΕͱมҟࡉ๔͕ੜ͖Ԇͼͯ͠·͏ͷ͔ͱ͍͏ʮ৫ͷӡ໋ʯΛ༧ଌ

͢ΔͨΊʹɼͦΕͧΕͷࡉ๔ͷॳࡉظ๔·Ͱྀ͠ߟͳ͚ΕͳΒͳ͍ɽ͜͏ͨ͠ෳࡶͳঢ়

ڝ๔ࡉɼڀݚͷຊ࣭Λཧղ͢ΔͨΊʹɼཧϞσϧΛ༻͍Δ͜ͱ͕༗ޮͰ͋Δɽͦ͜Ͱຊگ

ɽͨͬߦʹରͯ͠ཧϞσϧΛ༻͍ͨΞϓϩʔνΛݱ߹

3Ұൠతʹࡉ๔ڝ߹ʹ͓͍ͯഉআΛࡉ͏ߦ๔Λউऀ (winner)ɼഉআ͞ΕΔࡉ๔Λഊऀ (loser)ͱݺͿɽ͔͠͠ɼ͜ͷܥ
ʹ͓͍ͯഉআ͞ΕΔࡉ๔৫Ͱੜ͖Ԇͼɼ͋·ͭ͑͞ॳظͷࡉ๔ΑΓ૿Ճ͢Δɽ͜ͷมҟࡉ๔ΛഊऀͱݺͿ
ͷҧ͕ײΔɽҰํɼ৫࣌ʹ͓͍ͯͷೋࡉ๔ͷࡉ๔ͷൺͱॳظͷൺΛൺɼൺ͕૿Ճ͍ͯͨ͠ํͷ
๔͕ഊऀͱΓಘࡉ๔Λഉআ͍ͯ͠Δਖ਼ৗࡉͰมҟܥ๔Λউऀͱ͢Δͱ͍͏ఆٛ͋Δɽ͔͜͠͠ͷ߹ɼRab5ࡉ
Δɽ͜͏ͨ͠ෳ͔͞ࡶΒɼຊจͰࡉ๔ڝ߹ͷయܕతͳϥϕϦϯάͰ͋Δউऀɼഊऀͱ͍͏༻ޠΛྗۃഉͨ͠ɽ
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1.6 ཧϞσϧʹΑΔऔΓΈ͚ͨʹͷཧղ߹ڝ๔ࡉ

ଟ͘ͳ͞Ε͖ͯͨڀݚʹରͯ͠ཧϞσϧΛద༻͢Δݱ๔ूஂ͕ؔΘΔࡉ [26–30]ɽۙ

ͷཧϞσϧͷద༻ͷྲྀΕ͍ͭͯ·ͱΊΔલʹɼ·ͣຊจͰඞཁͱͳΔ߹ڝ๔ࡉͨͬ·࢝

ཧϞσϧʹ͍ͭͯ؆୯ʹ·ͱΊΔɽ

1.6.1 ϙϐϡϨʔγϣϯϞσϧ

ϙϐϡϨʔγϣϯϞσϧͱݸମΛมͱͯ͠ɼݸମ܈ͷΛهड़ͨ͠ํఔࣜͰ͋Δɽྫ

͑ɼݹయతͳϙϐϡϨʔγϣϯϞσϧͰ͋Δ LogisticํఔࣜҎԼͷࣜͰද͞ΕΔ [28, 29]:

dx
dt

= r(1 − x
K
)x, (1)

͜͜Ͱ xूஂͷݸମΛද͢ɽLogisticํఔࣜʹ͓͍ͯ x͕ेখ͍࣌͞ɼूஂͷ૿Ճ
dx
dt

ॳ૿ظ৩ rʹൺྫ͢Δɽ͔͠͠ɼx͕ڥऩ༰ྗ Kʹۙͮ͘ͱɼ૿৩ݸମ૿ՃͷӨڹΛ

ड͚ͯิਖ਼͕͔͔Γ r(1− x
K
)ͱͳΔɽ͕ͨͬͯ͠ɼr(1− x

K
)xͰද͞ΕΔूஂͷ૿Ճɼݸମ

͕ Kʹۙͮ͘΄Ͳݮগ͢Δ͜ͱ͕͔Δɽ૿Ճ࠷ऴతʹ x = KͰ 0ͱͳΔͨΊɼKݸ

ମͷ্ݶΛද͍ͯ͠Δͱ͍͑ΔɽࣜΑΓ͔ΔΑ͏ʹɼϙϐϡϨʔγϣϯϞσϧͰجຊతʹ

ۭؒతͳޮՌྀ͞ߟΕ͍ͯͳ͍ɽҰํͰɼৗඍํఔࣜܥͰදͤΔͨΊɼֶతʹղΛٻΊΔ

͜ͱݱͷຊ࣭ͷཧղʹಛԽ͍ͯ͠ΔཧϞσϧͱ͍͑ΔɽϙϐϡϨʔγϣϯϞσϧͷࡉ๔

μΠφϛΫεͷద༻ͷৄࡉʹ͍ͭͯ §2Ͱड़Δɽ

1.6.2 όʔςοΫεϞσϧ

όʔςοΫεϞσϧ [26]ɼෳͷ࣭ͱͦΕΛͭͳ͙ลͰࡉ๔ͷྠֲΛද͠ɼ৫ͷ༷ࢠΛ

ද͢ݱΔ (ਤ 5)ɽ֤࣭ɼࡉ๔ບʹಇ͘ுྗɼࡉ๔ͷपғࡉ๔໘ੵҰఆͷ੍Λྀͨ͠ߟϙ

ςϯγϟϧؔΛ࠷খԽ͢ΔҐஔͱಈ͘ɽ͕ͨͬͯ͠ɼόʔςοΫεϞσϧࡉ๔৫ͷมܗ

Λهड़Ͱ͖Δͱ͍͏རΛ͍ͯͬ࣋ΔɽҰํɼࡉ๔ಉ࢜جຊతʹྡ͍ͯ͠Δඞཁ͕͋Γɼݸʑ

ͷࡉ๔ͷಠཱͨ͠ӡಈΛ͏ܥʹద༻͢Δ͜ͱ͍͠ɽ
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ਤ 5: όʔςοΫεϞσϧͷ֓೦ਤɽόʔςοΫεϞσϧͰ্ൽ৫Λܗ͢Δࡉ๔ूஂ (A)
Λ࣭ͱͦΕΛ͙ܨลͰද͢ݱΔ (B)ɽBೋݩ࣍ͷόʔςοΫεϞσϧͰ͋Δɽ

1.6.3 Ϟσϧࢠཻ

Δख๏Ͱ͋Δ͢ݱͰදࢠ๔Λཻࡉମݸ͢ΔҰͭҰͭͷߏ๔ूஂΛࡉ܈ମݸ๏ࢠཻ ( [27,31];

ࡉৄ §4Ͱड़Δ)ɽҰͭҰͭͷࡉ๔Λهड़͢Δͱ͍͏໘ͰόʔςοΫεϞσϧͱಉ༷Ͱ͋Δ

͕ɼ͜ͷཧϞσϧݸʑͷࡉ๔ͷ࣭ͷӡಈํఔࣜΛ͍ͯ͠ࢉܭΔͨΊɼࡉ๔ʹಈ͖͕͋

ΔܥʹΑΓద༻͍͢͠ɽͦͷ໘ɼόʔςοΫεϞσϧͱҟͳΓɼࡉ๔ͷมܗΛهड़͢Δ͜

ͱͰ͖ͳ͍ɽ

1.6.4 ͷཧϞσϧΛ༻͍ͨΞϓϩʔνݱ߹ڝ๔ࡉ

ڝ๔ࡉ͔ΓͰ͋Δɽͨͬ·࢝ΛཧϞσϧΛ༻͍ͯղੳ͢ΔΞϓϩʔνۙݱ߹ڝ๔ࡉ

ࠂॳͷใ࠷͍ͨ༺ͷཧղͷͨΊʹཧϞσϧΛݱ߹ 2016ͰɼզʑͷڀݚάϧʔϓʹΑΔ

ͷͰ͋Δ [32]ɽ͜ͷڀݚͰɼϙϐϡϨʔγϣϯϞσϧΛ༻͍͓ͯΓɼࡉ๔ͷมԽΛهड़͢Δ

͜ͱʹಛԽ͢Δ͜ͱͰ༷ʑͳܥͷࡉ๔ڝ߹Λͨܦ৫ͷӡ໋ʹ͍ͭͯҰͭͷཧϞσϧͰઆ໌͢

Δ͜ͱ͕Ͱ͖ͨɽͦͷޙɼಛఆͷܥʹରΛ͕ڀݚͨͬߜଞͷάϧʔϓʹΑͬͯͳ͞ΕͨɽLeeΒ

 2017ʹີʹґଘ͢ΔѹྗʹΑΓࡉ๔͕ػցతʹഉআ͞ΕΔܥʹ͍ͭͯணͨ͠ɽ൴Β͜

ͷόʔςοΫεϞσϧΛ༻͍ͯγϛϡϨʔγϣϯΛ͍ߦɼࡉ๔ڝ߹ʹ͓͚Δࡉ๔ͷഉআ͕

৫શମͷޮࡉ๔ີɼѹഭঢ়ଶͳͲͷվળΛͨΒ͢͜ͱ͕Λࣔࠦͨ͠ [33]ɽBoveΒ

2017ʹಉ͘͡ࡉ๔͕ػցతʹഉআ͞ΕΔܥʹணͨ͠ [34]ɽ൴Β in vitroͷ࣮ܥݧͷΠϝʔδ

ϯάͱີࡉ๔྾ɼࡉ๔ࢮͷൃੜͳͲΛมͱͨ͠ৗඍํఔࣜΛΈ߹ΘͤΔ͜ͱͰɼ
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͓ʹԼʹ͋Δ৫߹ڝ๔ࡉΛղੳͨ͠ɽͦͷ݁Ռɼͷؔࢮ๔ࡉ๔྾ࡉ๔ͷஔີͱࡉ

๔ࡉ๔Ͱࡉ๔ʹྡͨ͠ਖ਼ৗࡉॴతͳີʹґଘ͓ͯ͠Γɼมҟہ๔྾ࡉࢮ๔ࡉ͍ͯ

྾ͷස্͕ঢ͍ͯ͠Δ͜ͱΛ໌Β͔ʹͨ͠ɽTsuboiΒόʔςοΫεϞσϧͱΠϝʔδϯάΛ

Έ߹Θͤɼࡉ๔͕ഉআ͞Εͨ͜ͱʹΑΓۭ͍ͨεϖʔεഉআͨ͠ࡉ๔͕બతʹ֦େ͢Δ͜

ͱͰٸʹຒΊΒΕΔ͜ͱΛγϣδϣόΤᠯجݪʹ͓͚Δܥʹ͓͍ͯ໌Β͔ʹͨ͠ [35]ɽ

͕ͨͬͯ͠ɼ͜ͷܥͰࡉ๔ڝ߹ʹΑΔࡉ๔ͷഉআ͕ൃੜ͕ଟ͍΄Ͳɼ৫Λ༗͢Δࡉ๔ू

ஂ͕ૉૣ͘͢Δ͜ͱ͕ࣔࠦ͞Εͨɽ

1.6.5 ຊڀݚͷಛ৭͓Αͼ֓ཁ

§1.6.4Ͱड़ͨଞͷڀݚάϧʔϓ͕༻͍ͨཧϞσϧۭؒతͳஔΛͦͷ··ͨ͠ݱ࠶ཧ

Ϟσϧʹͳ͍ͬͯΔ4ɽࡉ๔ڝ߹Ͱਖ਼ৗࡉ๔ͱมҟࡉ๔͕ྡͨ͠ॴͰͷΈഉআ͕ൃੜ͢Δͱ

͍͏ۭؒతͳ͕݅͋ΔͨΊɼ͜Εࣗવͳ͜ͱͰ͋Δɽ͔͠͠ɼ͜͏ͨ͠ཧϞσϧͰہॴ

తͳ࡞༻มԽΛଊ͑Δ͜ͱʹద͍ͯ͠Δ໘ɼࡉ๔ͷมԽͷΈΛղੳɾ༧ଌ͢Δ͜ͱʹؔ

ͯ͠ใྔ͕աଟͰ͋Γɼݱʹٯͷࠜఈʹ͋Δੑ࣭͕ͮ͑ݟΒ͘ͳͬͯ͠·͏ɽҰํɼຊڀݚ

ͰɼͷมԽΛهड़͢Δ͜ͱʹಛԽͨ͠ϙϐϡϨʔγϣϯϞσϧۙࣅతʹۭؒஔͷ࡞༻Λ

ಋೖ͢Δ͜ͱͰࡉ๔ڝ߹ͷཧϞσϧΛߏஙͨ͠ɽ͜ΕʹΑΓɼߏஙͨ͠ཧϞσϧࡉ๔ڝ߹

Λͨܦ৫ͷӡ໋ͷ༧ଌͱ݁ՌΛࠨӈ͢ΔཁҼʹ͍ͭͯղੳ͢Δ͜ͱʹযΛͯͨͷͱͳͬ

͍ͯΔɽՃ͑ͯɼมύϥϝʔλͷΛগͳ͑͘ΒΕΔͨΊɼύϥϝʔλ͕ࡉ๔ٴʹ߹ڝ΅

͢Өڹʹֶ͍ͭͯతʹࢉग़͢Δ͜ͱ͕Ͱ͖Δͱ͍͏ར͕͋Δɽ

ຊڀݚͰߏஙͨ͠ཧϞσϧ͔ΒಘΒΕͨ݁Ռɼࡉ๔ڝ߹Λͨܦ৫ͷӡ໋ਖ਼ৗࡉ๔ͱม

ҟࡉ๔ͷ૿৩ͷࠩʹΑܾͬͯ·Δͱ͍͏ݹయతͳԾઆ [25,36]Λ൱ఆ͢ΔͷͰ͋ͬͨɽͦ͏

Ͱͳ͘ɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕୯ಠͰ৫Λߏ͢Δࡍͷ৫αΠζͷൺͱɼڥքʹ͓͚

Δมҟࡉ๔ͷഉআ͕৫ͷӡ໋ʹॏཁͰ͋Δ͜ͱ͕ࣔ͞ΕͨɽຊڀݚͰूஂదԠͱ͍͏ɼ

ͦͷܥͰਖ਼ৗࡉ๔͕มҟࡉ๔ΛશʹۦஞͰ͖ΔՄੑͷׂ߹Λࢦඪͱͯ͠ಋೖ͠ɼղੳղͱγ

ϛϡϨʔγϣϯͷʹΑΔ݁ՌΛൺֱͨ͠ɽͦͷ݁Ռɼ࣮ݧʹ͓͍༷ͯʑͳܥͰใ͞ࠂΕ͍ͯΔࡉ

๔ڝ߹ͷ݁ՌΛแׅతʹઆ໌͢Δ͜ͱ͕Ͱ͖ͨɽ

ຊจͷୈ 4ষͰঈੑ૿৩͕ࡉ๔ڝ߹ͷ݁Ռʹ༩͑ΔӨڹʹ͍ͭͯղੳͨ͠ɽࡉ๔ڝ߹͕

ʹີݫ4 BoveΒ͕༻͍ͨཧϞσϧ [34]ۭؒΛͦͷ··͍ͯ͠ݱ࠶ͳ͍ɽ͔͠͠ɼͨ͠ࡉ๔ͷपғͷঢ়گ
ࢮ๔ࡉॴతͳہΜͰ͍Δɽ൴ΒͷཧϞσϧࠐΓɼۭؒͷใΛཧϞσϧʹऔΓ͓ͯ͠༺Λ(๔ͷີࡉ)
ΒΕΔ͑ߟͳ͍ͱ͔๔྾ʹ͍ͯ͠ΔͨΊɼ৫ͷӡ໋ͷղੳʹࡉ
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ൃੜ͢Δ৫ʹ͓͍ͯɼਖ਼ৗࡉ๔ʹڥքͰഉআͨ͠มҟࡉ๔ͷࡉ๔ࢮʹ༝དྷ͢Δঈੑ૿৩͕

ಇ͘ɽରͯ͠ɼมҟࡉ๔ʹڥքͰഉআ͞Εͨมҟࡉ๔ͷࡉ๔ࢮʹ༝དྷ͢Δঈੑ૿৩ͱɼมҟ

༝དྷ͢Δঈੑ૿৩ͷʹࢮ๔ࡉͷੑࡏ๔ͷࡉ 2छྨ͕ಇ͘ɽཧϞσϧΛߏங͠ɼղੳͨ݁͠

Ռɼਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ɼࡉ๔ڝ߹ͷ݁ՌʹӨ͠ڹͳ͍͕ɼ৫ͷΛૣΊΔޮՌΛ

ɼঈ͠ڹͷ݁ՌʹӨ߹ڝ๔ࡉ๔ʹಇ͘ঈੑ૿৩ࡉͱ͕໌Β͔ʹͳͬͨɽҰํɼมҟͭ࣋͜

ੑ૿৩ͷ૿৩ဏਐ͕͍ߴ΄Ͳมҟࡉ๔ੜ͖ԆͼͯजᙾΛܗ͘͢͠ͳΔɽ͞ΒʹɼཧϞ

σϧΛղੳతʹղ͘͜ͱͰɼมҟࡉ๔ʹಇ͘ 2छྨͷঈੑ૿৩ͷͲͪΒ͕ΑΓࡉ๔ڝ߹ͷ݁Ռ

ʹӨ͢ڹΔͷ͔ΛఆྔԽ͢Δ͜ͱ͕Ͱ͖ɼܥ࣮ݱʹ͓͍ͯࡉ๔ڝ߹ʹ༝དྷ͢Δͷͷํ͕ΑΓ

Ө͢ڹΔՄੑ͕͋Δ͜ͱΛࣔͨ͠ɽ
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ୈ2ষ Cell CompetitionϞσϧ

ຊষͰ §1.6.1Ͱड़ͨϙϐϡϨʔγϣϯϞσϧʹ͖ͮجɼࡉ๔ݱ߹ڝΛแׅతʹهड़Մ

ͳཧϞσϧ (Cell CompetitionϞσϧ = CCϞσϧ)Λߏஙͨ͠ɽҎԼͰ·ͣɼCCϞσϧͷ

ங͓Αͼղੳ݁ՌߏɼCCϞσϧͷޙͱͳͬͨϙϐϡϨʔγϣϯϞσϧʹ͍ͭͯհ͢Δɽͦͷج

ʹ͍ͭͯड़Δ [32]ɽ

2.1 ཧϞσϧ

2.1.1 ํ͑ߟͷࢭ๔૿৩ͷఀࡉ

ຊͰ͋Δࡉ๔ڝ߹ͷʹೖΔલʹɼࡉ๔Ͱهड़͞ΕΔ৫ܗͷΛ͑ߟΔɽൃੜա

ఔʹ͓͍ͯɼࡉ๔ͷ૿Ճ৫͕ਖ਼ৗͳαΠζ·Ͱୡͨ͢͠ࢭఀʹ࣌Δඞཁ͕͋ΔɽͦΕ͕ى

͜Δʹ 2௨Γͷ߹͕͋Δͱ͑ߟΒΕΔɽࡉ๔૿৩ͱࡉ๔ࢮͷΓ߹͍ʹΑΓࡉ๔͕ฏߧঢ়

ଶʹͳΔ߹ͱɼ૿৩ࣗମ͕ 0ʹͳΔ߹Ͱ͋Δɽ

ຊڀݚͰɼऀޙͷ߹ΛԾఆͨ͠ (લऀͷ߹ʹ͍ͭͯAppendix §S1Ͱٞͨ͠)ɽཧϞ

σϧʹ͓͍ͯओʹ͍ͯ͠ΔγϣδϣόΤᠯجݪͷܥͰɼ৫ʹ͓͚Δࡉ๔

Ε͍ͯΔͨΊͰ͋Δ͞ࠂ๔྾ͷ੍ʹΑͬͯ͞ΕΔ͜ͱ͕ใࡉΑͬͯͰͳ͘ɼʹࢮ๔ࡉ [37]ɽ

Ճ͑ͯɼཧϞσϧ͕؆୯ԽͰ͖ɼֶతͳղੳ͕ՄʹͳΔͱ͍͏ར͋Δɽ

৫͕ਖ਼ৗͳαΠζʹͳͬͨࡉʹ࣌๔ͷ૿৩Λ੍͢Δͷɼ৮੍ (contact inhibition)

ͱݺΕΔ࡞༻Ͱ͋Δͱ͑ߟΒΕΔɽ͢ͳΘͪɼࡉ๔पғͷີΛ͕ࣗड͚Δྗγάφϧ

ୡ࣭Ͱײ͓ͯ͠Γɼີ͕͘ߴͳΔʹͭΕͯ૿৩੍͕͞ΕΔͷͰ͋Δ [38,39]ɽ͜͏͠

Ε͍ͯΔ͞؍ͰݧΔ࣮͚͓ʹجݪ๔ͷಈଶɼγϣδϣόΤᠯࡉͨ (Appendix §S3

ਤ 24)ɽવɼࡉ๔ूஂ͕৳ల͢Δ͜ͱ͕Ͱ͖Δۭ͕ؒແ͚ʹݶΕɼີ্ঢ͠ͳ͍ɽͦͷ

ͨΊɼຊڀݚͰγϣδϣόΤᠯجݪͷΑ͏ʹɼࡉ๔ूஂͷ֎ଆʹࡉ๔ूஂΛด͡ࠐ

ΊΔʮൽບʯͷΑ͏ͳߏ͕͋Δ͜ͱΛԾఆͨ͠ɽҎԼͰɼ৫͕ਖ਼ৗͳαΠζʹͳͬͨ

๔ͷ૿৩͕ࡉʹ࣌ 0ʹͳΔͱ͍͏ੑ࣭Λݹͨͬ࣋యతͳϙϐϡϨʔγϣϯϞσϧʹ͍ͭͯड़
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͍ͯ͘ɽ

2.1.2 Logisticํఔࣜ

ຊڀݚͰߏஙͨ͠ཧϞσϧʹ͍ͭͯهड़͢ΔલʹɼೋͭͷݹయతͳϙϐϡϨʔγϣϯϞσϧ

Λࡉ๔ूஂͷࡉ๔ಈଶʹదԠ͢Δ͜ͱΛ͑ߟΔɽҰͭɼ§1.6.1Ͱड़ͨ 1छྨͷݸମ܈ͷ

Λهड़ͨ͠ Logisticํఔࣜ 1Ͱ͋Δɽ͜ͷࣜʹ͓͚Δ ମΛݸ1 Δͱɼx͑ߟͯ͑๔ʹஔ͖ࡉ1

ࡉ๔Λද͠ɼࡉ๔͕গͷ࣌ɼࡉ๔ͷ૿৩ rͱͳΔɽ

§1.6.1Ͱٞͨ͠Α͏ʹɼx = Kͷࡉʹ࣌๔ͷ૿৩ 0ʹͳΔ͜ͱ͕͔Δɽ͕ͨͬͯ͠ɼ͜

ͷ K͕ͦ͜৫͕ਖ਼ৗͳαΠζʹͳͬͨ࣌ͷࡉ๔Λද͢ɽ͜͜Ͱɼ֤ʑͷࡉ๔ͷେ͖͕͞

͍͠ͱԾఆ͢ΔͱɼKͨ͠৫ͷαΠζͱ͍͑Δɽࡉ๔ xͷ૿ՃʹԠͨ͡૿৩ͷԼ

ͷݪҼલड़ͷ৮੍Ͱ͋ΔͱࢥΘΕΔɽࡉ๔ڝ߹ͷมҟࡉ๔ͷଟ͘जᙾੑݪͷࡉ๔Ͱ͋Γɼ

Ε͍ͯΔ͞؍ͱ͕͜͢͜ىյ͍ͯ͠ΔͨΊա૿৩Λ่͕ߏػ๔৮੍ͷࡉͨ͠͏͜ [40]ɽͭ

·Γɼजᙾੑݪͷࡉ๔ີΛײͯ͠૿৩ΛԼͤ͞Δഁ͕ߏػ͓ͯ͠Γɼલड़ͷ৫ͷ

ʮൽບʯ͢Βഁͬͯ૿৩͍ͯ͘͠ͷͰΔɽ͕ͨͬͯ͠ɼजᙾੑݪͷࡉ๔ʹ͍ͭͯ͑ߟΔඞཁ͕͋Δ

ऩ༰ྗڥɼ࣌ Kेେ͖͘͢Δ͔ɼ∞ͱ͢Δඞཁ͕͋Δ1ɽ

͜͜Ͱɼ͜ͷཧϞσϧʹ͓͚Δ r৫αΠζʹӨͣͤڹɼ৫·Ͱͷؒ࣌ʹͷ

ΈӨ͢ڹΔ͜ͱʹҙ͕ඞཁͰ͋Δɽ

2.1.3 Lotka–Volterra (LV)ڝ߹Ϟσϧ

ೋͭͷϙϐϡϨʔγϣϯϞσϧ Lotka–Volterra (LV)ڝ߹ϞσϧͰ͋Δ2ɽ͜ͷཧϞσϧ

2छྨͷੜͷ܈Ε͕Ӥੜݍ׆ͱ͍ͬͨڞ௨͔ͭ༗ݶͷݯࢿΛୣ͍߹͍ͳ͕Β૿͢ݮΔ༷ࢠΛද

͍ͯ͠Δ [28, 29]ɽ͜ͷཧϞσϧΛ༻͍Δ͜ͱͰɼ৫ʹ 2छྨͷࡉ๔ (ਖ਼ৗࡉ๔ Xͱมҟࡉ

๔ Y)͕ 1Ͱଘ͢ࡏΔঢ়͑ߟ͍ͯͭʹگΔ͜ͱ͕Ͱ͖ΔɽͦΕͧΕͷࡉ๔ͷࡉ๔ͷಈଶҎԼ

1K Λेେ͖͘͢ΔͱɼཧϞσϧ K = ∞ͱఆੑతʹಉ͡ڍಈΛࣔ͢ɽ K = ∞Λຬͨ࣌͢ɼlogisticํఔࣜϚ
ϧαεϞσϧͱͳΔ

2͜͜Ͱ͍͏ LVڝ߹Ϟσϧ Lotka–Volterra (LV)ั৯–ඃั৯ϞσϧͱҟͳΔɽLotka–Volterra (LV)Ϟσϧʹύϥ
ϝʔλͷؔʹΑΓ 3छྨ͋ΓɼLVั৯–ඃั৯Ϟσϧ Lotka–VolterraϞσϧͷதͰ࠷༗໊ͳङΒΕΔੜͱङΔ
ੜͷݸମ܈ಈଶͷཧϞσϧͰ͋Δɽ༗໊ͳαΪͱϠϚωίͷͷมԽͷཧϞσϧ͜Εʹ͋ͨΔɽ

LVڝ߹ɼLVั৯–ඃั৯ʹଓ͘ޙ࠷ͷ 1छྨڞੜϞσϧͰ͋Δɽ͜ͷ߹ɼ2छྨͷݸମ܈͍ޓʹརӹΛͨ
Β͠ɼ૬खͷ͕૿͑Δ΄Ͳࣗ૿Ճ͘͢͠ͳΔɽ
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ͷࣜͰද͞ΕΔ:

dx
dt

= rx(1 −
x + axy
Kx

)x,

dy
dt

= ry(1 −
y + ayx
Ky

)y.
(2)

͜͜Ͱ xͱ yࡉ๔छ Xͱ Yͷࡉ๔ΛͦΕͧΕද͢ɽύϥϝʔλ rxͱ ry §2.1.2ͷ rͱಉ༷ʹɼ

ͦΕͧΕͷࡉ๔ͷॳ૿ظ৩Ͱ͋Δɽࣜ (2)ʹ͓͍ͯɼڞ௨ͷݯࢿΛࡉ๔छ Xͱ Y ͕ୣ͍߹͏ͨ

Ίɼࡉ๔͕૿Ճͯ͘͠Δͱ૿৩ rx(1 −
x + axy
Kx

)͓Αͼ ry(1 −
y + ayx
Ky

)ͱ͍͏ܗʹม͢ܗΔɽ

๔छࡉ Xͱ Y୯ಠͷछྨͷࡉ๔Ͱ৫Λߏ͢Δ࣌ɼͦΕͧΕڥऩ༰ྗ Kxͱ Ky·Ͱࡉ๔

͕૿Ճ͢Δɽ͕ͨͬͯ͠ɼKxͱ KyͦΕͧΕͷࡉ๔ज୯ಠͰ৫Λߏ͢Δ߹ͷ৫ͷ

αΠζͱ͑ߟΔ͜ͱ͕Ͱ͖Δɽ

͜͜Ͱɼࡉ๔छ Xͱ Y ๔ʹର͢ΔۭࡉΔɽͦͷͨΊɼ૬खͷ͍ͯ͑ߟΛگΔঢ়͢ࡏଘʹڞ͕

ؒͱ͍͏ڞ௨ͷݯࢿͷ ๔͋ͨΓͷ༗Λࡉ1 axͱ ayΛ༻͍ͯද͢ɽྫ͑ ax > 1ͷ࣌ɼࡉ๔छ

Y ࡉ๔छ Xʹൺͯେ͖͘ KxͷۭؒΛ༗͢Δ͜ͱʹͳΔɽ͍͑ݴΔͱɼࡉ๔छ X͕ Kx

ͷେ͖͞ͷۭؒΛ 1ͷׂ߹Ͱ༗͢Δ࣌ɼࡉ๔छ Y  axͷׂ߹Ͱ༗͍ͯ͘͠ɽྫ͑ࡉ๔छ X

ͷ ๔छࡉ๔ͷେ͖͕͞ࡉ1 Y ͷͷΑΓେ͖͍࣌ɼࡉ๔छ X Y ΑΓେ͖ͳۭؒΛ ๔͕༗ࡉ1

͢Δɽ͜ͷ͜ͱΛදͨ͢Ίʹ ax < 1⇔ ay = 1/ax > 1ͱ͢Εྑ͍ɽ͜͜ͰҎԼͷؔࣜΛ༻

͍͍ͯΔ:

axay = 1. (3)

ࣜ (2)Ͱɼ௨ৗ −dxx −dyyͷܗͰॻ͔ΕΔΑ͏ͳੑࡏͷࡉ๔ࢮΛཅʹؚΜͰ͍ͳ͍ɽ͠

͔͠ɼ͜ΕΒΛྀͯ͠ߟཧϞσϧͷੑ࣭มԽ͠ͳ͍ͨΊ (Appendix §S2)ɼຊߘͰࣜ (2)Λ

ΛਐΊΔɽٞʹج

2.1.4 Cell CompetitionϞσϧ

͜Ε·Ͱʹհͨ͠ೋͭͷཧϞσϧ (ࣜ (1), (2))ࡉ๔छؒͷతͳ૬࡞ޓ༻ΛऔΓѻͬͯ

͍ͳ͍ɽLVڝ߹Ϟσϧࡉ๔ؒͷ૬࡞ޓ༻Λྀ͕͍ͨͯ͠ߟɼ͜Ε৫ͷݯࢿ (ۭ͍ۭͨؒ)

Λհͨؒ͠తͳͷͰ͋Δ3ɽҰํɼࡉ๔ڝ߹Ͱਖ਼ৗࡉ๔ྡͨ͠มҟࡉ๔ͷΈΛഉআ͢

Δ [5, 41]ɽ͜Εࡉ๔ؒͷతͳ૬࡞ޓ༻Ͱ͋Δɽ͕ͨͬͯ͠ɼࡉ๔ڝ߹ঢ়ଶʹ͋Δ৫Λ

3͠શͯͷࡉ๔͕͍֬͠Ͱ৮Ͱ͖Δ΄Ͳࣗ༝ʹಈ͖ճ͍ͬͯΔͷͳΒɼ৮ʹΑΔతͳ૬࡞ޓ༻Λه
ड़Ͱ͖ΔՄੑ͋Δɽ͔͠͠ɼࡉ๔ڝ߹͕ൃੜ͢Δͷ্ൽ৫Ͱ͋Δ͜ͱ͕΄ͱΜͲͳͷͰɼࡉ๔ͷಈ͖ͷࣗ༝
͔ͳΓ͍ͱ͑ߟΒΕΔɽ
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ཧϞσϧͰදͨ͢Ίʹલड़ͷؒతͳ૬࡞ޓ༻͚ͩͰͳ͘తͳ૬࡞ޓ༻ྀ͢ߟΔඞཁ

͕͋Δɽͦ͜ͰɼຊڀݚͰࣜ ๔छࡉʹ(2) X-Y ؒͷతͳ૬࡞ޓ༻Λಋೖͨ͠ɽ

తͳ૬࡞ޓ༻Λྀ͢ߟΔʹ͋ͨΓɼ؆୯ͷͨΊຊڀݚͰೋݩ࣍ฏ໘্Ͱมҟࡉ๔ Y ͕ਖ਼

ৗࡉ๔ XʹपғΛғ·Ε͍ͯΔͱ͍͏ঢ়گΛͨ͑ߟ (ਤ 6)ɽ͜Εଟ͘ͷ࣮ܥݧͰ͞؍ΕΔঢ়گ

Ͱ͋Δ4ɽ͜ͷ࣌ɼมҟࡉ๔ͷഉআ྆ࡉ๔ूஂͷڥքͰ͖ىΔͨΊɼ୯Ґͨ͋ؒ࣌Γʹഉআ͞Ε

Δมҟࡉ๔ͷڥքͷ͞ʹൺྫ͢Δͱ͑ߟΒΕΔɽ͜͜Ͱ͠ɼऔΓғ·Ε͍ͯΔมҟࡉ๔

ूஂ͕ܘ Rͷਅԁঢ়ʹ͍ͯ͠ΔͷͳΒɼڥքͷ͓͓͞Αͦ 2πRͱͳΔɽҰํɼऔΓ

ғ·Ε͍ͯΔมҟࡉ๔ͷ yਅԁͷ໘ੵ πR2ʹൺྫ͢Δͱ͑ߟΒΕΔɽ͜ͷೋͭΛ߹Θͤͯߟ

͑Δͱɼڥքͷ͞
√
yʹൺྫ͢Δ͜ͱ͕͔Δɽ͕ͨͬͯ͠ɼมҟࡉ๔ yΛ༻͍Δ͜ͱͰɼ

গݮ๔ͷࡉ๔ͷഉআʹΑΔࡉքʹ͓͚Δมҟڥ −by
√
y (y ≥ 0)ͱهड़͢Δ͜ͱ͕Ͱ͖Δɽ͜͜

ͰɼbyڥքͰͷࡉ๔ݱ߹ڝʹΑΔഉআΛද͢Ͱ͋Δɽ

͜Ε·Ͱɼڥքͷ͕ܗਅԁͰ͋Δ߹Λ͖ͨͯ͑ߟɽ͔͠͠ɼܥ࣮ݱʹ͓͍ͯڥքͷ͕ܗ

ΑΓෳࡶͳՄੑ͕͍ߴɽͦ͜ͰϑϥΫλϧݩ࣍ʹ૬͢Δύϥϝʔλ DΛಋೖ͢Δ͜ͱͰɼΑ

ΓෳࡶͳڥքؚΊͯهड़Մͳࣜͱվྑͨ͠ɽ͢ͳΘͪɼڥքʹ͓͚Δมҟࡉ๔ͷഉআޮՌ

 −byyD/2ͱهड़͞ΕΔɽྫ͑ڥքͷ͕ܗਅԁͷ߹ɼD = 1ͱͳΓ (ਤ 6A)ɼࡉ๔ͷҠಈͷ

ӨڹͰڥքͷ͕ܗΑΓෳࡶͳ߹ 1 < D < 2ͱͳΔ (ਤ 6B)ɽҰํɼڥքʹਖ਼ৗࡉ๔͕ेଘࡏ

͠ͳ͍ঢ়گ͑ߟಘΔɽͦͷ߹ɼมҟࡉ๔ͷഉআڥքͷҰ෦ͰͷΈ͖ىΔͨΊ 0 < D < 1ͱͳ

Δ (ਤ 6C)ɽҎ্ΑΓɼຊڀݚͰ 0 < D < 2ͷྖҬͷΈΛऔΓѻ͏ɽ͜͜Ͱ D < 2ͱͳΔཧ༝ɼ

ೋݩ࣍ฏ໘্ͷݱΛରͱ͍ͯ͠ΔͨΊͰ͋Δɽ

๔΄Ͳࡉ๔͔ΒࡉΕɼྡ͢Δ͞ޚΑ੍ͬͯʹࢠքʹ͓͚ΔഉআӷੑҼڥΑͬͯɼʹܥ

ྡͷࡉ๔Ͱൃੜ͢Δͱ͍͏ใ͕͋ࠂΔ [19]ɽ͜͏͍ͬͨ߹ɼഉআ͞ΕΔࡉ๔ڥքͷ

͞ʹൺྫ͢Δͱ͑ߟΒΕΔͷͰɼഉআΛද͢ύϥϝʔλ byͷେ͖͞Λௐ͢Δ͜ͱͰද͢͜ͱ

͕Ͱ͖Δɽ

๔ͷഉআΛࣜࡉքʹ͓͚Δมҟڥ (2)ʹಋೖͨ͠ཧϞσϧҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δ:

dx
dt

= rx(1 −
x + axy
Kx

)x,

dy
dt

= ry(1 −
y + ayx
Ky

)y − byy
D
2 .

(4)

͜͜Ͱɼࡉ๔छ Xࡉ๔छ Y ΛेʹғΉ͜ͱ͕Ͱ͖Δ΄Ͳଟ͍ඞཁ͕͋Δ (Appendix §S4)ɽ͠

4SimpsonͱMorataʹΑͬͯਖ਼ৗࡉ๔ूஂ X ͕มҟࡉ๔ूஂ Y ʹғ·Ε͍ͯΔঢ়گௐΒΕ͍ͯΔ [36]ɽ͜ͷঢ়
ཧϞσϧͱͦͷղੳ݁Ռͨ͠ܗมʹܗదͨ͠ʹگ Appendix §S7Ͱड़ͨɽ
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Y X

A B

C

ਤ 6: CCϞσϧ (ࣜ (4))ͷ֓೦ਤɽXਖ਼ৗࡉ๔Λද͠ɼY มҟࡉ๔Λද͢ɽRมҟࡉ๔ Y
͕ΊΔྖҬͷܘͰ͋ΔɽA D = 1, B 1 < D < 2, C 0 < D < 1ͷঢ়گΛͦΕͧΕද͢ɽ
จݙ [32]ΑΓసࡌɽ

͕ͨͬͯɼ͜ͷཧϞσϧ x ≫ 0ͷ߹ͷΈΛରͱ͍ͯ͠Δ͜ͱʹҙ͕ඞཁͰ͋Δɽ

ࣜ (4)ʹ͓͍ͯɼͦΕͧΕͷࣜͷୈ 1߲ x + axy > Kx·ͨ y + ayx > Kyͱͳͬͨ࣌ɼෛͷ

ΛऔΔɽ͜ͷ࣌ɼ৫ʹڐ༰Ͱ͖ΔྔΛ͑ͨࡉ๔͕ଘ͠ࡏɼͦΕͧΕͷࡉ๔ີߴঢ়ଶͱ

ͳΓɼͦΕ͕ݪҼͱͯ͠ࡉ๔͢ࢮΔΑ͏ͳ߹Λఆͨ͠5ɽ

2.2 ݁Ռ

2.2.1 CCϞσϧͷແݩ࣍Խ

ղੳʹઌ͚ۦɼCCϞσϧͷແݩ࣍ԽΛͨͬߦɽCCϞσϧҎԼͷมͱύϥϝʔλΛ༻͍Δ

͜ͱͰແݩ࣍Խ͢Δ͜ͱ͕Ͱ͖Δ:

x̃ =
x
Kx

, ỹ =
y
Ky

, τ = rxt

ρ =
ry
rx
, κ =

axKy

Kx
, κy =

ayKx

Ky
= 1/κ, β =

by
rx
KD/2−1
y .

(5)

5ࣜ (2)ͱಉ༷ʹɼ͜ͷࣜͰੑࡏͷࡉ๔ࢮΛཅʹද͍ͯ͠ͳ͍ɽੑࡏͷࡉ๔ࢮΛྀͨ͠ߟ߹ɼಉ༷ͷܗ
ͱͳΓɼࣜͷੑ࣭มΘΒͳ͍ͨΊ (Appendix §S2)ɼຊڀݚͰࣜ (4)Λ༻͍ͨɽ
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͜͜Ͱ x̃ > 0ɼỹ > 0Ͱ͋Δɽ͜ΕΒΛ༻͍Δͱɼແݩ࣍Խͨ͠ CCϞσϧҎԼͷΑ͏ʹॻ͘͜

ͱ͕Ͱ͖Δ:

dx̃
dτ

= (1 − x̃ − κỹ)x̃ ≡ f (x̃, ỹ),

dỹ
dτ

= ρ(1 − ỹ − 1
κ
x̃)ỹ − βỹD/2 ≡ g(x̃, ỹ).

(6)

͜͜ͰɼͦΕͧΕͷύϥϝʔλͷҙຯແݩ࣍ԽલͱมԽͳ͘ɼκਖ਼ৗࡉ๔ʹର͢Δมҟࡉ๔

ͷ૬ରతͳڥऩ༰ྗɼβ(≥ 0)มҟࡉ๔ͷഉআΛද͢ɽͨͩ͠ɼρ(> 0)ਖ਼ৗࡉ๔ͷ૿৩Λ

1ͱͨ࣌͠ͷ૬ରతͳ૿৩ͱͳ͍ͬͯΔ͜ͱʹҙ͕ඞཁͰ͋Δɽ

2.2.2 CCϞσϧͷੑ࣭

ද 2: ύϥϝʔλ݅ͱ CCϞσϧͷڍಈɽ

ύϥϝʔλ݅ ྫͱͳΔਤ ղͷऩଋ ͷྨɹܥ ৫αΠζɹ F ରԠ͢Δ࣮ܥݧͷྫ

κ = 1 β > 0 ਤ 7A, 8 S1 (a) ਖ਼ৗ 1 Minute [2]
β = 0 ਤ 7B, 9(Appendix) L (c) ਖ਼ৗ 0

κ < 1 β ≥ 0 ਤ 7C S1 (a) ਖ਼ৗ 1 Myc [19]
0 < β < βyc ਤ 7D, 10 S1 or Q2 (d) ਖ਼ৗ orաܗ ࣜ (16) scrib [4], lgl [42]

κ > 1 β ≥ βyc ਤ 7E S1 (a) ਖ਼ৗ 1 Rab5 [17]
β = 0 ਤ 7F, 11 Q2 (b) աܗ 0 scrib+eiger [4]

ຊڀݚͰ·ͣɼߏஙͨ͠ CCϞσϧͷੑ࣭ΛѲ͢Δ͜ͱʹऔΓΜͩɽࣜ (6)ʹؚ·ΕΔύ

ϥϝʔλͷؔʹґଘͯ͠ɼͦͷৼΔ͍େ͖͘ҟͳΔ (ද 2)ɽͦͷ༷ࢠΛઆ໌͢ΔͨΊʹɼਤ

7ʹࣜ (6)ͷ૬ฏ໘ਤΛࣔ͢6(ৄࡉͳղੳʹ͍ͭͯAppendix§S5ʹࣔͨ͠)ɽ૬ฏ໘ਤͱ x-yฏ

໘্ͰղͷڍಈΛࣔͨ͠ͷͰ͋Δɽ૬ฏ໘ਤͰɼͦΕͧΕͷมͷψϧΫϥΠϯ7ͱϕΫτϧ

ͷ͖ΑΓɼม͕ҙͷͱͳͬͨ࣌ͷղͷڍಈΛΔ͜ͱ͕Ͱ͖Δɽྫ͑ɼਤ 7AͰɼϕ

Ϋτϧͷ༷ࢠΑΓશͯͷղ͕࠷ऴతʹฏߧ S1ʹ͜͏͔ͱ͕͔ΔɽCCϞσϧͷψϧΫϥ

Πϯ x̃-ψϧΫϥΠϯ f (x̃, ỹ) = 0ͱ ỹ-ψϧΫϥΠϯ g(x̃, ỹ) = 0͕ଘ͢ࡏΔɽ͜͜Ͱ x̃-ψϧΫϥΠ

ϯ f (x̃, ỹ) = 0

x̃ = 0, (7)

x̃ + κỹ = 1, (8)
6ͨͩ͠ɼఆٛ௨Γ 0 < D < 2ͷൣғͷΈΛྀͨ͠ߟɽ·ͨɼCCϞσϧ x̃ > 0ΛԾఆ͍ͯ͠Δ͕ɼx͕̃ 0ʹ͍ۙྖ

ҬͰͷڍಈΛѲ͢ΔͨΊʹղੳͰ x̃ = 0ͷฏߧͷ҆ఆੑʹ͍ͭͯௐͨɽ
7ψϧΫϥΠϯͱ͋ΔมʹΑΔඍ͕ 0ͱͳΔͷू߹Ͱ͋Δɽྫ͑ɼࣜ (4)ʹ͓͚Δ xʹ͍ͭͯͷํఔࣜͷ

ψϧΫϥΠϯ dx/dt = 0Λຬͨ͢ xͱ yͷू߹Ͱද͞ΕΔɽ
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ਤ 7: CCϞσϧͷ૬ฏ໘ਤɽͦΕͧΕͷ૬ฏ໘ਤ͕ݱΕΔύϥϝʔλ݅ද 2ʹ·ͱΊͨɽx̃-
ψϧΫϥΠϯ f (x, y) = 0ͱ ỹ-ψϧΫϥΠϯ g(x, y) = 0ͦΕͧΕͱ੨ͷઢͰࣔͨ͠ɽ੨ͷઢ
มҟࡉ๔͕୯ಠͰ৫Λߏ͢Δ߹ͷ৫αΠζ (ỹ+ 1/κx̃ = 1)Λද͍ͯ͠ΔɽS0(0, 0),
S1(1, 0), Q1(0, δ1), Q2(0, δ2), S2(xS 2 , yS 2 )ฏߧͰ͋Γɼؙ͕҆ࠇఆฏߧɼനؙ͕ෆ҆ఆฏߧ
Λද͢ɽύϥϝʔλ ρ = 1, D = 1ʹઃఆͨ͠ɽഉআ βʹ͍ͭͯɼA, CͰ β ≃ 0.0670ɼ
Bͱ FͰ β = 0ɼDͰ β ≃ 0.0612ɼEͰ β ≃ 0.1837ͱͨ͠ɽڥऩ༰ྗ αxͱ αyʹ͍ͭͯ
ɼAͱ BͰ κ = 1ɼCͰ κ = 5/6(< 1)ɼD–FͰ κ = 6/5(> 1)ͱͨ͠ɽจݙ [32]ΑΓվม
ͯ͠సࡌɽ
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ỹ-ψϧΫϥΠϯ g(x̃, ỹ) = 0ɼ

ỹ = 0, (9)

ρ(1 − ỹ − 1
κ
x̃)ỹ1−D/2 − β = 0, (10)

Ͱ͋Δɽਤ 7ͷͱ੨ͷઢͦΕͧΕ x̃-ψϧΫϥΠϯͱ ỹ-ψϧΫϥΠϯΛද͢ɽ͜͜Ͱɼx̃+κỹ =

1↔ x + axy = Kx(ਤ 7ͷ͍ࣼΊͷઢ)ɼਖ਼ৗͳ৫αΠζʹରԠ͢Δ͜ͱʹҙ͕ඞཁͰ

͋Δɽฏߧ x̃-ψϧΫϥΠϯͱ ỹ-ψϧΫϥΠϯͷަʹҐஔ͢Δɽ૬ฏ໘ਤΛݟΔͱɼฏߧ

S0(0, 0), S1(1, 0), Q1(0, δ1), Q2(0, δ2)͕Ͳͷ߹Ͱڞ௨ʹଘ͢ࡏΔ͜ͱ͕͔Δɽ͜ΕΒʹՃ͑

ͯਤ 7Dͷ߹ʹฏߧ S2(x̃S 2 , ỹS 2 )͕ɼਤ 7Bͷ߹ʹฏߧͷू߹Ͱ͋Δ L(x̃L, ỹL)͕ଘࡏ

͢Δɽ

ਤ 7ΑΓɼCCϞσϧͷڍಈେ͖࢛ͭ͘ͷ߹ʹྨͰ͖Δ͜ͱ͕͔Δɽ͢ͳΘͪɼa)ॳظ

ʹؔΘΒͣղ͕҆ఆฏߧ S1ʹऩଋ͢Δ߹ (ਤ 7A, C, E)ɼb)ॳظʹؔΘΒͣղ͕҆ఆฏߧ

 Q2 ʹऩଋ͢Δ߹ (ਤ 7F)ɼc)ॳظʹؔΘΒͣղ͕ Lʹऩଋ͢Δ߹ (ਤ 7B)ɼd)ॳظʹ

Αͬͯղ͕ S1ͱQ2ͷͲͪΒʹऩଋ͢Δͷ͔ܾ·Δ߹ (ਤ 7D)ͷ࢛ͭͰ͋Δ (ද 2)ɽ͜ΕΒΛ

͚Δͷɼx̃-ψϧΫϥΠϯ (8)ͱ ỹ-ψϧΫϥΠϯ (10)ͷҐஔؔͰ͋Δɽỹ-ψϧΫϥΠϯ (10)͕ x̃-

ψϧΫϥΠϯ (8)ͷશʹଆʹ͋Δ߹ɼܥ (a)ͷ߹ͱͳΔɽରʹ ỹ-ψϧΫϥΠϯ (10)͕

x̃-ψϧΫϥΠϯ (8)ͷશʹ֎ଆʹ͋Δ߹ɼܥ (b)ͷ߹ͱͳΔɽೋͭͷψϧΫϥΠϯ͕ަΘ

Δ߹ (d)ͱͳΓɼશʹॏͳΔͳΒ (c)ͱͳΔͷͰ͋Δɽ

CCϞσϧͷڍಈΛࠨӈ͢ΔψϧΫϥΠϯͷҐஔɼ૬ରతͳڥऩ༰ྗ κͱഉআ βʹΑͬͯ

ܾ·Δ (ද 2)ɽڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ଘ͢ࡏΔ࣌ (β ! 0)ɼx̃-ψϧΫϥΠϯ (8)ͱ ỹ-ψϧΫ

ϥΠϯ (10)ͷҐஔؔෆ҆ఆฏߧ S2(x̃S 2 , ỹS 2 )͕ୈҰݶʹଘ͢ࡏΔ͔൱͔Ͱผ͢Δ͜ͱ͕

Ͱ͖Δɽฏߧ S2 x̃-ψϧΫϥΠϯ (8)ͱ ỹ-ψϧΫϥΠϯ (10)ͷަͳͷͰҎԼͷΑ͏ʹٻΊΔ

͜ͱ͕Ͱ͖Δ:

x̃S 2 = 1 − κỹS 2 ,

ỹS 2 =

{
β

ρ(1 − 1/κ)

}2/(2−D)
.

(11)

ͨͩ͠ɼβ > 0͔ͭ κ > 1Ͱ͋Δɽ͠ɼࣜ (11)ʹ͓͍ͯ x̃S 2 > 0͔ͭ ỹS 2 > 0͕ຬͨ͞ΕΔͳΒ

ɼฏߧ S2ୈҰݶʹଘ͢ࡏΔ (ਤ 7D)ɽ͕ͨͬͯ͠ɼฏߧ S2͕ୈҰݶʹଘ͢ࡏΔ݅

 x̃S 2 > 0͔Β͢ࢉܭΔ͜ͱ͕Ͱ͖Δɽࣜ (11)ΑΓɼx̃S 2 > 0ͱͳΔͨΊʹ β͕ຬ͖ͨ݅͢
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ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

β > ρ(1 − 1/κ)κ(2−D)/2. (12)

͕ͨͬͯ͠ɼฏߧ͕ଘ͢ࡏΔ͔൱͔͕͔ΕΔᮢ βycҎԼͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δ:

βyc ≡ ρ(1 − 1/κ)κ(2−D)/2. (13)

Ҏ্ΑΓɼβ͕ βycΑΓখ͍࣌͞ɼS2͕ୈҰݶʹଘ͠ࡏɼղॳظʹΑͬͯ S1ͱQ2ͷͲͪΒ

͔ʹऩଋ͢Δ (7D)ɽ͜͜Ͱॏཁͳͷ͕ɼࣜ (12)ͷ྆ลʹͦΕͧΕ β (= by/rxKD/2−1
y )ͱ ρ (= ry/rx)

͕ଘ͢ࡏΔ͜ͱͰ͋Δɽ͜ͷ࣌ɼrx྆ล͔Βফ͑ΔͨΊɼܥͷྨʹӨڹΛ͠ͳ͍ɽࣜ (11)Α

ΓɼỹS 2 ͔Βಉ͘͡ rxফ͑ΔͨΊɼฏߧ S2ͷ࠲ඪʹ rxӨ͠ڹͳ͍͜ͱ͕͔Δɽ

ରʹ β͕ βycΑΓେ͖͍࣌ɼS2ୈҰݶʹଘ͠ࡏͳ͍ (7E)ɽزԿతͳஔΑΓɼͦͷ࣌ɼỹ-

ψϧΫϥΠϯ (10) x̃-ψϧΫϥΠϯ (8)ͷશʹଆʹ͋Δ͜ͱ͕͔Δ (ਤ 7A, C, E)ɽ͕ͨͬ͠

ͯɼղॳظʹؔΘΒͣɼS1ʹऩଋ͢Δɽ

࣌ͳ͍͠ࡏ๔ͷഉআ͕ଘࡉքʹ͓͚Δมҟڥ (β = 0)ɼΑΓ୯७ʹ κͷେ͖͞ʹΑͬͯψϧΫ

ϥΠϯ (8)ͱ (10)ͷҐஔܾ͕ؔ·Δɽͭ·Γɼκ < 1ͷ࣌ ỹ-ψϧΫϥΠϯ (10)͕ x̃-ψϧΫϥΠ

ϯ (8)ͷશʹଆʹɼκ > 1ͷ࣌ ỹ-ψϧΫϥΠϯ (10)͕ x̃-ψϧΫϥΠϯ (8)ͷશʹ֎ଆʹ (ਤ

7F)ɼκ = 1ͷ࣌ೋͭͷψϧΫϥΠϯ͕ॏͳΔ͜ͱʹͳΔ (ਤ 7D)ɽ

§2.1.2Ͱड़ͨΑ͏ʹɼڥऩ༰ྗͱ৫Λ୯ಠͷࡉ๔͕ߏ͢Δ࣌ͷ৫αΠζͰ͋

Δͱ͑ߟΒΕΔɽजᙾੑݪͷࡉ๔ີΛײͯ͠૿৩ΛԼͤ͞Δഁ͕ߏػ͍ͯ͠ΔͨΊɼ

ਖ਼ৗࡉ๔ʹൺͯ৫αΠζ͕େ͖͍ɽ͕ͨͬͯ͠ɼڥऩ༰ྗΛਖ਼ৗࡉ๔ʹൺͯେ͖͘

ઃఆ͢Δඞཁ͕͋Δɽ

͜͜Ͱɼ͜Ε·ͰͷٞΛੜֶతʹཧղ͢Δ͜ͱΛࢼΈΔɽࡉ๔ڝ߹Ͱ·ͣɼਖ਼ৗࡉ๔ͱ

มҟࡉ๔ͷ৫αΠζͷେখ͕ؔॏཁͰ͋Δɽਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ৫αΠζ͕ಉ

ఔ͔มҟࡉ๔ͷํ͕ԼճΔܥ (κ ≤ 1)Ͱɼඞͣมҟࡉ๔͕৫͔Βۦஞ͞ΕΔ8(ਤ 7A, C)ɽҰ

ํɼजᙾੑݪͷมҟࡉ๔ͷΑ͏ͳ৫αΠζ͕େ͖͍ࡉ๔ͷܥ (κ > 1)ͷ߹ɼഉআͷେ͖

͕͞ॏཁͱͳͬͯ͘Δɽܥʹ͓͚Δഉআ͕ᮢ βycΛ্ճΔܥ (β ≥ βyc)Ͱɼඞͣมҟࡉ๔͕

৫͔Βۦஞ͞ΕΔ (ਤ 7E)ɽରʹഉআ͕͍ܥ (β < βyc)Ͱมҟࡉ๔͕ੜ͖Γɼରʹ

8ਖ਼ৗࡉ๔ͷํ͕มҟࡉ๔ʹൺͯ৫αΠζ͕େ͖͍ܥ (κ < 1)ʹ͓͚Δࡉ๔ڝ߹ใ͞ࠂΕ͍ͯͳ͍ɽಛघ
ͳέʔεͱͯ͠ɼ͜ͷ݅ࡉ๔छ X ͕ Mycมҟࡉ๔ɼࡉ๔छ Y ͕ਖ਼ৗࡉ๔Ͱ͋Δ࣮ܥݧʹରԠ͍ͯ͠Δͱ͑ߟΒΕ
ΔɽMycࡉ๔૿৩ɼࡉ๔पظʹؔ༩͍ͯ͠Δݪ؞ҨࢠͷҰͭͰ͋Δɽ͜ͷܥͷ߹ɼࡉ๔ڝ߹ʹΑͬͯ Myc
มҟࡉ๔͕ਖ਼ৗࡉ๔Λഉআ͢Δ͜ͱ͕ΒΕ͍ͯΔ [19]ɽ͜ͷಛघͳܥͷ CCϞσϧͷద༻ͷৄࡉ Appendix §S7
Ͱड़Δɽ
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৫Λ༗ͯ͠͠·͏Մੑ͕͋Δ (ਤ 7D).͜ͷࣄଶʹؕͬͯ͠·͏͔ɼͦΕͱਖ਼ৗࡉ๔͕มҟ

๔ʹґଘ͢Δ͜ͱʹͳΔɽࡉ๔ͷࡉ๔ͱมҟࡉͷਖ਼ৗظஞͰ͖Δ͔ॳۦ๔Λࡉ

߹ͨ͠ΑΔഉআΛ્ʹ߹ڝ๔ࡉ (β = 0)ɼܥͷੑ࣭ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ৫αΠζ

ͷେখؔͷΈʹґଘ͢Δɽ͜ͷ࣌ɼ৫αΠζ͕େ͖͍ࡉ๔͕৫Λ༗͠ɼ͍ࡉ๔Λ

ஞ͢Δۦ (ਤ 7F)ɽ৫αΠζ͕ಉఔͷ߹ɼ྆ࡉ๔͕৫ʹڞଘͨ͠ঢ়ଶͰ৫

͢Δ͜ͱʹͳΔ (ਤ 7B)ɽ

͜͜Ͱɼมҟࡉ๔͕৫Λ༗͢Δ࣌ʹ͢Δ (ਤ 7D, F)ɽ͜ΕΒͷܥมҟࡉ๔ͷ৫

αΠζ͕େ͖͍ɼͭ·Γजᙾੑݪͷมҟࡉ๔ͷܥͰ͋Δɽ͜ͷ࣌ɼҰ෦ (ਤ 7D)·ͨશͯ (ਤ 7F)

ͷղQ2ʹऩଋ͍ͯ͠Δ͕ɼQ2ͷҐஔ৫ͷਖ਼ৗαΠζΛද͢ x̃+ κỹ = 1↔ x+ axy = Kxͷ֎

ଆʹ͋Δɽ͕ͨͬͯ͠ɼ͜ΕΒͷܥͰਖ਼ৗΑΓେ͖ͳαΠζͷ৫͕͢Δ͜ͱΛҙຯ͢Δɽ

͜ͷ݁Ռɼजᙾੑݪͷࡉ๔͕ਖ਼ৗࡉ๔ʹଧͪউͭ͜ͱͰजᙾ͕ܗ͞ΕΔ͜ͱΛࣔ͢ɽҰํɼม

ҟࡉ๔͕৫Λ༗͠ͳ͍߹ɼ࠷ऴతʹਖ਼ৗࡉ๔͕৫Λ༗͢Δ࣌ ((a))ͷΈͳΒͣɼਖ਼ৗࡉ

๔ͱมҟࡉ๔͕ڞʹ৫ʹΔ࣌ ((c))৫αΠζਖ਼ৗͳͷͱͳΔɽ

͜͜Ͱɼڥऩ༰ྗͷൺഉআ͕ࡉ๔ڝ߹Λͨܦ৫ͷӡ໋ʹେ͖͘ӨڹΛ͢ΔҰํɼਖ਼ৗ

๔ͷ૿৩ࡉ (rx)݁ՌʹӨ͠ڹͳ͍͜ͱʹҙ͓ͯ͘͠ɽ͜ͷ݁Ռɼࡉ๔ڝ߹૿৩ͷ૬

ରతͳࠩʹΑΓɼ૿৩ͷࡉ͍ߴ๔͕͍ࡉ๔Λഉআ͢ΔݱͰ͋Δͱ͍͏ §1.5Ͱड़ͨݹయత

ͳԾઆΛ൱ఆ͢ΔͷͰ͋Δɽͨͩ͠ɼ͜ͷੑ࣭ CCϞσϧಛҟతͳͷͰͳ͘ɼLVڝ߹Ϟ

σϧ (ࣜ ((2))͕͡Ί͔Β͍ͯͬ࣋ΔͷͰ͋Δ [28, 29]ɽ

2.2.3 CCϞσϧͱ࣮ࡍͷ࣮ܥݧͷ݁Ռͷৄࡉͳൺֱ

ຊจͰ͜Ε·ͰɼCCϞσϧΛղੳతʹղ͘͜ͱͰཧղͰ͖Δੑ࣭ʹ͍ͭͯड़͖ͯͨɽՃ

͑ͯɼCCϞσϧͷղੳ݁Ռͱ࣮ܥݧͷରԠ͕ٞͨ͠ɼࡉ๔ݱ߹ڝͷแׅతͳཧղΛ͛ͳ

͍Α͏ʹ۩ମతͳ͢ٴݴ͍ͯͭʹܥΔ͜ͱආ͚͖ͯͨɽ͔͠͠ɼCCϞσϧ͕۩ମతͳ࣮ܥݧΛ

Ͳ͜·Ͱ͠ݱ࠶ಘΔͷ͔ॏཁͳͰ͋Δɽͦ͜Ͱɼ͜͜Ͱࡉ๔ڝ߹ͷೋͭͷ۩ମతͳܥʹ

ରͯ͠ɼCCϞσϧͷద༻ΛࢼΈͨɽରͱͨ͠ܥ ද͞ΕΔʹܥ๔–Minuteࡉయతͳਖ਼ৗݹ(1

ਖ਼ৗࡉ๔ͷ૿৩͕มҟࡉ๔ΑΓܥ͍ߴͱ 2)ۙใ͞ࠂΕͨजᙾ੍ܥɼ͢ͳΘͪɼมҟࡉ๔ͷ

Խલݩ࣍తͳཧղͷͨΊʹແײͰ͋Δɽͳ͓ɼ݁Ռͷܥ๔ΑΓେ͖͍ࡉ৫αΠζ͕ਖ਼ৗ

ͷ CCϞσϧ (ࣜ (4))Λ༻͍ͨɽ
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1)૿৩ͷ͍มҟࡉ๔ڥքͰͷഉআʹΑͬͯඞͣશ໓͢Δ

CCϞσϧͷద༻ΛࢼΈͨҰͭͷ۩ମతͳܥɼࡉ๔͞ݟൃ͕߹ڝΕͨݹయతͳܥͰ͋Δਖ਼

ৗࡉ๔–Minuteܥ [2]Ͱ͋Δ (ਤ 2)ɽ͜͜Ͱɼ͜ͷڀݚʹ͓͚Δใࠂʹ͍ͭͯ͏Ұ؆୯ʹ·ͱ

ΊΔɽ͜ͷ࣮ݧʹ͓͍ͯMorataΒɼ࢈ཛ͔ΒҰఆܦ͕ؒ࣌աͨ͠ҟͳΔݸମͷਖ਼ৗ৫ʹɼ2

छྨͷΫϩʔϯΛ΄΅ಉͷࡉ๔ͱͳΔΑ͏ಋೖ͢Δ࣮ݧΛͨͬߦɽ͢ͳΘͪɼਖ਼ৗ৫ͷத

ʹਖ਼ৗࡉ๔ΫϩʔϯΛಋೖ͢Δίϯτϩʔϧ࣮ݧͱɼਖ਼ৗ৫ͷதʹMinuteมҟࡉ๔ΫϩʔϯΛ

ಋೖ͢Δ࣮ݧͱΛͨͬߦͷͰ͋Δɽͦͯ͠ɼͨ͠৫ʹ͓͍ͯɼͦΕͧΕͷΫϩʔϯ༝དྷͷ

ͨ͠Ͳɼ΄͍ૣ͕ؒ࣌๔ಋೖࡉ๔Ϋϩʔϯ༝དྷͷࡉଌͨ͠ɽͦͷ݁Ռɼਖ਼ৗܭ๔Λࡉ

৫ʹ͓͍ͯࡉ๔͕ଟ͘ͳͬͨ (ਤ 2Aͷؙࠇϓϩοτ)ɽ͔͠͠ɼมҟࡉ๔Ϋϩʔϯ༝དྷͷࡉ๔

ಋೖ͍ૣ͕ؒ࣌ͱ৫͔Βશʹফ໓͠ (ਤ 2Aͷന֯ࡾϓϩοτɼਤ 2B)ɼಋೖ͕ؒ࣌

͍߹Ͱਖ਼ৗࡉ๔Ϋϩʔϯ༝དྷʹൺͯࡉ๔͕ݮগͨ͠ (ਤ 2Aͷന֯ࡾϓϩοτ)ɽ͞

Βʹ͜ͷ࣌ɼมҟࡉ๔Ϋϩʔϯ͕ফ໓ͨ͠৫ͷαΠζਖ਼ৗͳͷͰ͋ͬͨɽͭ·Γɼਖ਼ৗࡉ

๔–Minuteܥʹ͓͍ͯɼॳࡉظ๔ʹؔΘΒͣมҟࡉ๔৫͔Βۦஞ͞Εɼਖ਼ৗ৫͕ܗ͞Ε

Δͱ͍͑Δɽ

͜ͷܥʹCCϞσϧΛద༻͢Δʹ͋ͨΓύϥϝʔλΛܾΊΔඞཁ͕͋ΔɽMinuteมҟࡉ๔ͷ૿৩

ਖ਼ৗࡉ๔ΑΓ͍͜ͱͱɼมҟࡉ๔୯ಠͰߏͨ͠߹ʹਖ਼ৗͳαΠζͷ৫Λܗ͢Δ͜

ͱ͕ΒΕ͍ͯΔɽͦ ͷͨΊɼมҟࡉ๔ਖ਼ৗࡉ๔ʹൺͯ૿৩Λ͘ઃఆͨ͠ (rx > ry↔ ρ < 1)ɽ

·ͨɼڥऩ༰ྗ͘͠ઃఆͨ͠ (Kx = Ky↔ κ < 1)ɽ͜ͷύϥϝʔλઃఆਖ਼ৗࡉ๔–Minuteܥ

ͷΈͳΒͣɼ1)ͷਖ਼ৗࡉ๔ͷ૿৩͕มҟࡉ๔ΑΓܥ͍ߴશൠʹͯ·Γɼ§2.2.2ʹ͓͚Δ (a)

ͷܥͱͳΔઃఆͰ͋Δɽ

ਤ 8Aʹ CCϞσϧ (ࣜ (4))ͷ૬ฏ໘ਤΛࣔ͢ɽฏߧ S0ͱQ1, Q2ෆ҆ఆฏߧɼฏߧ S1

҆ఆฏߧͰ͋Δ (Appendix §S5). ͕ͨͬͯ͠ɼਤ 8ͷ b eͷيಓͰࣔͨ͠Α͏ʹ૬ฏ໘

ͷͲͷॳظ͔Βελʔτͯ͠ɼղͷ࠷ऴঢ়ଶ།Ұͷ҆ఆฏߧͰ͋Δ S1ʹऩଋ͢Δɽฏߧ

 S1ͷ࠲ඪ (Kx, 0)Ͱ͋Δɽ͢ͳΘͪɼ͜ͷܥʹ͓͍ͯมҟࡉ๔ͷॳࡉظ๔͕ͲͷΑ͏ͳͰ

͋ͬͯɼ࠷ऴతʹ৫͔Βۦஞ͞Εਖ਼ৗࡉ๔ͷΈͰߏ͞Εͨਖ਼ৗͳαΠζͷ৫͕͢

Δ (ਤ 8Aɼ8B)ɽ͜ͷ݁Ռਖ਼ৗࡉ๔–MinuteܥΛ͡Ίͱͨ͠ 1)ͷܥͷ࣮ࣄ؍Λઆ໌͍ͯ͠Δ

ͱ͑ߟΒΕΔɽ

͜Ε·Ͱͷղੳਖ਼ৗࡉ๔–Minuteܥʹ߹Θͤͯਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩ͷؔΛ rx > ry

๔ूஂͷӡ໋ࡉ๔ͷؒͷ૿৩ͷ͕ࠩഉআ͞ΕΔࡉ๔ͱมҟࡉఆ͍ͯͨ͠ɽ͜͜Ͱɼਖ਼ৗݻʹ
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ਤ 8: CCϞσϧΛ༻͍ͨ૿৩͕͍มҟࡉ๔ͷഉআͷγϛϡϨʔγϣϯɽA૬ฏ໘ਤɽيಓ
(b)ͱ (e)ॳظ (ΫϩεͰࣔͨ͠)ΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 2000)ͱͨ࣌͠ͷ
ղيಓΛද͍ͯ͠Δɽനؙෆ҆ఆฏߧɼؙࠇ҆ఆฏߧͰ͋ΔɽB-DͦΕͧΕͷύϥϝʔ
λʹ͓͚ΔॳظΛ (x0, y0)=(1000, 500)ͱͨ࣌͠ͷղͷൃؒ࣌లɽࠇͷઢͱഁઢͦΕͧΕਖ਼
ৗࡉ๔ xͱมҟࡉ๔ yΛද͠ɼͷઢ৫αΠζ x + axyΛද͍ͯ͠Δɽͷઢਖ਼ৗ
৫αΠζ KxͰ͋Δɽ͜͜Ͱ Bͱ CͰࠇͱͷઢͷେ෦͕ඃͬͯ͠·͍ͬͯΔ͜ͱʹ
ҙ͕ඞཁͰ͋Δɽύϥϝʔλ (A–C) ry = 0.08, by = 2.0; (D) ry = 0.1, by = 2.0Ͱ͋Δ. ଞͷύϥ
ϝʔλ rx = 0.1, ax = ay = 1, Kx = Ky = 30000, D = .ఆͨ͠ݻʹ1 γϛϡϨʔγϣϯɼશͯ 4
ͷ࣍ Runge–Kutta๏ Έ෯ࠁ) 0.05)Ͱͨͬߦɽ

27



Λܾఆ͢Δͱ͍͏ࡉ๔ڝ߹ͷݹయతԾઆ (§1.5)Λ͍ࢥग़͢ͱɼ૿৩ͷ͕ࠩ৫ͷӡ໋ʹ༩͑Δ

Өڵʹڹຯ͕ͨ࣋ΕΔɽͦ͜Ͱɼ૿৩ʹ͕ࠩͳ͍߹ (rx = ry ↔ ρ = 1)ʹ͍ͭͯղੳΛͬߦ

ͨɽ͜ͷ݁ՌΛਤ 8CͱAppendix §S6.1ͷਤ 27ʹࣔ͢ɽ͜ΕΒͷਤΑΓɼ͜ͷ߹Ͱมҟࡉ๔

͢Δ͜ͱ͕͔Δɽ།Ұͷҧ͍৫͕શʹഉআ͞Ε͓ͯΓɼਖ਼ৗͳαΠζͷ৫͕͕

͢Δ·Ͱʹඞཁͳ͚ͩؒ࣌Ͱ͋ΔɽҎ্ΑΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷؒͷ૿৩ͷ͕ࠩ৫

ͷӡ໋ʹӨڹΛ༩͑ͳ͍͜ͱ͕ࣔ͞Εͨɽ͜ͷ݁ՌҰ͢ݟΔͱײͱ͢Δ͔͠Εͳ͍ (ಛ

ͷྨܥͱͬͯ)ɽ͔͠͠ɼ§2.2.2ͷղੳ͔Βɼཧతʹ૿৩ͷࠩʹऀڀݚͷܥݧ࣮ʹ

ʹӨ͠ڹͳ͍͜ͱ͕໌Β͔Ͱ͋Γɼ͢ͳΘͪ৫ͷӡ໋Λࠨӈ͢Δ͜ͱͳ͍ (ද 2)ɽ

͜͜Ͱɼ૿৩͕ఆੑతͳ݁ՌʹӨ͠ڹͳ͍ͱ͍͏ੑ࣭ɼCCϞσϧͷجͱͳͬͨ LVϞ

σϧ (ࣜ ((2))ʹ༝དྷ͢Δͱ͍͏͜ͱʹҙ͕ඞཁͰ͋Δ [28, 29]ɽCCϞσϧഉআΛ 0ʹ͢Δ

͜ͱͰ LVϞσϧͱม͢ܗΔ͜ͱ͕Ͱ͖Δɽ͜ͷมܗΛͯ͠ɼ૿৩ͷࠩఆੑతͷ݁Ռʹ

Ө͠ڹͳ͍ͷͰ͋Δɽ͜ͷ࣮ࣄɼࡉ๔ݻ߹ڝ༗ͷݱͰ͋ΔڥքͰͷഉআΛࣜʹಋೖͨ͜͠

ͱ͕ɼ૿৩͕ఆੑతͳ݁ՌʹӨ͠ڹͳ͍ͱ͍͏ੑ࣭Λ࡞Γग़ͨ͠Θ͚Ͱͳ͍͜ͱΛҙຯ

͍ͯ͠Δɽ

ڥॏཁͳͰ͋Δɽͦ͜ͰɼڹքͰͷഉআ͕৫ͷӡ໋ʹ༩͑ΔӨڥͷಛͰ͋Δ߹ڝ๔ࡉ

քʹ͓͚Δมҟࡉ๔ͷഉআ͕ͳ͍߹ (by = 0)ʹ͍ͭͯղੳΛͨͬߦ (ਤ 9)ɽ͢Δͱɼมҟ

ଘ͢ΔΑ͏ʹͳΔڞʹ৫ʹڞ๔ͱࡉ๔શ໓ͤͣɼਖ਼ৗࡉ (ਤ 9B)ɽͨͩ͠ɼ͜ͷ߹Ͱ

৫ͷαΠζਖ਼ৗͳͷͱͳΔɽҎ্ΑΓɼ͜ͷܥʹ͓͚Δมҟࡉ๔Λશ໓ͤ͞Δ͜ͱ͕Ͱ͖Δ

͔Ͳ͏͔ͱ͍͏৫ͷӡ໋ɼ྆ࡉ๔ूஂͷ૿৩ͷࠩͰͳ͘ڥքʹ͓͚Δมҟࡉ๔ͷഉআʹ

Αͬͯࠨӈ͞ΕΔ͜ͱ͕ CCϞσϧͷγϛϡϨʔγϣϯ͔Β֬ೝͰ͖Δɽ

2)ਖ਼ৗࡉ๔Λ্ճΔ৫αΠζͷมҟࡉ๔ڥքͰͷഉআʹΑͬͯۦஞՄʹͳΔ

CCϞσϧͷద༻ΛࢼΈͨҰͭͷ۩ମతͳܥɼมҟࡉ๔ͷ৫αΠζ͕ਖ਼ৗࡉ๔Λ্ճ

ΔʹؔΘΒͣ৫͔Βมҟࡉ๔͕ۦஞ͞ΕΔजᙾ੍ܥͰ͋ΔɽΑΓ۩ମతʹ §1.5Ͱड़ͨ

ਖ਼ৗࡉ๔–Rab5ܥΛఆ͍ͯ͠Δ [17]ɽ͜ͷܥʹ͓͍ͯɼजᙾੑݪͷมҟࡉ๔Ͱ͋Δ Rab5มҟࡉ

๔Λॳظʹগ͚ͩਖ਼ৗ৫ʹ༠ಋ͢Δͱɼਖ਼ৗࡉ๔ͱͷࡉ๔ڝ߹ʹΑΓ৫͔Β΄΅શʹഉ

আ͞ΕΔ (ਤ 4A)ɽ͜ͷ࣌ɼ৫ͷαΠζਖ਼ৗͳͷͱͳΔɽҰํɼॳظʹ༠ಋ͢Δมҟࡉ๔ͷ

ஞ͞ΕΔ͜ͱۦ๔৫͔Βࡉ๔͔ΒͷഉআΛड͚ͳ͕Βมҟࡉ๔Λେ͖͘͢Δͱɼਖ਼ৗࡉ

ͳ͘ɼΉ͠Ζܦؒ࣌աͱͱʹ৫ͷ༗Λ্ঢͤ͞Δ (ਤ 4B)ɽ࠷ऴతʹ৫ͷଟ͘ͷ෦
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ਤ 9: քʹ͓͚Δഉআͷ੍ڥ (by = 0)ɽશͯͷύϥϝʔλਤ 8Eʹઃఆͨ͠ɽA૬ฏ໘ਤɽي
ಓ (b)ͱ (c)ॳظΛͦΕͧΕ (x0, y0)=(1000, 500)ɼ(2000, 2000)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠
ΔɽBॳظΛ (x0, y0)=(1000, 500)ͱͨ࣌͠ͷղͷൃؒ࣌లɽ

Λมҟࡉ๔͕Ίͳ͕Βɼਖ਼ৗࡉ๔ͱมҟࡉ๔͕৫Ͱڞଘ͢Δঢ়ଶ͕͞؍ΕΔɽɹ

͜ͷܥʹ CCϞσϧΛద༻͢Δʹ͋ͨΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩ʹࠩͳ͍ͱͨ͠ (rx =

ry(↔ ρ = 1))ɽ͜Ε࣮ݧʹ͓͍ͯजᙾੑݪͷมҟࡉ๔Ͱ͋Δजᙾ੍ߏػΛܽଛͨ͠ࡉ๔ͱਖ਼ৗ

ʹΒΕͳ͍͔ΒͰ͋Δɽಛݟஶͳ͕ࠩݦ๔ͷ૿৩ʹࡉ Rab5มҟࡉ๔ਖ਼ৗࡉ๔ͱ͍͠૿৩

Λͭ࣋͜ͱ͕ใ͞ࠂΕ͍ͯΔ [17]ɽҰํɼ͜͏ͨ͠जᙾੑݪͷมҟࡉ๔͕ࢧతͳ৫ਖ਼ৗͳ

৫αΠζΛҳͯ͠աܗΛ͜͠ىɼ͕ͯजᙾΛܗ͢Δɽ͕ͨͬͯ͠ɼKx < Ky(↔ κ > 1)

ͱઃఆͨ͠ɽ্هͷύϥϝʔλઃఆ §2.2.2ʹ͓͚Δ (d)ͷܥͱͳΔͷͰ͋Δɽ

CCϞσϧͷղੳ݁ՌΛਤ 10ʹࣔ͢ɽࡉ๔ڝ߹Λͨܦ৫ͷӡ໋มҟࡉ๔ yͷॳظʹґ

ଘ͢Δɽมҟࡉ๔ yͷॳظ͕ेখ͍࣌͞ɼղ҆ఆฏߧ S1(Kx, 0)ͱऩଋ͢Δ (ਤ 10A

ͷيಓ b)ɽ͜Εมҟࡉ๔৫͔Βશʹۦஞ͞Εɼਖ਼ৗࡉ๔ XͷΈͰߏ͞ΕΔਖ਼ৗͳα

Πζͷ৫͕͢Δ͜ͱΛҙຯ͢Δ. ͜͏ͨ݁͠Ռࡉ๔ڝ߹ͷ࣮ܥݧʹ͓͍ͯใ͞ࠂΕ͍ͯ

Δ (scrib [4, 5]ɼlgl [42]ɼRab5 [17])ɽ

Ұํɼલड़ͷ௨Γਖ਼ৗࡉ๔–Rab5ܥͰɼಋೖͨ͠มҟࡉ๔͕ᮢ ʹظ༮ྸࡾ) (๔ࡉ400

Λ͑Δͱɼਖ਼ৗࡉ๔ʹғ·Εͯɼࡉ๔͍͖ͯى͕߹ڝΔʹؔΘΒͣมҟࡉ๔৫͔Βۦஞ͞
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ΕΔ͜ͱͳ͘ͳΔɽͦͷ݁Ռɼ৫աʹ͠ɼजᙾΛܗͯ͠͠·͏ [17]ɽCCϞσϧʹ

͓͍ͯಉ༷ͷ݁Ռ͕ಘΒΕͨ (ਤ 10Aͷيಓ cɼਤ 10C)ɽ͢ͳΘͪɼyͷॳظ͕ᮢΑΓେ

ʹগ͢Δ͜ͱͳ͘૿ՃΛଓ͚Δɽରݮɼy͍͖࣌ x͋Δ͔࣌ΒݮগΛ࢝Ίɼ࠷ऴతʹղ҆

ఆฏߧQ2ͱऩଋ͢Δɽ҆ఆฏߧQ2Ͱ y = Ky > KxͱͳΔͨΊɼ৫αΠζਖ਼ৗͳ

ͷΑΓେ͖͘ͳΔɽ͢ͳΘͪɼڥքͰͷഉআ͕ߏػଘ͢ࡏΔʹؔΘΒͣɼࡉ๔छ Y ͕աʹ૿

৩͠ɼҟৗʹେ͖ͳ৫Λܗͯ͠͠·͏ͷͰ͋Δɽڵຯਂ͍͜ͱʹɼ৫αΠζ (x + axy)ͷ࣌

ؒൃలΛݟΔͱɼൃੜ։͔࢝Β ͷͱ͜ΖͰ͕Ұ୴ఀ͍ͯ͠Δؒ࣌80 (ਤ 10Cͷͷઢ্

ʹඳؙ͍ͨ)ɽ͜͜Ͱ·ͩɼਖ਼ৗࡉ๔͕৫ͷதͰଟ͘ΛΊ͍ͯΔ͜ͱ͕͔Δɽͦͷޙɼൃ

ੜ։͔࢝Β ͢Δɽ͜ऴঢ়ଶʹऩଋ͠ɼ৫࠷աͨ͠ͱ͜ΖͰܦ͕ؒ࣌ͱ͍͏ؒ࣌500

ͷ࣌ɼ৫มҟࡉ๔ͷΈͰߏ͞Ε͍ͯΔɽҰͭͷఀ (Ҏ߱ɼٖ࠷ࣅऴঢ়ଶͱݺͿ͜ͱʹ͢

Δ)ʹ͓͍ͯɼ৫ਖ਼ৗͳαΠζۙͰ͕ 0ʹۙ͘ͳΔɽͦͷͨΊɼܥ࣮ݱʹ͓͍ͯ

͜ͷஈ֊Ͱ৫͕ͨ͠ঢ়ଶͰ͋ΔͱੜମγεςϜ͕ೝࣝ͠ɼ৫ͷൃੜ͕ఀ͢ࢭΔͱ͑ߟΒ

ΕΔ9ɽٖ࠷ࣅऴঢ়ଶͰ·ͩਖ਼ৗࡉ๔ɼมҟࡉ๔͕ڞʹ৫ʹଘ͍ͯ͠ࡏΔͨΊɼલड़ͷΑ͏ʹ

ΕͨՄੑ͕͋Δ͞؍ଘ͍ͯ͠Δঢ়ଶ͕ڞ๔ूஂ͕ࡉ͍͓྆ͯʹܥݧ࣮ [17]ɽ

͜ͷܥ (Kx < Ky)ʹ͓͍ͯɼڥքͰͷഉআ͕৫ͷӡ໋ʹٴ΅͢Өڹʹ͍ͭͯௐΔͨΊʹɼ

ഉআ͕ଘ͠ࡏͳ͍݅ (by = 0↔ β = 0)ʹ͍ͭͯղੳΛͨͬߦɽͦͷ݁Ռɼ1)ͷܥͱҟͳΓɼx

ͱ yͷॳظʹؔΘΒͣɼղ҆ఆฏߧQ2ʹऩଋ͢Δ͜ͱ͕͔ͬͨ (ਤ 11)ɽ͜Εൃੜॳظ

ͷࡉ๔ͱແؔʹɼมҟࡉ๔ͷΈͰߏ͞Εͨաʹେ͖ͳ৫͕ܗ͞ΕΔͱ͍͏͜ͱΛ

ද͍ͯ͠Δɽ࣮ࡍɼ݁ͨࣅՌ͕ਖ਼ৗࡉ๔–scribܥʹ͓͍ͯɼใ͞ࠂΕ͍ͯΔɽ͜ͷ࣮ܥݧʹ͓͍ͯ

जᙾࡉ๔ͷࡉ๔ࢮΛ༠ಋ͢ΔҼࢠΛ્͠ɼࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛ੍͢Δͱมҟࡉ๔ूஂ

ա૿৩ͯ͠जᙾΛܗ͢Δ [4]ɽ͞Βʹ CCϞσϧͷγϛϡϨʔγϣϯʹΑΓɼ͜ͷܥͰٖ࠷ࣅ

ऴঢ়ଶͰ͑͞৫αΠζ (x + axy)ਖ਼ৗͳαΠζΛ্ճΓɼաʹͨ͠৫͕ܗ͞Εͯ͠

·͏͜ͱࣔ͞Εͨ (ਤ 11B, C)ɽ

9Ծʹٖ࠷ࣅऴঢ়ଶͰൃੜ͕ఀͣͤࢭͱɼ࠷ऴঢ়ଶʹࢸΔ·Ͱ࣮ݱతͰͳ͍͕ؒ࣌ඞཁͳͨΊ྆ࡉ๔͕ڞଘ͠
͍ͯΔؒʹൃੜ͕ऴྃ͢Δ͔ɼൃੜʹࣦഊͯ͠ݸମ͕ࢸʹࢮΔͱ͑ߟΒΕΔɽ
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ਤ 10: มҟࡉ๔ͷ৫αΠζ͕େ͖͍ܥʹ͓͚Δ৫ͷӡ໋ͷॳظঢ়ଶґଘੑɽA૬ฏ໘
ਤɽيಓ (b)ɼ(c)ॳظΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 1000)ͱͨ࣌͠ͷղيಓΛද
͍ͯ͠Δɽനؙෆ҆ఆฏߧɼؙࠇ҆ఆฏߧͰ͋ΔɽB, Cيಓ (b)ͱ (c)ʹ͓͚ΔͦΕͧ
Εͷࡉ๔ͷؒ࣌มԽɽͷઢਖ਼ৗ৫αΠζ Kxɼ੨ͷઢมҟࡉ๔ yʹؔ͢Δڥऩ
༰ྗ KyͰ͋ΔɽAͷղيಓ (b)্ͱ Cʹϓϩοτؙͨ͠ d(x + axy)/dt < ϵKxͱͳΔλΠϛ
ϯάΛද͍ͯ͠Δ ( ϵ = 10−5)ɽύϥϝʔλ rx = ry = 0.1, ax = ay = 1, Kx = 30000, Ky = 40000,
by = 1.5, D = 1ͱ͠ɼଞͷύϥϝʔλਤ 8ͱಉ͡Λ༻͍͍ͯΔɽฏߧͷ҆ఆੑղੳʹ͍ͭ
ͯ Appendix §S5Λࢀরͷ͜ͱɽ
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ਤ 11: มҟࡉ๔ͷ৫αΠζ͕େ͖͍ࡉ͍͓ͯʹܥ๔ڝ߹ʹΑΔഉআ͕ଘ͠ࡏͳ͍߹ɽA
૬ฏ໘ਤɽيಓ (b)ɼ(c)ॳظΛͦΕͧΕ (x0, y0)=(1000, 500)ͱ (2000, 1000)ͱͨ࣌͠ͷղي
ಓΛද͍ͯ͠Δɽനؙෆ҆ఆฏߧɼؙࠇ҆ఆฏߧͰ͋Δɽͨͩ͠ɼೋͭͷيಓ΄ͱ
ΜͲॏͳͬͯ͠·͍ͬͯΔ͜ͱʹҙ͕ඞཁͰ͋ΔɽB, Cيಓ (b)ͱ (c)ʹ͓͚ΔͦΕͧΕͷࡉ
๔ͷؒ࣌มԽɽύϥϝʔλ rx = ry = 0.1, ax = ay = 1, Kx = 30000, Ky = 40000, by = 0, D = 1
ͱ͠ɼଞͷύϥϝʔλਤ 8ɼ10ͱ͘͠ઃఆͨ͠ɽ
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2.3 ߟ

2.3.1 దԠΛཧͷཱ͔Βఆٛ͢Δ

ͷઐՈʹͱͬͯʮదԠʯͱܥݧͷ࣮߹ڝ๔ࡉ 1ͭ 1ͭͷࡉ๔ͷΫΦϦςΟΛද͢ݴ༿Ͱ

͋Γɼ̎छྨͷࡉ๔ؒͰͦͷΛൺֱ͢ΔࣄͰഉআ͢Δͷͱ͞ΕΔͷ͕ܾఆ͞ΕΔ [43]ɽ͜

ͷࡉ๔దԠ (cellular fitness)ͱݺΕΔɽ͔͠͠ͳ͕ΒɼຊڀݚͰ͜Ε·Ͱड़ͨΑ͏ʹɼ

ܥ๔–Rab5ࡉ๔छͷੑ࣭ͷΈͰͳ͘ɼਖ਼ৗࡉ๔ࡉͷ݁Ռഉআ͞ΕΔ߹ڝ๔ࡉ ( [17])Ͱ؍

͞ΕͨΑ͏ʹɼͦΕͧΕͷࡉ๔ूஂͷॳࡉظ๔ʹґଘ͢Δɽऀޙࡉ๔छͷੑ࣭ͷҧ͍͚ͩ

ͰܾఆͰ͖ͳ͍ɽͦ͜ͰɼຊڀݚͰࡉ๔ूஂͷదԠ (group fitness)Λཧͷཱ͔Β࠶ఆٛ

͢Δ͜ͱΛࢼΈͨɽࡉ๔छ XΛ૬खͷࡉ๔Λഉআ͢Δࡉ๔ (winner cell)ͱԾఆ͠ɼͦͷूஂదԠ

F ΛɼҎԼͷࣜͰఆྔతʹఆٛ͢Δ:

F = Nwin/Ntot. (14)

͜͜Ͱ NtotऔΓಘΔશͯͷॳࡉظ๔ͷΈ߹ΘͤͰ͋Γɼ࣍ʹఆٛ͢ΔྖҬA0ͷେ͖͞ʹ

ൺྫ͢ΔɽྖҬA0ͱ͢ͳΘͪɼൃੜաఔʹ͓͍ͯࣗવʹऔΓಘΔࡉ๔ͷΈ߹ͤͷൣғͰ͋

Δɽࡉ๔ 0ΑΓେ͖͘ɼਖ਼ৗͳ৫αΠζΑΓখ͍͞ͱ͑ߟΔͷ͕ଥͳͨΊɼҎԼͷ݅

Λຬͨ͢ൣғ͕ A0ͱͳΔ:

x̃ + κỹ < 1, x̃ > 0,͔ͭỹ > 0. (15)

ม Nwinॳࡉظ๔ͷΈ߹Θͤͷɼࡉ๔छ X͕୯ಠͰ৫Λ࡞Δɼͭ·Γมҟࡉ๔Λ

શʹۦஞͰ͖Δॳࡉظ๔ͷΈ߹ΘͤͷͰ͋Δɽ

§2.2.2Ͱड़ͨΑ͏ʹɼCCϞσϧʹ͓͍ͯɼ৫ͷӡ໋ೋͭͷψϧΫϥΠϯ (ࣜ (8)ͱ (10))

ͷҐஔؔʹΑܾͬͯఆ͞ΕΔɽਤ 7Aɼ7Cɼ7EͷΑ͏ʹ ỹ-ψϧΫϥΠϯ ʹશ͕(10) x̃-ψϧΫ

ϥΠϯ (8)ͷଆʹ͋Δ࣌ɼͲΜͳॳࡉظ๔͔Βൃੜ͕࢝·ͬͯɼࡉ๔छ X୯ಠͰ৫Λܗ

͢Δ (ද 2(a))ɽ͕ͨͬͯ͠ɼࣜ (14)ͷఆٛͰਖ਼ৗࡉ๔ͷదԠF = 1ͱͳΔɽҰํɼਤ 7Bɼ

7FͷΑ͏ʹ ỹ-ψϧΫϥΠϯ (10)͕ x̃-ψϧΫϥΠϯ (8)ͱશʹॏͳΔ͔ɼx̃-ψϧΫϥΠϯ (8)ͷ

֎ଆʹ͋Δ࣌ɼͲΜͳॳࡉظ๔͔Βൃੜ͕࢝·ͬͯࡉ๔छ Xࡉ๔छ Y Λઈ໓ͤ͞Δ͜ͱ͕

Ͱ͖ͳ͍ͨΊɼ୯ಠͰ৫Λܗ͢Δ͜ͱͰ͖ͳ͍ (ද 2(b), (d))ɽ͕ͨͬͯ͠ɼࣜ (14)ͷఆٛ

Ͱਖ਼ৗࡉ๔ͷదԠF = 0ͱͳΔɽਤ 7Dɼ10AͷΑ͏ʹ x̃-ψϧΫϥΠϯ (ࣜ (8)ͱ ỹ-ψϧΫϥ

Πϯ (10))ͷަͰ͋Δෆ҆ఆฏߧ S2(xs2 , ys2 )͕ୈҰݶʹଘ͢ࡏΔ࣌ (ද 2(c))ɼଞͷ߹ͱҟ
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ͳΓࡉ๔छ XͷదԠF Ұҙʹܾ·Βͳ͍ɽͦ͜ͰF ΛۙࣅతʹٻΊΔ͜ͱΛ͑ߟΔɽͳ͓ɼ

͜͜Ͱฏߧ S2͕ୈҰݶʹ͋Δ͜ͱ͔Βɼ݅ࣜ (12)͕ຬͨ͞Ε͍ͯΔɽ

§2.2.2Ͱड़ͨΑ͏ʹɼฏߧ S2͕ୈҰݶʹ͋Δ࣌ (β > βyc)ɼ৫ͷӡ໋ xͱ yͷॳظ

ʹґଘ͢Δɽҙͷॳظ͔Βࡉ๔͕࢝߹ڝ·ΔͱɼղͦΕͧΕ҆ఆฏߧ S1͔Q2ʹऩଋ͢

ΔɽͦΕͧΕͷ҆ఆฏߧʹऩଋ͢ΔྖҬ֤҆ఆฏߧͷʮٵҾҬʯͱݺΕΔɽਤ 12Aʹೋ

ͭͷٵҾྖҬΛࣔ͢ɽ৭ͷؙϓϩοτͰຒΊΒΕͨྖҬ҆ఆฏߧ S1 ͷٵҾҬ BS 1 Ͱ͋Γɼ

ͷ֯ࡾϓϩοτͰຒΊΒΕͨྖҬ҆ఆฏߧQ2ͷٵҾҬ BQ2 Ͱ͋Δɽਤ 12AΑΓɼదԠ

F A0ʹର͢ΔBS 1ͷׂ߹ͰࢉܭͰ͖Δ͜ͱ͕͔ΔɽೋͭͷٵҾҬΛ͚͍ͯΔۂઢʮηύ

ϥτϦΫεʯ(separatrix)ͱݺΕΔɽ͜ͷۂઢΛղੳతʹఆٛ͢Δࣄ͍͠ɽ͔͠͠ɼࡉ๔छ

Xͱ Y ͷ૿৩͕͍࣌͠ (ρ = 1)ɼ͜ͷۂઢฏߧ S0ͱ S2Λ݁ͿઢͰۙ͢ࣅΔ͜ͱ͕Ͱ͖

ΔɽҰํɼ૿৩ʹ͕ࠩ͋Δ࣌ (ρ ! 1)ɼηύϥτϦΫεઢ S0S2͔Β͔ۇʹͣΕΔ (ਤ 28B)ɽ

Ҏ্ΑΓɼ݅ࣜ (12)͕ຬͨ͞ΕΔ࣌ (ද 2ͷྨ (d))ɼదԠF ҎԼͷࣜͰఆٛ͞ΕΔ:

F = (BS 1ͷ໘ੵ)/(A0ͷ໘ੵ),

= S1S2/S1R2,

= R1S1/S0S1,

= (1 − xs2)/1,

= κ

{
β

ρ(1 − 1/κ)

}2/(2−D)
.

(16)

͜͜Ͱ R1(xs2, 0)ͱ R2(0, 1/κ)ΛͦΕͧΕఆٛͨ͠ɽ

ਤ 12BʹF ͷ βͷґଘੑΛࣔ͢ɽࡉ๔छ Xͱ Yͷ૿৩ʹ͕ࠩͳ͍࣌ (ρ = 1)ɼࣜ (16)ʹΑͬ

ઢγϛϡϨʔγϣϯʹΑͬͯಘͨ݁Ռۂࣅग़ͨۙ͠ࢉͯ ࡉɽҰํɼ͍྆ۙʹ(ͷؙϓϩοτࠇ)

๔ͷ૿৩ʹ͕ࠩ͋Δ߹ (ρ ! 1)ɼมҟࡉ๔ͷഉআ͕ᮢ βycΑΓখ͍͞ྖҬͰͷ (β < βyc)ͷ

γϛϡϨʔγϣϯ݁Ռۙۂࣅઢ͔Βগͣͭ͠ΕΔɽ

2.4 ݁

ຊষͰϙϐϡϨʔγϣϯϞσϧΛߏʹجஙͨ͠ཧϞσϧʹΑͬͯࡉ๔ݱ߹ڝΛแׅతʹ

આ໌͠ɼओཁͳ࣮݁ݧՌʹ͍ͭͯͨ͠ݱ࠶ɽ͜ͷཧϞσϧͷղੳʹΑͬͯಘΒΕͨ݁Ռɼࡉ

๔ڝ͍͓ͯʹ߹ڝ߹͢Δ̎छྨͷࡉ๔ͷ૿৩ͷ͕ࠩഉআ͞ΕΔࡉ๔Λܾఆ͢Δͱ͍͏ݹయతͳ
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ਤ 12: Aॳظʹґଘͨ͠ղͷऩଋΛ·ͱΊͨ૬ฏ໘ਤɽ৭ͷؙͱͷ֯ࡾͦΕͧΕγϛϡ
Ϩʔγϣϯͷ݁Ռ S1(Kx, 0)ͱ Q2ʹऩଋͨ͠ղͷॳظ (x0, y0)ɽύϥϝʔλ ρ = 1, κ = 6/5,
β ≃ 0.0612, D = 1ͱͨ͠ɽR1(xs2, 0)ͱ R2(0, Kx/ax F ͷࢉܭͷͨΊʹఆٛͨ͠ɽB F ͷ by
ͷґଘੑɽࠇઢࣜ (16)Ͱఆٛ͞ΕΔF Λද͢ɽͨͩ͠ βy > βycͷ࣌ɼF = 1ͱͨ͠ɽͦΕ
ͧΕͷϓϩοτ ρͷΛมࡍͨ͠ߋͷγϛϡϨʔγϣϯ݁ՌΛද͢ɽഁઢॳظঢ়ଶʹؔΘ
Βͣਖ਼ৗࡉ๔ͷΈ͕୯ಠͰ৫Λܗ͢Δ (F = 1)ͷ͔ɼͦΕͱมҟࡉ๔͕ա૿৩͢Δॳظ
ঢ়ଶ͋Δͷ͔ (F =ࣜ (16))ͷᮢͰ͋Δɽ͜ͷᮢฏߧ S2͕ୈҰݶʹଘ͢ࡏΔ͔൱͔
ͷ βͷᮢͳͷͰ βycͱͳΔɽᮢ βycAͷύϥϝʔλઃఆͷ࣌ɼࣜ (13)ΑΓ βyc = 0.152146
ͱ͞ࢉܭΕΔɽจݙ [32]ΑΓվมͯ͠సࡌɽ
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Ծઆ [25,36]Λ൱ఆ͢ΔͷͰ͋ͬͨɽҰํɼࡉ๔ڝ߹Λͯܦਖ਼ৗͳ৫͕͢Δͷ͔ɼมҟࡉ

๔͕ա૿৩ͯ͠जᙾΛܗ͢Δͷ͔ͱ͍͏৫ͷӡ໋ɼ྆ࡉ๔ूஂ͕୯ಠͰ৫Λܗ͢Δ࣌

ͷ৫αΠζൺͱมҟࡉ๔ͷഉআ͕ᮢΛ͍͑ͯΔ͔Ͳ͏͔Ͱܾఆ͢Δ͜ͱ͕ࣔ͞Εͨɽࡉ

๔ڝ߹ʹ͓͍ͯɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͦΕͧΕͷࡉ๔ݻ༗ͷదԠͷࠩʹΑͬͯڝ߹͢Δͱ͞

Ε͍ͯΔɽҰํɼຊڀݚͰཧϞσϧͷղੳ݁ՌΑΓɼదԠΛҟͳΔ͔֯Βఆྔతʹఆٛ

͢ΔࣄʹऔΓΜͩɽຊจͰूஂదԠΛɼਖ਼ৗࡉ๔͕มҟࡉ๔Λશʹ৫͔ΒۦஞͰ͖

Δ྆ࡉ๔ͷॳࡉظ๔ͷΈ߹Θͤͷͱͯ͠ఆٛͨ͠ɽࢉग़ͨ͠ूஂదԠΑΓɼ৫ͷӡ໋

྆ࡉ๔ूஂ͕୯ಠͰ৫Λܗ͢Δ࣌ͷ৫αΠζൺͱมҟࡉ๔ͷ૿৩ͱഉআͷൺͷೋͭ

ʹΑͬͯࠨӈ͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ

ද 2ʹ·ͱΊͨΑ͏ʹɼߏஙͨ͠ཧϞσϧɼύϥϝʔλ͕ਪଌͰ͖Δදతͳࡉ๔ڝ߹ͷ

৫ͷӡ໋໌Β͔ʹ͞ΕͯͨܦΛ߹ڝ๔ࡉΑͦઆ໌͢ΔͷͰ͋ͬͨɽҰํɼ͓͓͍ͯͭʹܥ

͍Δ͕ɼมҟࡉ๔ͷੑ࣭͕ৄࡉʹ໌͍ͯ͠ͳ͍ܥଘ͢ࡏΔɽ͜͏͍ͬͨܥͰɼ࣮ݧͰಘΒ

ΕΔ৫ͷӡ໋ͷσʔλͱද 2ͷྨΛΈ߹ΘͤΔ͜ͱͰɼมҟͨ͠Ҩࢠͷੑ࣭ʹ͍ͭͯਪ

ఆͰ͖ΔՄੑ͕͋Δɽ

·ͨɼද 2ʹଘ͢ࡏΔਖ਼ৗࡉ๔ͷํ͕มҟࡉ๔ʹൺͯ৫αΠζ͕େ͖͍ܥʹؔͯ͠

ใ͕ࠂͳ͞Ε͍ͯͳ͍10(ද 2ʹ͓͚Δ κ < 1, β > 0ͷ߹)ɽ৫αΠζ͕ਖ਼ৗࡉ๔ΑΓখ

͍͞มҟࡉ๔ͱੜମʹͱͬͯܽؕͷ͋Δࡉ๔ͷΑ͏ʹ͑ࢥΔɽܽؕ͠ͷ͋Δࡉ๔Ͱ͋ͬͨ

߹ɼ͜͏͍ͬͨมҟࡉ๔Λഉআ͢Δࡉ๔ڝ߹ͷ͕ܥଘ͠ࡏͳ͍͜ͱෆࣗવͰ͋Δͱ͑ߟΒΕΔɽ

ஞ͞Εɼਖ਼ৗͳαΠζͷۦ๔͕ඞͣ৫͔Βࡉͷੑ࣭ɼมҟܥஙͨ͠ཧϞσϧ͕ࣔͨ͜͠ͷߏ

৫Λܗ͢Δͱ͍͏ͷͰ͋Δɽ͜ͷੑ࣭໌Β͔ͳҟৗΛݕͮ͠Β͍ͱࢥΘΕΔͨΊɼ

৫αΠζ͕খ͍͞มҟࡉ๔Λഉআ͢Δࡉ๔͞ݟൃ͕ܥ߹ڝΕ͍ͯͳ͍Մੑ͕͋Δɽ

10ද 2Ͱྫͱͯ͠ MycͷܥΛ͍ͯ͛ڍΔ͕ɼલड़ͷΑ͏ʹɼ͜ͷܥͰਖ਼ৗࡉ๔͕มҟࡉ๔ʹഉআ͞ΕΔ͜ͱʹ
ҙ͕ඞཁͰ͋Δɽ͕ͨͬͯ͠ɼ७ਮͳҙຯͰ͜ͷύϥϝʔλઃఆʹै͏ܥใ͞ࠂΕ͍ͯͳ͍ɽ
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ୈ3ষ Cell death-induced proliferationϞσϧ

ຊষͰɼୈ 2ষͰड़ͨ CCϞσϧΛվม͢ΔࣄͰɼ৫ͷӡ໋ʹର͢Δঈੑ૿৩ͱݺ

Ε͍ͯΔݱͷӨڹʹ͍ͭͯղੳΛͨͬߦɽCCϞσϧͰɼ2छྨͷࡉ๔ूஂมҟࡉ๔ͷഉআ

ʹΑۭ͍ͬͯͨεϖʔε͕ͲͷΑ͏ʹຒΊΒΕΔ͔ཅʹهड़͞Ε͍ͯͳ͍ɽ͜Ε CCϞσϧ

ʹքڥͰ྆ूஂͷܥ࣮ݱड़͍ͯ͠Δ͔ΒͰ͋ΔɽҰํɼه๔ͷಈଶͷΈΛࡉ๔ूஂͷࡉ͕྆

͓͍ͯมҟࡉ๔͕ഉআ͞Εͨ࣌ɼपғͷࡉ๔͕૿৩͢ΔࣄͰͦͷεϖʔεຒΊΒΕΔɽ͜ͷ࣌ɼ

ॏཁͳׂΛՌͨ͢ͱ͞ΕΔͷ͕ঈੑ૿৩ͱݺΕΔݱͰ͋ΔɽຊষͰɼୈ 2ষͰड़ͨ

CCϞσϧΛվม͢ΔࣄͰɼࡉ๔ڝ߹ʹ͓͍ͯॏཁͳׂΛՌͨ͢ͱ͞ΕΔঈੑ૿৩ͱݺΕΔ

ɼCCϞޙɽҎԼͰ·ͣɼঈੑ૿৩ʹ͍ͭͯ؆୯ʹ·ͱΊΔɽͦͷͨͬߦʹ͍ͭͯղੳΛݱ

σϧͷվมʹ͍ͭͯͱɼͦͷղੳ݁Ռʹ͍ͭͯड़Δ [44]ɽ

3.1 ঈੑ૿৩

ੜମʹ͓͍ͯࡉ๔ࢮਖ਼ৗͳ৫ܗ৫ͷ߃ৗੑҡ࣋ʹඞཁෆՄܽͳཁૉͰ͋Δɽͦͷओ

ཁͳׂ৫ʹ͓͚Δෆཁͳࡉ๔ͷഉআΛ͡Ίͱͨ͠ɼࡉ๔Λݮগͤ͞ΔޮՌʹ͋Δɽ͠

͔͠ɼͦͷޮՌͱਖ਼ରʹࡉ๔͕ࢮपғͷࡉ๔ͷ૿৩Λଅਐ͢Δݱ͕ۙใ͞ࠂΕͨɽ͜Ε

͕ঈੑ૿৩Ͱ͋Δ [45, 46]ɽ

جݪͱಉ͘͡ɼγϣδϣόΤͷᠯ߹ڝ๔ࡉ·ͨɼݱҼ͢Δঈੑ૿৩ىʹࢮ๔ࡉ

Εͨ͞ࠂॳʹใ࠷͍͓ͯʹ [47]ɽ͜ͷ࣮ݧͰɼൃੜ్தͷᠯجݪͷࡉ๔ʹ֎෦ܹʹΑͬͯࡉ

๔ࢮΛ༠ൃͤͯ͞ɼ࠷ऴతͳ৫αΠζมΘΒͳ͍͜ͱ͕ൃ͞ݟΕͨɽͭ·Γɼݮগͨ͠ࡉ

๔Λิ͏ԿΒ͔ͷγεςϜ͕͋Δͱ͍͏͜ͱͰ͋Δɽ͜͜Ͱɼ͜ͷγεςϜʹ͓͍ͯࡉ๔Λ

ิ͏͘ࡉ๔૿৩ͷੑ׆ԽΛ༠ಋ͍ͯ͠Δͷࡉ๔ࣗࢮମͳͷ͔ɼͦΕͱۭ͍ۭͨؒͳͷ͔ͱ

͍͏͜ͱʹ͕ٙͨ࣋ΕΔɽͦ͜Ͱɼ͍͔ͭ͘ͷڀݚάϧʔϓ͕Ξϯσουࡉ๔ͱݺΕΔࡉ๔

Λ৫ʹ࡞Γग़࣮͢ݧΛͨͬߦ [48–50]ɽΞϯσουࡉ๔ͱɼࡉ๔ىʹࢮҼ͢ΔγάφϧΛൃ

͠ͳ͕Βࡉ๔ࣗࢮମ͞Ε͍ͯΔࡉ๔Ͱ͋Δɽ͜ͷ࣮ݧͷ݁ՌɼΞϯσουࡉ๔ͷपғͷ

ࡉԽ͍ͯ͠Δ͜ͱ͕֬ೝ͞ΕɼͦΕΛ༠ൃ͍ͯ͠ΔͷΞϯσουੑ׆ʹ๔૿৩͕༗ҙࡉ๔ͷࡉ
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๔͔Β์ग़͞ΕΔγάφϧࢠ (DppWg)Ͱ͋Δ͜ͱ໌Β͔ʹͳͬͨɽ͕ͨͬͯ͠ɼঈੑ

૿৩ࡉ๔ىʹࢮҼ͢Δ͜ͱ͕໌ͨ͠ͷͰ͋Δɽ͜ͷݱͷੜମʹ͓͚Δੜཧֶతͳҙٛɼ

ই࣏༊߃ৗੑҡࣦͯ͠ࡍʹ࣋ΘΕͨࡉ๔Λิঈ͢ΔΑ͏ʹɼ৽ͨʹࡉ๔Λ૿Ճͤ͞Δ͜ͱͰ

͋Δɽۙɼ͜ͷػ࠷ॳʹൃ͞ݟΕͨγϣδϣόΤͷΈͳΒͣɼώυϥϓϥφϦΞɼΞ

ϑϦΧπϝΨΤϧͰใ͞ࠂΕ͍ͯΔ [51–53]ɽ

ঈੑ૿৩जᙾੑݪͷࡉ๔ʹ͓͍ͯใ͞ࠂΕ͍ͯΔ [52,54]ɽྫ͑ɼϚεͷ؊ଁͰࢮ

Μͩࡉ๔ͷपғʹଘ͢ࡏΔਖ਼ৗࡉ๔ͷΈͳΒͣजᙾੑݪͷࡉ๔ͷࡉ๔྾ଅਐ͞Εͯ͠·͏͜

ͱ͕໌Β͔ʹ͞Εͨ [55,56]ɽ͞Βʹɼ์ࣹઢྍ࣏ʹΑͬͯഉআ͞Εͨजᙾੑݪͷࡉ๔ͷपғͷ

जᙾࡉੑݪ๔ʹ͓͍ͯ૿৩্͕͍ͯ͠Δ͜ͱ໌ͨ͠ [57]ɽಉ༷ͷݱγϣδϣό

ΤͷܥͰ֬ೝ͞Ε͍ͯΔɽ͜ͷܥͰɼजᙾੑݪͷࡉ๔ͷੑࡏͷࡉ๔ࢮ (͢ͳΘͪࣗવൃੜత

ͳΞϙτʔγε)͕ɼ൴Βࣗͷ৫ͷΛଅ͍ͯ͠Δ͜ͱ͕ࣔࠦ͞Εͨ [17]ɽ͜͏ͨ͠ෳͷ

Δ͜ͱ͕͔ͬͨɽ͜ى๔ʹ͓͍ͯࡉͷੑݪՌ͔Βɼঈੑ૿৩जᙾ݁ݧ࣮

͜͜ͰɼຊڀݚͷओͰ͋Δࡉ๔ڝ߹ͱঈੑ૿৩ͷؔʹ͍ͭͯड़Δɽ௨ৗɼࡉ๔ڝ߹ʹ͓

͍ͯมҟࡉ๔ͷࢮʹΑۭ͍ͬͯͨεϖʔε૿৩ͨ͠पғͷਖ਼ৗࡉ๔ʹΑͬͯิర͞ΕΔ [23,36]ɽ

͜ͷิరͷͨΊɼࡉࢮ๔͔Βͷγάφϧपғͷਖ਼ৗࡉ๔ͷ૿৩Λ্͢Δ [41,58]ɽ͢ͳΘͪɼ

มҟࡉ๔Λ৫͔Βഉআͯ͠ɼਖ਼ৗࡉ๔͕ૉૣ͘৫Λ༗͍ͯ͘͠ࣄʹঈੑ૿৩ͯ͠ݙߩ

͍ΔͷͰ͋ΔɽҰํɼ্ड़ͷΑ͏ʹɼ৫͔Βۦஞ͞ΕΔजᙾੑݪͷมҟࡉ๔ʹ·ͨঈੑ૿

৩͕ಇ͘ [17]ɽҎ্ΑΓɼࡉ๔͜ى͕߹ڝΔڥԼʹଘ͢ࡏΔมҟࡉ๔ࡉ๔ࢮʹΑΓɼ1)ࡉ๔

ΛݮΒ͢ޮՌͱɼ2)ঈੑ૿৩ʹΑΓࡉ๔Λ૿͢ޮՌͷೋͭͷޮՌΛड͚͍ͯΔՄੑ͕

͋Δɽ͞Βʹɼࡉ๔ࢮͷछྨੑࡏͷࡉ๔ࢮͱࡉ๔ىʹ߹ڝҼ͢Δࡉ๔ूஂڥքʹ͓͚Δࡉ๔

ͷࢮ 2छྨ͕͜ىΓ͏Δ [17]ɽ͜͏ͨ͠ෳࡶͳঢ়گʹ͓͚Δঈੑ૿৩͕Ռׂͨ͢ΛௐΔ͜

ͱɼཧϞσϧ͕ಘҙͱ͢Δͱ͜ΖͰ͋Δɽͦ͜ͰຊষͰঈੑ૿৩Λཅʹهड़ͨ͠ࡉ๔ڝ

߹ͷཧϞσϧΛߏங͢Δ͜ͱͰɼঈੑ૿৩͕৫ͷӡ໋ʹ༩͑ΔӨڹʹ͍ͭͯղੳΛͨͬߦɽ

3.2 ཧϞσϧ

ঈੑ૿৩ʹ͍ͭͯղੳΛͨ͏ߦΊʹɼୈ 2ষͰߏஙͨ͠ CCϞσϧʹࡉ๔ࢮͱঈੑ૿৩

ͷӨڹΛͦΕͧΕཅʹऔΓೖΕͳͯ͘ͳΒͳ͍ɽैͬͯཧϞσϧΑΓෳࡶʹͳΔ͜ͱ͕༧

͠͏Δ͕ɼղੳΛͨ͏ߦΊʹ͜Ε·͘͠ͳ͍ɽͦ͜ͰɼCCϞσϧʹ্هͷೋͭͷޮՌΛ

ಋೖ͢Δલʹ CCϞσϧͷ؆қԽΛͨͬߦɽ

38



3.2.1 ঈੑ૿৩ͷޮՌͷಋೖʹ͚ͨCCϞσϧͷมܗ

؆қԽʹͨΓɼೋͭͷԾఆΛಋೖͨ͠ɽҰͭɼਖ਼ৗࡉ๔ͱมҟࡉ๔ʹେ͖ͳαΠζࠩ

ͳ͍ͱ͍͏ԾఆͰ͋Δ (ax = ay = 1)ɽ͕ͨͬͯ͠ɼͲͪΒͷछྨͷࡉ๔ ๔͕ΊΔεϖʔεࡉ1

͍͜͠ͱʹͳΔɽೋͭɼजᙾࡉੑݪ๔͕୯ಠͰ৫Λܗͨ͠߹ɼͦͷ৫ແ੍ݶ

ʹΛଓ͚Δͱ͍͏ԾఆͰ͋Δ ऩ༰ྗڥ) Ky → ∞)1ɽҎ্ͷೋͭͷԾఆΛೖΕΔ͜ͱͰɼCC

ϞσϧҎԼͷΑ͏ʹ୯७Խͯ͠ม͢ܗΔ͜ͱ͕Ͱ͖Δ:

dx
dt

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

rx(1 −
x + y
Kx

)x, x + y < Kx,

0, x + y ≥ Kx,

dy
dt

= ryy − byy
D
2 ,

(17)

͜͜ͰɼKy → ∞ͱͨ͜͠ͱʹΑΓɼyͷ͕ࣜมԽͨ͜͠ͱʹҙ͕ඞཁͰ͋ΔɽՃ͑ͯɼCCϞ

σϧͰͳ͔ͬͨ݅ࣜΛ xͷࣜʹಋೖͨ͠ɽCCϞσϧͰɼ৫αΠζ x + y͕ਖ਼ৗͳ

৫αΠζ KxΛ͑ͨ࣌ɼ߲ rx(1 −
x + y
Kx

)x͕ෛͱͳΔ͜ͱͰɼࡉ๔छ Y ͷա૿৩ʹΑΔѹྗʹ

๔छࡉҼ͢Δى Xͷࡉ๔ࢮʹΑΔݮগྀ͍ͨͯ͠ߟɽ͔͠͠ɼ৫ͷൃੜաఔʹ͓͍ͯਖ਼ৗࡉ

๔ͷࡉ๔ࢮมҟࡉ๔ʹൺͯΔ͔ʹগͳ͍ [17]ɽͦ͜ͰຊষͰࡉ๔छ Xࡉ๔ࢮΛ͜͞ى

ͳ͍ͱͨ͠ɽ͢ͳΘͪɼ৫͕தͷ࣌ (x + y < Kx)ɼCCϞσϧͱࡉ๔छ Xಉ༷ͷ૿৩Λ͠

(dx/dt = rx(1 −
x + y
Kx

)x)ɼ৫αΠζ͕ਖ਼ৗαΠζΛ͑ͨ࣌ (x + y ≥ Kx)ɼࡉ๔छ Xͷ૿৩ࢭ

·Δͱͨ͠ (dx/dt = 0)ɽ

3.2.2 ঈੑ૿৩Λࡉྀͨ͠ߟ๔ڝ߹Ϟσϧ (CDIPϞσϧ)

ࣜ (17) ʹঈੑ૿৩ͱࡉ๔ࢮͷޮՌΛཅʹಋೖ͢Δ͜ͱͰɼঈੑ૿৩ (Cell Death-Induced

Proliferation = CDIP)Λࡉྀͨ͠ߟ๔ڝ߹Ϟσϧ (CDIPϞσϧ)Λߏஙͨ͠ (ਤ 13)ɽ͜͜Ͱ͑ߟΔ

͖ࡉ๔ࢮೋͭ͋ΔɽҰͭਖ਼ৗࡉ๔͕มҟࡉ๔ʹ༠ಋ͢Δࡉ๔ࢮͰ͋Γɼ͜Ε྆ࡉ๔ूஂ

ͷڥքͰൃੜ͢Δ (ਤ 13B)ɽͨͩ͠ɼ͜ͷࡉ๔ࢮʹؔ͢ΔޮՌCCϞσϧ (ࣜ (17))ͷஈ֊Ͱطʹ

byyD/2ͱͯ͠ಋೖ͞Ε͍ͯΔɽҰํɼ͏Ұͭͷੑࡏͷࡉ๔ࢮࡉ๔छ Y ूஂͷ෦Ͱൃੜ͢

Δ (ਤ 13C)ɽ͜ΕΒͷݱʹΑͬͯࢮΜͩࡉ๔ɼपғͷࡉ๔छ X·ͨࡉ๔छ Y ͷ૿৩ͷ

্Λଅ͢ɽຊڀݚͰਤ 13BɼCͷΑ͏ʹɼෆੑ׆Խঢ়ଶʹ͋Δࡉ๔छ X Y ͷपғͰࡉ๔͕ࢮ

1Ky Λेʹେ͖ͯ͘͠ఆੑతʹಉ݁͡Ռ͕ಘΒΕΔɽ͔͠͠ɼֶతͳղੳͷ؆୯ͷͨΊɼ͜͜Ͱ Ky → ∞
ͱͨ͠ɽ
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ਤ 13: CDIPϞσϧͷ֓೦ਤɽA CCϞσϧͱಉ༷ʹࡉ๔छ Yࡉ๔छ XʹपғΛғ·Ε͍ͯΔɽ
๔छࡉ༝དྷ͢Δʹ߹ڝ๔ࡉքͰൃੜ͢ΔɽBڥ๔ूஂͷࡉΑΔഉআɼ྆ʹ߹ڝ๔ࡉ Y ͷࡉ๔
๔छࡉपғͷࢮ Xͱ Yͷ૿৩Λဏਐ͢ΔɽCࡉ๔छ Yͷੑࡏͷࡉ๔ࢮपғͷ Yͷ૿৩
Λဏਐ͢Δɽจݙ [44]ΑΓసࡌɽ

๔ࡉԽੑ׆๔छࡉɼͦΕΒͷ͖࣌ͨى VɼWɼU ʹมԽ͢Δͱͨ͠ɽ͢ͳΘͪɼมҟࡉ๔ Y ͕

ੑࡏͷࡉ๔ࢮͰੑ׆Խͨ͠ͷ͕ੑ׆Խࡉ๔ Uɼਖ਼ৗࡉ๔ X͕ڥքͰࡉ͖ͨى๔ࢮʹΑͬͯ׆

ੑԽͨ͠ͷ͕ੑ׆Խࡉ๔ VɼY͕ڥքͷࡉ๔ࢮʹΑͬͯੑ׆Խͨ͠ͷ͕ੑ׆Խࡉ๔WͰ͋Δɽ

݁Ռͱͯ͠ɼࡉ๔छ Y ͷࡉ๔ࡉ๔ࢮʹΑͬͯݮগͱ૿Ճͷਖ਼ରͷೋͭͷޮՌΛड͚Δ͜ͱ

ʹͳΔɽ

ઃఆΛࣜͨࣔ͠ʹه্ (17)ʹಋೖ͢Δ͜ͱͰɼͦΕͧΕͷࡉ๔ͷμΠφϛΫεҎԼͷΑ͏

ʹॻ͘͜ͱ͕Ͱ͖Δ:

dx
dt

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

rx(1 −
x + y
Kx

)(x − v) + rxv(1 −
x + y
Kx

)v, x + y < Kx,

0, x + y ≥ Kx,

(18)

dy
dt

= ry(y − u − w) + ryuu + ryww − dyy − byy
D
2 , (19)

du
dt

= audyy − duu, (20)

dv
dt

= avbyy
D
2 − dvv, (21)

dw
dt

= awbyy
D
2 − dww, (22)
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͜͜Ͱ u (0 ≤ u ≤ y)ɼv (0 ≤ v ≤ x)ɼw (0 ≤ w ≤ y)ͦΕͦΕࡉ๔छ U, VɼW ͷࡉ๔Λද͕͢ɼ

͜ΕΒ x·ͨ yʹؚ·ΕΔࡉ๔Ͱ͋Δ͜ͱʹҙ͕ඞཁͰ͋Δɽͭ·Γɼࡉ๔छ Xͱ YͰෆ

๔ͷͦΕͧΕࡉԽ͞Ε͍ͯΔੑ׆ x − vɼy − u −wͰද͞ΕΔɽࣜ (18)ͷӈลୈ 1߲ෆੑ׆

ঢ়ଶʹ͋Δࡉ๔छ Xͷ૿৩Λҙຯ͍ͯ͠Δɽରͯ͠ɼࣜ (18)ͷӈลୈ 2߲ੑ׆ঢ়ଶʹ͋Δਖ਼ৗ

๔ࡉ V ͷ૿৩Λද͍ͯ͠Δɽࡉ๔छ V ͕୯ಠͰ৫Λܗ͢Δ࣌ɼͦͷ৫αΠζࡉ๔छ

Xͱಉ͡ Kxͱ͑ߟΔͷ͕ଥͩΖ͏ɽ͔͠͠ɼͦͷ૿৩ rxvࡉ๔छ XΑΓ͍ߴ (rxv > rx)ɽ

Ҏ্ΑΓɼࡉ๔छ V ͷ૿৩Λ rxv(1 −
x + y
Kx

)vͰදͨ͠ɽ

ಉ༷ʹɼࣜ (19)ͷӈลୈ 1߲ෆੑ׆ঢ়ଶʹ͋Δࡉ๔छ Y ͷ૿৩Λද͍ͯ͠Δɽଓ͘ୈ 2߲ͱ

ୈ 3߲ͦΕͧΕੑ׆Խࡉ๔UͱWͷ૿৩Λද͍ͯ͠Δɽ͜͜Ͱ ryu (> ry)ͱ ryw (> ry)ͦΕͧ

Εࡉ๔छ U ͱW ͷ૿৩Ͱ͋Δɽࣜ (19)ͷӈลୈ 4߲ dyyࡉ๔छ Y ͷੑࡏͷࡉ๔ࢮΛද͠

͍ͯΔɽࡉ๔͕૿Ճ͢ΔͨΊʹੑࡏͷࡉ๔ࢮࡉ๔૿৩ΑΓසͰൃੜ͢Δඞཁ͕͋Δɽ

ͦͷͨΊɼࡉ๔ࢮ dy dy < ryͷ݅Λຬͨ͢ɽ

ࣜ (20-22)ͷӈลୈ 1߲ɼͦΕͧΕͷੑ׆Խࡉ๔ͷࡉ๔ͷ૿ՃͰ͋Δɽͨͩ͠ɼ͜͜Ͱ

Խ͢Δ͜ͱʹΑͬੑ׆๔͕ࡉঢ়ଶʹ͋Δੑ׆๔྾ʹΑΔͷͰͳ͘ɼෆࡉΔ૿Ճ͍ͯ͑ߟ

ͯੜ͡Δ͜ͱʹҙ͕ඞཁͰ͋Δɽੑ׆Խࡉ๔ U, V , W ͷࡉ๔୯Ґؒ࣌ͨΓͷࡉ๔͢ࢮΔ

๔ࡉ (dyy·ͨ byyD/2)ʹൺྫͯ͠ɼ૿৩ au(≥ 0), av(≥ 0), aw(≥ 0)ͰͦΕͧΕ૿Ճ͢Δɽࣜ

(20-22)ͷӈลୈ 2߲ੑ׆Խࡉ๔ͷෆੑ׆ԽʹΑΔࡉ๔ݮগΛද͍ͯ͠Δɽ͜͜Ͱੑ׆Խࡉ๔

U, V , W ͷෆੑ׆ԽͦΕͧΕ du(≥ 0), dv(≥ 0), dw(≥ 0)ͱఆٛͨ͠2ɽ

3.2.3 CDIPϞσϧͷॖ

§3.2.2ͰɼCCϞσϧΛվม͢Δ͜ͱͰɼࡉ๔ࢮͱঈੑ૿৩ͷޮՌΛཅʹද͢ CDIPϞσϧ

Λߏஙͨ͠ɽ͔͠͠ɼ͜ͷϞσϧมͷ (=ํఔࣜͷ)͕ 5มͱଟ͘ɼղੳతʹऔΓѻ͏

͜ͱ͍͠ɽͦ͜ͰมͷΛݮΒ͠ɼղੳతʹղ͘͜ͱ͕Մͳܗͱམͱ͠ࠐΉॖΛࢼ

Έͨɽ

؆୯ͷͨΊɼม u, v, wม x, yʹൺɼेʹૣ͘ఆৗঢ়ଶʹͳΔ͜ͱΛԾఆͨ͠ɽ͢ͳ

ɼύϥϝʔλʹີݫ2 du, dv, dw ͷҙຯੑ׆Խࡉ๔ͷ྾ϧʔϧʹΑͬͯมԽ͢Δɽ͢ͳΘͪɼੑ׆Խࡉ๔͕ࡉ
๔྾ͨ࣌͠ɼ່ࡉ๔͕ 1)ํͱੑ׆Խࡉ๔ʹͳΔͷ͔ɼ2)ํͱෆੑ׆Խࡉ๔ʹͳΔͷ͔ɼ3)ੑ׆Խࡉ๔ͱෆ
๔ʹ྾͢Δͷ͔ʹΑͬͯɼࣜࡉԽੑ׆ (20-22)ͷୈೋ߲͕ද͍ͯ͠Δಈଶ͕มԽ͢ΔͷͰ͋Δɽ͔͠͠ɼͲͷ߹Ͱ
ࣜ (20-22)ͷܗͰද͢ݱΔ͜ͱ͕Ͱ͖Δɽৄࡉ Appendix §S8Ͱड़ͨɽ
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ΘͪҎԼͷ͕݅ࣜຬͨ͞ΕΔͱͨ͠:

1 ≫ 1/au,

1/rx ≫ 1/av,

1 ≫ 1/aw.

(23)

͢ΔͱҎԼͷؔࣜΛಘΔ͜ͱ͕Ͱ͖Δ:

u =
audy
du

y, (24)

v =
avby
dv

y
D
2 , (25)

w =
awby
dw

y
D
2 . (26)

͜ΕΒͷؔࣜɼੑ׆Խࡉ๔ UɼVɼW ͷࡉ๔͕ࡉ๔छ Y ͷࡉ๔ʹରͯ͠ৗʹҰఆͷׂ߹

ͱͳΔ͜ͱΛҙຯ͍ͯ͠Δɽ͕ͨͬͯ͠ɼม u, v, w yΛ༻͍Δ͜ͱͰද͢͜ͱ͕Ͱ͖ΔͨΊɼ

CDIPϞσϧ͔Β͜ΕΒͷมΛফ͢ڈΔ͜ͱ͕Ͱ͖ΔɽҎ্ΑΓɼCDIPϞσϧΛ 2มͷཧ

Ϟσϧ (ॖܕ CDIPϞσϧ)ͱม͢ܗΔ:

dx
dt

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

[
rxx + (rxv − rx)

avby
dv

y
D
2

]
(1 − x + y

Kx
) x + y < Kx,

0 x + y ≥ Kx,

(27)

dy
dt

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
ry − dy + (ryu − ry)

audy

du

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
y −

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − (ryw − ry)

aw

dw

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
byy

D
2 . (28)

͜͜Ͱؔࣜ ry > dyɼryu > ryΛ͍ࢥग़͢ͱɼࣜ (28)ͷӈลୈ 1߲ਖ਼ͷΛऔΔ͜ͱ͕͔Δɽ

ӈลୈ 1߲͕ਖ਼ʹͳΔ͜ͱ͔Βɼୈ 2߲͕ৗʹਖ਼ͱͳΔͳΒɼมҟࡉ๔ y૿Ճ͠ଓ͚ɼݮগ

͢Δ͜ͱ͕ͳ͘ͳͬͯ͠·͏ɽ͕ͨͬͯ͠ɼมҟࡉ๔ͷ૿ՃΛ͑ͯ৫͔Βഉআ͢Δɼ͢ͳΘ

ͪ yΛݮগͤ͞ΔͨΊʹӈลୈ 2߲ෛͷΛऔΔඞཁ͕͋Δɽ͜ͷ͜ͱ͔Βɼมҟࡉ๔ͷա
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૿৩ͷ੍͕Մͳඞཁ݅ɼ

−

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 − (ryw − ry)

aw

dw

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
byy

D
2 < 0,

1 − (ryw − ry)
aw

dw
> 0, (29)

ͱॻ͘͜ͱͰ͖Δɽࣜ (28)ͷӈลͷୈ 1߲ͱୈ 2߲ͦΕͧΕࡉ๔छ Y શମͷࡉ๔ͷ૿ݮͱɼ

๔छࡉքʹ͓͚Δڥ Yͷ্ݶΛҙຯ͍ͯ͠Δɽࣜ (27)͓Αͼࣜ (28)ͷܗ݁Ռͱͯ͠ຊ࣭తʹ

CCϞσϧʹ͍ۙͷʹͳ͍ͬͯΔ͕ɼࡉ๔ࢮͱঈੑ૿৩Λܗྀͨ͠ߟͰ͋Δɽ

3.3 ݁Ռ

3.3.1 CDIPϞσϧͱॖܕCDIPϞσϧͷແݩ࣍Խ

ղੳʹઌ͚ۦɼ֤ཧϞσϧͷແݩ࣍ԽΛͨͬߦɽແݩ࣍Խͨ͠CDIPϞσϧҎԼͷΑ͏ʹॻ

͘͜ͱ͕Ͱ͖Δ:

1
ρx

dx̃
dτ

=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(x̃ + ρvṽ)(1 − x̃ − ỹ), x̃ + ỹ < 1,

0, x̃ + ỹ ≥ 1,

dỹ
dτ

= (1 − α)ỹ + ρuũ + ρww̃ − δỹ
D
2 ,

ζu
dũ
dτ

= αỹ − βuũ,

ζv
dṽ
dτ

= δỹ
D
2 − βvṽ,

ζw
dw̃
dτ

= δỹ
D
2 − βww̃.

(30)

͜ͷཧϞσϧͷมͱύϥϝʔλͷඇৗʹଟ͍ͨΊɼද 3ʹ·ͱΊͨɽύϥϝʔλม

ͷఆٛҬجຊతʹແݩ࣍ԽͷલͷͷʹରԠ͓ͯ͠Γɼͦͷଞͷύϥϝʔλʹؔͯ͠ແݩ࣍

ԽલͷఆٛҬ͔Βܾఆ͢Δ͕ࣄͰ͖Δɽҙ͕ඞཁͳύϥϝʔλͷҰ͕ͭࡉ๔ࢮ α(= dy/ry)Ͱ

͋Δɽੑࡏͷࡉ๔ࢮ͕૿৩Λ্ճΔͷࣗવͰͳ͍ͱ͍͏ແݩ࣍Խલͷ݅ࣜ 0 < dy ≤ ry

͔Βɼ͜ͷύϥϝʔλͷఆٛҬ 0 < α ≤ 1ͱͳΔɽ·ͨɼੑ׆Խࡉ๔ͷ૿৩ෆੑ׆Խࡉ

๔ʹൺ͍ͯߴͱ͑ߟΒΕΔ (ryu > ry)ɽ͕ͨͬͯ͠ɼryu/ry > 1ͱͳΔͨΊɼྫ͑ύϥϝʔλ

ρu = (ryu/ry) − 1 > 0ͱͳΔɽρv, ρwͷఆٛҬʹ͍ͭͯಉ༷ʹఆٛ͞ΕΔɽ
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ද 3: ແݩ࣍Խͨ͠ CDIPϞσϧͷมͱύϥϝʔλ

มɾύϥϝʔλ ఆٛҬ ҙຯ

x̃ = x/Kx ≥ 0 Xͷࡉ๔

ỹ = y/Kx ≥ 0 Y ͷࡉ๔

ũ = u/Kx 0 ≤ ũ ≤ ỹ Uͷࡉ๔

ṽ = v/Kx 0 ≤ ṽ ≤ x̃ V ͷࡉ๔

w̃ = w/Kx 0 ≤ w̃ ≤ ỹ W ͷࡉ๔

τ = ryt > 0 ୯Ґؒ࣌

α = dy/ry 0 < α ≤ 1 ੑࡏͷࡉ๔ࢮ

βu = du/(aury) > 0 ๔छࡉ Uͷੑ׆Խɼ͓Αͼෆੑ׆Խͷൺ

βv = dv/(avry) > 0 ๔छࡉ V ͷੑ׆Խɼ͓Αͼෆੑ׆Խͷൺ

βw = dw/(awry) > 0 ๔छWࡉ ͷੑ׆Խɼ͓Αͼෆੑ׆Խͷൺ

δ = by/ryKD/2−1
x > 0 ΑΔഉআʹ߹ڝ๔ࡉ

ρx = rx/ry > 0 ๔छࡉ Xͱ Y ͷ૿৩ͷൺ

ρu = ryu/ry − 1 > 0 ༝དྷ͢Δঈੑ૿৩ʹΑΔʹ߹ڝ๔ࡉ Y ͷ૿৩ဏਐ

ρv = rxv/rx − 1 > 0 ΑΔʹࢮ๔ࡉ Xͷ૿৩ဏਐ

ρw = ryw/ry − 1 > 0 ࢮࡏʹ༝དྷ͢Δঈੑ૿৩ʹΑΔ Y ͷ૿৩ဏਐ

ζu = 1/au > 0 uͷಈଶͷ؇ؒ࣌

ζv = 1/av > 0 vͷಈଶͷ؇ؒ࣌

ζw = 1/aw > 0 wͷಈଶͷ؇ؒ࣌

44



ॖܕ CDIPϞσϧʹ͍ͭͯಉ༷ʹແݩ࣍Խͨ͠:

1
ρx

dx̃

dτ
=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(x̃ + ρv
δ

βv
ỹ

D
2 )(1 − x̃ − ỹ), x̃ + ỹ < 1,

0, x̃ + ỹ ≥ 1,

dỹ

dτ
=

[
1 − α(1 − ρu

βu
)
]
ỹ − δ(1 − ρw

βw
)ỹ

D
2 .

(31)

͜͜Ͱɼมҟࡉ๔ Y ͷա૿৩ͷ੍͕Մͳ݅ࣜ (29)ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

βw > ρw. (32)

3.3.2 CDIPϞσϧͱॖܕCDIPϞσϧͷμΠφϛΫε

ղੳʹ͋ͨΓɼߏஙͨ͠ཧϞσϧͷੑ࣭ΛѲ͢Δ͜ͱʹऔΓΜͩɽಛʹॖܕ CDIPϞ

σϧ CDIPϞσϧͱҟͳΓղੳతʹௐΔ͜ͱ͕ՄͳͨΊɼॖܕ CDIPϞσϧΛத৺ʹه

ड़͢Δɽਤ 14ॖܕ CDIPϞσϧ (ࣜ (31))ͷ૬ฏ໘ਤͰ͋Δ ͳղੳAppendixࡉৄ) §S9ʹه

ͨ͠)ɽ

x̃ͱ ỹͷψϧΫϥΠϯΛҎԼʹࣔ͢:

ỹ = 1 − x̃, or ỹ =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

βv

δρv
x̃

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

2
D

(x̃ ≤ 0), (33)

ỹ =

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

δ(1 − ρwβw )
1 − α(1 − ρuβu )

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

2
2−D

≡ ỹS, or ỹ = 0, (34)

͜͜Ͱɼx̃-ψϧΫϥΠϯͰ͋Δ x̃ + ỹ = 1↔ x + y = Kx(ਤ 14ͷͷઢ)ɼਖ਼ৗͳ৫αΠζ

ʹରԠ͢Δɽࣜ 33ͷೋͭͷ x̃-ψϧΫϥΠϯ x̃ ≤ 0ͷྖҬʹଘ͠ࡏɼੜֶతͳҙຯͨ࣋ͳ

͍͕ɼղͷڍಈΛ֓͢؍ΔͨΊʹࣔͨ͠ɽ

͜ͷ૬ฏ໘ਤʹৗʹฏߧ S0(0, 0)ͱ S1(1, 0)͕ଘ͢ࡏΔɽ͞Βʹɼ݅ࣜ (32)͕ຬͨ͞ΕΔ

๔ࡉɼͭ·Γɼมҟ࣌ Y ͷա૿৩੍͕͠ಘΔ࣌ɼฏߧ S2(1 − ỹS, ỹS)ͱ S3(δρv/βvỹD/2S , ỹS)͕৽

ͨʹՃ͞ΕΔɽ͜ͷฏߧ S2͕ୈҰݶʹଘ͢ࡏΔ݅ͱ݅ࣜ (32)Λ߹ΘͤΔ͜ͱͰɼҎԼ
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ਤ 14: ॖܕ CDIPϞσϧͷදతͳ૬ฏ໘ਤɽനؙෆ҆ఆฏߧɼؙࠇ҆ఆฏߧͰ͋
Δɽdx̃/dτ = 0ͱ dỹ/dτ = 0ψϧΫϥΠϯͱ੨ͷઢͰͦΕͧΕࣔͨ͠ (ͨͩ͠ɼୈೋݶ
ʹ͋Δ dx̃/dτ = 0ψϧΫϥΠϯഁઢͱͨ͠)ɽփ৭Ͱࣔͨ͠ྖҬୈೋ͓ݶΑͼୈ࢛ݶͰ
͋Γɼ͜͜Ͱ x̃ɼỹ͕ෛͱͳΔͨΊʹੜֶతʹҙຯΛͨ࣋ͳ͍ɽA݅ࣜ (35)ʹ͓͚
Δ (a)ͷ߹Λදͯ͠Δ (βw > ρw ͔ͭ ỹS < 1)ɽB݅ࣜ (35)ʹ͓͚Δ (b)ͷ߹Λදͯ͠Δ
(βw > ρw ͔ͭ ỹS ≥ 1)ɽC݅ࣜ (35)ʹ͓͚Δ (c)ͷ߹Λදͯ͠Δ (βw ≤ ρw)ɽύϥϝʔλ
ͦΕͧΕɼ(A) ρu = ρv = ρw = 1; (B) ρu = ρv = ρw = 5; (C) ρu = ρv = ρw = 0.07ͱͨ͠ɽͦͷଞͷ
ύϥϝʔλ α = 0.1, δ = 1.0, βu = βv/2 = βw/2 = 5/6, ρx = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ʹ
ݙఆͨ͠ɽจݻ [44]ΑΓసࡌɽ
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ͷΑ͏ʹॖܕ CDIPϞσϧͷಈଶ̏छྨʹྨ͢Δ͜ͱ͕Ͱ͖Δ:

(a) βw > ρw ∧ ỹS < 1 (ਤ 14A),

(b) βw > ρw ∧ ỹS ≥ 1 (ਤ 14B),

(c) βw ≤ ρw (ਤ 14C).
(35)

(a)ͷ߹͕ҙຯ͢Δঢ়گɼڥքʹ͓͚Δมҟࡉ๔ͷഉআڥքʹ͓͚Δঈੑ૿৩ʹΑΔม

ҟࡉ๔ͷ૿ՃΛ্ճ͍ͬͯΔ͕ (βw > ρw)ɼมҟࡉ๔શମͷ૿৩ΛԼճ͍ͬͯΔ (ỹS < 1)ͱ͍͏ঢ়

ߧͰ͋Δɽ͜ͷ߹ɼฏگ S2ୈҰݶʹଘ͢ࡏΔ (ਤ 14A)ɽ͜͜ͰɼS0, S2, S3ෆ҆ఆฏߧ

ɼS1҆ఆฏߧͰ͋Δ (Appendix §S9)ɽਤ 14AΛݟΔͱ͔ΔΑ͏ʹɼ (a)ͷ߹ηύϥ

τϦΫε R1S2͕ଘ͢ࡏΔɽ͜ͷηύϥτϦΫε ỹ = ỹSͰ͋ΔͨΊɼỹͷॳظ͕ ỹSΛԼճΔ

ɼղ࣌ S1ʹऩଋ͢Δɽ͢ͳΘͪɼ৫ʹੜͨ͡มҟࡉ๔ͷࡉ๔͕ྟքࡉ๔ ỹSΑΓখ͍͞

ܗஞ͞Εɼਖ਼ৗͳ৫͕ۦ๔ʹঈੑ૿৩͕ಇ͍͍ͯΔʹؔΘΒͣͦΕΒશͯࡉɼมҟ࣌

͞ΕΔɽ͜ͷ࣌ɼ৫αΠζਖ਼ৗαΠζΛ্ճΔ͜ͱͳ͍ (x̃+ ỹ ≤ 1)ͨΊɼ৫ͷա

͕ΕΔɽҰํɼ৫ʹੜ·Εͨมҟࡉ๔ͷࡉ๔͕ ỹSΛ্ճΔ࣌ɼมҟࡉ๔ແݶʹ૿৩Λଓ͚

ͯजᙾΛܗͯ͠͠·͏ (ỹ→ ∞)ɽવ͜ͷ࣌ɼ৫αΠζਖ਼ৗαΠζΛ্ճΔ (x̃+ ỹ > 1)ɽม

ҟࡉ๔ͷॳࡉظ๔ʹ৫ͷӡ໋͕ґଘ͢Δͱ͍͏͜ͷ݁ՌɼCDIPϞσϧΛ༻͍ͨγϛϡ

ϨʔγϣϯͰಘΔ͜ͱ͕Ͱ͖ͨ (ਤ 15)ɽͦͷͨΊɼCDIPϞσϧͱॖܕ CDIPϞσϧͷํʹ

ܥʑCCϞσϧͷݩͷґଘͱ͍͏ੑ࣭ɼظΔɽͨͩ͠ɼ৫ͷӡ໋ͷॳ͑ݴ௨͢Δੑ࣭ͱڞ

(d)(§2.2.2,ਤ 7D)ʹ༝དྷ͢Δੑ࣭Ͱ͋Γɼঈੑ૿৩ʹ༝དྷ͢ΔͷͰͳ͍͜ͱʹҙ͕ඞཁͰ

͋Δɽ

(b)ͷ߹͕ҙຯ͢Δঢ়گɼڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ڥքʹ͓͚Δঈੑ૿৩ʹΑΔม

ҟࡉ๔ͷ૿Ճͱมҟࡉ๔શମͷ૿৩Λڞʹ্ճ͍ͬͯΔ (βw > ρw ∧ ỹS ≥ 1)ͱ͍͏ঢ়گͰ͋Δɽ͜

Εڥքʹ͓͚Δมҟࡉ๔ͷഉআ࡞༻͕ඇৗʹ͍͜ڧͱΛҙຯ͍ͯ͠Δɽ͕ͨͬͯ͠ɼͲΜͳॳ

๔ࡉ๔ͷมҟࡉظ Y ͷूஂ࠷ऴతʹશഉআ͞Εɼजᙾͷܗ͕ΕΔ͜ͱΛҙຯ͍ͯ͠

Δɽֶతʹෆ҆ఆฏߧ S2ୈ 2ݶʹଘ͢ࡏΔ (ਤ 14B)ɽ͕ͨͬͯ͠ɼୈ 1ݶʹ͓͚Δ

ղॳظʹؔͳ͘ৗʹ҆ఆฏߧ S1ʹऩଋ͢ΔɽCCϞσϧͰਤ 7EͷΑ͏ͳ߹͕ରԠ͢

Δɽ͢ͳΘͪɼมҟࡉ๔ͷ৫αΠζͷํ͕ਖ਼ৗࡉ๔ͷͷ (ਖ਼ৗ৫)ΑΓେ͖͍ͷͷɼ

ഉআ β͕େ͖͍ͨΊɼฏߧ S2͕ୈҰݶʹଘ͠ࡏͳ͍ܥͰ͋Δ (κ > 1͔ͭ β > βyc,ਤ 7E)ɽ
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(c)ͷ߹͕ҙຯ͢Δঢ়گɼڥքʹ͓͚Δมҟࡉ๔ͷഉআ͕ڥքʹ͓͚Δঈੑ૿৩ʹΑΔม

ҟࡉ๔ͷ૿ՃΛԼճ͍ͬͯΔ (βw > ρw)ͱ͍͏ঢ়گͰ͋Δɽ͜ͷύϥϝʔλઃఆͰഉআ࡞༻͕ऑ

͗͢ΔͨΊɼڥքʹ͓͍ͯมҟࡉ๔૿͑ଓ͚Δͱ͍͏͜ͱΛҙຯ͍ͯ͠Δɽ͕ͨͬ͠

ͯɼͲΜͳॳࡉظ๔ͷมҟࡉ๔ Y ͷूஂա૿৩͠ɼजᙾΛܗͯ͠͠·͏ɽֶతʹฏߧ

 S0ͱ S1͕ڞʹෆ҆ఆͱͳΔ (ਤ 14C)ɽ͜ͷ࣌ɼ(b)ͷ߹ͱରʹղॳظʹؔͳ͘ແݶ

ΔɽCCϞσϧͰਤ͢ࢄൃʹ 7FͷΑ͏ͳ߹͕ରԠ͢Δɽ͢ͳΘͪɼมҟࡉ๔ͷ৫αΠ

ζͷํ͕ਖ਼ৗࡉ๔ͷͷ (ਖ਼ৗ৫)ΑΓେ͖͘ɼഉআ β͕ଘ͠ࡏͳ͍ܥͰ͋Δ (κx > κy ͔ͭ

β = 0,ਤ 7F)ɽͨͩ͠ɼCCϞσϧͰมҟࡉ๔ͷ૿৩Λ༗ݶͱ͍ͯ͠ΔͨΊɼมҟࡉ๔ա૿৩

͢Δͷͷແݶʹ૿৩͠ͳ͍ɽ

ຯਂ͍͜ͱʹɼڵ (a-c)ͷྨਖ਼ৗࡉ๔ͷঈੑ૿৩ʹΑΔ૿৩ဏਐ ρvʹӨڹΛड͚ͳ͍͜

ͱ͕͔Δɽ͜ΕҰൠʹ৴͡ΒΕ͍ͯΔਖ਼ৗࡉ๔Ͱͷঈੑ૿৩ʹΑΔޮՌͱҰݟໃ६͍ͯ͠Δ

Α͏ʹ͑ݟΔ͕ɼ͜ͷ͜ͱʹ͍ͭͯޙड़͢Δ (§3.4)ɽҰํɼมҟࡉ๔ͷঈੑ૿৩ʹΑΔ૿৩ဏ

ਐʹؔ͢Δೋͭͷύϥϝʔλ ρu (ỹSʹؚ·ΕΔ)ͱ ρw͜ͷྨʹӨڹΛٴ΅͢ɽ͕ͨͬͯ͠ɼ

ܗ๔͕ੜ͖ԆͼͯजᙾΛࡉ͢Δ͔ɼͦΕͱมҟܗ๔ͷΈ͕৫Λࡉͷ݁Ռɼਖ਼ৗ߹ڝ๔ࡉ

͢Δ͔ͱ͍͏৫ͷӡ໋ʹӨ͢ڹΔঈੑ૿৩ɼมҟࡉ๔ʹಇ͘ͷͷΈͰ͋Δ͜ͱ͕͔Δɽ

3.3.3 ॖܕ CDIPϞσϧʹ͓͍ͯมҟࡉ๔ʹಇ͘ঈੑ૿৩ͷΈ͕৫ͷӡ໋Λࠨӈ

͢Δ

৫ͷӡ໋ʹঈੑ૿৩͕༩͑ΔӨڹʹ͍ͭͯఆྔԽ͢ΔͨΊʹɼୈ 2ষʹ͓͍ͯࣜ (14)Ͱఆ

ٛͨ͠ूஂదԠͷࢦඪͰ͋ΔF Λ༻͍ͨɽॖܕ CDIPϞσϧͰF ܗ֯ࡾ S0S1R2ͱܗ

R1S0S1S2ͷ໘ੵൺʹΑͬͯ͢ࢉܭΔ͜ͱ͕Ͱ͖Δ (ਤ 14A)ɽ͕ͨͬͯ͠ɼ(a-c)ͷ߹ʹ͓͚ΔF

ҎԼͷΑ͏ʹఆٛ͢Δ͜ͱ͕Ͱ͖Δ:

F =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ỹS(2 − ỹS), (a),

1, (b),

0, (c).

(36)

(a-c)ͷྨͱಉ༷ͷཧ༝Ͱɼ͜ͷ݁ՌదԠF ·ͨมҟࡉ๔ʹಇ͘ঈੑ૿৩ͷ͞ڧʹͷ

Έґଘ͓ͯ͠Γɼਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩͔ΒӨڹΛड͚ͳ͍ͱ͍͏͜ͱΛ͍ࣔͯ͠ΔɽՃ

͑ͯɼF ͕ύϥϝʔλͷӨڹʹΑͬͯมԽ͠͏Δͷ (a)ͷ߹ͷΈͰ͋Δ͜ͱ͕͔Δɽ(b)ͱ
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ਤ 15: CDIPϞσϧʹ͓͚Δࡉ๔ x̃ͱ ỹͷൃؒ࣌లɽࣜ (30)Λ༻͍ͯɼॳࡉظ๔ (x̃0, ỹ0) =
(1/15, 1/300)(A, B)ͱ (x̃0, ỹ0) = (1/15, 1/60) (C)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔
ͷؒ࣌มԽΛࣔͨ͠ɽࠇઢ͕ਖ਼ৗࡉ๔ (x̃)ɼ੨ઢ͕มҟࡉ๔ (ỹ)ɼઢ͕৫αΠζ (x̃ + ỹ)
ΛͦΕͧΕද͍ͯ͠Δɽઢਖ਼ৗͳ৫αΠζͰ͋Δɽύϥϝʔλ α = 0.1, δ = 0.1,
βu = βv/2 = βw/2 = 5/6, ρx = 1, ρu = ρv = ρw = 1, ζu = ζv/2 = ζw/2 = 1/6, D = ఆͨ͠ɽAݻʹ1
Ͱɼͱࠇͷઢͷେ͕ඃͬͯ͠·͍ͬͯΔ͜ͱʹҙ͕ඞཁͰ͋Δɽจݙ [44]ΑΓసࡌɽ
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(c)ͷ߹ͰղͷॳظʹؔΘΒͣࡉ๔ڝ߹Λͨܦ৫ͷӡ໋ৗʹҰఆͰ͋Δ͜ͱ͔Βɼ͜Ε

વͰ͋Δɽ͕ͨͬͯ͠ɼύϥϝʔλͷมԽʹΑΔF ͷӨڹΛղੳ͢ΔͨΊʹ (a)ͷ߹

దͰ͋ΔɽͦͷͨΊɼҎ߱ɼঈੑ૿৩͕దԠF࠷͕ ʹ༩͑ΔӨڹʹ͍ͭͯ (a)ͷ߹Λத৺

ʹղੳΛͨͬߦɽ

3.3.4 CDIPϞσϧʹ͓͍ͯมҟࡉ๔ʹಇ͘ঈੑ૿৩ͷΈ͕৫ͷӡ໋Λࠨӈ͢Δ

ॖܕ CDIPϞσϧͷ߹ͱҟͳΓɼม͕ 5ͭ͋Δ CDIPϞσϧʹ͓͚ΔF ΛղੳతʹٻΊ

Δ͜ͱࠔͰ͋ΔɽͦͷͨΊɼࣜ (30)Λ༻͍ͨγϛϡϨʔγϣϯʹΑΓ CDIPϞσϧʹ͓͚Δ

F ΛٻΊͨɽ۩ମతʹ 0 < x̃ + ỹ < 1Λຬͨ͢ॳظͱ͢ΔγϛϡϨʔγϣϯʹΑΔղͷڍಈΛ

ཏతʹ͠ࢉܭɼ҆ఆฏߧ S1ʹऩଋ͢Δׂ߹Λௐͨɽղੳ݁ՌΛਤ 16ʹ·ͱΊΔɽύϥϝʔ

λ ρu, ρv, ρwঈੑ૿৩ʹΑΔࡉ๔छUɼVɼWͷ૿৩ͷဏਐΛද͍ͯ͠Δɽਤ 16AɼCɼ

มҟࡉ๔ʹର͢Δঈੑ૿৩ͷύϥϝʔλ ρu ρw͕େ͖͘ͳΔʹͭΕͯɼF গ͢Δ͜ͱΛݮ͕

͍ࣔͯ͠Δɽ͕ͨͬͯ͠ɼมҟࡉ๔ʹର͢Δঈੑ૿৩ͷޮՌ (ρu, ρw)͕େ͖͍΄ͲɼΑΓগͷ

৫ʹൃੜͨ͠มҟࡉ๔Ͱੜ͖Ԇͼͯ͠·͏͜ͱ͕ࣔ͞ΕͨɽҰํɼਖ਼ৗࡉ๔ʹ͓͚Δঈ

ੑ૿৩ͷύϥϝʔλ ρv͕มԽͯ͠ɼF มԽ͠ͳ͍ (ਤ 16B)ɽ͜ͷ݁Ռਖ਼ৗࡉ๔ʹ͓͚Δ

ঈੑ૿৩ͷޮՌ͕େ͖ͯ͘ɼมҟࡉ๔ͷഉআʹؔͯ͠༗རʹಇ͔ͳ͍͜ͱΛ͍ࣔͯ͠Δɽ͜Ε

Βͷ݁Ռɼॖܕ CDIPϞσϧ͔ΒಘΒΕͨ݁ՌͱҰக͢ΔɽҎԼͰɼCDIPϞσϧͱॖܕ

CDIPϞσϧ͔ΒಘΒΕͨ݁Ռͷൺֱʹ͍ͭͯৄࡉʹड़Δɽ

CDIPϞσϧΛ༻͍ͨγϛϡϨʔγϣϯʹΑͬͯٻΊͨ ρu ͱF ͷؔ (ਤ 16Aͷϓϩοτ)

ͱॖܕ CDIPϞσϧ͔ΒղੳతʹٻΊͨ ρuͱF ͷؔ (ਤ 16Aͷۂઢ)ͷൺֱΛ͑ߟΔɽ͢

ΔͱɼCDIPϞσϧͷ݁Ռॖܕ CDIPϞσϧΛ༻͍ͯྑۙ͘ࣅͰ͖͍ͯΔ͜ͱ͕͔Δɽಉ༷

ʹɼρvͱF ͷؔʹ͍ͭͯɼCDIPϞσϧͷ݁Ռॖܕ CDIPϞσϧΛ༻͍ͯྑۙ͘͢ࣅΔ

͜ͱ͕Ͱ͖ͨ (ਤ 16Bͷϓϩοτͱࠇͷઢ)ɽҰํɼρwͱF ͷؔʹ্͍ͭͯखۙ͘ࣅͰ

͖͍ͯͳ͍ྖҬ͕͋Δ͜ͱ͕͔Δ (ਤ 16Cͷϓϩοτͱࠇͷ ρw > 3ͷྖҬ)ɽڥքʹ͓͍ͯ

มҟࡉ๔ʹಇ͘ঈੑ૿৩ͷ૿৩ဏਐ͕ेখ͍࣌͞ (ρw ≪ βw)ɼॖܕ CDIPϞσϧ CDIP

ϞσϧΛྑۙ͘͢ࣅΔɽ͔͠͠ɼύϥϝʔλ ρw͕େ͖͍࣌ɼ͜ͷۙࣅͷ͕ࠩޡେ͖͘ͳΔɽύϥ

ϝʔλ ρw͕େ͖͍ͱ͍͏͜ͱɼryw ≫ ryͱ͍͏͜ͱͰ͋Δɽ͜ͷ࣌ɼมҟࡉ๔ Yͷࣜ (19)߲

ryww͕ࢧతʹͳΔɽ͕ͨͬͯ͠ɼຊདྷෆੑ׆Խঢ়ଶͷࡉ๔छ Yͷࡉ๔ͱ v, wͷ߹ܭͰ͋Δ

ͣͷ yɼy ≃ wͷঢ়ଶʹͳͬͯ͠·͏ɽ͢ͳΘͪɼڥքʹ͓͚Δঈੑ૿৩Ͱੑ׆Խͨ͠ࡉ๔
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छW͕ࡉ๔छ YूஂͷେΛΊΔͷͰ͋Δɽ͜ͷۃͳঢ়گΛऔΓѻ͏ͨΊʹɼॖܕ CDIP’

ϞσϧΛߏஙͨ͠ɽॖܕ CDIP’Ϟσϧॖܕ CDIPϞσϧͱಉ͘͡ CDIPϞσϧ͔ΒมΛ

๔छࡉ๔छW͕ࡉʹࡍΒͨ͠ཧϞσϧͰ͋Δ͕ɼͦͷݮ YͷେΛΊΔͱ͍͏݅Λ༻͍ͯ

͍ΔͨΊɼॖܕCDIPϞσϧͱҟͳΔܗͰද͞ΕΔ Appendixࡉৄ) §S10Λࢀর)ɽ͜ͷॖ

ܕ CDIP’Ϟσϧ͔Βղੳతʹࢉग़ͨ͠F ɼρw͕େ͖͍ྖҬʹ͓͚Δ CDIPϞσϧͷ݁ՌΛΑ

Δ͢ࣅۙ͘ (ਤ 16CͷϓϩοτͱΦϨϯδͷۂઢ)ɽ͞Βʹॖܕ CDIPϞσϧͱॖܕ CDIP’

ϞσϧͷͦΕͧΕ͔ΒٻΊͨ ρwͷؔͱͯ͠F ΛٻΊΔ͜ͱͰɼೋͭͷؔͷަͱͯ͠ᮢ

ρw = βw − 1Λࢉग़ͨ͠ɽ͜ͷᮢΑΓ ρw͕େ͖͍࣌ɼࡉ๔छW ๔छࡉ͕ Y ूஂͷେΛΊ

Δͱ͍͏ۃͳঢ়ଶʹؕΔɽ

Ҏ্ΑΓɼ؆୯Խͨ͠ॖܕCDIP·ͨॖܕCDIP’ʹΑΔղੳղ 5มܥͷCDIPϞσϧ

ΛΑۙ͘͢ࣅΔ͜ͱ͕͔֬ΊΒΕͨɽ

3.3.5 ༝དྷͷͷʹൺͯΑΓFࢮࡏ༝དྷͷঈੑ૿৩߹ڝ๔ࡉ Λݮগͤ͞Δ

͜Ε·Ͱʹࣔͨ͠Α͏ʹɼঈੑ૿৩ʹΑΔมҟࡉ๔ͷ૿৩ဏਐʹؔ͢Δೋͭͷύϥϝʔλ

ρuͱ ρw͕େ͖͘ͳΔ΄ͲɼF ݮগ͢Δɽ͜͜Ͱɼೋͭͷύϥϝʔλɼࡉ๔ڝ߹ͱࢮࡏʹ༝

དྷ͢Δঈੑ૿৩ΛͦΕͧΕද͍ͯ͠Δɽ͢ͳΘͪɼܥ࣮ݱͷҟͳΔݱΛද͍ͯ͠ΔͨΊɼൃ

ੜػং৫ʹ͓͚ΔൃੜॴҟͳΔɽ͜ͷ࣌ɼͦΕͧΕͷঈੑ૿৩ʹؔ͢Δύϥϝʔλ ρu

ͱ ρwͷͲͪΒ͕ΑΓF ʹӨڹΛ༩͑Δͷ͔ڵຯਂ͍Ͱ͋Δɽͦ͜Ͱॖܕ CDIPϞσϧ

Λ༻͍ͯ͜ͷʹղੳతʹऔΓΜͩɽ

ࣜ (36)ΑΓɼF  ỹS͕େ͖͘ͳΔʹͭΕͯ૿Ճ͢Δ (ਤ 17)ɽ͜͜Ͱɼࣜ (34)ʹ͓͚Δ ỹSͷఆ

ٛΑΓɼỹSύϥϝʔλ ρuͱ ρwΛؚΜͰ͍Δɽ͕ͨͬͯ͠ɼρuͱ ρw͕F ʹ༩͑ΔӨڹɼͦΕ

Βೋͭͷύϥϝʔλ͕ ỹSʹ༩͑ΔӨڹΛௐΔ͜ͱͰ໌Β͔ʹ͢Δ͜ͱ͕Ͱ͖Δɽ·ͣɼࣜ (34)

ͷܗΑΓɼղੳͷͨΊʹ࣍ͷมΛఆٛͨ͠:

ỹ′S = ỹ
2−D
2

S .

͜͜Ͱ ỹ′S ỹSͷ୯ௐ૿Ճؔʹͳ͍ͬͯΔ (ͨͩ͠ 1 ≤ D < 2)ɽ͕ͨͬͯ͠ɼỹSͷڍಈΛௐΔ
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ਤ 16: F ͷঈੑ૿৩ʹΑΔ૿৩ဏਐͷґଘੑɽࠇͱΦϨϯδͷઢͦΕͧΕॖܕCDIP
Ϟσϧ (ࣜ (31))ͱॖܕ CDIP’Ϟσϧ (ࣜ (67))ΑΓղੳతʹٻΊͨF Ͱ͋Δɽനؙ CDIPϞ
σϧΛ༻͍ͨγϛϡϨʔγϣϯʹΑΓࢉग़ͨ͠F Ͱ͋ΔɽCʹ͓͍ͯࣼઢͰࣔͨ͠ྖҬྨ
(35)ʹ͓͚Δ (a)ͷ߹ͷύϥϝʔλྖҬΛද͢ɽঈੑ૿৩ʹΑΔ૿৩ဏਐΛද͢ύϥϝʔ
λͦΕͧΕɼ(A) ρv = ρw = 0; (B) ρu = ρw = 0; (C) ρu = ρv = 0ͱͨ͠ɽͦͷଞͷύϥϝʔλ
α = 0.1, δ = 0.1, βu = βv = βw = 3, ρx = 1, ζu = ζv/2 = ζw/2 = 1/6, D = ݙఆͨ͠ɽจݻʹ1 [44]
ΑΓసࡌɽ
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ਤ 17: ỹS ͷؔͱͯ͠දͨ͠Fɽจݙ [44]ΑΓվมͯ͠సࡌɽ

ͨΊʹɼỹ′SͷڍಈΛௐΕྑ͍ɽࣜ (34)ΑΓɼỹ′SҎԼͷΑ͏ʹද͞ΕΔ:

ỹ′S =
δ(1 − ρwβw )

1 − α(1 − ρuβu )
.

ม ỹ′Sʹରͯ͠ ρuͱ ρw͕༩͑ΔӨڹɼͦΕͧΕͷภඍ ∂ỹ
′
S/∂ρuͱ ∂ỹ

′
S/∂ρw͔ΒௐΔ͜ͱ

͕Ͱ͖ΔɽͦΕͧΕͷҎԼͷΑ͏ʹද͞ΕΔ:

∂ỹ′S
∂ρu

= −
αδ(1 − ρwβw )

βu{1 − α(1 − ρuβu )}2
≡ ỹ′Sũ,

∂ỹ′S
∂ρw

= −
δ

βw{1 − α(1 − ρuβu )}
≡ ỹ′Sw̃.

͜͜Ͱ ỹ′Sũͱ ỹ′Sw̃ͷେখؔΛௐΔͨΊʹɼҎԼͷΑ͏ʹ྆ऀͷൺΛ͢ࢉܭΔ:

ỹ′Sũ
ỹ′Sw̃

=
α(1 − ρwβw )

1 − α(1 − ρuβu )
βw

βu

=
α

δ

βw

βu
ỹ′S.

(37)

ࣜ (37)ΑΓɼỹ′Sũ/ỹ
′
Sw̃ > 1͕ຬͨ͞ΕΔ࣌ɼρuΑΓ ỹ′SΛݮগͤ͞ΔޮՌ͕͋Δ͜ͱ͕͔Δɽ

ରʹ ỹ′Sũ/ỹ
′
Sw̃ < 1͕ຬͨ͞ΕΔ࣌ɼρwΑΓ ỹ′SΛݮগͤ͞ΔޮՌ͕͋ΔɽຊཧϞσϧͰԾఆ͠

͍ͯΔ݅ 1 ≤ D < 2͕ຬͨ͞ΕΔ࣌ɼỹS ỹ′Sͷ୯ௐ૿ՃؔͰ͋Δɽ͕ͨͬͯ͠ɼࣜ (37)ΑΓɼ

ੑࡏͷࡉ๔ࢮͱࡉ๔ڝ߹ʹΑΔࡉ๔ࢮͷͲͪΒʹ༝དྷ͢Δঈੑ૿৩͕ΑΓ৫ͷӡ໋ (F )ʹ

Ө͢ڹΔ͔ɼڥքͱੑࡏͷࡉ๔ࢮͷൺ (α/δ)ͱੑ׆Խࡉ๔ͷෆੑ׆Խͷൺ (βw/βu)ʹΑͬ

ܾͯఆ͞ΕΔ͜ͱ͕ࣔ͞Εͨɽ

࣮ɼࡉ͍͓ͯʹܥ࣮ݱ๔ڝ߹ʹΑΔڥքͰͷࡉ๔ࢮੑࡏͷࡉ๔ࢮΑΓݦஶʹ͞؍ΕΔ
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ͱ͍͏݁Ռ͕ใ͞ࠂΕ͍ͯΔ [17]ɽ͜ͷ݁؍Ռ δ ≫ αΛҙຯ͍ͯ͠ΔɽͦΕͧΕͷࡉ๔ࢮʹ

༝དྷ͢Δੑ׆Խࡉ๔ͷෆੑ׆Խʹ͕ࠩͳ͍ͱ͢ΔͳΒ (βu ≃ βw)ɼ্هͷ݅ΑΓ ỹ′Sũ/ỹ
′
Sw̃

ỹ′S(< 1)ΑΓेখ͘͞ͳΔɽ͕ͨͬͯ͠ɼܥ࣮ݱʹ͓͚Δมҟࡉ๔ʹಇ͘ࡉ๔ڝ߹༝དྷͷঈੑ૿

৩ੑࡏͷࡉ๔ىʹࢮҼ͢Δͷʹൺɼ৫ͷӡ໋ʹΑΓେ͖ͳӨڹΛ༩͑ΔՄੑ͕͋Δɽ

3.4 ਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ͷׂ

͜Ε·ͰͷղੳʹΑΓɼਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ͷ૿৩ဏਐ (ρv)৫ͷӡ໋ʹӨ͠ڹͳ͍

͜ͱ͕ࣔ͞Εͨɽ͠ ͔͠ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷڥքͰಇ͘ঈੑ૿৩ɼਖ਼ৗࡉ๔ʹ༗རʹಇ͘ͱ

Δ͑ࢥʹෳͳ͞Ε͓ͯΓɼຊจͷཧͷղੳ݁Ռͱໃ६͢ΔΑ͏͕ࠂͷใܥݧ࣮͏͍ [23,36]ɽ

ྫ͑ɼڥքʹ͓͍ͯࡉ๔ࢮʹΑΓεϖʔε͕ۭ͍ͨ࣌ɼదԠͷࡉ͍ߴ๔͕దԠͷ͍ࡉ๔ʹ

ൺͯૉૣ͘ΛຒΊ͍ͯΔͱ͍͏݁ڀݚՌ͕͋Δ [35]ɽ͜ͷ࠶ஔదԠͷࡉ͍ߴ๔ूஂͷ֦

େΛଅਐ͢ΔͷͰ͋Δɽ࣮ɼ͜͏ͨ͠ઌڀݚߦͷ݁Ռͱຊڀݚͷ݁Ռࢹ͕ҟͳΔ͚ͩͰ

ໃ६͍ͯ͠ͳ͍ɽ͢ͳΘͪɼຊڀݚͰ৫͕ͨ͠࠷ऴঢ়ଶʹ͍ͯ͠Δͷʹରͯ͠ɼઌ

๔ʹର͢Δঈੑ૿৩͕ࡉʹ͍ͯ͠ΔͷͰ͋Δɽͦ͜Ͱɼਖ਼ৗܗͰ৫ͷڀݚߦ

৫ͷܗʹ༩͑ΔӨڹʹ͍ͭͯɼCDIPϞσϧΛ༻͍ͨղੳΛࢼΈͨɽղੳͰ৫ͷʹ

ඞཁͳؒ࣌ τdevͷਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ͷ૿৩ဏਐ (ρv)ͷґଘੑΛγϛϡϨʔγϣϯʹ

Αͬͯௐͨɽͦͷ݁Ռɼॳظͷࡉ๔ʹؔΘΒͣɼτdev ρv͕େ͖͘ͳΔʹͭΕͯݮগͨ͠ (ਤ

18)ɽ͜ͷ݁Ռਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ͷ͕͞ڧେ͖͍΄Ͳɼ৫͕͢ΔͨΊʹඞཁͳ࣌

͕ؒ͘ͳΔ͜ͱΛ͍ࣔͯ͠Δɽ͕ͨͬͯ͠ɼຊڀݚͰߏஙͨ͠CDIPϞσϧઌڀݚߦͱໃ६͠

ͳ͍ [23, 35, 36]ɽ

3.5 ݁

ຊষͰɼ2ষͰߏஙͨ͠ CCϞσϧΛجʹͯ͠ɼࡉ๔ࢮͱͦΕʹΑΔঈੑ૿৩Λཅʹද͢

ཧϞσϧͰ͋Δ CDIPϞσϧΛߏஙͨ͠ɽཧϞσϧͷղੳͷ݁Ռɼਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩

৫ͷӡ໋Λࠨӈ͠ͳ͍͕ɼ৫ͷܗʹཁ͢Δؒ࣌Λॖ͢Δ͜ͱ͕ࣔ͞ΕͨɽҰํɼมҟ

༝དྷ͢Δͷɼ৫ͷӡ໋ʹӨʹ߹ڝ๔ࡉ༝དྷ͢Δͷʹࢮࡏ๔ʹಇ͘ঈੑ૿৩ɼࡉ

ঢ়ଶߧ๔͕ฏࡉ๔ͷࡉԽੑ׆๔ͷੜଘΛଅਐ͢Δ͜ͱ͕໌Β͔ʹͳͬͨɽࡉɼมҟ͠΅ٴΛڹ

Ͱ͋Δ͜ͱΛԾఆͨۙ͠ࣅϞσϧͰ͋Δॖܕ CDIPϞσϧɼมҟࡉ๔ͷେ͕ࡉ๔ڝ߹༝དྷ
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ਤ 18: ৫ʹඞཁͳؒ࣌ τdevͷਖ਼ৗࡉ๔ʹಇ͘ঈੑ૿৩ͷύϥϝʔλ ρvͷґଘੑɽCDIP
Ϟσϧʹ͓͍ͯɼτdev৫αΠζ x̃ + ỹ͕ 0͔Β 0.95(=৫αΠζͷ 95%)ʹ౸ୡ͢Δͷʹཁ
ظͷϓϩοτͦΕͧΕॳ࢛֯ɼ֯ࡾͱͨ͠ɽؙɼؒ࣌ͨ͠ (x̃0, ỹ0) = (2300/30000, 50/30000),
(x̃0, ỹ0) = (2150/30000, 200/30000), (x̃0, ỹ0) = (2000/30000, 350/30000)͔Β࢝Ίͨ߹ͷγϛϡ
Ϩʔγϣϯ݁ՌΛද͍ͯ͠Δɽࠇͷઢมҟࡉ๔͕ଘ͠ࡏͳ͍߹ (((x̃0, ỹ0) = (2350/30000, 0)))
ͷγϛϡϨʔγϣϯ݁ՌͰ͋ΔɽॳظΛݟΔͱ͔ΔΑ͏ʹɼγϛϡϨʔγϣϯʹ͓͍ͯॳ
ͷ৫αΠζظ x̃ + ỹ͘͠ઃఆͨ͠ɽύϥϝʔλ α = 0.1, δ = 0.1, βu = βv/2 = βw/2 = 5/6,
ρx = ρu = ρw = 1, ζu = ζv/2 = ζw/2 = 1/6, D = 1ͱͨ͠ɽจݙ [44]ΑΓసࡌɽ

ͷঈੑ૿৩ʹΑΓੑ׆Խ͍ͯ͠Δͱ͍͏ۃͳঢ়گʹ͓͚ΔۙࣅϞσϧͰ͋Δॖܕ CDIP’Ϟ

σϧΛద༻͢Δ͜ͱͰɼ্هͷ݁Ռղੳղ͔Βূ໌͢Δ͜ͱ͕Ͱ͖ͨɽ
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ୈ4ষ ϙϐϡϨʔγϣϯϞσϧͷଥੑͷཻࢠϞ

σϧΛ༻͍ͨݕ౼

ୈ 2ɼ3ষͰϙϐϡϨʔγϣϯϞσϧΛجʹͨ͠ཧϞσϧΛ༻͍ͯࡉ๔ڝ߹Λͨܦ৫ͷӡ

໋ʹ͍ͭͯղੳΛͨͬߦɽ͜ΕΒͷཧϞσϧʹ͓͍ͯɼਖ਼ৗࡉ๔ूஂͱมҟࡉ๔ूஂͷڥքͷ

ύϥϝʔλੑࡶঢ়ͷෳܗ DʹΑྀͬͯ͞ߟΕ͍ͯΔɽ͔͠͠ɼ͜ΕۭؒతͳӨڹΛ؆୯Խ͠

ͨͷͰ͋ΔͨΊɼࡉ๔ͷഉআ૿৩ʹ͏Ҡಈͷ݁Ռͱͯ͠ܗ͞ΕΔෳࡶͳڥքΛۙࣅͰ͖

͍ͯΔͷ͔ఆ͔Ͱͳ͍ɽͦ͜ͰɼຊষͰɼೋࡉʹۭؒݩ࣍๔Λཻࢠͱͯ͠ஔͨ͠ཧϞ

σϧΛߏங͠ɼγϛϡϨʔγϣϯʹΑͬͯਖ਼ৗࡉ๔ͱมҟࡉ๔ͷࡉ๔ͷμΠφϛΫεΛௐΔ

͜ͱͰɼୈ 2ষୈ 3ষͷ݁ՌͱͷൺֱΛ͍ߦɼϙϐϡϨʔγϣϯϞσϧʹ͍ͨͮجཧϞσϧ

ͷଥੑΛٞ͢Δ [32, 44]ɽ

4.1 ཧϞσϧ

ຊষͰೋۭؒݩ࣍ʹஔͨ͠ҰͭҰͭͷࡉ๔Λهड़͢ΔͨΊʹɼཻࢠ๏ͱݺΕΔख๏Λ༻

͍ͨ ܘฏ໘্ͷݩ࣍๔ೋࡉɽ͜ͷख๏ʹ͓͍ͯɼ(Ϟσϧࢠཻ) Rpͷཻࢠͱͯ͠ද͞ΕΔ (ਤ

19A) [31]ɽཻࢠϥϯμϜʹӡಈ͠ɼ֬తʹࡉ๔྾Λ͢͜ىͷͱ͢Δɽ͞Βʹɼਖ਼ৗࡉ๔

ʹྡͨ͠มҟࡉ๔֬తʹഉআ͞ΕΔɽҎԼʹɼ͜ΕΒͷઃఆͷৄࡉʹ͍ͭͯड़Δɽ

4.1.1 ๔ͷӡಈํఔࣜࡉ

ʹͷൃੜաఔܥ࣮ݱΘΕΔɽߦͷӡಈʹΑͬͯࢠஔɼཻ࠶ͷࢠ͏ཻʹࢮ๔ࡉ๔྾ࡉ

͓͍ͯɼ৫Λߏ͢Δ֤ࡉ๔શʹఀ͍ͯ͠ࢭΔΘ͚Ͱͳ͍ɽͦΕΒࡉ๔྾ࡉ๔ࢮ

ͷӨڹΛड͚ɼઈ͑ͣҐஔΛมԽͤ͞ଓ͚͍ͯΔɽ͜Εͷ࠶ஔΛ࣮͢ݱΔʹɼ֤ࡉ๔͕ΏΒ͗

Λͭ࣋ඞཁ͕͋Δɽͦ͜Ͱɼཻࢠ iϗϫΠτΨγΞϯϊΠζͰදͨ͠ΏΒ͗ Ξi(t)Λۦಈྗͱ

ࢠΔͱͨ͠ɽՃ͑ͯɼཻ͍ͯͬ࣋ͯ͠ iपғͷཻࢠ j͔Βֶྗͨࣅʹྗؒࢠతͳ૬࡞ޓ༻ Hi j
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ਤ 19: Ϟσϧͷ֓೦ਤɽAࢠཻ Ͱද͞ΕΔɽAࢠ๔ཻࡉ ྗֶత૬࡞ޓ༻ؔ Hi j. C ਖ਼ৗࡉ
๔ ()ͱมҟࡉ๔ (Ϛθϯμ)ͷॳظஔɽγϛϡϨʔγϣϯʹ͓͍ͯɼΏΒ͗ Ξi ͷ͞ڧɼ͢
ͳΘͪΨεͷࢄ 40ʹઃఆͨ͠ɽͦͷଞͷύϥϝʔλ Rp = 20, η = 1, cp = 100000,
Rc = 2Rp = 40, k = 10, Ee = 2.5ͱͨ͠ɽจݙ [32]ΑΓసࡌɽ
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Λड͚ΔɽҎ্ΑΓɼ࣭ྔ Miͷཻࢠ iͷӡಈํఔࣜҎԼͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δ [59, 60]:

Mi
dVi

dt
= Ξi(t) +

∑

j!i

Hi j − ηVi. (38)

͜͜Ͱ Viɼηཻࢠ iͷ߅Λද͍ͯ͠ΔɽຊڀݚͰ೪ੑࢧͷྖҬΛԾఆ͢Δ͜

ͱͰɼࣜ (38)ͷࠨลΛ 0ͱͨ͠ɽ

ࢠཻ iͱ jͷ૬࡞ޓ༻ؔ Hi jҎԼͷΑ͏ʹఆٛ͞ΕΔ:

Hi j(Ri j) = cp

⎛
⎜⎜⎜⎜⎜⎜⎝
R2
c

R3
i j
− Rc

R2
i j

⎞
⎟⎟⎟⎟⎟⎟⎠ exp

(
Ri j

Rc

) X j − Xi

Ri j
.

͜͜Ͱ cp૬༺࡞ޓͰ͋ΔɽҐஔϕΫτϧ Xiཻࢠ iͷҐஔΛද͓ͯ͠Γɼཻࢠ iͱ jͷڑ

 Ri j = |X j − Xi|Ͱද͞ΕΔ (ਤ 19A)ɽ͜ͷ૬࡞ޓ༻ཻؒࢠͷڑ Ri jͱᮢ Rc (= 2Rp)ͷେ

খؔʹΑͬͯਅٯʹಇ͘ (ਤ 19B)ɽRi j < Rcͷ࣌ɼཻࢠʹ͍ޓΛҾ͖͢ํͷྗ͕ಇ͘ɽ͜

Εࡉ๔ಉ͖͕͗ͮۙ࢜͢Δͱɼ͓͍ޓʹཧతʹԡ͠ͷ͚߹͏ഉআମੵޮՌΛද͍ͯ͠ΔɽҰ

ํɼRi j > Rcͷ࣌ɼཻࢠʹ͓͍ޓΛҾ͖Αͤ߹͏ྗ͕ಇ͘ɽ͜Εྡͨ͠ࡉ๔ಉ࢜ͷ৳ͨ͠

Ծ͕ண͢Δ͜ͱͰɼࡉ๔ಉ࢜ΛҾ͖࡞͏߹ͤد༻Λද͍ͯ͠Δɽ͕ͨͬͯ͠ɼ͜ͷ࡞༻ԕڑ

·Ͱಧ͘ͷͰͳ͘ɼ͓͓ΑཻͦࢠͷܘఔͷڑͰݮਰ͢Δؔͱͳ͍ͬͯΔ (ਤ 19B)1ɽ

γϛϡϨʔγϣϯਖ਼ৗࡉ๔Λදཻ͕͢ࢠมҟࡉ๔Λදཻ͢ࢠΛऔΓғΜͰ͍Δঢ়ଶ͔Β։࢝͠

(ਤ 19C)ɼࠁΈ෯ ∆τ = 0.01ͷΦΠϥʔ๏Ͱͨͬߦɽ

4.1.2 ๔྾ͱഉআࡉ

๔྾ࡉ kஈ֊ͷϙΞιϯաఔΛൃͯܦੜ͢ΔͱԾఆͨ͠ɽ͜ͷ࣌ɼҰͭҰͭͷϙΞιϯաఔ

ظ͕ λdͰ͋Γɼࡉ๔྾ʹؔΘΔੜԽֶԠͷൃੜΛද͍ͯ͠Δɽ͜ͷ kஈ֊ͷϙΞιϯ

աఔͷҰஈ֊ɼ୯Ґεςοϓ͋ͨΓ Pd = λd∆τͷ֬Ͱਐ͢ߦΔɽͨͩ͠ɼॳظʹԿஈ֊·Ͱ

ஈ֊͕ਐΜͰ͍Δ͔ɼ֤ࡉ๔͝ͱʹϥϯμϜʹܾఆͨ͠ɽγϛϡϨʔγϣϯʹ͓͍ͯࡉ๔྾

ɼ່ࡉ๔Λࡉ๔ͷपғʹϥϯμϜʹੜΈग़͢͜ͱͰදͨ͠ݱɽҰํɼมҟࡉ๔ͷഉআҰஈ

֊ͷϙΞιϯաఔͰදͨ͠ɽͦͷͨΊɼਖ਼ৗࡉ๔ʹྡͨ͠มҟࡉ๔୯Ґؒ࣌ͨΓ Pe = λe∆τ

ͷ֬Ͱফ໓͢Δɽ

1͜ͷؔͰີݫʹඍখͳ૬࡞ޓ༻͕ແݶԕʹ·Ͱಇ͍ͯ͠·͏ɽͦ͜Ͱɼ2Ri j(ࡉ๔ೋͭ)Ҏ্ͷڑʹಇ͘
Hi j ͷେ͖͞Λ 0ͱͨ͠ɽ
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4.1.3 ϙϐϡϨʔγϣϯϞσϧͱཻࢠϞσϧͷύϥϝʔλΛରԠͤ͞Δ

ϙϐϡϨʔγϣϯϞσϧ (ࣜ (1))ʹ͓͚Δࡉ๔͕গͷ࣌ͷ૿৩ rҎԼͷΑ͏ʹ͢ࢉܭΔ͜

ͱ͕Ͱ͖Δ:

Td =
loge 2
r

,

͜͜Ͱ Tdɼࡉ๔͕ࢦ૿Ճ͍ͯ͠Δࡍͷࡉ๔͕ 2ഒʹͳΔपظͰ͋ΔɽΏΒ͕͗ͳ͍ͱ͢

ΔͳΒɼ͜ͷ Tdࡉ๔ͷ྾पظͱ͍͠ɽҰํɼࡉ๔ͷʹ্͕͋ݶΔ ๔ࡉ) = KͰ

૿৩͕ఀ͢ࢭΔ)࣌ɼपظ ToҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

To =
loge 2

r(1 − x
K )

. (39)

§4.1.2Ͱड़ͨࡉ๔྾Ͱɼपظ T Ξʔϥϯʹै͏2ɽ͕ͨͬͯ͠ɼT ͷฏۉ k/λd ͱ

ͳΓɼࢄ k/λ2dͱͳΔɽશͯͷࡉ๔ͷࡉ๔प͕ظ͘͠ Toͷ࣌ (͢ͳΘͪɼT ͕ै͏ͷ

͕ࢄ 0)ɼTo = k/λdͱͳΔɽ͜͜Ͱ To = k/λdͷؔࣜΛ༻͍Δͱࢄ k/λ2d = T 2
o/kͱදͤΔͨ

Ίɼk → ∞ͱ͢Δ͜ͱͰɼࡉ๔ूஂͷࡉ๔पظͷࢄ 0ͱͳΔɽ͕ͨͬͯ͠ɼk͕ेʹେ͖

ࣜظ๔पࡉɼ͍࣌ (39)Ͱද͢͜ͱ͕Ͱ͖ΔɽҎ্ΑΓɼຊڀݚͰ k͕ेʹେ͖͍ͱԾఆ͠ɼ

To = k/λdͱࣜ (39)Λ༻͍Δ͜ͱͰ3ɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩ύϥϝʔλ λxͱ λyҎԼͷ

Α͏ʹۙͨ͠ࣅ:

λx ≃
rxk

loge 2

(
1 − x + axy

Kx

)
,

λy ≃
ryk

loge 2

(
1 − y + ayx

Ky

)
.

(40)

͜ͷࣜࡉ๔྾ͷͨΊʹఆٛͨࣜ͠Ͱ͋Δ͕ɼ͜͜Ͱ λx, λy < 0ͷ࣌ɼੑࡏͷࡉ๔ࢮΛද͢͜

ͱͰ͖Δɽ

๔ͷࡉքʹ͍Δมҟڥ๔ूஂͷࡉ๔ूஂͱมҟࡉϞσϧʹ͓͍ͯਖ਼ৗࢠཻ Neɼൺྫ αc

Λ༻͍͓͓ͯΑͦ Ne ∼ αcyD/2ͰࢉܭͰ͖Δ (Appendix §S4)ɽ͕ͨͬͯ͠ɼ୯Ґؒ࣌ͨΓʹڥք

Ͱഉআ͞ΕΔࡉ๔ͷൺྫఆ λeΛ༻͍Δ͜ͱͰ λeNeͱද͢͜ͱ͕Ͱ͖Δɽͨͩ͠ɼਤ 19C

͔ΒಡΈऔΕΔΑ͏ʹɼ͍͔ͭ͘ͷਖ਼ৗࡉ๔͕Ұͭͷมҟࡉ๔ͱྡ͍ͯ͠Δ߹͕͋Δɽ͜ͷ

߹ɼഉআޮՌ 2∼3ഒͱͳΔ (γϛϡϨʔγϣϯͰ͓͓Αͦͷͱͯ͠ Ee = 2.5ͱͨ͠)ɽҎ

2ଞஈ֊ϙΞιϯաఔͷͪؒ࣌ஈ֊ k ͱஈ֊ͷਐ֬ߦ λd Λύϥϝʔλͱ͢ΔΨϯϚʹै͏ɽΨϯϚ
ͷύϥϝʔλ k͕ͷ࣌ɼΨϯϚΞʔϥϯͱҰக͢Δɽ

3λd = k/T0 = rk/ loge 2 · (1 − x/K)
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্ΑΓɼϙϐϡϨʔγϣϯϞσϧʹ͓͚Δมҟࡉ๔ͷഉআ߲ byyD/2ͱཻࢠϞσϧͷഉআ֬ λe

ҎԼͷؔࣜͰ݁ΕΔ:

λe =
by
αEe

.

4.1.4 ঈੑ૿৩ͱࢮࡏ

CDIPϞσϧͱͷൺֱΛࡍ͏ߦʹੑࡏͷࡉ๔ࢮͱঈੑ૿৩Λৗʹ͑ߟͳ͚ΕͳΒͳ͍ɽ

ͦ͜Ͱɼੑࡏͷࡉ๔ࢮཻ֤ࢠʹର͠ɼ୯Ґؒ࣌ͨΓ αͷ֬Ͱ͜ىΔͱͨ͠ɽ͜͜Ͱ CDIP

Ϟσϧͱͷൺֱͷࡍʹ݅Λ߹ΘͤΔͨΊʹɼࣜ (40)ͷ݁ࢉܭՌ͕ 0ະຬʹͳͬͨ࣌ʹɼλx

λyΛ 0ͱ͍ͯ͠Δ͜ͱʹҙ͕ඞཁͰ͋Δɽੑࡏ͘͠ࡉ๔ڝ߹ʹΑΔࡉ๔ࢮΛࡉͨ͜͠ى

๔पғͷࡉ๔ͷ૿৩Λ্ͤ͞Δɽ͜ͷ࣌ɼपғͷࡉ๔ͷ૿৩ͦͷࡉ๔ͷछྨࡉ๔ࢮ

ͷ༝དྷʹ߹Θͤͯ ρu ρvɼρwʹमਖ਼͞ΕΔ (ύϥϝʔλͷৄࡉʹ͍ͭͯ §3.3.1Λࢀরͷ͜ͱ)ɽ

͜ΕΒͷੑ׆Խͨ͠ࡉ๔୯Ґؒ࣌ͨΓ βuɼβvɼβwͷ֬ͰͦΕͧΕݩͷঢ়ଶͱΔɽ

4.2 ݁Ռ

ຊষͰߏஙཻͨ͠ࢠϞσϧʹ͍ͭͯɼCCϞσϧͳΒͼʹ CDIPϞσϧͷදతͳ݁Ռͱͷൺ

ֱΛͨͬߦɽ۩ମతʹγϛϡϨʔγϣϯʹΑΓɼਖ਼ৗࡉ๔ͱมҟࡉ๔ͷࡉ๔Λྻܥ࣌σʔλ

ͱͯ͠هͨ͠ɼCCϞσϧCDIPϞσϧͱಉ༷ͷ݁Ռ͕ಘΒΕ͍ͯΔ͔Λ͔֬Ίͨɽ·ͣɼCC

Ϟσϧͱͷൺֱʹ͍ͭͯड़ɼ࣍ʹ CDIPϞσϧͱͷൺֱʹ͍ͭͯड़Δɽ

4.2.1 CCϞσϧͱཻࢠϞσϧͷൺֱ

͡Ίʹ 1)ਖ਼ৗࡉ๔ͷ૿৩͕มҟࡉ๔ΑΓܥ͍ߴʹ͍ͭͯղੳΛͨͬߦɽਤ 20ʹ CCϞσϧ

ͱཻࢠϞσϧͷύϥϝʔλͷΛ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛࣔ͢ɽਤΑΓɼॳظͷࡉ๔

͕͍͔ͳΔͰɼղ͔ۇʹΏΒ͗ͳ͕Β҆ఆฏߧ S1ʹऩଋ͢Δ͜ͱ͕͔Δ (ਤ 20A)ɽ

͜ͷ݁Ռɼۭؒஔ֬తͳΏΒ͗ͷӨڹΛड͚ͳ͕Βɼࡉ๔ͷมԽʹཻ͍ͭͯࢠϞσ

ϧ CCϞσϧͷ݁Ռ (ਤ 8)ͱఆੑతʹಉ༷ͳ݁ՌΛࣔ͢͜ͱΛ͍ࣔͯ͠Δ (ਤ 20B)ɽ

ʹ࣍ 2)ਖ਼ৗࡉ๔ͷ৫αΠζ͕มҟࡉ๔ΑΓখ͍͞ܥʹ͍ͭͯղੳΛͨͬߦɽਤ 21ʹ CC

ϞσϧͱཻࢠϞσϧͷύϥϝʔλͷΛ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛࣔ͢ɽॳظͷมҟࡉ

๔͕গͷ߹ղ͕҆ఆฏߧ S1ʹऩଋ͓ͯ͠Γɼଟͷ߹҆ఆฏߧQ2ͷۙʹऩ
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ਤ 20: ๏γϛϡϨʔࢠ๔ͷഉআͷγϛϡϨʔγϣϯɽཻࡉϞσϧΛ༻͍ͨ૿৩͕͍มҟࢠཻ
γϣϯΛ͜͏ߦͱͰɼਖ਼ৗࡉ๔ xͱมҟࡉ๔ yͷൃؒ࣌లΛखʹೖΕͨɽAͰɼ͜ΕΒ
ͷσʔλΛ x-y૬ฏ໘ਤʹϓϩοτ͠ɼBͰؒ࣌ͷؔͱͯ͠ϓϩοτͨ͠ɽύϥϝʔλ
rx = 0.1, ry = 0.085, ax = ay = 1, Kx = Ky = 500, by = 0.05ͱͨ͠ɽAγϛϡϨʔγϣϯͦΕͧ
Εॳظ (x0, y0)=(100, 300), (100, 200), (80, 100), (60, 40), (200, 40)͔Β࢝ΊɼCCϞσϧʹΑͬ
ͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ͖ͨ͠ɽഁઢڥքʹ͍Δมҟࡉ๔ N = xͱͳΔۂઢͰ
͋Δɽ͕ͨͬͯ͠ɼ͜ͷۂઢΑΓ y࣠دΓͷྖҬͰڥքͷมҟࡉ๔ N = αcyD/2Λਖ਼ৗࡉ๔
 x͕Լճ͍ͬͯΔͨΊɼਖ਼ৗࡉ๔ूஂ͕มҟࡉ๔ूஂΛશʹғΉ͜ͱ͕Ͱ͖ͳ͍ (Appendix
§S4)ɽBॳظ (x0, y0)=(60, 40)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔ͷൃؒ࣌లɽͦͷ
ଞͷදهਤ 8ͱಉ༷Ͱ͋Δɽจݙ [32]ΑΓసࡌɽ
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ਤ 21: มҟࡉ๔ͷ৫αΠζ͕େ͖͍ܥʹ͓͚Δ৫ͷӡ໋ͷॳظঢ়ଶґଘੑͷཻࢠϞσϧ
Λ༻͍ͨγϛϡϨʔγϣϯɽAγϛϡϨʔγϣϯͦΕͧΕॳظ (x0, y0)=(50, 100), (100, 50),
(100, 200), (300, 40), (100, 20)͔Β࢝ΊɼCCϞσϧʹΑͬͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ
͖ͨ͠ɽ(x0, y0)=(300, 40)ͱ (100, 20)҆ఆฏߧ S1ʹऩଋ͠ɼͦͷଞʹؔͯ͠͏Ұͭͷ
҆ఆฏߧͰ͋ΔQ2ۙʹऩଋ͍ͯ͠Δɽ࣮ࡍʹɼyQ2ΑΓ্ʹऩଋ͍ͯ͠ΔɽB,
Cॳظ (x0, y0)=(100, 20)ͱ (100, 50)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔ͷൃؒ࣌లɽ
จݙ [32]ΑΓసࡌɽ

ଋ͍ͯ͠Δ͜ͱ͕͔Δ (ਤ 21A)ɽ͜ͷࣄɼมҟࡉ๔͕গͷ߹৫͔ΒഉআͰ͖Δ͕ (ਤ

21B)ɼଟͷ߹ա૿৩͠ɼजᙾΛܗ͢ΔࣄΛҙຯ͍ͯ͠Δ (ਤ 21C)ɽ͕ͨͬͯ͠ɼ1)ͷܥ

ͱಉ༷ʹ 2)ͷܥʹ͍ͭͯ CCϞσϧ (ਤ 10)ͱཻࢠϞσϧఆੑతʹಉ༷ͷ݁ՌΛࣔ͢͜ͱ͕ࣔ

ࠦ͞Εͨɽ

4.2.2 CDIPϞσϧͱཻࢠϞσϧͷൺֱ

CDIPϞσϧͱཻࢠϞσϧ (ਤ 22A)ͷൺֱʹؔͯ͠·ͣɼࡉ๔ڝ߹Λͨܦ৫ͷӡ໋ʹ͍ͭ

ͯ CDIPϞσϧͷ݁Ռ (ਤ 14, 15)ͱಉ༷ͷ݁Ռ͕ಘΒΕΔͷ͔Λௐࠪͨ͠ (ਤ 22B-D)ɽਤ 22Bʹ

CDIPϞσϧͱཻࢠϞσϧͷύϥϝʔλͷΛ߹ΘͤͨγϛϡϨʔγϣϯͷ݁ՌΛ·ͱΊͨͷΛ

ࣔ͢ɽਤΑΓɼղͷڍಈ͕ॳظґଘੑͷڍಈΛ͍ࣔͯ͠Δ͜ͱ͕͔Δɽ͢ͳΘͪɼॳظͷม

ҟࡉ๔͕গͳ͍߹ʹͦΕΒશʹഉআ͞Ε (ਤ 22Bͷيಓ cɼਤ 22C)ɼॳظͷมҟࡉ

๔͕ଟ͍߹ʹͦΕΒա૿৩Λ͢͜ى (ਤ 22Bͷيಓ dɼਤ 22D)ɽ

ɽਤͨͬߦղੳΛ͍ͯͭʹڹͷӨ࣌ɼঈੑ૿৩ʹΑΔ૿৩ဏਐΛมԽͤͨ͞ʹ࣍ 22Eʹม
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ҟࡉ๔ʹಇ͘ঈੑ૿৩ʹΑΔ૿৩ဏਐΛมԽͤͨ͞ࡍͷมҟࡉ๔ͷؒ࣌มԽΛࣔͨ͠ɽਤΑ

Γɼঈੑ૿৩ʹΑΔ૿৩ဏਐΛ͘͢ߴΔ΄Ͳมҟࡉ๔Λશʹഉআ͢Δͷʹඞཁͳ͕ؒ࣌

͘ͳΓ (y = 0ͱͳΔ࣌ͷ τͷ͕େ͖͘ͳ͍ͬͯΔ)ɼ࠷ऴతʹഉআ͕ෆՄͱͳΔ͜ͱ͕͔

Δ (ԫͷσʔλ͕ঈੑ૿৩ͷ૿৩ဏਐ͕࠷͘ɼ࠷͕ࢵ͍ߴ)ɽҎ্ͷ͜ͱ͔ΒɼCDIP

ϞσϧͱཻࢠϞσϧఆੑతʹಉ༷ͷ݁ՌΛࣔ͢ͱ͍͑Δɽ

4.3 ߟ

§4.2ΑΓɼϙϐϡϨʔγϣϯϞσϧ͔ΒಘΒΕͨ݁ՌͱཻࢠϞσϧ͔ΒಘΒΕͨ݁Ռఆੑత

ʹಉ͡ͱ͍͑Δ͜ͱ͕͔ͬͨɽ͕ͨͬͯ͠ɼϙϐϡϨʔγϣϯϞσϧۭؒతͳ࡞༻ΛΑۙ͘ࣅ

͍ͯ͠Δ͜ͱ͕ࣔ͞ΕͨɽͦͷதͰ།ҰɼϙϐϡϨʔγϣϯϞσϧͱཻࢠϞσϧͰ໌֬ͳ͕ࠩ͋

Δͷ͕ɼCCϞσϧʹ͓͍ͯมҟࡉ๔͕ۦஞ͞Εͣʹա૿৩͢Δ߹Ͱ͋Δɽ͜ͷ࣌ɼCCϞσϧ

Ͱղ҆ఆฏߧQ2ʹऩଋ͢Δ͕ɼཻࢠϞσϧQ2͔Β͔ۇʹΕͨ (0,Ky)͏͔ (ਤ

21A)ɽ৫αΠζ͕ਖ਼ৗͷͷΛ͑ɼมҟࡉ๔͕৫ͷେΛΊΔͱ͍͏ఆੑతͳ݁Ռม

ΘΒͳ͍ͷͷɼೋͭͷཧϞσϧͷڍಈΘ͔ͣʹҟͳ͍ͬͯΔͱ͑ݴΔͩΖ͏ɽ࣮͜ͷڍ

ಈͷࠩɼਖ਼ৗࡉ๔͕มҟࡉ๔ΛৗʹऔΓғΜͰ͍Δͱ͍͏CCϞσϧͷԾఆʹىҼ͢Δɽ͢ͳΘ

ͪɼมҟࡉ๔ͷࡉ๔͕ेʹ૿͑Δͱɼਖ਼ৗࡉ๔มҟࡉ๔ΛғΉ͜ͱ͕Ͱ͖ͳ͘ͳΔͷͰ͋

Δ (Appendix §S4,ਤ 21Aͷઢ)ɽਤ 21Aʹ͓͍ͯɼղيಓ͕ઢͱަΘͬͨลΓ͔Β૬ฏ໘

ਤͱҟͳΔڍಈΛ͍ࣔͯ͠Δͷ͜ͷͨΊͰ͋Δ4ɽ͜͜Ͱҙ͕ඞཁͳͷɼ͜ͷਖ਼ৗࡉ๔͕ม

ҟࡉ๔ΛऔΓғΊͳ͍ྖҬͷྀߟͷ༗ແ͕ɼมҟࡉ๔͕୯ಠͰҟৗʹେ͖ͳαΠζͷ৫Λܗ

͢Δͱ͍͏݁ՌʹӨڹΛ༩͑ͳ͍ͱ͍͏Ͱ͋ΔɽՃ͑ͯɼ͜ͷྖҬਖ਼ৗࡉ๔มҟࡉ๔ͷ

͕૿͑ΔʹͭΕɼશମ (x + y ≤ Kx)ʹରׂͯ͠߹ͱ͔ͯ͘͠͝ۇͳൣғͱͳΔɽ͕ͨͬͯ͠ɼ

Ϟσϧͱͯ͠ɼCCϞσϧͱࣅͷۙگϞσϧͰఆͨ͠ঢ়ࢠཻ CDIPϞσϧेͳଥͰ͋Δͱ

ΒΕΔɽ͑ߟ

4.4 ݁

ຊষͰୈ 2ɼ3ষͰߏஙͨ͠ϙϐϡϨʔγϣϯϞσϧʹ͍ͨͮجཧϞσϧͷۭؒతͳӨڹͷ

ஙͨ͠ɽγߏʹ๔Λஔͨ͠ཧϞσϧΛ৽ͨࡉʹฏ໘ঢ়ݩ࣍ΔͨΊɼೋ͢ূݕͷଥੑΛࣅۙ
4yψϧΫϥΠϯ্Ͱม yͷมԽ 0ͱͳΓɼψϧΫϥΠϯΛڥʹ yͷมԽਖ਼ෛ͕ٯస͢Δɽ͕ͨͬͯ͠ɼϙ

ϐϡϨʔγϣϯϞσϧʹ͓͍ͯ yͷ্͕ঢ͠ͳ͕Β yψϧΫϥΠϯΛ͑ɼ͞Βʹ্ঢ͠ଓ͚Δͱ͍͏ࣄ͋Γಘ
ͳ͍ɽ
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ਤ 22: ঈੑ૿৩͕ࡉ๔ڝ߹ʹ༩͑ΔӨڹʹ͍ͭͯͷཻࢠϞσϧΛ༻͍ͨγϛϡϨʔγϣϯAγ
ϛϡϨʔγϣϯͷεφοϓγϣοτɽനͷͰғ·Εͨࡉ๔ঈੑ૿৩ʹΑͬͯ૿৩͕ဏਐ
͍ͯ͠ΔɽBγϛϡϨʔγϣϯͦΕͧΕॳظ (x0, y0)=(100, 50), (200, 20)͔Β࢝ΊɼCDIP-2
ϞσϧʹΑͬͯඳըͨ͠૬ฏ໘ਤʹيಓΛॏͶॻ͖ͨ͠ɽC, D ॳظ (x0, y0)=(100, 50)(c)ͱ
(200, 20)(d)͔Β࢝ΊͨγϛϡϨʔγϣϯʹ͓͚Δࡉ๔ͷൃؒ࣌లɽEมҟࡉ๔ʹಇ͘ঈੑ
૿৩ͷύϥϝʔλ ρwͷࡉ๔ͷಈଶͷӨڹɽ֤يಓ֤ ρwʹ͓͚Δมҟࡉ๔ͷൃؒ࣌ల
ͷ༷ࢠΛ͍ࣔͯ͠Δɽॳظ (x0, y0) = (200, ఆ͠ɼρwΛݻʹ(20 1 (ԫ), 1.5 (), 2 (੨), 2.5
(), 3 ɽͦͷଞͷύϥϝʔλαͨͬߦઃఆͯ͠γϛϡϨʔγϣϯΛʹ(ࢵ) = 0.1, δ = 1.0, ρx = 1,
ρu = ρv = ݙఆͨ͠ɽจݻʹ1 [44]ΑΓసࡌɽC, DͷγϛϡϨʔγϣϯʹ͍ͭͯɼγϛϡϨʔ
γϣϯͷಈըΛ https://doi.org/10.1016/j.mbs.2019.108241ΑΓμϯϩʔυ͢Δ͜ͱ͕Ͱ͖Δɽ

ϛϡϨʔγϣϯͷ݁Ռɼ͜Ε·Ͱͷ CCϞσϧ CDIPϞσϧ͔ΒಘΒΕ͍ͯͨ݁ՌͱɼຊষͰߏ

ஙͨ͠ཧϞσϧ͔ΒಘΒΕ͍ͯͨ݁ՌఆੑతʹҰக͍ͯͨ͠ɽͦͷͨΊɼຊจୈ 2ষ͓Α

ͼୈ 3ষͰఏҊͨ͠ϞσϧۭؒతͳӨڹΛྑ͍ۙͯ͘͠ࣅΔͱ͍͑Δɽ

ड़͢Δ͜ͱ͕Ͱ͖Δ͜ͱͰ͋Δɽͦه··ͷۭؒతͳஔΛͦͷܥ๏ͷརɼରͱͳΔࢠཻ
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ͷ໘ɼࡉ๔ͷྻܥ࣌σʔλΛه͢Δͱ͍͏తʹରͯ͠ࢉܭෛՙ͕ॏ͗͢Δͱ͍͏͕ܽ

͋ΔɽҰํɼϙϐϡϨʔγϣϯϞσϧͷརͦͷ؆қ͞Ͱ͋Δɽ͢ͳΘͪɼϙϐϡϨʔγϣϯϞ

σϧղੳతʹղ͘͜ͱ͕Մͳ߹ଟ͘ɼͦΕ͕ෆՄͰࢉܭʹ͓͚Δྔࢉܭগͳ

͢ূݕғͳύϥϝʔλ݅ΛൣʹΔͨΊྀ͢ߟΛܥͷ߹ڝ๔ࡉΉɽ͕ͨͬͯ͠ɼ༷ʑͳࡁͯ͘

Δ͖ຊڀݚͰɼಛʹϙϐϡϨʔγϣϯϞσϧ͕༗ޮͰ͋Δͱ͑ߟΒΕΔɽ
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ల

ຊڀݚͰϙϐϡϨʔγϣϯϞσϧΛ༻͍ͯࡉ๔ݱ߹ڝΛแׅతʹཧղ͢ΔཧϞσϧΛߏ

ஙͨ͠ɽCCϞσϧࡉ๔ݱ߹ڝΛѻͬͨੈքͰॳΊͯͷཧϞσϧͰ͋Δɽ͜ͷཧϞσϧ

ͷଟ͘ͷݱΕͨ͞ࠂͰใܥݧங͞Εɼ͜Ε·Ͱ࣮ߏͷแׅతͳཧղΛతͱͯ͠ݱ߹ڝ๔ࡉ

݁Ռͱໃ६͠ͳ͍ɽ͕ͨͬͯ͠ɼͦͷత͓͓Αͦୡ͞Εͨͱ͑ߟΒ͑ΔɽҰํɼҰ෦ͷࡉ

๔ڝ߹ʹؔͯ͠औΓѻ͏ൣғ͔Βআ֎ͨ͠ɽͦΕਖ਼ৗࡉ๔͕มҟࡉ๔Λ৫͔Βཧతʹԡ

͠ग़͢͜ͱͰഉআ͢ΔλΠϓͷࡉ๔ڝ߹Ͱ͋Δ [61]ɽ͜ͷλΠϓͷࡉ๔ڝ߹Ͱਖ਼ৗࡉ๔ͱมҟ

Δ͜ͱ͕ඇৗʹॏཁͰ͋Δɽ͜͏ͨ͠ʹऔΓΉͷϙϐϡ͑ߟΛ༺࡞ޓ๔ͷྗֶతͳ૬ࡉ

ϨʔγϣϯϞσϧͰ͍͠ɽ͜ͷΑ͏ͳʹରͯ͠ɼҰ͢ݟΔͱόʔςοΫεϞσϧ͕࠷

ద͍ͯ͠ΔΑ͏ʹ͡ײΔ͔͠Εͳ͍͕ɼόʔςοΫεϞσϧྡͨ͠ೋͭͷࡉ๔ͷࡉ๔ບΛ

༗ͷลͰද͍ͯ͠ΔͨΊڞ (ਤ 5)ɼԡ͠ग़͠Λྀ͢ߟΔ͜ͱ͕͍͠1ɽͦ͜Ͱࡏݱɼຊจͷୈ 4

ষͰऔΓѻཻͬͨࢠϞσϧΛ ுͯ͜͠ͷʹऔΓΜͰ͍Δɽ͜ͷ֦ʹݩ࣍3 ுϞσ֦ݩ࣍3

ϧࡉ๔֨ࠎͷ͞ڧ࣭جͱࡉ๔ͷணͷ͞ڧΛύϥϝʔλͱؚͯ͠ΜͰ͍ΔͨΊɼ͜ΕΒͷཁ

Ҽ͕ͲͷΑ͏ͳόϥϯεʹͳΔ͜ͱͰมҟࡉ๔͕৫͔Βԡ͠ग़͞ΕΔͷ͔Λ໌Β͔ʹͰ͖ΔՄ

ੑ͕͋Δɽ

ຊจͰऔΓѻΘͳ͔ͬͨͷͱͯ͠ɼཧϞσϧͰಘΒΕͨ༧ଌΛ͛ڍ͕ڀݚݧ࣮͔ͨ͠׆

ΒΕΔɽCCϞσϧΛ༻͍Δͱྫ͑ɼॳظͷਖ਼ৗࡉ๔ͱมҟࡉ๔ͷΈ߹ΘͤʹΑͬͯ৫

ͷӡ໋͕มΘΔܥͷଘࡏɼͦͷܥʹ͓͍ͯมҟࡉ๔ͷഉআʹࣦഊ͢Δͱ৫αΠζਖ਼ৗͳ

ͷʹൺͯංେԽͯ͠͠·͏ͱ͍͏Α͏ͳ͜ͱ͕༧ଌͰ͖Δ (ਤ 10)ɽࡏݱɼ͜ΕΒͷ༧ଌΛݩʹ

ఆྔతͳ࣮ݧΛڞಉऀڀݚͱਐΊ͍ͯΔͱ͜ΖͰ͋Γɼࡉ๔ڝ߹ʹ͍ͭͯͷ࣮ݧతͳཧղ͕ΑΓ

ਐΉ͜ͱ͕ظͰ͖Δɽ

ͷՌڀݚͷԠ༻Մੑʹ͍ͭͯٞ͢ΔɽຊڀݚҎ֎ͷ߹ڝ๔ࡉͷՌͷڀݚɼຊʹޙ࠷

ͷҰͭʹɼۭؒʹ 2छྨͷूஂ͕ଘ͠ࡏɼͦΕΒ͕ڥքʹ͓͍ͯ૬࡞ޓ༻͢Δܥʹ͍ͭͯɼۭؒ

όʔςοΫεϞσϧݩ࣍13 ( [62,63])ͳΒԡ͠ग़͠Λྀ͢ߟΔ͜ͱ͕Ͱ͖ΔՄੑ͕͋Δɽ͔͠͠ɼͦͷ߹ 1
༗͍ͯͨ͠ͱ͜Ζ͔ΒɼͦΕͧΕͷ໘Λಠཱ͞ڞք໘Λڥ๔ͱͷࡉॳྡͨ͠࠷๔͕৫͔Βൈ͚ग़ͨ͢Ίʹɼࡉ
ͤΔఔ͕ඞཁͱͳΔɽ͜ΕطଘͷϞσϧͷઃఆʹଘͣͤࡏɼԡ͠ग़͠Λ͢ݱ࠶ΔͨΊͷಛघͳઃఆΛಋೖ͠ͳ͚
ΕͳΒͳ͍ͱࢥΘΕΔɽ݁Ռͱͯ͠ɼཧϞσϧෳࡶʹͳͬͯ͠·͏ɽ
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Λͦͷ··දͨ͠ݱཧϞσϧΛ༻͢Δ͜ͱͳ͘هड़͢Δ͜ͱ͕Ͱ͖ͨͱ͍͏ͷ͕͋Δɽ͜

͜Ͱ͍͏૬࡞ޓ༻ɼҰํͷूஂ͕͏ҰํͷूஂΛഉআ͢Δͱ͍͏ͷͰ͋Δɽ͜͏͕ͨ͋͠ܥ

Εɼࡉ๔ڝ߹Ҏ֎ͷݱຊཧϞσϧΛԠ༻͢Δ͜ͱͰɼղੳతʹऔΓѻ͏͜ͱ͕Ͱ͖ΔՄ

ੑ͕͋Δɽͦ͜ͰҎԼʹ͍͔ͭ͘ͷྫΛͯ͛ڍΈΔɽ

ΒΕΔ͑ߟ͕ܥ๔ͷࡉװ๔ूஂͷదԠͱͯ͠ɼྫ্͑ൽࡉͱಉ͘͡߹ڝ๔ࡉ [64]ɽ

্ൽͷӄᜰʹ͓͍ͯɼ্ൽࡉװ๔Ͱ͋Δ Crypt Columnar Cell(=CBC)ࡉ๔ɼۙ͢Δύ

ωʔτࡉ๔͔Βࡉװ๔Ͱ͋Δ͜ͱΛҡ࣋͢ΔͨΊʹඞཁͳҼࢠ (χονҼࢠ)Λड͚औΔ͜ͱͰɼװ

๔Ͱ͋Δࡉװʹ๔྾͢Δͷɼओࡉ๔ͱͯ͠ͷੑ࣭Λอ͍ͬͯΔɽӄᜰͰࡉ CBCࡉ๔Ͱ͋Δͨ

Ίɼࡉ๔྾ʹΑΓύωʔτࡉ๔͔Βͷڑ͕ཧతʹԕ͔ͬͨ͟ CBCࡉ๔Խ͢ΔɽҰํɼ

ԿΒ͔ͷཧ༝Ͱ CBCࡉ๔͕ࣦΘΕΔͱӄᜰఈ෦͔Β 4൪ͷࡉ๔ ࢠड़ͷχονҼ্͕(๔ࡉ4+)

Λड͚औΔ͜ͱͰԽ͠ɼࡉװ๔ͱͳΔɽҎ্ΑΓɼӄᜰͰࡉ๔ूஂ͕χονҼࢠΛ८ͬͯ

ঢ͍ͯ͠Δ͜ͱ্ٸ๔ʹ͍ۙͱ͍͏ۭؒతͳஔʹґଘͯ͠૿৩͕ࡉΓɼύωʔτ͓ͯ͠߹ڝ

͕͔Δ (ରʹɼύωʔτࡉ๔͔ΒΕΔͱ૿৩ 0ʹۙ͘ͳΔ)ɽ͜͏ͨ͠ঢ়گࡉװ๔Λ

ࡉͰ͖ΔՄੑ͕͋Δɽ͢ͳΘͪɼύωʔτྀߟ๔ʹରԠͤ͞Δ͜ͱͰɼCDIPϞσϧͰࡉԽੑ׆

๔+4ࡉ๔Λࡉ๔छ X Y ͱ͠ɼࡉװ๔ (CBCࡉ๔)Λੑ׆Խࡉ๔ͱΈͳ͢͜ͱͰɼ͜ͷܥͷ

ֶతͳղੳ͕ՄͱͳΔ͜ͱ͕ظ͞ΕΔɽ

Ҏ֎ͷܥ๔ूஂͷࡉಘΔɽ͑ߟ͕༺ஙͨ͠ཧϞσϧͷԠߏͰڀݚҎ֎ʹɼຊܥ๔ूஂͷࡉ

Ұͭͷྫͱͯ͠ɼόΫςϦΞͰ͞؍ΕΔݱ͕͛ڍΒΕΔɽ͋ΔछͷόΫςϦΞूஂଞ

ͷόΫςϦΞूஂͱڞഓཆ͢Δͱɼ૿৩ͷ༏Ґੑ͔Βूஂͷڥքʹ͓͍ͯଞํͷόΫςϦΞू

ஂͷྖҬΛঃʑʹ৵৯͍ͯ͘͠ [65]ɽ͢ΘͳͪɼόΫςϦΞAͱόΫςϦΞ BͷूஂͷڥքͰɼ

ʑͱࠁʑ࣌ B͕ Aʹஔ͖͑ΒΕ͍ͯ͘ͷͰ͋Δ2ɽ

Ͱ͋Δશ֫ಘߏػӴݾର͢ΔࣗʹەݪҎ֎ͷೋͭͷྫͱͯ͠ɼ২ͷපܥ๔ूஂͷࡉ

ੑ߅ (Systemic Acquired Resistance = SAR) [66]ͷ͑ߟ͕ܥΒΕΔɽ২පݪମ͔Βͷܸ߈Λड

͚Δͱɼײછ෦Ґपลͷࡉ๔Λࡉ๔ͤ͞ࢮΔ͜ͱͰɼͦͷ૿৩Λ͑Δ (͜ͷ࣌ɼ২ͷ༿Ϟβ

ΠΫঢ়ʹୀঢ়ͱͳΔ)ɽ͜͏༷ͨ͠ࢠɼࡉ๔ڝ߹Ͱ͞؍ΕΔ༷૬ͱࣅ௨͍ͬͯΔΑ͏ʹࢥ

ΘΕΔɽ

ΒΕΔɽ͑ߟ͕ܥ͢Δܗͷਓ͕ूஂΛࢄͷྫͱͯ͠ɼจԽͷ֦ͭࡾҎ֎ͷܥ๔ूஂͷࡉ

͜Ε·Ͱͷೋͭͷܥࡉ๔ڝ߹ͱൺֱత͍ۙεέʔϧͷݱΛ͕͍ͨͯ͑ߟɼຊཧϞσϧ

2จݙ [65]Ͱɼ͜ΕΒͷόΫςϦΞͱɼόΫςϦΞ Bʹஔ͖͑ΒΕΔ͕όΫςϦΞ AΛ͜͢ࡴͱ͕Ͱ͖Δୈ
3ͷόΫςϦΞΛؚΊͨ 3छྨͷόΫςϦΞΛڞഓཆ͠ɼ࣮ݧͱཧͷ྆໘͔Β͍ٞͯ͠Δɽ
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ҙਂ͘ύϥϝʔλΛ߹ΘͤΕɼҟͳΔεέʔϧͷʹదԠ͠͏ΔͱࢥΘΕΔɽྫ͑ɼΞʔ

ϦΞਓࣗΒͷਆʹணͷਆʑΛऔΓೖΕΔ͜ͱͰɼΠϯυʹ͓͍ͯঃʑʹώϯυΡʔڭͷ൛

ਤΛ͕͍ͨͬͯ͛ɼ͜ͷΑ͏ͳྫੈք֤ͷྺ࢙ͰݟΒΕΔ3ɽ͜͏ͨࣗͨͪ͠ͷจԽͱྡ

ͨ͠จԽΛऔΓࠐΜͰ͍༷͘ࢠʹɼຊཧϞσϧΛద༻Ͱ͖ΔՄੑ͕͋Δɽ

ք͕Ͱ͖Δͱڥ௨ɼೋͭͷूஂͷؒʹ͖ͬΓͱڞҎ֎ͷྫͷܥ๔ूஂͷࡉͨ͛ڍʹه্

͍͏ͱɼͦͷڥքʹ͓͍ͯͷ૬࡞ޓ༻͕ओʹܥΛࢧ͍ͯ͠Δͱ͍͏Ͱ͋Δɽैདྷɼ͜͏͠

ཧϞσϧ͕༻͍ΒΕͯͨ͠ݱΛղੳ͢Δ߹ɼηϧΦʔτϚτϯͳͲͷۭؒΛ؆қతʹදܥͨ

͖ͨɽ࣮ࡍɼҰͭͷόΫςϦΞͷྫͰɼηϧΦʔτϚτϯΛ༻͍࣮ͯ݁ݧՌͷઆ໌͕ࢼΈΒ

Ε͍ͯΔ [65]ɽ͔͠͠ɼຊߘͰંʹ৮Εͯड़ͨΑ͏ʹɼۭؒΛྀͨ͠ߟཧϞσϧࢉܭෛՙ

͕େ͖͘ɼղੳతʹղ͘͜ͱࠔͰ͋Δɽͦ͜ͰɼCCϞσϧ CDIPϞσϧΛ͜ΕΒͷܥʹద

༻͢Δ͜ͱͰɼܥͷੑ࣭Λଊ͑Δ͜ͱཏతʹύϥϝʔλͷӨڹΛղੳ͢Δ͜ͱ͕ՄʹͳΔ

ͱظ͞ΕΔɽ

3͜ͷྫɼۭؒʹൃޙతʹݱΕͨϚΠϊϦςΟूஂ͕ɼϚδϣϦςΟूஂΛۦஞ͠ɼ֦େ͍ͯ͘͠ͱ͍͏ߏਤʹͳͬ
͍ͯΔɽͦͷͨΊɼີݫʹຊڀݚͰओʹऔΓѻͬͨܥͱۦஞ͢Δऀɼ͞ΕΔऀͷ͕ؔରͰ͋Δɽ͔͠͠ɼ§1.1Ͱ
ड़ͨ Mycมҟࡉ๔ͷܥ (ਤ 1G-J)ͰɼจԽͷ֦ࢄͷྫͱಉ༷ʹϚδϣϦςΟूஂͷதʹݱΕͨϚΠϊϦςΟूஂ͕
ϚδϣϦςΟूஂΛۦஞ͠ɼ֦େ͍ͯ͘͠ɽ͕ͨͬͯ͠ɼMycมҟࡉ๔ͷܥͷͨΊʹมͨ͠ܗ CCϞσϧ (ࣜ (54))Λ༻
͍Δ͜ͱͰɼจԽͷ֦ࢄͷྫղੳ͠ಘΔͱࢥΘΕΔ (ࣜ (54)ͷৄࡉʹ͍ͭͯ Appendix§S7ʹ͓͍ͯड़ͨ)ɽ
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ँࣙ

ຊจͷࣥචʹ͋ͨΓ͝ࢦಋɼ͝ฬᎪΛࣀΓ·ͨ͠ૣҴాେֶͷߴদರڭࢠतʹ৺ΑΓँײਃ

্͛͠·͢ɽࢦಋڭһͰ͋Δߴদڭतʹެࢲͱʹؾʹ͔͚͍͖ͯͨͩ·ͨ͠ɽ·ͨɼͳ͔ͳ͔

จ͕ग़ͣʹ͝৺͓͔͚͍ͨ͠·ͨ͠ɽް͘ྱޚΛਃ্͛͠·͢ɽ

ૣҴాେֶͷ࡚ؠઌੜɼాઌੜɼլઌੜʹ͝ଟ༻ͷதɼതֶ࢜Ґจͷ෭ࠪΛ୲ͯ͠

͍͖ͨͩ·ͨ͠ɽઌੜํʹଟ͘ͷ༗͍͝ॿݴΛ͍͖ͨͩ·ͨ͠ɽ͜͜ʹྱޚΛਃ্͛͠·͢ɽ

तʹେม͓ੈʹͳΓ·ͨ͠ɽ͓ೋํڭߐࢤେֶͷେᖒݹतɼ໊ڭେֶͷҪ֞ୡལژ

ࡉ๔ڝ߹ͷ࣮ݧͷઐՈͰ͋Γɼ࣮ݧʹؔͯ͠ૉਓͰ͋Δࢲͷ͓ૈͳ࣭૬ஊʹշ͘

͓͍͑ͩ͘͞·ͨ͠ɽՃ͑ͯɼ࣮ܥݧͷࢹ͔Βͷ͝ࢦఠ͍͖ͨͩ·ͨ͠ɽ͜ͷจ͕·ͱ

ΊΒΕͨͷ͓ೋਓͷ͓͔͛Ͱ͢ɽ৺ΑΓ͍ͨ͠ँײ·͢ɽ

ɽ͜ͷΛआΓͨ͠·͖͍ͩͨͯ͑ࢧʹഐޙɼͦͯ͠ظͷઌഐɼಉࣨڀݚদߴͰ׆ੜࣨڀݚ

ਃ্͛͠·͢ɽँײͯ

ɽ͢·͍ͨ͠ँײʹΛ༻ҙͯͩͬͨ྆͘͠͞ڷނΔؼʹΒԠԉͯͩ͘͠͞Γɼৗ͔ࠒɼʹޙ࠷
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Appendix

S1 ࢭ๔૿৩ͷఀࡉΑΔʹࢮ๔ࡉ

͜͜ͰɼϙϐϡϨʔγϣϯϞσϧʹ͓͍ͯɼࡉ๔૿৩ͱࡉ๔ࢮͷΓ߹͍ʹΑΓࡉ๔͕ฏ

୯࠷͍ͨ༺๔ͷมԽϙϐϡϨʔγϣϯϞσϧΛࡉΈΔɽͯ͑ߟ͍ͯͭʹ߹ঢ়ଶʹͳΔߧ

७ͳදݱͱͯ͠ɼҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

dx
dt

= rx − Dfun, (41)

͜͜Ͱɼxࡉ๔ͷɺr૿৩ɼDfun ࡉ๔ࢮʹΑΔ xͷݮগΛදؔ͢Ͱ͋Δɽࡉ๔ؔࢮ

 Dfun ʹ͍ͭͯɼ୯७ͳܗͱͯ͠ Dfun = dn  Dfun = drx (dr < r)ͱ͢Δ͜ͱ͕͑ߟΒΕΔɽ

Dfun = dnͷ࣌ɼ୯Ґͨ͋ؒ࣌ΓҰఆ dnͷͷࡉ๔͕ࡉ๔ࢮΛ͢͜ىɽҰํɼDfun = drxͷ࣌ɼ

Γͨ͋ؒ࣌๔୯Ґࡉ drͷׂ߹Ͱࡉ๔ࢮΛ͢͜ىɽ͔͠͠ɼ͜ΕΒͷ߹ɼࣜ (41)҆ఆͳฏߧ

Λͨ࣋ͳ͍ਤ 1ɽ͢ͳΘͪɼࡉ๔ x૿Ճ͠ଓ͚Δ͔ɼݮগ͠ଓ͚ 0ʹͳΔͷͰ͋Δɽͨ͠

͕ͬͯɼ৫͕ਖ਼ৗͳαΠζʹͳͬͨࡉʹ࣌๔ xͷ૿ՃΛఀͤ͞ࢭΔͨΊʹɼxʹؔͯ͠ඇઢ

؍Ͱݧͳؔͷ߹ɼ࣮ࡶมԽ͢ΔؔΛಋೖ͢Δඞཁ͕͋Δɽ͜͏ͨ͠ΑΓෳؒ࣌ͳؔܗ

ʹͳΔɽࠔΛܾΊΔͷ͘͠ɼղੳతʹղ͘͜ͱܗΕ͍ͯΔ݁Ռ͔Βͦͷ͞

S2 LVϞσϧʹ͓͚Δੑࡏͷࡉ๔ࢮͷӨڹ

§2.1.3Ͱड़ͨ LVڝ߹ϞσϧͰɼੑࡏͷࡉ๔ࢮΛྀ͍ͯ͠ߟͳ͔ͬͨɽ͢ͳΘͪɼࣜ (2)

ʹͦΕͧΕͷࡉ๔ xͱ yʹൺྫͨ͠ݮগΛද͢ −dxxͱ −dyyؚ͕·Ε͍ͯͳ͔ͬͨɽ͜͜Ͱ

ɼ͜ΕΒͷ߲ͷӨڹʹ͍ͭͯٞ͢Δɽࡉ๔ࢮ dxͱ dyΛ༻͍ͯੑࡏͷࡉ๔ࢮΛ LVڝ߹Ϟ

σϧʹಋೖ͢ΔͱɼҎԼͷܗͰද͢͜ͱ͕Ͱ͖Δ:

dx
dt

= rx(1 −
x + axy
Kx

)x − dxx,

dy
dt

= ry(1 −
y + ayx
Ky

)y − dyy.
(42)
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ਤ 23: ࣜ (41)ͷ૬ฏ໘ਤɽനؙෆ҆ఆฏߧΛද͢ɽA Dfun = dnͷ૬ฏ໘ਤɽB Dfun = drxͷ
૬ฏ໘ਤɽύϥϝʔλ r = 0.1, dn = 0.5, dr = 0.02ͱͨ͠ɽ

͜ͷࣜҎԼͷΑ͏ʹม͢ܗΔ͜ͱ͕Ͱ͖Δ:

dx
dt

= (rx − dx)(1 −
x + axy

Kx(1 − dx/rx)
)x = r′x(1 −

x + axy
K′x

)x,

dy
dt

= (ry − dy)(1 −
y + ayx

Ky(1 − dy/ry)
)y = r′y(1 −

y + ayx
K′y

)y.
(43)

͜͜Ͱ r′x = rx − dx, r′y = ry − dy, K′x = Kx(1 − dx/rx), K′y = Ky(1 − dy/ry)Ͱ͋Δɽม r′xͱ r′yࡉ๔

ʹΑͬͯิਖ਼͞Εͨ૿৩ΛɼK′xͱࢮ K′yࡉ๔ࢮʹΑͬͯิਖ਼͞Εͨڥऩ༰ྗΛͦΕͧ

Εද͢ɽࣜ (43)ΛݟΔͱɼݩʑͷ LVڝ߹Ϟσϧ (ࣜ (2))ͱಉ͡ܗʹͳ͍ͬͯΔ͜ͱ͕Θ͔Δɽ͠

͕ͨͬͯɼੑࡏͷࡉ๔ࢮΛྀͯ͠ߟɼLVڝ߹Ϟσϧͷຊ࣭มԽ͠ͳ͍ɽ

ಉ༷ʹɼCCϞσϧ (ࣜ (4))ੑࡏͷࡉ๔ࢮΛྀ͢ߟΔ͜ͱͰҎԼͷΑ͏ʹม͞ܗΕΔ:

dx
dt

= r′x(1 −
x + axy
K′x

)x,

dy
dt

= r′y(1 −
y + ayx
K′y

)y − byyD/2.
(44)

ࣜ (44)ݩʑͷ CCϞσϧ (ࣜ (4))ͱಉ͡ܗΛ͍ͯ͠Δ͜ͱ͕Θ͔Δɽ͕ͨͬͯ͠ɼࡉ๔ڝ߹ͷ݁

Ռ K′xͱ K′yͷൺͱ byʹΑܾͬͯఆ͞ΕΔɽ͜͜Ͱ K′x͓Αͼ K′yʹ૿৩ rxͱ ryؚ͕·Εͯ

͍Δ͜ͱΛ͍ࢥग़͢ͱɼҰݟɼࡉ๔ڝ߹ͷ݁Ռʹࡉ๔ؒͷ૿৩ͷ͕ࠩӨ͍ͯ͠ڹΔΑ͏ʹΈ

͑Δɽ͔͠͠ɼຊڀݚʹ͓͍ͯ K′xͱ K′y৫αΠζ (৫࣌ͷࡉ๔)ΑΓܾఆ͞ΕΔɽ
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ͦͷͨΊɼͦͷ K′xͱ K′yͷൺ rxͱ ryʹΑͬͯࠨӈ͞Εͳ͍1ɽ

S3 γϣδϣόΤ্ൽ৫ͷϩδεςΟοΫ

ൃੜաఔʹ͓͚Δ৫ࡉ๔ͷ૿৩ʹΑͬͯ͢ΔͨΊɼൃੜॳظʹ͓͚Δ৫αΠζͷ૿

Ճࢦؔʹै͏ɽҰํɼ৫͕ʹۙͮ͘ͱɼ৫ͷݮগ͠ɼ࠷ऴతʹఀࢭ

͢Δɽઌڀݚߦ [1]ʹ͓͍ͯɼγϣδϣόΤͷᠯجݪΛ༻্͍ͨൽ৫ͷͷఆྔσʔ

λ͕ใ͞ࠂΕ͍ͯΔɽਤ 24ʹɼઌڀݚߦʹ͓͍ͯใ͞ࠂΕͨ৫ͷաఔΛࣔ͢ɽਤΑΓɼϩ

δεςΟοΫํఔࣜ (ࣜ (1))Λ༻͍Δ͜ͱͰɼσʔλͷେΛઆ໌͢Δ͜ͱ͕Ͱ͖Δ͜ͱ͕͔Δɽ

ΑΓఆྔతͳղੳͷͨΊʹɼҎԼʹࣔ͢Α͏ͳඇઢܗͷؔΛ͑ߟΔඞཁ͕͋ΔՄੑ

͕͋Δ [2]:

dx
dt

= r{1 − ( x
K
)θ}x, (45)

͜͜Ͱ θؔͷඇઢੑܗΛද͢ύϥϝʔλͰ͋Γɼθ = 1ͷ࣌ʹࣜ (1)ͱҰக͢Δɽ͜ͷ

ํఔࣜΛ༻͍Δ͜ͱͰɼΑΓσʔλΛઆ໌ग़དྷΔՄੑ͋Δɽ͔͠͠ɼύϥϝʔλͷ૿Ճͱ

ඇઢੑܗʹΑΓཧϞσϧΛղੳతʹऔΓѻ͏͜ͱ͕ࠔͱͳΔɽຊจͷతͰ͋Δࡉ๔ڝ߹

ͷแׅతͳཧղͷͨΊʹɼཧϞσϧΛ༻͍ͯࡉ๔ڝ߹ͷੑ࣭Λଊ͑Δ͜ͱ͕ඞཁͰ͋Δɽͦ

ͷͨΊʹղੳతʹऔΓѻ͏͜ͱ͕ՄͰ͋Δ͜ͱ͕·͍͠ɽΑͬͯɼຊڀݚͰࣜ (45)Ͱ

ͳࣜ͘ (1)Λ༻͍ͨɽ

S4 Xͷ͕গͷ࣌ͷཧϞσϧɿԁॆర

๔ࡉ Xͷࡉ๔͕গա͗Δ࣌ɼࡉ๔ Xूஂ YूஂΛશʹғΉ͜ͱ͕Ͱ͖ͳ͍ (ਤ 25)ɽ͜

ͷ࣌ɼXࡉ๔શͯ Y ๔ͷഉআࡉ๔ʹྡ͢ΔΑ͏ʹͳΔ͜ͱ͕૾Ͱ͖ΔɽͦͷͨΊɼมҟࡉ

 Xࡉ๔ͷʹൺྫ͢ΔΑ͏ʹͳΔ (−byx)ͱ͑ߟΒΕΔɽҎ্ΑΓɼyʹ͍ͭͯͷํఔࣜҎ

ԼͷΑ͏ʹमਖ਼͞ΕΔ:

dy
dt

= ry(1 −
y + ayx
Ky

)y − byx. (46)

1વɼଞͷύϥϝʔλΛݻఆͯ͠ rx  ry ͷͷΈΛมԽͤ͞Ε K′x ͱ K′y ͷมԽ͢Δɽ͔͠͠ɼͦͷ߹
Δඞཁ͕͋Δɽ݁Ռɼ͢ߋมʹ࣌ͱͷ߹ੑ่͕Εͯ͠·͏ɽͦͷͨΊɼଞͷύϥϝʔλಉ࣮ࣄݧ৫αΠζͷ࣮
K′x ͱ K′y ͦΕͧΕͷࡉ๔ͷ৫αΠζʹͷΈӨڹΛड͚ͯେখ͕ؔมԽ͠ɼ૿৩ rx  ry ʹΑͬͯେখؔ
มԽ͠ͳ͍ɽ
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ਤ 24: γϣδϣόΤᠯجݪʹ͓͚Δࡉ๔ͷ૿Ճɽؙࠇͷσʔλ [3]ͷͷΛɼനؙ
ͷσʔλ [4]ͷͷΛͦΕͧΕ༻͍ͨɽۂઢඇઢܗճؼΛ༻͍ͯσʔλ͔ΒύϥϝʔλΛਪ
ఆͨ͠ LogisticํఔࣜͰ͋Δɽύϥϝʔλ x(t = 0) = 0.585, r = 0.113, K = 4.35 × 104Ͱ͋Δɽ
จݙ [32]ΑΓվมͯ͠సࡌɽ

๔ࡉ Xͱ Y ͷେ͖͕͞શ͍ͯ͠ͳΒɼࣜ (46)Λ༻͖݅͢

x < αcy
D
2 , (47)

ͱද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱ αcy
D
2 ࡉ๔ Xͱࡉ๔ Yͷڥքʹ͍Δมҟࡉ๔ͷΛද͍ͯ͠Δɽ͠

͕ͨͬͯɼ݅ࣜ (47)ڥքʹଘ͢ࡏΔมҟࡉ๔ͷΛਖ਼ৗࡉ๔͕Լճͬͨ͜ͱΛҙຯ͍ͯ͠

Δɽύϥϝʔλ Dͱ αcԁॆరͱ͍͏Λ͑ߟΔ͜ͱͰܾఆ͢Δ͜ͱ͕Ͱ͖Δɽԁॆరͱԁ

Λ͍ޓʹॏͳΓ߹Θͳ͍Α͏ʹۭؒͷதʹ͍ͭ͘ೖΕΔ͜ͱ͕Ͱ͖Δ͔ͱ͍͏࠷దԽͰ͋Δɽ

ྫ͑ɼڥքͷ͕ܗਅԁͷ࣌ (D = 1)ɼ͓͓Αͦ α = 3.31ͱͳΔ [5]ɽ

ୈ 2ষʹ͓͍ͯɼڥऩ༰ྗ Kxͱ Ky 30000–40000ͷൣғͰઃఆͨ͠ɽ͜ͷ࣌ɼ݅ࣜ (47)

Λຬͨ͢ൣғඇৗʹ͘ڱɼy = KyΛͯ͑ߟ x ! 700ͱͳΔɽ͜Ε Kxʹൺेখ͍͞Ͱ

͋ΔɽͦͷͨΊɼຊڀݚ͜ͷ݅Λཅʹྀ͢ߟΔ͜ͱͤͣɼx ≫ 0ͱ͚ͩԾఆͨ͠ɽ
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Y X

ਤ 25: ๔ࡉ Xͷ͕গͷ࣌ɽจݙ [32]ΑΓసࡌɽ

S5 CCϞσϧͷ҆ఆੑղੳ

S5.1 ฏߧͷ༗ແ

֤ฏߧʹ͍ͭͯ҆ఆੑղੳΛ͏ߦલʹɺ·ͣQ1ͱQ2ͷ ỹͷ δ1ͱ δ2ʹ͍͓͓ͭͯΑͦͷ

ग़ͨ͠ɽͦ͜ͰࣜࢉඪΛ࠲ (10)ʹ x̃ = 0Λೖ͢Δ͜ͱͰɼ

0 = ρ(1 − ỹ)ỹ1−D/2 − β ≡ h(ỹ), (48)

ΛखʹೖΕͨɽฏߧQ1ͱQ2͕ଘ͢ࡏΔͨΊʹɼࣜ (48)ͷղ͕ೋͭͳͯ͘ͳΒͳ͍ (ਤ 26)ɽ

͜ͷ݅Λࢉग़͢ΔͨΊʹࣜ (48)ͷ ỹʹΑΔඍ h′(ỹ)ΛҎԼͷΑ͏ʹͨ͠ࢉܭ:

h′(ỹ) = ρỹ−D/2
(
1 − D

2
− 4 − D

2
ỹ
)
.

্ࣜΑΓɼh(ỹ)ͷ࠷େ ỹm y = (2 − D)/(4 − D) ≡ ỹmͱ͔Δɽ͕ͨͬͯ͠ɼh(ỹm) > 0ͷ࣌ʹ

Q1ͱQ2͕ଘ͢ࡏΔɽ͜͜Ͱ h(ỹm) > 0ͱͳΔ݅ҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

0 < β <
2ρ

4 − D
ỹ1−D/2m . (49)

Ҏ্ͷ͜ͱ͔Βɼδ1ͱ δ2ͷͦΕͧΕҎԼͷ݅Λຬͨ͢ (ਤ 26):

0 < δ1 < ỹm, (50)

ỹm < δ2 < 1. (51)

ͦͷଞͷฏߧʹؔͯ͠ɼψϧΫϥΠϯ (ࣜ (8))ͱψϧΫϥΠϯ (ࣜ (10))ͷަ S2ຊจͷࣜ

(11)Ͱఆٛ͞ΕΔɽLʹؔͯ͠ࡉৄʹޙʹड़Δɽ
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ਤ 26: ؔ h(ỹ)ɽύϥϝʔλ D = 1.2, ρ = 1, κ = 1ͱ͍ͯ͠Δ. จݙ [32]ΑΓվมͯ͠సࡌɽ

S5.2 ઢ҆ܗఆੑղੳ

CCϞσϧͷϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

J =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

fx̃ fỹ

gx̃ gỹ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − 2x̃ − κỹ −κx̃

−ρ/κỹ ρ(1 − 2ỹ − 1/κx̃) − βD
2
ỹD/2−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (52)

͜͜Ͱ fx̃ =
∂ f
∂x̃
Ͱ͋Γɼͦͷଞಉ༷Ͱ͋Δɽ

S0(0, 0)ͷ҆ఆੑ

ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷ S0ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JS0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 0

0 ρ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.
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JS0 ͷݻ༗ λ1,2 λ1,2 = 1, ρ > 0ͱͳΔͨΊɼS0ෆ҆ఆฏߧͱͳΔ (ਤ 7Bɼ7F)ɽ

β > 0ͷ࣌ɼࣜ (52)ͷ gỹఆٛ͢Δ͜ͱ͕Ͱ͖ͳ͍ɽ͜ΕD/2−1 < 0Ͱ͋ΔͨΊʹɼ߲ ỹD/2−1

͕ఆٛ͢Δ͜ͱ͕Ͱ͖ͳ͍͜ͱ͕ݪҼͰ͋Δɽͦ͜Ͱɼฏߧ S0ͷۙʹ͋Δ S′0 (0, ϵ)Λఆٛ

͢Δ͜ͱͰ S0ۙͷڍಈΛղੳͨ͠ (ϵ ≈ +0)ɽࣜ (52)ΑΓɼβ > 0ͷ࣌ͷ S′0ʹ͓͚ΔϠίϏྻߦ

ҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JS′0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − κϵ 0

ρ/κϵ ρ(1 − 2ϵ) − βD
2
ϵD/2−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Αͬͯ JS′0 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 1 − κ,

λ2 = ρ(1 − 2ϵ) −
βD
2
ϵD/2−1.

ϵ → 0ͷ࣌ɼλ1 → rx > 0 ͔ͭ λ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0 αυϧͱͳΔ (ਤ 7Aɼ

7C–7E)ɽ

S1(1, 0)ͷ҆ఆੑ

ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷ S1ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JS1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 −κ

0 ρ(1 − 1/κ)

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Αͬͯ Js1 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = −1 < 0,

λ2 = ρ(1 − 1/κ).

κ > 1ͷ࣌ɼλ2 > 0ͱͳΔͨΊɼS1αυϧͱͳΔ (ਤ 7F)ɽҰํɼκ < 1ͷ࣌ɼλ2 < 0ͱͳΔͨΊɼ

S1҆ఆฏߧͱͳΔɽκ = 1ͷ࣌ɼλ2 = 0ͱͳΔɽ͜ͷ࣌ɼS1 Lʹ࿈݁ͨ҆͠ఆฏߧͱͳ
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Δ (ਤ 7B)ɽ

β > 0ͷ࣌ɼ S0ͱಉ༷ͷཧ༝Ͱ S1ۙͷ S′1 (Kx, ϵ)Λ͑ߟΔ (ϵ ≈ +0)ɽࣜ (52)ΑΓɼβ > 0

ͷ࣌ͷ S′1ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JS′1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 − κϵ −κ

−ρ/κϵ ρ(1 − 2ϵ − 1/κ) − βD
2
ϵD/2−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

͜͜Ͱ JS′1 ͷࣜྻߦͱτϨʔεͦΕͧΕҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

detJS′1 = − (1 + κ)ρ(1 − 2ϵ − 1/κ)

+ (1 + κ)
βD
2
ϵD/2−1

− ρϵ,

trJS′1 = − (1 + κ) + ρ(1 − 2ϵ − 1/κ) −
βD
2
ϵD/2−1.

ϵ → 0ͷ࣌ɼୈ 2߲͕ແ͢ࢄൃʹݶΔͨΊʹ detJS′1 → ∞ > 0ͱͳΔɽಉ༷ʹୈ 3߲͕ෛͷແݶେ

ʹΔͨΊ͢ࢄൃʹ trJS′1 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS1αυϧͱͳΔ (ਤ 7Aɼ7C–7E)ɽ

Q1(0, δ1)ͷ҆ఆੑղੳ

β = 0ͷ࣌ɼQ1 S0ͱಉҰͷฏߧͱͳΔɽͦͷͨΊɼQ1ෆ҆ఆฏߧͰ͋Δɽࣜ (52)Α

Γɼβ > 0ͷ࣌ͷQ1ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JQ1 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − κδ1 0

−ρ/κδ1 ρ(1 − 2δ1) −
βD
2
δD/2−11

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

͜͜Ͱ JQ1 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 1 − κδ1,

λ2 = ρ(1 − 2δ1) −
βD
2
δD/2−11 .
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͕ͨͬͯ͠ɼδ1 > 1/κͷ࣌ λ1 < 0ɼδ1 = 1/κͷ࣌ λ1 = 0ɼδ1 < 1/κͷ࣌ λ1 > 0ͱͳΔҰํɼ

ࣜ (48)Λ༻͍ͯ byδD/2−11 Λফ͢ڈΔ͜ͱͰ λ2ҎԼͷΑ͏ʹද͢͜ͱ͕͖Δ:

λ2 =
ρ

2
{(2 − D) − δ1(4 − D)}.

Αͬͯɼࣜ (50)ΑΓ λ2 > 0ͱͳΔ. Ҏ্ΑΓɼQ1ෆ҆ఆฏߧͱͳΔ (ਤ 7Aɼ7C–7E)ɽ

Q2(0, δ2)ͷ҆ఆੑ

ࣜ (52)ΑΓɼβ = 0ͷ࣌ͷQ2ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ (͜͜Ͱ δ2 = 1Ͱ

͋Δ):

JQ2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − κ 0

−ρ/κ −ρ

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

ϠίϏྻߦΑΓ λ1 = 1 − κ ͔ͭ λ2 = −ρ < 0Ͱ͋Δ͜ͱ͕͔Δɽ͕ͨͬͯ͠ɼ1/κ < 1ͷ࣌

λ1 < 0ɼ1/κ = 1ͷ࣌ λ1 = 0ɼ1/κ > 1ͷ࣌ λ1 > 0ͱͳΔɽҎ্ΑΓɼ1/κ ≤ 1ͷ࣌ɼQ2҆ఆ

ฏߧͱͳΔ (ਤ 7Bɼ7F)ɽͨͩ͠ɼ1/κ = 1ͷ࣌Q2Lʹ࿈͍݁ͯ͠Δ (ਤ 7B)ɽҰํɼ1/κ > 1

ͷ࣌ɼQ2 αυϧͱͳΔɽ

β > 0ͷ࣌ɼQ2ͷϠίϏྻߦҎԼͷΑ͏ʹ͢ࢉܭΔ͜ͱ͕Ͱ͖Δ:

JQ2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − κδ2 0

−ρ/κδ2 ρ(1 − 2δ2) −
βD
2
δD/2−12

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

͜ͷ࣌ɼJQ2 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 1 − κδ2),

λ2 = ρ(1 − 2δ2) −
βD
2
δD/2−12 =

ρ

2
{(2 − D) − δ2(4 − D)} < 0.

͜͜ͰɼQ1ͷ߹ͱಉ༷ʹࣜ (48)ͱ (51)Λ༻͍Δɽ͢Δͱɼδ2 < 1/κͷ࣌ λ1 > 0ʹͳΔͨΊɼ

Q2αυϧͰ͋Δ (ਤ 7A, 7C, 7E)ɽରʹ δ2 ≥ 1/κͷ࣌ λ1 ≤ 0ͱͳΔͨΊɼQ2҆ఆฏߧ

Ͱ͋Δ (ਤ 7D)ɽ
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S2(x̃S 2 , ỹS 2)ͷ҆ఆੑ

CCϞσϧʹ͓͍ͯࣜ (12)͕ຬ͞ΕΔ࣌ɼฏߧ S2͕ଘ͢ࡏΔɽࣜ (52)ΑΓɼS2ʹ͓͚ΔϠί

ϏྻߦҎԼͷΑ͏ʹࢉܭͰ͖Δ:

JS2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−x̃S 2 −κx̃S 2

−ρ/κỹS 2 ρ(1 − 2ỹS 2 − 1/κx̃S 2 ) −
βD
2
ỹD/2−1S 2

.

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

ϠίϏྻߦ JS2 ͷࣜྻߦҎԼͷΑ͏ʹ͢ࢉܭΔ͜ͱ͕Ͱ͖Δ:

detJS2 = −x̃S 2

{
ρ(1 − 2ỹS 2 − 1/κx̃S 2 ) −

βD
2
ỹD/2−1S 2

}
− ρx̃S 2 ỹS 2 ,

= −ρx̃S 2

{
(1 − 2ỹS 2 − 1/κx̃S 2 ) −

D
2
(1 − ỹS 2 − 1/κx̃S 2 )

}
− ρx̃S 2 ỹS 2 ,

= −ρx̃S 2

{
−ỹS 2 −

2 − D
2

(1 − ỹS 2 − 1/κx̃S 2 )
}
− ρx̃S 2 ỹS 2 ,

= −2 − D
2
ρ(1 − 1/κ)x̃S 2 .

͜͜Ͱมܗʹࣜ (10)Λ༻͍ͨɽ͜ͷ࣌ɼฏߧ S2͕ଘ͢ࡏΔͨΊ κ > 1Ͱ͋ΓɼCCϞσϧͷ

ԾఆʹΑΓ D < 2Ͱ͋ΔͨΊɼdetJS2 < 0Ͱ͋Δ͜ͱ͕͔ΔɽҎ্ΑΓɼ JS2 αυϧͰ͋Δɽ

L(xL, yL)ͷ҆ఆੑ

κ = 1͔ͭ β = 0ͷ࣌ (ද 2(c)ɼਤ 7B))ɼฏߧͷू߹Ͱ͋Δ L͕ଘ͢ࡏΔɽLҎԼͷࣜͰද

͞ΕΔ:

x̃L + ỹL = 1. (53)

͜ͷؔࣜΛ༻͍Δ͜ͱͰɼࣜ (52)ΑΓ LͷϠίϏྻߦΛҎԼͷΑ͏ʹࢉग़͢Δ͜ͱ͕Ͱ͖Δ:

JL =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−x̃L −x̃L

−ρỹL −ρỹL

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.
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͜ͷ࣌ɼJLͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 0,

λ2 = −(x̃L + ρỹL).

͜͜Ͱ xL > 0͔ͭ yL > 0ΑΓɼλ2 < 0Ͱ͋Δɽ͕ͨͬͯ͠ɼL ҆ఆฏߧͷू߹ͨ͠ઢͰ

͋Δɽ

S6 ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩ࡉ๔ڝ߹ͷ݁ՌΛࠨӈ͠ͳ͍

S6.1 Minuteܥ

ୈ 2ষͷਤ 8Ͱมҟࡉ๔ͷ૿৩͕ਖ਼ৗࡉ๔ͷͷʹൺͯখ͍͞߹ (ry = 0.085 < rx = 0.1)

ͷ݁ՌΛɼຊষͷਤ 27Ͱਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩͕͍͠߹ (rx = ry = 0.1)ͷ݁ՌΛͦ

ΕͧΕࣔͨ͠ɽ͜ͷܥʹ͓͍ͯɼมҟࡉ๔ͷ૿৩͕ਖ਼ৗࡉ๔ͷͷΑΓେ͖͍߹Ͱ͑͞ɼࡉ

๔ڝ߹ͷF ʹӨ͠ڹͳ͍ɽ͜ͷܥʹؔͯ͠ɼมҟࡉ๔ͷഉআ byಉ༷ʹF ʹରͯ͠Өڹ

͠ͳ͍ɽͨͩ͠ɼͦΕͧΕͷࡉ๔ʹؔ͢Δڥऩ༰ྗʹࠩͷͳ͍͜ΕΒͷܥʹ͓͍ͯഉআΛ੍͢

Δͱ (by = 0)ɼมҟࡉ๔৫͔Βഉআ͞Εͳ͘ͳΓɼਖ਼ৗࡉ๔ͱڞʹ৫Λߏ͢Δ (ਤ

9)ɽ

S6.2 जᙾ੍ܥ

લड़ͷΑ͏ʹ rxৗʹมҟࡉ๔͕શʹۦஞ͞ΕΔ͔ͦΕͱมҟࡉ๔͕ੜ͖Δ߹͕͋Δ

ͷ͔ΛܾΊΔᮢ bycʹӨڹΛ͠ͳ͍ɽ͔͠͠ɼF  rx ͔Β͔ۇʹӨڹΛड͚Δɽਤ 28ʹ

ग़ͨ͠ࢉΑͬͯʹࢉܭ rx ͷ BS 1 ͱ BQ2 ʹର͢ΔӨڹΛࣔ͢ɽrx = ry = 0.1ͷ࣌ (ਤ 28A)ʹൺɼ

rx = 0.2 > (ry = 0.1)ͷ࣌ (ਤ 28B) BS 1 ʹର͢Δ BQ2 ͷྖҬ (= F )͕૿Ճ͍ͯ͠Δ͜ͱ͕͔

Δɽ͜Εਖ਼ৗࡉ๔ͷ૿৩͕େ͖͘ͳΔ΄Ͳɼมҟࡉ๔Λશʹۦஞ͢Δ͜ͱ͕Ͱ͖Δॳظ

͕૿Ճ͍ͯ͠Δ͜ͱΛҙຯ͍ͯ͠Δɽ͜ͷޮՌਤ 28Bʹ͓͍ͯ rx/ry = 2 (ΞελϦεΫ)ʹൺ

rx/ry = 10 ͷF(ࣈे) ͕ৗʹେ͖͍͜ͱ͔Β֬ೝ͢Δ͜ͱ͕Ͱ͖Δɽ
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ਤ 27: ਖ਼ৗࡉ๔ͱมҟࡉ๔ͷ૿৩͕͍͠ܥɽCCϞσϧʹ͓͍ͯ rx = ry = 0.1ͱͨ͠ɽͦͷ
ଞͷύϥϝʔλʹؔͯ͠ਤ 8A–Cͱ͘͠ઃఆͨ͠ɽA૬ฏ໘ਤɽઢ bͱ cॳظΛͦΕ
ͧΕ (x0, y0)=(1000, 500)ɼ(2000, 2000)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠ΔɽB, Cيಓ (b)ͱ (c)ʹ
͓͚ΔͦΕͧΕͷࡉ๔ͷؒ࣌มԽɽ

S7 มҟࡉ๔ YͰߏ͞Εͨ৫ʹ͓͚Δࡉ๔ڝ߹

ຊจͰجຊతʹɼਖ਼ৗࡉ๔ XͰߏ͞Εͨ৫ʹมҟࡉ๔ Y͕ग़͢ݱΔ (ಋೖ͞ΕΔ)ܥʹ

͍ͭͯͷཧϞσϧΛߏங͠ɼղੳΛ͖ͨͯͬߦɽຊষͰରʹɼมҟࡉ๔Ͱߏ͞Εͨ৫

ʹਖ਼ৗࡉ๔Λಋೖͨ͠ঢ়گʹ͍ͭͯٞ͢Δ (ਤ 29A)ɽ͜ͷঢ়گͷཧϞσϧ͓͓Α͕ͦCCϞ

σϧͱಉ༷Ͱ͋Δɽ།Ұͷҧ͍ਖ਼ৗࡉ๔͕มҟࡉ๔ʹғ·Ε͍ͯΔͨΊɼࡉ๔ڝ߹ʹΑͬͯഉ

আ͞ΕΔࡉ๔͕ڥքʹҐஔ͢Δਖ਼ৗࡉ๔ͷʹൺྫ͢Δͱ͍͏͜ͱͰ͋ΔɽͦͷͨΊɼഉআ߲

 −byyD/2͔Β −byxD/2ͱஔ͖ͨ͑ɽ͕ͨͬͯ͠ɼมҟࡉ๔Ͱߏ͞Εͨ৫ʹ͓͚Δࡉ๔ڝ

߹ͷཧϞσϧҎԼͷΑ͏ʹද͞ΕΔ:

dx
dt

= rx(1 −
x + axy
Kx

)x,

dy
dt

= ry(1 −
y + ayx
Ky

)y − byxD/2.
(54)

͜ͷཧϞσϧͷ૬ਤ (ਤ 29B)ΑΓɼCCϞσϧͱಉ͘͡࠷ऴతʹඞͣมҟࡉ๔͕ഉআ͞ΕΔ͜

ͱ͕͔Δɽ͔͠͠ɼมҟࡉ๔ͷશͳۦஞͷͨΊʹൃੜඞཁͳؒ࣌ (∼ 120 h)ʹൺͯɼେ
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s0 s1
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Q1

B
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BQ2 2

ਤ 28: ਖ਼ৗࡉ๔ rxͷ૿৩͕ྖҬ BS 1 ͱ BQ2 ͷܗঢ়ʹ༩͑ΔӨڹɽ֤ॳظΛग़ൃͨ͠ղ͕࠷
ऴతʹͲͪΒͷ҆ఆฏߧʹऩଋ͢Δͷ͔Λ૬ฏ໘ਤʹࣔͨ͠ɽ৭ͷؙ S1(Kx, 0)ʹղ͕ऩ
ଋ͢Δɼ͢ͳΘͪਖ਼ৗࡉ๔͕มҟࡉ๔Λۦஞ͢ΔॳظΛɼ৭ͷؙղ͕Q2ʹऩଋ͢Δɼ͢
ͳΘͪมҟࡉ๔͕ਖ਼ৗࡉ๔Λۦஞͯ͠͠·͏ॳظΛͦΕͧΕ͍ࣔͯ͠Δɽਖ਼ৗࡉ๔ͷ૿৩
 AͰ rx = 0.1ɼBͰ rx = 0.2ͱ͠ɼଞͷύϥϝʔλ ry = 0.1, ax = ay = 1, Kx = 50, 000,
Ky = 60, 000, by = 1.5, D = 1ʹઃఆͨ͠ɽจݙ [32]ΑΓసࡌ

ͳؒ࣌ (∼ 1200 h)͕ඞཁͰ͋Δ͜ͱʹҙ͕ඞཁͰ͋Δɽਤ 29CΛҙਂ͘ݟΔͱɼ৫αΠζ

(= x+ y;ͷઢ)ʹ 2ஈ֊ͷఀ͕͋Δͷ͕͔ΔɽҰͭ 120hۙͰ͋Γɼೋͭ 1200h

ۙͰ͋ΔɽγϣδϣόΤͷ࣮ܥݧʹ͓͍ͯɼ৫͕ਖ਼ৗͳαΠζʹ౸ୡͨ࣌͠ɼཧతͳ࠷

ऴঢ়ଶʹ౸ୡ͢Δ͜ͱͳ͘ᥳԽʹΑͬͯ৫ͷൃੜࢭ·Δ͜ͱ͕͞؍Ε͍ͯΔ [6]ɽ2͕ͨͬ͠

ͯɼ࣮ܥݧͰൃੜγεςϜ͕࠷ॳͷఀʹ͓͍ͯఀ͢ࢭΔ͜ͱͰࡉ๔ Xͱ Y ͷڞଘ͕͞؍Ε

Δͱ༧Ͱ͖Δɽ

ୈ 2ষͰड़ͨΑ͏ʹɼSimpsonͱMorataมҟࡉ๔Ͱߏ͞Εͨ৫ʹਖ਼ৗࡉ๔Λಋೖ͢

Δ࣮ݧΛ͍ͯͬߦΔ [6]ɽ͜ͷ࣮ݧʹΑΓɼ൴Βਖ਼ৗࡉ๔ͱมҟࡉ๔͕ڞଘ͢Δ͜ͱΛͨ͠؍ɽ

͜ͷ݁Ռઌͷ༧ଌͱҰக͢ΔͷͰ͋Δ͕ɼ͞ΒʹৄࡉʹௐΔͨΊʹҎԼͷ 4ͭͷঢ়گʹͭ

͍ͯཧϞσϧʹΑΔղੳΛͨͬߦ (ਤ 30):

(a) ਖ਼ৗࡉ๔ (X)ΛΑΓ૿৩ͷ͍มҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖ͢Δ

(b) มҟࡉ๔ (Y ′)Λมҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖ͢Δ (વɼมҟࡉ๔ͷഉআൃੜ͠

ͳ͍)

2ͲͷΑ͏ͳϝΧχζϜͰਖ਼͍͠αΠζͰ৫ͷൃੜ͕ࢭ·Δͷ͔ɼີݫʹ໌Β͔ʹͳ͍ͬͯͳ͍ɽԿΒ͔ͷγ
άφϧ͕ग़Δ͜ͱʹΑͬͯࢭ·Δͱ͍͏આػցతͳ࡞༻ʹΑͬͯࢭ·Δͱ͍͏આ͕͋Δ͕ɼຊڀݚͰٞͷରͱ
͠ͳ͍ɽ
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(c) ਖ਼ৗࡉ๔ (X)ΛΑΓ૿৩ͷ͍มҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖ͠ɼഉআΛ੍͢Δ

(d) ਖ਼ৗࡉ๔ (X′)Λਖ਼ৗࡉ๔ (X)Ͱߏ͞Εͨ৫ʹಋೖ͢Δ

ཧతʹܾఆͨ͠৫ͷλΠϛϯάʹ͓͍ͯɼಋೖͨ͠ࡉ๔ूஂͷࡉ๔͕࠷ଟ͔ͬͨ

ͷਖ਼ৗࡉ๔ (X)Λมҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖͨ͠߹ (a)Ͱ͋ͬͨ (ਤ 30A)ɽ͜ͷ݁

Ռ SimpsonΒͷઌڀݚߦͷ݁Ռ [6]ͱҰக͢ΔͷͰ͋Δɽ

B

CA

D

c

Y

X

e

x

y

0 Ky ay = Kx

0

Ky = Kx ax

0 50 100 150

Time

x,
 y

0

Kx = Ky

(h)

0 500 1000 1500

Time
x,

 y
0

Kx = Ky

(h)

ਤ 29: มҟࡉ๔ Y Ͱߏ͞Εͨ৫ʹ͓͚Δࡉ๔ڝ߹ (ࣜ (54))ɽB૬ฏ໘ਤɽ͍ࡉઢͱଠ͍ઢ
ॳظΛͦΕͧΕ (x0, y0)=(100, 1000)ɼ(100, 100)ͱͨ࣌͠ͷղيಓΛද͍ͯ͠ΔɽC, Dॳظ
Λ (x0, y0)=(100, 1000)ͱͨ࣌͠ͷղͷൃؒ࣌లɽC௨ৗͷάϥϑɼDยରάϥϑͰ͋Δɽ
ύϥϝʔλ rx = 0.1, ry = 0.085, ax = ay = 1, Kx = Ky = 50, 000, by = 0.5, D = 1ʹઃఆͨ͠ɽจ
ݙ [32]ΑΓసࡌɽ

ୈ 2ষʹ͓͚Δ Table1ͰMycൃࡉݱ๔ Y͕Mycࡉݱൃߴ๔ Xʹғ·Ε͍ͯΔঢ়گΛ (c)ʹ

ྨͨ͠ɽ͔͠͠ɼMycܥͷදతͳ࣮ܥݧͰ X͕ Yʹғ·Ε͍ͯΔͨΊɼີݫʹࣜ (54)Λ

༻͍Δ͖Ͱ͋Δɽৄࡉͳղੳʹؔͯ͠ຊจͷٞͷର֎ͱͨ͠ɽ
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ਤ 30: ৫αΠζͷ͕ఀͨ࣌͠ͷಋೖͨ͠ࡉ๔ूஂͷࡉ๔ɽAਖ਼ৗࡉ๔ (X)ΛΑΓ૿
৩ͷ͍มҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖ͢Δ (by = 0.5)ɽBมҟࡉ๔ (Y ′)Λมҟࡉ๔ (Y)
Ͱߏ͞Εͨ৫ʹಋೖ͢Δ (વɼมҟࡉ๔ͷഉআൃੜ͠ͳ͍ (by = 0))ɽCਖ਼ৗࡉ๔ (X)Λ
ΑΓ૿৩ͷ͍มҟࡉ๔ (Y)Ͱߏ͞Εͨ৫ʹಋೖ͠ɼഉআΛ੍͢Δ (by = 0)ɽDਖ਼ৗࡉ๔
(X′) Λਖ਼ৗࡉ๔ (X)Ͱߏ͞Εͨ৫ʹಋೖ͢Δ (by = 0)ɽॳࡉظ๔ (ଆ (ಋೖࡉ๔), ֎
ଆ)=(100, 1000)ͱͨ͠ɽύϥϝʔλ Xͱ X′ʹ͍ͭͯ rx = 0.1ɼYͱ Y ′ʹ͍ͭͯ ry = 0.085
ͱͨ͠ɽଞͷύϥϝʔλ ax = ay = 1, Kx = Ky = 50, 000, D = 1ʹઃఆͨ͠ɽ৫αΠζͦΕ
ͧΕ (AɼC) x + axyɼ(B) y′ + axyɼ(D) x + axxͰࢉग़ͨ͠ɽ৫αΠζͷ͕ఀͨ͠λΠϛ
ϯάࡉ๔ͷ૿Ճ͕ 1͋ͨΓ 0.5ΛԼճͬͨ࣌ͱఆٛ͠ɼനؙͰࣔͨ͠ɽ৫αΠζͷ
͕ఀͨ͠λΠϛϯάͰͷಋೖͨ͠ࡉ๔ूஂͷࡉ๔ͦΕͧΕ 9571, 4518, 8036, 4518Ͱ͋ͬ
ͨɽจݙ [32]ΑΓసࡌɽ
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S8 ৫͕୯Ұͷजᙾࡉੑݪ๔Ͱߏ͞Ε͍ͯΔ߹ͷঈੑ૿৩Ϟσϧ

ঈੑ૿৩ͷӨڹΛཧϞσϧʹಋೖ͢ΔͨΊʹɼ·ͣ৫͕୯Ұͷजᙾࡉੑݪ๔ Y Ͱߏ

͞Ε͍ͯΔ߹ʹ͍ͭͯͯ͑ߟΈΔɽ͜͜Ͱɼୈ 3ষͱಉ༷ʹࡉ๔ YͷजᙾੑݪΛදͨ͢ΊʹɼY

ͷࡉ๔Ϛϧαε͢ΔͱԾఆͨ͠ɽঈੑ૿৩Λྀ͢ߟΔͨΊɼࡉ๔ Y ͷूஂෆੑ׆ঢ়

ଶͷࡉ๔ Zͱੑ׆ঢ়ଶͷࡉ๔UͰߏ͞Ε͍ͯΔͱ͢Δɽ͜͜Ͱɼੑࡏͷࡉ๔ൃ͕ࢮੜ͢Δͱ

๔ࡉ Zࡉ๔UͱมԽ͠ɼ͜ΕΒͷࡉ๔૿৩͕ဏਐ͢Δ (ਤ 31A)ɽ͕ͨͬͯ͠ɼࡉ๔ Zͱ

Uͷࡉ๔ಈଶҎԼͷࣜʹै͏ (ਤ 31B):

dz
dt

= rzz − dyz − audy(z + u) + duzu + Td, (55)

du
dt

= audy(z + u) − dyu − duzu + Td, (56)

͜͜Ͱ z (≥ 0)ͱ uͦΕͧΕࡉ๔ ZͱUͷࡉ๔Ͱ͋Δɽࣜ (55)ͷୈ 1߲ rzzजᙾੑݪͷมҟ

ͳ͍૿৩Λද͍ͯ͠Δɽࣜݶࡍ๔ͷࡉ (55)ͷୈ 2߲ࣗͷࡉ๔ʹൺྫͨ͠ੑࡏͷࡉ๔ࢮΛ

ද͍ͯ͠Δɽ͜͜Ͱ dyࡉ๔ࢮΛҙຯ͢ΔൺྫఆͰ͋Δɽࡉ๔ Zͱಉ༷ʹࡉ๔UͰੑࡏ

ͷࡉ๔ࢮ͖ىΔɽ͜ͷࡉ๔ࢮࣜ (56)ͷୈ 2߲Ͱද͞Ε͍ͯΔɽੑࡏͷࡉ๔ࢮपғͷࡉ๔

Λੑ׆Խͤ͞Δɽ͕ͨͬͯ͠ɼ୯Ґͨ͋ؒ࣌Γͷࡉࢮ๔ͷ dyz+ dyuʹൺྫఆ auͰൺྫͨ͠

ͷෆࡉੑ׆๔ Z͕ࡉੑ׆๔UʹมԽ͢Δɽ͜ͷੑ׆Խࣜ (55)ͷୈ 3߲ͱࣜ (56)ͷୈ 1߲ͰͦΕ

ͧΕهड़͍ͯ͠Δɽੑ׆Խͨ͠ࡉ๔ɼࡉ๔ uʹൺྫͯ͠ɼ୯Ґͨ͋ؒ࣌Γ duzͷׂ߹Ͱෆੑ׆

Խʹ͍ͭͯࣜੑ׆๔ʹΔɽ͜ͷෆࡉ (55)ͷୈ 4߲ͱࣜ (56)ͷୈ 3߲Ͱදͨ͠ɽ

্ड़ͷΑ͏ʹෆੑ׆Խࡉ๔ͷ૿৩ rzͰ͋Δɽੑ׆Խࡉ๔ෆੑ׆Խࡉ๔ʹൺͯ૿৩͕

ɽ͍ࣜߴ (55)ͱࣜ (56)ͷޙ࠷ͷ߲Ͱ͋Δ Tdɼࡉ๔྾ʹΑΔࡉ๔ Zͱ Uͷ૿ݮΛද͕͢ɼ߲

ͷܗࡉ๔྾ͷࡍͷੑ׆ԽͷҾ͖͗ܧ๏ଇʹΑͬͯมԽ͢Δ (ਤ 32A-C)ɽ͜ͷ๏ଇͭࡾʹ

ྨ͢Δ͜ͱ͕Ͱ͖Δɽ͢ͳΘͪɼa)ੑ׆Խࡉ๔͕ೋͭͷෆੑ׆Խࡉ๔ͱ྾͢Δ (ਤ 32A)ɼb)

๔ͱ྾͢ΔࡉԽੑ׆๔͕ೋͭͷࡉԽੑ׆ (ਤ 32B)ɼc)ੑ׆Խࡉ๔͕ੑ׆Խࡉ๔ͱෆੑ׆Խࡉ

๔ͱ྾͢Δ (ਤ 32C)ͷͭࡾͰ͋ΔɽͦΕͧΕͷྨʹ͓͚Δ߲ TdΛҎԼʹड़Δɽ

࣌๔ʹ྾͢ΔࡉԽੑ׆๔͕ೋͭͷෆࡉԽੑ׆ ((a);ਤ 32A)ɼzͱ uͷಈଶҎԼͷΑ͏ʹॻ͘

͜ͱ͕Ͱ͖Δ:
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ਤ 31: जᙾࡉੑݪ๔Ͱߏ͞Εͨ৫ʹ͓͚Δঈੑ૿৩ɽAࡉ๔ࢮपғͷෆੑ׆Խࡉ๔ Z
Λੑ׆Խࡉ๔UͱมԽͤ͞ΔɽB TdΛআ͍ͨঢ়ଶભҠਤɽόπࡉ๔ࢮΛද͢ɽจݙ [44]Α
Γసࡌɽ

ਤ 32: ๏ଇ͗ܧԽͷҾ͖ੑ׆ͷࡍ๔྾ͷࡉ๔ͷ྾ϧʔϧA-CࡉԽੑ׆ (a-c)ΛͦΕͧΕද
͢ɽؙੑ׆Խࡉ๔ɼؙෆੑ׆Խࡉ๔Λද͢ɽจݙ [44]ΑΓసࡌɽ

dz
dt

= rzz − dyz − audy(z + u) + duzu + 2ruu, (57)

du
dt

= audy(z + u) − dyu − duzu − ruu, (58)

͜͜Ͱ ru (> rz = ry)ࡉ๔Uͷ૿৩Λද͢ɽͨͩ͠ɼ྾ͨ͠ࡉ๔Uͷೋͭͷ່ࡉ๔ Zͱ

มΘͬͯ͠·͏ͨΊɼU ͷࡉ๔ݮগ͢Δ͜ͱʹͳΓɼରʹ Zͷࡉ๔ഒͷͰ૿Ճ͠

͍ͯΔɽ

࣌๔ͱ྾͢ΔࡉԽੑ׆๔͕ೋͭͷࡉԽੑ׆ ((b);ਤ 32B)ɼzͱ uͷಈଶҎԼͷΑ͏ʹॻ͘
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͜ͱ͕Ͱ͖Δ:

dz
dt

= rzz − dyz − audy(z + u) + duzu, (59)

du
dt

= aud(z + u) − dyu − duzu + ruu, (60)

͜͜Ͱɼu ruʹൺྫͯ͠૿Ճ͍ͯ͠Δɽ(b)ͷ߹ɼࣜ (59)ʹ Td ͷ߲ଘ͠ࡏͳ͍ɽ͜Ε Z

ͷಈଶ͕ੑ׆Խࡉ๔ͷࡉ๔྾ͱಠཱͰ͋ΔͨΊͰ͋Δɽ

࣌๔ͱ྾͢ΔࡉԽੑ׆๔ͱෆࡉԽੑ׆๔͕ࡉԽੑ׆ ((c);ਤ 32C)ɼzͱ uͷಈଶҎԼͷΑ

͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

dz
dt

= rzz − dyz − audy(z + u) + duzu + ruu, (61)

du
dt

= aud(z + u) − dyu − duzu. (62)

͜͜Ͱɼੑ׆Խࡉ๔Uੑ׆Խࡉ๔ͱෆੑ׆Խࡉ๔ʹ྾͢ΔͨΊɼUࡉ๔྾ʹΑͬͯࣗ

ͷࡉ๔Λ૿Ճͤ͞Δ͜ͱͳ͍ɽҰํɼU ͷࡉ๔྾ʹΑͬͯ৽ͨʹෆੑ׆Խࡉ๔ Z͕࢈ੜ͞

ΕΔͨΊɼZ ruuʹൺྫͯ͠૿Ճ͢Δɽ

(a-c)ʹ͍ͭͯ y = z + uͷؔΛ༻͍ͯมܗΛ͢Δ͜ͱͰɼyͱ uʹ͍ͭͯͷࣜͱͯ͠ҎԼͷΑ

͏ʹ·ͱΊΔ͜ͱ͕Ͱ͖Δ:

dy
dt

= rz(y − u) − dyy + ruu, (63)

du
dt

= audyy − duu, (64)

͜͜Ͱ y (≥ u)มҟࡉ๔ͷ૯ࡉ๔Ͱ͋Δɽࣜ (63)ಉҰͷܗͰҟͳΔ (a-c)ͷ߹ʹ͍ͭͯද

͢͜ͱ͕Ͱ͖ΔɽҰํɼࣜ (64)ಉ༷ʹͭࡾͷܗΛද͢͜ͱ͕Ͱ͖Δ͕ɼ͜ͷ࣌ύϥϝʔλ duͷ

ҙຯ͕ҟͳΔ͜ͱʹҙ͕ඞཁͰ͋Δ (ද 4)ɽ͜ͷ࣌ɼduͱ duzͷؔ duʹ͍ͭͯͷࣜͱؔ

ࣜ dy < ry = ruΑΓͦΕͧΕܾ·Δɽ
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ද 4: (a-c)ͷ߹ʹ͓͚Δ du

No. du duͱ duzͷؔࣜ

(a) du = duz + dy + ru du > duz

(b) du = duz + dy − ru du < duz

(c) du = duz + dy du > duz

S9 ॖܕCDIPϞσϧͷ҆ఆੑղੳ

ॖܕCDIPϞσϧʹୈҰݶʹ S0ɼS1ɼS2ͱ͍͏ͭࡾͷฏߧ͕ଘ͢ࡏΔ (ਤ 14)ɽx̃+ ỹ ≤ 1

ͷ࣌ɼॖܕ CDIPϞσϧͷϠίϏྻߦҎԼͷΑ͏ʹॻ͘͜ͱͰ͖Δ:

J =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

fx fy

gx gy

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − 2x̃ − ỹ − ρv
δ

βv
ỹ

D
2 −(x̃ + ρv

δ

βv
ỹ

D
2 ) + ρv

δD
2βv

ỹ
D
2 −1(1 − x̃ − ỹ)

0 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ỹ
D
2 −1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (65)

͜͜Ͱɼ fx =
∂ f
∂x̃
Ͱ͋Γɼͦͷଞಉ༷Ͱ͋Δɽ

S9.1 S0(0, 0)ͷ҆ఆੑ

CCϞσϧͷͷͱಉ༷ʹɼϠίϏྻߦ J ỹD/2−1ͷ߲ΛؚΉͨͨΊʹɼỹ = 0ͷ࣌ʹఆٛ͢Δ

͜ͱ͕Ͱ͖ͳ͍ɽͦ͜Ͱɼฏߧ S0(0, 0)ͷۙʹ͋Δ S′0(0, ϵ)Λఆٛ͢Δ͜ͱͰ S0ۙͷڍ

ಈΛղੳͨ͠ (ϵ ≈ +0)ɽࣜ (65)ΑΓɼS′0ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹఆٛ͞ΕΔ:

JS′0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − ϵ − ρv
δ

βv
ϵ

D
2 −ρv

δ

βv
ϵ

D
2 + ρv

δD
2βv
ϵ

D
2 −1(1 − ϵ)

0 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ϵ
D
2 −1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Αͬͯ JS′0 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 1 − ϵ − ρv
δ

βv
ϵ

D
2 ,

λ2 = 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ϵ
D
2 −1.
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ϵ → 0ͷ࣌ɼ λ1 → 1 > 0ͱͳΔɽλ2 ͷਖ਼ෛΛٻΊΔͨΊʹɼβw ͱ ρw ͷؔΛ͑ߟΔඞཁ͕

͋Δɽϵ → 0͔ͭ βw ≤ ρw ͷ࣌ɼλ2 > 0ͱͳΔɽ͕ͨͬͯ͠ɼS0 ෆ҆ఆฏߧͰ͋ΔɽҰํɼ

ϵ → 0͔ͭ βw > ρwͷ࣌ɼλ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0αυϧͱͳΔɽ

S9.2 S1(1, 0)ͷ҆ఆੑ

ฏߧ S0ͱಉ༷ͷཧ༝ͰɼS1(1, 0)ʹ͍ͭͯۙͷ S′1(1, ϵ)Λ͑ߟΔ (ϵ ≈ +0)ɽࣜ (65)Α

ΓɼS′1ʹ͓͚ΔϠίϏྻߦҎԼͷΑ͏ʹఆٛ͞ΕΔ:

JS′0 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

−1 − ϵ − ρv
δ

βv
ϵ

D
2 −(1 + ρv

δ

βv
ϵ

D
2 ) − ρv

δD
2βv
ϵ

D
2

0 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ϵ
D
2 −1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.

Αͬͯ JS′1 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = −1 − ϵ − ρv
δ

βv
ϵ

D
2 ,

λ2 = 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ϵ
D
2 −1.

ϵ → 0ͷ࣌ɼ λ1 → −1 < 0ͱͳΔɽλ2ͷਖ਼ෛΛٻΊΔͨΊʹɼβwͱ ρwͷؔΛ͑ߟΔඞཁ͕

͋Δɽϵ → 0͔ͭ βw ≤ ρwͷ࣌ɼλ2 > 0ͱͳΔɽ͕ͨͬͯ͠ɼS1αυϧͰ͋ΔɽҰํɼϵ → 0͔

ͭ βw > ρwͷ࣌ɼλ2 → −∞ < 0ͱͳΔɽ͕ͨͬͯ͠ɼS0҆ఆฏߧͱͳΔɽ

S9.3 S2(1 − ỹS, ỹS)ͷ҆ఆੑ

0 < ỹS < 1ͷ࣌ɼฏߧ S2͕ୈҰݶʹଘ͢ࡏΔɽࣜ (65)ΑΓɼS2ʹ͓͚ΔϠίϏྻߦҎԼ

ͷΑ͏ʹఆٛ͞ΕΔ:

JS2 =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

1 − 2(1 − ỹS) − ỹS − ρv
δ

βv
ỹ

D
2
S −((1 − ỹS) + ρv

δ

βv
ỹ

D
2
S )

0 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ỹ
D
2 −1
S

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

.
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Αͬͯ JS2 ͷݻ༗ҎԼͷΑ͏ʹͳΔ:

λ1 = 1 − 2(1 − ỹS) − ỹS − ρv
δ

βv
ỹ

D
2
S ,

= −(1 − ỹS) − ρv
δ

βv
ỹ

D
2
S < 0,

λ2 = 1 − α + ρu
α

βu
− D

2
δ(1 − ρw

1
βw

)ỹ
D
2 −1
S ,

= 1 − α + ρu
α

βu
− D

2
(1 − α + ρu

α

βu
),

=
2 − D
2

(1 − α + ρu
α

βu
) > 0,

͜͜Ͱ λ2ࣜ (67)ΑΓͨ͠ࢉܭɽҎ্ΑΓɼS2αυϧͰ͋Δɽ

S10 ॖܕCDIP’Ϟσϧ

๔ࡉ๔W͕มҟࡉԽͨ͠ੑ׆քʹ͓͚Δঈੑ૿৩ʹΑͬͯڥ YͷେΛΊ͍ͯΔͱ͍͏ঢ়

Δɽ͕ͨͬͯ͠ɼ͑ߟΛگ

w ≃ y. (66)

ͱ͍͏͕ۙࣅཱ͢Δɽࣗવͱ͜ͷঢ়گͰࡉ๔ U ͘͝গͱͳΔͨΊɼw ≪ u ≃ 0ͱ͍͏ؔ

ͱࣜࣜԾఆͨ͠ɽ͜ͷؔ (66)ΛCDIPϞσϧ (ࣜ (19))ʹೖ͢Δ͜ͱͰɼyʹ͍ͭͯͷࣜΛ

ҎԼͷΑ͏ʹखʹೖΕΔ͜ͱ͕Ͱ͖Δ:

dy
dt

= (ry − dy)y + (ryw − ry)y − byy
D
2 ,

= (ryw − dy)y − byy
D
2 .

͜Ε͕ॖܕ CDIP’ϞσϧͰ͋Δɽ͜ͷࣜΛແݩ࣍Խ͢ΔͱҎԼͷΑ͏ʹॻ͘͜ͱ͕Ͱ͖Δ:

dỹ

dτ
= (1 − α + ρw)ỹ − δỹ

D
2 .
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§3.3.4Ͱɼ͜ͷࣜΛ༻͍ͨɽỹSͷఆٛΛআ͖ɼॖܕCDIP’ϞσϧͷڍಈॖܕCDIPϞσϧ

ͷͷͱఆੑతʹຆͲมΘΒͳ͍ɽॖܕCDIP’Ϟσϧʹ͓͚Δ ỹSҎԼͷΑ͏ʹఆٛ͞ΕΔ:

ỹS ≡

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

δ

1 − α + ρw

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

2
2−D

. (67)

͜ͷ ỹSΛ༻͍ͯɼ§3.3.4Ͱॖܕ CDIP’ϞσϧͷF Λࢉग़ͨ͠ɽ
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