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1. ং

Lefschetz fibration͸, S. Lefschetz͕୅਺ۂ໘Λௐ΂Δิॿखஈͱͯ͠ಋೖͨ͠ (Lef-

schetz pencilʹ༝དྷ͢Δ)֓೦Ͱ͋Δ. 1970೥୅ޙ൒͔Β 1980೥୅ʹ͔͚, छ਺ 1ͷ
Lefschetz fibration͸ପԁۂ໘ͷτϙϩδʔͷૅج͍͓ͯʹڀݚతͳ໾ׂΛՌͨͨ͜͠
ͱͰ, ͦͷॏཁੑ͕ೝࣝ͞Εͨ. ಛʹ, 1998೥, ࣍ͷDonaldson[7]ͱGompf[10]ͷ݁Ռ
ʹΑͬͯ, Lefschetz fibrationͱ γϯϓϨΫςΟοΫଟ༷ମݩ4࣍ (ඇୀԽͳ Λࣜܗ2࣍
.Β͔ʹ͞Εͨ໌͕܎ଟ༷ମ)ͷີ઀ͳؔݩ4࣍ͭ࣋

ఆཧ 1.1. ೚ҙͷด4࣍ݩγϯϓϨΫςΟοΫଟ༷ମXʹର͠, ͋Δm > 0͕ଘͯ͠ࡏ
X♯mCP2 → S2͸Lefschetz fibrationͱͳΔ ([7]). ,ʹٯ छ਺ gͷLefschetz fibration

X → Σh (g ≥ 2, h ≥ 0)ʹର͠, X͸γϯϓϨΫςΟοΫߏ଄Λ࣋ͭ ([10]).

͜͜ͰCP2͸CP2ͷ͖޲Λٯʹͨ͠΋ͷͰ͋Γ, Σh͸छ਺hͷ༗޲ดۂ໘Λද͢. ఆ
ཧ ,ʹػܖΕͨͷΛݱ1.1͕ τϙϩδʔʹ͓͍ͯLefschetzݩ4࣍ fibrationͷڀݚ΍ͦͷ
,੒͕ຊ֨Խ͠ߏ .ΘΕ͍ͯΔߦʹൃ׆΋ࡏݱ

ͯ͞, Lefschetz fibrationͱۂ໘ͷࣸ૾ྨ܈ͷ͋Δؔࣜ܎͸͍ޓʹରԠ͍ͯ͠Δ͜ͱ
͕஌ΒΕ͍ͯΔ. ͭ·Γ, ,ͷ૊߹ͤతͳٞ࿦Ͱ܈ྨ૾ࣸ ৽͍͠Lefschetz fibration΍ 4

.੒͢Δ͜ͱ͕Ͱ͖ΔߏʹγϯϓϨΫςΟοΫଟ༷ମΛେྔݩ࣍ “༷ʑͳ ଟ༷ମݩ4࣍
ͷ۩ମྫΛߏ੒͢Δ͜ͱͰ4࣍ݩଟ༷ମͷશମ૾Λௐ΂Α͏”ͱ͍͏ཱ৔ͷڀݚʹ͓͍
ͯ, ͜ͷ࣮ࣄ͸Lefchetz fibrationͷັྗͷ 1ͭͱ͑ݴΑ͏. ·ͨ, ͷ୅਺తੑ܈ྨ૾ࣸ
࣭ͱ4࣍ݩτϙϩδʔͷੑ࣭͕͍ޓʹԠ༻Ͱ͖Δ఺΋େ͖ͳັྗͷ1ͭͰ͋Δ.

ઌʹड़΂ͨΑ͏ʹ, Lefschetz fibration͸ (ෳૉ)୅਺زԿ͔Βτϙϩδʔʹಋೖ͞
Εͨ. ͦ͏͢Δͱෳૉ୅਺زԿͷൣᙝͰͳ͍ Lefschetz fibration͕ੜ͡Δ͸ͣͰ͋Δ.

ͦΕΒΛʮඇਖ਼ଇLefschetz fibrationʯͱݺͿ͜ͱʹ͢Δ. ຊߘͰ͸, ໘্ͷඇਖ਼ଇٿ
Lefschetz fibrationͷߏ੒΍ॾڀݚΛ, චऀࣗ਎ͷۙ࠷ͷڀݚ΋ަ͑ͯ, ߹ͷ૊܈ྨ૾ࣸ
ͤతͳٞ࿦ʹΑΔ؍఺͔Β঺հ͍ͨ͠.

2. Lefschetz fibration

·ͣ͸͡Ίʹ, Lefschetz fibrationͱดۂ໘ͷࣸ૾ྨ܈ʹؔ͢Δ࣮ࣄૅجΛड़΂Δ. Α
Γৄ͘͠͸ [13], [10], [18]ͳͲΛߟࢀʹ͍͖͍ͯͨͩͨ͠. ɹຊߘͰ͸, ग़ͯ͘Δଟ༷
ମ, ࣸ૾͸C∞ڃΛԾఆ͓ͯ͘͠.

2.1. Lefschetz fibrationͱϞϊυϩϛʔ

XΛ༗޲ด4࣍ݩଟ༷ମͱ͠ɼΣgΛछ਺ gͷ༗޲ดۂ໘ͱ͢Δɽɹ

ΩʔϫʔυɿLefschetz fibration, ,܈ྨ૾ࣸ ඇਖ਼ଇ
∗˟ 278-8510 ઍ༿ݝ໺ా࡚ࢁࢢ 2641 (4߸ؗ 3F)
e-mail: monden_naoyuki@ma.noda.tus.ac.jp
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ఆٛ 2.1. C∞૾ࣸڃf : X → S2͕࣍ͷ৚݅ (1), (2), (3)Λຬͨ͢ͱ͖, fΛ (S2্ͷ)

छ਺ gͷLefschetz fibrationͱݺͿ.

(1) f͸༗ݸݶͷྟք஋ b1, . . . , bn ∈ S2Λ࣋ͪ, f |f−1(S2−{b1,...,bn})͸S2 − {b1, . . . , bn}
্ͷC∞ڃΣg-ଋʹͳ͍ͬͯΔɼ

(2) ֤ಛҟϑΝΠόʔf−1(bi)͸།1ͭͷྟք఺pi ∈ XΛ࣋ͭ. ·ͨ, ֤piͷपΓͰ͸,

pi, biΛத৺ͱ͢Δہॴෳૉ࠲ඪ (z1, z2), w͕ଘ͠ࡏ, f͸w = f(z1, z2) = z21 + z22
ͱදࣔ͞ΕΔ. ·ͨ, .ͱཱ͍྆ͯ͠Δ͖޲͸X,S2ͷ͖޲ඪ͕ఆΊΔ࠲ॴෳૉہ

(3) ֤f−1(b) (b ∈ S2)͸ࣗࠥަݾ਺ (−1)ͷٿ໘Λؚ·ͳ͍ (૬ରۃখ).

b1
γ1

g

bn
γn

b0

Σg

X

f

S2

f -1(b0)～～

ਤ 1: छ਺gͷLefschetz fibrationͷΠϝʔδ.

ਤ 1͸छ਺ gͷ Lefschetz fibration

ͷΠϝʔδΛද͍ͯ͠Δ.

஫ҙ 2.2. ຊߘͰ͸, ؆୯ͷͨΊఈۭ
ؒΛ S2ͱ͕ͨ͠, S2ͷ୅ΘΓʹC∞

໘ۂ޲ίϯύΫτ༗ڃ Σͱͯ͠΋Α
͍. ͦͷ৔߹, X ͸ C∞ ίϯύΫڃ
τ༗޲ ,ଟ༷ମͱͳΓݩ4࣍ ఆٛʹ͸
b1, . . . , bn ∈ IntΣ, ∂X = f−1(∂Σ)ͱ
͍͏৚݅ΛՃ͑Δ. ⋄

ਖ਼ଇ Lefschetz fibrationΛ (มଇతʹ)ఆٛ͢Δ. ਖ਼ଇ Lefschetz fibration͕ 1અͰ
ड़΂ͨෳૉ୅਺زԿͷLefschetz fibrationͰ͋Δ. ຊߘͰ͸, τϙϩδʔʹͷΈݱΕΔ
Lefschetz fibration, ͭ·Γඇਖ਼ଇLefschetz fibrationʹ͍ͭͯͷ݁ՌΛ঺հ͢Δ.

ఆٛ 2.3. छ਺ gͷ Lefschetz fibraion f1 : X1 → S2͕ਖ਼ଇͱ͸, छ਺ gͷ Lefschetz

fibration f2 : X2 → CP1 (X2͸ෳૉۂ໘, ࣹӨ f2͸ਖ਼ଇࣸ૾)ͱ͖޲Λอͭඍ෼ಉ૬
ࣸ૾H : X1 → X2, h : S2 → CP1͕ଘ͠ࡏ, h ◦ f1 = f2 ◦H͕੒Γཱͭͱ͖Λ͍͏.

S2্ͷLefschetz fibrationͱࣸ૾ྨ܈ͷ “positive relator”͸ରԠ͢Δ. ҎԼ, ͜ͷઅ
ͷ࢒ΓͰ, ͦͷཧ༝Λ؆୯ʹड़΂Δ.

Σgͷ͖޲Λอͭඍ෼ಉ૬ࣸ૾શମͷͳ͢܈ΛDiff+Σgͱ͠,߃౳ࣸ૾ idΣgʹ isotopicͳ
ࣸ૾શମͷͳ͢Diff+Σgͷ෦෼܈ΛDiff0Σgͱ͓͘. ͜ͷͱ͖, Mg := Diff+Σg/Diff0Σg

ΛΣgͷࣸ૾ྨ܈ͱݺͿ. tc (∈ Mg)ͰΣg্ͷ୯७ดۂઢcʹԊͬͨӈ͖޲Dehn twist

Λද͢. ɹ

ఆٛ 2.4. ͷDehnݸMgͷn܈ྨ૾ࣸ twistͷੵ͕ tcn · · · tc2tc1 = 1Λຬͨ͢ͱ͖,

tcn · · · tc2tc1
Λpositive relatorͱݺͿ.

f : X → S2Λఆٛ 2.1ͷLefschetz fibrationͱ͢Δ. b0 ∈ S2 − {b1, . . . , bn}Λج఺ͱ
͠, ಉҰࢹ ϕ : f−1(b0) → Σg (ඍ෼ಉ૬)ΛܾΊ͓ͯ͘. ৚݅ (1)ΑΓS2 − {b1, . . . , bn}
্ͷΣg-ଋͷ෼ྨࣸ૾S2 − {b1, . . . , bn} → BDiff+ΣgΛ͑ߟΔ͜ͱ͕Ͱ͖Δ. ͜ͷ෼ྨ
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ࣸ૾͔Β, ͦΕͧΕͷجຊ܈ͷؒʹ൓४ಉ૾ࣸܕ

Ψf : π1(S
2 − {b1, . . . , bn}) → π1(BDiff+Σg) ∼= π0(Diff+Σg) = Mg

͕༠ಋ͞ΕΔ (ຊߘͰ͸ γ,γ ′ ∈ π1(S2 − {b1, . . . , bn})ͷੵ γγ′͸ γ → γ′ͷॱʹ͠ࢪ,

ψ,ϕ ∈ Mgͷੵψϕ͸ϕ → ψͷॱʹ͢ࢪ. ͕ͨͬͯ͠, Ψf͸൓४ಉ૾ࣸܕͱͳΔ).Ψ f

ΛfͷϞϊυϩϛʔදݱͱݺͿ.

γiΛਤ 1ͷΑ͏ͳ biͷΈΛғ͏ϧʔϓͱ͢Δ. ͢Δͱ, ৚݅ (2)ΑΓ, Ψf (γi)͸Σg

ͷ͋Δ୯७ดۂઢ ciʹԊͬͨӈ͖޲Dehn twist tciͱͳΔ. ಛҟϑΝΠόʔ f−1(bi)͸
f−1(b0)ͷ୯७ดۂઢϕ−1(ci)Λ 1఺ʹ௵͢͜ͱͰಘΒΕΔ. ͜ͷϕ−1(ci)ΛಛҟϑΝΠ
όʔf−1(bi)ͷফ໓αΠΫϧͱݺͿ. ΨfʹΑΔγ1γ2 · · · γn = 1ͷ૾͸ tcn · · · tc2tc1 = 1ͱ
ͳΔ. Αͬͯछ਺gͷLefschetz fibration͔ΒMgͷpositive relator tcn · · · tc2tc1͕ಘΒ
Εͨ. ,ʹٯ Mgͷpositive relator tcn · · · tc2tc1ʹର͠, D2 ×Σgʹnݸͷ2-handleΛ“্
ख͘”઀ண͢Δ͜ͱʹΑΓ, D2্ͷछ਺ gͷLefschetz fibrationΛߏ੒͢Δ͜ͱ͕Ͱ͖
Δ. ͞Βʹ, positive relatorͰ͋Δ͜ͱ͔ΒD2 × ΣgΛ઀߹͢Δ͜ͱ͕Ͱ͖, S2্ͷछ
਺ gͷLefschetz fibration͕ߏ੒͞ΕΔ.

Ҏ্ͷٞ࿦ʹ͓͍ͯ, f−1(b0)ͱΣgͱͷಉҰࢹΛ༩͑Δඍ෼ಉ૬΍ϧʔϓ γ1, . . . , γn
ͷऔΓํΛ͑׵Δͱ, ಘΒΕΔ positive relator͸ positive relator tcn · · · tc2tc1ʹಉ࣌ڞ
໾ (simultaneous conjugation)΍ॳ౳มܗ (elementary transformation)Λ༗ݶճͨ͠ࢪ
΋ͷʹͳ͍ͬͯΔ.

2.2. Lefschetz fibrationͷྫ

͜͜Ͱ͸, తͳLefschetzૅج͔͍ͭ͘ fibrationͱͦΕʹରԠ͢Δpositive relatorΛ঺
հ͢Δ. ͦͷͨΊʹඞཁͳ୯७ดۂઢΛ༻ҙ͓ͯ͜͠͏.

c1, c2, . . . , c2g+1Λਤ 2ͷΑ͏ͳΣg಺ͷ୯७ดۂઢͱ͢Δ. ͜ͷ࣌, ࣍ͷ 8g + ͷݸ4
Dehn twistͷੵhg͸Mgͷpositive relatorͰ͋Δ.

hg : = (tc1tc2 · · · tc2gt2c2g+1
tc2g · · · tc2tc1)2 (= 1)

positive relator hgʹରԠ͢Δछ਺ gͷ Lefschetz fibration X → S2Λ͑ߟΔͱ, X ∼=
CP2♯(4g + 5)CP2Ͱ͋Δ (cf [12]).

c3 c4c1 c2gc2

c2g+1

c2g-1

d2g-1

e2g-1

ਤ 2: ୯७ดۂઢ c1, . . . , c2g+1, d2g−1, e2g−1.

g͕ۮ਺ (resp. ,਺)ͷͱ͖ح B0, B1, . . . , Bg, c (resp. a, b)Λਤ 3 (resp. ਤ 4)ͷΑ͏
ͳΣg಺ͷ୯७ดۂઢͱ͢Δ. g͕ۮ਺ (resp. ,਺)ͷͱ͖ح ࣍ͷ2g+4ݸ (resp. 2g+10

ͷDehn(ݸ twistͷੵΛmckgͱ͓͘ͱ, mckg͸Mgͷpositive relatorͰ͋Δ.

mckg : =

{
(tB0tB1 · · · tBgtc)

2 (= 1) (g (਺ۮ:

(tB0tB1 · · · tBgt
2
at

2
b)

2 (= 1) (g .(਺ح:
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B1 B2 Bg

B0

c

ਤ 3: ୯७ดۂઢB0, . . . , Bg, c (g:ۮ਺)

B1 B2 Bg

B0

a

b

ਤ 4: ୯७ดۂઢB0, . . . , Bg, a, b (g:ح਺)

͜ΕΒͷ positive relator͸, g = 2ͷ৔߹ʹদຊ޾෉ࢯ [18]ʹΑΓߏ੒͞Ε, ,ʹޙ

Cadavid[4], Korkmaz[17]ʹΑΓಠཱʹ g ≥ 3ͷ৔߹ʹ֦ு͞Εͨ. ͦ͜Ͱ, ຊߘͰ͸
positive relator mckgʹରԠ͢Δछ਺gͷLefschetz fibration Λछ਺gͷদຊfibration

ͱݺͿ͜ͱʹ͢Δ. छ਺ gͷদຊ fibrationͷશۭؒ͸ g͕ۮ਺ (resp. ,਺)ͷͱ͖ح

Σg/2 × S2♯4CP2 (resp.Σ (g−1)/2 × S2♯8CP2)ͱඍ෼ಉ૬Ͱ͋Δ.

͜ͷઅͷLefschetz fibrationͷྫ͸ਖ਼ଇͰ͋Δ͜ͱ͕஌ΒΕ͍ͯΔ.

3. ෳૉߏ଄Λڐ༰͠ͳ͍4࣍ݩଟ༷ମͷߏ੒

Lefschetz fibration f : X → S2͕ඇਖ਼ଇͰ͋Δ͜ͱΛࣔ͢ʹ͸,ʮX͕ෳૉߏ଄Λ࣋ͨ
ͳ͍ʯ·ͨ͸ʮࣹӨf͕ਖ਼ଇࣸ૾Ͱͳ͍ʯ͜ͱΛࣔͤ͹Α͍. ͜͜Ͱ͸, શۭؒʹෳૉ
଄Λ࣋ͨͳ͍৔߹ͷඇਖ਼ଇLefschetzߏ fibrationʹؔ͢Δ݁ՌΛ঺հ͢Δ.

3.1. શۭ͕ؒඇ୯࿈݁Ͱෳૉߏ଄Λ࣋ͨͳ͍ඇਖ਼ଇLefschetz fibration

શۭ͕ؒඇ୯࿈݁Ͱ, ෳૉߏ଄Λ࣋ͨͳ͍Lefschetz fibration͸Ozbagci-Stipsicz, Ko-

rkmazʹΑΓߏ੒͞Εͨ. ͦͷࡍ, Lefschetz fibrationͷ “଍͠ࢉ”Ͱ͋ΔʮϑΝΠόʔ
࿨ʯΛ༻͍͍ͯΔ. ͦ͜Ͱ, ·ͣϑΝΠόʔ࿨ͷఆٛΛ঺հ͢Δ.

ఆٛ 3.1. fi : Xi → S2 (i = 1, 2)Λछ਺ gͷLefschetz fibration, Di ⊂ S2Λ fiͷਖ਼ଇ
஋ͷΈΛؚΉԁ൘ͱ͠, xi ∈ ∂DiΛͱΔ. Λอͭඍ෼ಉ૬ϕ͖޲ : f−1

1 (x1) → f−1
2 (x2)

ͱ, Δඍ෼ಉ૬∂D1͢ʹٯΛ͖޲ → ∂D2ͰX1 − f−1
1 (IntD1)ͱX2 − f−1

2 (IntD2) Λ྆
ํͷϑΝΠόʔߏ଄ΛอͭΑ͏ʹషΓ߹ΘͤͯಘΒΕΔछ਺ gͷ Lefschetz fibration

Λf1♯ϕf2 : X1♯ϕX2 → S2ͱॻ͖, f1ͱf2ͷϕͰͶͬͨ͡ϑΝΠόʔ࿨ͱݺͿ.

ఆٛ 4.1ʹ͓͍ͯ, ϕͷऔΓํʹΑΓX1♯ϕX2ͷඍ෼ߏ଄͸มԽ͢Δ. 3અͰ͸ͦͷΑ
͏ͳྫΛ঺հ͢Δ. ·ͨ, f−1

1 (x1) ∼= f−1
2 (x2) ∼= ΣgΑΓϕ͸ࣸ૾ྨ܈MgͷݩͱΈͳ͢

͜ͱ͕Ͱ͖Δ. f1, f2ʹରԠ͢Δpositive relatorΛͦΕͧΕ tcn · · · tc1 , tdm · · · td1ͱ͓͘
ͱ, f1♯ϕf2ʹରԠ͢Δpositive relator͸ tcn · · · tc1tϕ(dm) · · · tϕ(d1)ͱͳΔ.

࣍ͷΑ͏ͳʮ4࣍ݩଟ༷ମ͕ෳૉߏ଄Λ࣋ͨͳ͍͜ͱͷे෼৚݅ʯ͕஌ΒΕ͍ͯΔ.

ఆཧ 3.2 (Ozbagci-Stipsicz, [21]). Lefschetz fibration Xn → S2͕ π1(Xn) = Z ⊕ Zn

Λຬͨ͢ͱ͖, Xn͸ .༰͠ͳ͍ڐ଄Λߏෳૉ(ΛऔΓସ͑ͯ΋͖޲)

Ozbagci-Stipsicz [21], Korkmaz [17]͸ແݸݶͷඇਖ਼ଇLefschetz fibrationΛߏ੒ͨ͠.

ఆཧ 3.3 (Ozbagci-Stipsicz [21] (g = 2), Korkmaz [17] (g ≥ 3)). g ≥ 2ͱ͠, fgΛछ
਺ gͷদຊfibrationͱ͢Δ. ϕ1, . . . ,ϕg−1 ∈ MgΛ্ख͘બͿͱ, π1(Xn) = Z⊕ Znͱ
ͳΔϑΝΠόʔ࿨ fg♯ϕ1 · · · ♯ϕg−1fg : Xn → S2 ΛಘΔ. Αͬͯ, Xn͸ෳૉߏ଄Λ࣋ͨ
ͳ͍ (ఆཧ 3.2).

第６０回トポロジーシンポジウム講演集　2013年8月　於 大阪市立大学

34



g = 2ͷͱ͖, ϕ1 = tnc5 (c5͸ਤ 2ͷ୯७ดۂઢ)Ͱ͋Δ. g ≥ 3ͷͱ͖, ϕ1, . . . ,ϕg−2

͸ͦΕͧΕ͋Δ୯७ดۂઢʹԊͬͨDehn twist, ϕg−1͸͋Δ୯७ดۂઢʹԊͬͨDehn

twistͷn৐Ͱ͋Δ.

3.2. શۭ͕ؒ୯࿈݁Ͱෳૉߏ଄Λ࣋ͨͳ͍ඇਖ਼ଇLefschetz fibration

Fintushel-Stern[9]͸, શۭ͕ؒ୯࿈݁Ͱෳૉߏ଄Λ࣋ͨͳ͍Lefschetz fibrationΛߏ੒
ͨ͠. ͦͷඇਖ਼ଇੑ͸, ࣍ͷ ༺໰୊ʹ༝དྷ͢Δෆ౳ࣜΛֶࢽԿֶͷ஍زෳૉ୅਺ݩ2࣍
͍ͯࣔ͞Εͨ. ҎԼ, e, σΛͦΕͧΕ֓ෳૉߏ଄Λ࣋ͭ༗޲ด ଟ༷ମXͷΦΠݩ4࣍
ϥʔඪ਺, ූ߸਺ͱ͠, χh := (σ + e)/4 (∈ Z), K2 := 3σ + 2e (∈ Z)ͱ͓͘.

ఆཧ 3.4 (cf. [10]). ୯࿈݁Ͱۃখͳෳૉۂ໘Sͷෆมྔͷ૊ (χh, K2)͸ (1), (2)ͷͲ
ͪΒ͔Λຬͨ͢.

(1) 2χh − 6 ≤ K2 ≤ 9χh (χh, K
2 > 0), (2) (χh, K

2) = (n, 0) (n ∈ Z≥0).

ಛʹ, ೚ҙͷҰൠܕෳૉۂ໘͸ (1)Λຬͨ͢. (1)ͷલ൒, ൒ͷෆ౳ࣜΛͦΕͧΕޙ
Noetherෆ౳ࣜ, Bogomolov-ٶԬ-Yauෆ౳ࣜͱݺͿ.

େࡶ೺ʹ͍͏ͱ, ΄ͱΜͲͷෳૉۂ໘͸Ұൠܕෳૉۂ໘Ͱ͋Γ, ະͩಾͷଟ͍ڀݚର
৅Ͱ͋Δ. Ұൠܕෳૉۂ໘ͷෆมྔͷ૊ (χf , K2)ͷଘྖࡏҬΛௐ΂Δ͜ͱΛҰൠܕෳ
ૉۂ໘ͷ஍ֶࢽ໰୊ͱݺͿ.

Fintushel-Stern͸࣍ͷΑ͏ͳඇਖ਼ଇLefschetz fibrationΛߏ੒ͨ͠.

ఆཧ 3.5 (Fintushel-Stern [9]). g ≥ 3ʹର͠, छ਺gͷLefschetz fibration X → S2Ͱ,

X͸୯࿈݁ۃখ γϯϓϨΫςΟοΫଟ༷ମͰNoetherෆ౳ࣜݩ4࣍ (ͱఆཧ 3.4(2))Λ
ຬͨ͞ͳ͍΋ͷ͕ଘ͢ࡏΔ. Αͬͯ, X͸ෳૉߏ଄Λ࣋ͨͳ͍ (ఆཧ 3.4).

஫ҙ 3.6. ఆཧ 3.5ͷLefschetz fibration͸͋Δ 2ͭͷਖ਼ଇͳLefschetz fibrationΛϑΝ
Πόʔ࿨෼ղ͞ΕΔ. ͔͠͠, ͦΕΒʹରԠ͢Δpositive relator͸஌ΒΕ͍ͯͳ͍.

4. Lefschetz fibrationͷ஍ֶࢽ໰୊

චऀͷ஌ΔݶΓ, ࣹӨ͕ඇਖ਼ଇͷ৔߹ͷ݁Ռ͸஌ΒΕ͍ͯͳ͍. ͔͠͠,ʮਖ਼ଇfibration

ͷ஍ֶࢽ໰୊ʹ༝དྷ͢Δෆมྔʯ͔Β, શۭ͕ؒෳૉߏ଄Λ࣋ͨͳ͍͜ͱ΍ࣹӨ͕ඇਖ਼
ଇͰ͋Δ͜ͱ͕Θ͔Βͳ͘ͱ΋Lefschetz fibration͕ඇਖ਼ଇͰ͋Δ͜ͱΛࣔ͢͜ͱ͕Ͱ
͖Δ. ͜ͷઅͰ͸ͦͷΑ͏ͳྫΛ঺հ͢Δ. ͜͜Ͱ͸ g ≥ 2ͱԾఆ͢Δ.

4.1. Ϟϊυϩϛʔͷஔ͖͑׵

ʮਖ਼ଇfibrationͷ஍ֶࢽ໰୊ʹ༝དྷ͢Δෆมྔ͔ΒΘ͔Δඇਖ਼ଇLefschetz fibrationͷ
ྫʯͷଟ͘͸, “Ϟϊυϩϛʔͷஔ͖͑׵”ͱ͍͏, Smith[23]໊͕͚ͮͨૢ࡞ʹΑΓಘΒ
Ε͍ͯΔ. খྛཽഅࢯ (౦ژཧՊେֶ), ඿ా๏ࢯߦ (۝भେֶ)ͱචऀͷۙ࠷ͷڀݚ [14]

Ͱ͸, Ϟϊυϩϛʔͷஔ͖͑׵ͷҰൠԽʹ໊લΛ෇͚ͨ. ͦͷఆٛΛड़΂Δ.

ఆٛ 4.1. Mg܈ྨ૾ࣸ ʹ͓͍ͯ ta1 · · · tan = tb1 · · · tbm Ͱ͋Δͱ͢Δ. ͜ͷͱ͖,

ϕ(ai) = aiΛຬͨ͢ϕ ∈ Mgʹର͠, Β͔ࣜ܎ͷؔ܈ྨ૾ࣸ ta1 · · · tan = tϕ(b1) · · · tϕ(bm)

͕੒Γཱͭ. U , V ΛͦΕͧΕ͍͔ͭ͘ͷӈ͖޲ͷDehn twistͷੵͱ͠,

V ta1 · · · tanU = 1
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͕੒Γཱͭ (ͭ·Γ, positive relatorͰ͋Δ)ͱ͢Δͱ, Β͔ࣜ܎ͷؔه্

V tϕ(b1) · · · tϕ(bm)U = 1

ͱͳΓ, V tϕ(b1) · · · tϕ(bm)U΋·ͨpositive relatorͱͳΔ. ͜ͷૢ࡞Λؔࣜ܎ta1 · · · tan =

tb1 · · · tbmʹΑΔϕͰͶͬͨ͡ஔ͖͑׵ͱݺͿ.

Fuller͸Ϟϊυϩϛʔͷஔ͖͑׵ʹΑΓ࣍ͷΑ͏ͳछ਺ 3ͷLefschetz fibrationͷྫ
Λߏ੒ͨ͠. g = 3ͱ͠, c1 . . . , c7, d5, e5Λਤ 2ͷ୯७ดۂઢͱ͢Δͱ, (tc1 · · · tc6)14 = 1

͕੒Γཱͭ. ͜ͷؔࣜ܎ʹ chainؔࣜ܎ (tc1tc2tc3)
4 = td5te5ʹΑΔ (idͰͶͬͨ͡)ஔ͖

,ͱͰ͜͏ߦʹΛ࣍ͷΑ͏͑׵ ৽͍ؔࣜ͠܎ΛಘΔ.

(1 =) (tc1 · · · tc6)14 = (tc1tc2tc3)
4tc4tc3tc2tc1tc5tc4tc3tc2tc6tc5tc4tc3(tc1 · · · tc6)10

= td5te5tc4tc3tc2tc1tc5tc4tc3tc2tc6tc5tc4tc3(tc1 · · · tc6)10 in M3.

ॳͷ࠷ “=”͸, ࣜ܎ؔ tcitci+1tci = tci+1tcitci+1 , tcitcj = tcj tci (|i − j| > 1)Λ༻͍ͯมܗ
͢Δ. ԕ౻ࢯݦٱ-Ӭݟ੣ೋࢯ [8]͸, Fullerͷߏ੒๏ͷҰൠԽ, ͋Δ͍͸ҟͳΔϞϊυϩ
ϛʔͷஔ͖͑׵ʹΑΓ༷ʑͳྫΛߏ੒͍ͯ͠Δ.

4.2. ਖ਼ଇfibrationͷ஍ֶࢽ໰୊

ਖ਼ଇfibrationͷ஍ֶࢽ໰୊Λ঺հ͠Α͏. SΛෳૉۂ໘, CkΛछ਺kͷෳૉۂઢ (Ck
∼=

Σk)ͱ͢Δ. ਖ਼ଇࣸ૾ f : S → Ck͕छ਺ gͷਖ਼ଇ fibrationͰ͋Δͱ͸, ༗ݸݶͷಛҟ
ϑΝΠόʔΛআ͍ͯछ਺ gͷෳૉۂઢଋͰ૬ରۃখͱͳΔͱ͖Λ͏ݴ. छ਺ gͷਖ਼ଇ
fibration f : S → Ckʹର͠, ૬ରతͳ2ͭͷෆมྔχf , K2

fΛఆٛ͢Δ:

χf = χh − (g − 1)(k − 1), K2
f = K2 − 8(g − 1)(k − 1).

ෆมྔͷϖΞ (χf , K2
f )ͷଘྖࡏҬΛௐ΂Δ͜ͱΛਖ਼ଇfibrationͷ஍ֶࢽ໰୊ͱݺͿ.

ʮχf = 0ͷඞཁे෼৚݅͸ f ͷಛҟϑΝΠόʔ͕ 0ຊʯͰ͋Δ͜ͱ͕஌ΒΕ͍ͯΔ.

χf ̸= 0ͷͱ͖, ঎

λf := K2
f/χf

ΛfͷεϩʔϓͱݺͿ. ਖ਼ଇfibrationͷ஍ֶࢽʹ͍ͭͯ࣍ͷ͜ͱ͕஌ΒΕ͍ͯΔ.

ఆཧ 4.2. छ਺ gͷਖ਼ଇfibration f : S → Ckʹର͠, (χf , K2
f )͸࣍Λຬͨ͢.

(1) χf ≥ 0 (Beauville [3]), (2) K2
f ≥ 0 (Arakelov [2]),

(3) (4− 4/g)χf ≤ K2
f ≤ 12χf (Xiao [29]).

(3)ͷࠨลΛ (4− 4/g) ≤ λfͱॻ͖͑׵, εϩʔϓෆ౳ࣜͱݺͿ.

4.3. Lefschetz fibrationͷεϩʔϓ

छ਺gͷLefschetz fibration f : X → S2ʹରͯ͠΋, ಉ༷ʹ૬ରతͳෆมྔχf , K2
f , λf

͕ఆٛ͞ΕΔ:

χf = χh + (g − 1), K2
f = K2 + 8(g − 1), λf = K2

f/χf .

छ਺3, 4, 5ͷ“ඇ௒ପԁత”Lefschetz fibration͸,ͦΕΒͷεϩʔϓ͕ࠓ໺Ұࢯ޺ [15],

[16], Chen[5]ͷ݁ՌΛຬͨ͞ͳ͚Ε͹, ඇਖ਼ଇͰ͋Δ͜ͱ͕Θ͔Δ. Smith[23]͸, ͜ͷ
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ํ๏ͱಉ஋ͳํ๏Ͱ4.1અͷྫͷඇਖ਼ଇੑΛࣔͨ͠. ԕ౻ࢯݦٱ-Ӭݟ੣ೋࢯ [8]͸, ه্
ͷํ๏Ͱ 4.1અͰड़΂ͨ൴Βͷछ਺ 3, 4, 5ͷྫͷඇਖ਼ଇੑΛ͍ࣔͯ͠Δ. ኍ੉ਐࢯ [11]

΋ࣗ਎͕ߏ੒ͨ͠छ਺3, 4ͷྫͷඇਖ਼ଇੑΛಉ༷ͷํ๏Ͱࣔͨ͠. ɹ

Lefschetz fibrationͷ஍ֶࢽ໰୊ʹ͍ͭͯ࣍ͷ͜ͱ͕஌ΒΕ͍ͯΔ.

໋୊ 4.3. छ਺ gͷLefschetz fibration f : X → S2ʹର͠, (χf , K2
f )͸࣍Λຬͨ͢.

(1) χf ≥ 0 (Smith [23]), (2) K2
f ≥ 4g − 4 (Stipsicz [26]),

(3) K2
f ≤ 10χf (Ozbagci [20]).

͢΂ͯͷछ਺2ͷLefschetz fibration,छ਺gͷ௒ପԁతLefschetz fibration͸εϩʔϓ
ෆ౳ࣜΛຬͨ͢͜ͱ͕஌ΒΕ͍ͯΔ. ͜ΕΒͷ࣮ࣄͱఆཧ 4.3͔Β, Lefschetz fibration

ͷ஍ֶࢽ͸ఆཧ 4.2ͷਖ਼ଇ fibrationͷ஍ֶࢽʹؚ·Ε͍ͯΔͷͰ͸ͳ͍͔ͱ༧૝Ͱ͖
Δ. ,ࡍ࣮ ࣍ͷΑ͏ͳ͜ͱ͕༧૝͞Ε͍ͯͨ.

༧૝ 4.4 (Hain cf.[1] Question 5.10, [8] Conjecture 4.12). g ≥ 3ʹର͠, ೚ҙͷछ਺g

ͷLefschetz fibration͸εϩʔϓෆ౳ࣜ4− 4/g ≤ λfΛຬͨ͢.

༧૝,ۙ࠷,͔͠͠ 4.4ͷ൓ྫ͕ߏ੒͞Εͨ([19]). ఆཧ 4.2͔Βਖ਼ଇLefschetz fibration

͸εϩʔϓෆ౳ࣜΛຬͨ͢ͷͰ, ͜ΕΒ͸ඇਖ਼ଇLefschetz fibrationͰ͋Δ.

ఆཧ 4.5 (M. [19]). g ≥ 3ʹର͠, 4− 4/g >λ fͱͳΔछ਺ gͷLefschetz fibration͕
ແݸݶଘ͢ࡏΔ. Αͬͯ, ͜ΕΒ͸ඇਖ਼ଇͰ͋Δ.

ূ໌ͷུ֓. 2.2અͷhgʹରԠ͢ΔLefschetz fibrationΛ 3ͭ “্ख͘”೧ͬͯ͡ϑΝΠ
όʔ࿨͠, ಘΒΕΔ positive relatorΛॳ౳มͨ͠ܗ΋ͷ͸ʮLantern relationʯʹΑΔ
ஔ͖͕͑׵Ͱ͖Δ. ͦͷରԠ͢ΔLefschetz fibrationͷεϩʔϓΛௐ΂Ε͹Α͍.

5. (−1)-੾அΛ࣋ͭඇਖ਼ଇLefschetz fibration

ఆٛ 5.1. Lefschetz fibration f : X → S2ʹର͠, s : S2 → X ͕ f ◦ s = idS2 Λ
ຬͨ͢ͱ͖, sΛ f ͷ੾அͱ͍͏. [s(S2)]2 = k ([s(S2)] ∈ H2(X))Λຬͨ͢, ͭ·Γ,

s(S2) ∼= S2ͷࣗࠩަݾ਺͕kͷͱ͖, sΛk-੾அͱݺͿ.

(−1)-੾அΛ࣋ͭS2্ͷLefschetz fibration͸ “Lefschetz pencil”ͱ௚઀ؔΘΔ্ʹ,

ϑΝΠόʔ࿨ʹ͓͚ΔLefschetz fibrationͷߏ੒ཁૉͱΈͳ͢͜ͱ͕Ͱ͖Δ. ͜ͷઅͰ
͸, (−1)-੾அΛ࣋ͭඇਖ਼ଇͳLefschetz fibrationʹؔ͢Δ݁ՌΛ঺հ͢Δ.

5.1. (−1)-੾அΛ࣋ͭLefschetz fibration

·ͣ͸͡Ίʹ, (−1)-੾அΛ࣋ͭLefschetz fibration, Lefschetz pencilͱ4࣍ݩγϯϓϨΫ
ςΟοΫଟ༷ମͷؔ܎Λ঺հ͍ͨ͠. XΛC∞ڃ༗޲ด4࣍ݩଟ༷ମɼB = {x1, . . . , xm}
ΛۭͰͳ͍༗ݸݶͷXͷ఺ू߹, ΣgΛछ਺ gͷC∞ڃ༗޲ดۂ໘ͱ͢Δ. ɹ

ఆٛ 5.2. X͕छ਺gͷLefschetz pencilͷߏ଄Λ࣋ͭͱ͸, C∞૾ࣸڃf : X−B →
S2͕࣍ͷ৚݅ (1), (2), (3)Λຬͨ͢ͱ͖Λ͍͏.

(1) ֤xi ∈ Bͷۙ๣ʹ͓͍ͯ, f͸ࣹӨԽC2 − {0} → CP1ʹಉܕͰ͋Δ,

(2) f͸༗ݸݶͷྟք஋ b1, . . . , bn ∈ S2Λ࣋ͪ, f−1(b) ∪ B (b ∈ S2 − {b1, . . . , bn})͸
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Xͷ෦෼ଟ༷ମͰ͋Γ, f−1(b) ∪ B ∼= ΣgͱͳΔ. BΛbase locusͱ͍͏.

(3) ֤f−1(bi)͸།1ͭͷྟք఺pi ∈ XΛ࣋ͭ. ֤piͷपΓͰ͸, pi, biΛத৺ͱ͢Δہ
ॴෳૉ࠲ඪ (z1, z2), w͕ଘ͠ࡏ, f͸w = f(z1, z2) = z21 + z22ͱදࣔ͞ΕΔ. ͞Β
.ͱཱ͍྆ͯ͠Δ͖޲͸X,S2ͷ͖޲ඪ͕ఆΊΔ࠲ॴෳૉہʹ

࣍ͷGompf[10]ͱDonaldson[7]ͷ݁ՌΑΓ, -γϯϓϨΫςΟοΫଟ༷ମͱLefݩ4࣍

schetz pencilͷີ઀ͳ͕ؔ܎൑໌ͨ͠.

ఆཧ 5.3 (cf. [10]). C∞ڃ༗޲ด ଄Λ࣋ͭ͜ߏଟ༷ମX͕γϯϓϨΫςΟοΫݩ4࣍
ͱͱLefschetz pencilͷߏ଄Λ࣋ͭ͜ͱ͸ඞཁे෼৚݅Ͱ͋Δ.

Lefschetz pencilͷఆ͔ٛΒҎԼͷ͜ͱ͕Θ͔Δ (ఆٛ 5.2ͷه߸ʹै͏).

࣮ࣄ 5.4. X ͕छ਺ g ͷ Lefschetz pencil ͷߏ଄Λ࣋ͭͱ͖, X ͷ |B| ճ blow up

X♯|B|CP2 ͸গͳ͘ͱ΋ |B|ݸͷ۠ผ͞ΕΔ (−1)-੾அΛ࣋ͭछ਺ gͷ Lefschetz fi-

brationͷߏ଄Λ࣋ͭ. ,ʹٯ (−1)-੾அΛ࣋ͭछ਺gͷLefschetz fibration X ′ → S2ʹ
ର͠, X ′ͷԿճ͔ͷblow down X͸छ਺ gͷLefschetz pencilͷߏ଄Λ࣋ͭ.

ఆཧ 5.3ͱ“Σh”্ͷLefschetz fibrationͷ࿩ΛՃ͑Δͱఆཧ 1.1ΛಘΔ.

ઌʹ΋ड़΂ͨΑ͏ʹ, (−1)-੾அΛ࣋ͭLefschetz fibration͸ϑΝΠόʔ࿨ʹ͓͚Δߏ
੒ཁૉ (͋Δ͍͸࠷খ୯Ґͷ΋ͷ)Ͱ͋Δ. ͜ͷ࣮ࣄ͸, ࣍ͷఆཧ͔Βै͏.

ఆཧ 5.5 (Stipsicz [27], Smith [24]). S2্ͷLefschetz fibration͕ (−1)-੾அΛ࣋ͭͳ
Β͹ϑΝΠόʔ࿨ͱͯ͠෼ղෆՄೳͰ͋Δ.

5.2. (−1)-੾அΛ࣋ͭඇਖ਼ଇLefschetz fibrationͷߏ੒

3અͰ঺հͨ͠Α͏ʹ, ਖ਼ଇLefschetz fibrationୡͷ೧ͬͨ͡ϑΝΠόʔ࿨ʹΑΓඇਖ਼
ଇLefschetz fibration͕ಘΒΕΔ. ͜ͷ͔࣮ࣄΒ࣍ͷࣗવͳ໰୊͕ੜ͡Δ.

໰୊ 5.6. ೚ҙͷLefschetz fibration͸ਖ਼ଇͳLefschetz fibrationୡΛ೧ͬͯ͡ϑΝΠ
όʔ࿨͢Δ͜ͱͰಘΒΕΔ͔?

໰୊ 5.6ͷ൱ఆతͳղ౴ͱͯ͠, Smith[22]͸ϑΝΠόʔ࿨෼ղෆՄೳͰશۭؒʹෳૉ
଄Λ࣋ͨͳ͍छ਺3ͷLefschetzߏ fibrationͷྫΛߏ੒ͨ͠. Smith, Stipsicz͸ఆཧ 5.5

ͷܥͱͯ͠, ࣍ͷΑ͏ͳఆཧ 5.6ͷΑΓ͍ڧ൱ఆతղ౴Λ༩͑ͨ.ɹ

ܥ 5.7 (Stipsicz [27], Smith [24]). ඇਖ਼ଇLefschetz fibrationͰ (−1)-੾அΛ࣋ͭ΋ͷ
͕ແݸݶଘ͢ࡏΔ. ఆཧ 5.5ΑΓ, ͜ΕΒ͸ϑΝΠόʔ࿨෼ղෆՄೳͰ͋Δ.

ܥ 5.7ͷূ໌ʹ͸࣮ࣄ 5.4ͱఆཧ 1.1Λ༻͍͓ͯΓ,۩ମతͳpositive relator͸༩͑Β
Ε͍ͯͳ͍. ·ͨ, ,਺−1ͷ੾அΛ࣋ͪࠩަݾࣗ શۭؒʹෳૉߏ଄Λ࣋ͨͳ͍Lefschetz

fibrationʹରԠ͢Δpositive relatorͷ۩ମྫ͸,චऀͷ஌ΔݶΓ͍͔ͯͬͭݟͳ͍. [14]

Ͱ͸ఆཧ 1.1Λ༻͍ͳ͍ఆཧ 5.5ͷߏ੒తͳผূ໌Λ༩͑ͨ.

ఆཧ 5.8 (Kobayashi-Hamada-M, [14]). g ≥ 4ʹର͠, (−1)-੾அΛ࣋ͪ, શۭؒʹෳ
ૉߏ଄Λ࣋ͨͳ͍छ਺ gͷLefschetz fibrationʹରԠ͢Δແݸݶ positive relatorΛ༩
͑ͨ. Αͬͯ, ͜ΕΒ͸ఆཧ 5.5ΑΓϑΝΠόʔ࿨෼ղෆՄೳͰ͋Δ.

(−1)-੾அΛ࣋ͪ, π1(X) = 1ͱͳΔඇਖ਼ଇ Lefschetz fibration X → S2ʹରԠ͢Δ
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positive relatorͰ, ͜Ε·Ͱʹ஌ΒΕ͍ͯΔͷ͸ 4.1અ, 4અͰड़΂ͨFullerͷྫ, ԕ౻
.ͷ਺ྫͷΈͰ͋Δࢯ੣ೋݟӬ-ࢯݦٱ ͦΕΒͷϑΝΠόʔͷछ਺͸ 3, 4, 5Ͱ͕͋ͬͨ,

චऀΒ͸6Ҏ্ʹରͯ͠΋ߏ੒͢Δ͜ͱ͕Ͱ͖ͨ.

ఆཧ 5.9 (Kobayashi-Hamada-M, [14]). g ≥ 3ʹର͠, (−1)-੾அΛ࣋ͪ,શۭ͕ؒ୯࿈
݁ͳछ਺gͷඇਖ਼ଇLefschetz fibrationʹରԠ͢Δpositive relatorΛ༩͑ͨ. ఆཧ 5.5

ΑΓ, ͜ΕΒ͸ϑΝΠόʔ࿨෼ղෆՄೳͰ͋Δ.

஫ҙ 5.10. ͔͠͠ͳ͕Β, Smith, ԕ౻ࢯݦٱ-Ӭݟ੣ೋࢯ, ఆཧ 5.9ͷྫ͸, શۭؒʹෳ
ૉߏ଄Λ࣋ͨͳ͍͔Ͳ͏͔Θ͔͍ͬͯͳ͍.

஫ҙ 5.11. ఆཧ 5.8, 5.9ͱ࣮ࣄ 5.4͔Β, g ≥ 4ʹର͠ແݸݶͷඇਖ਼ଇLefschetz pencil

ͷଘ͕ࡏΘ͔Γ, g ≥ 3Ͱ͸୯࿈݁ඇਖ਼ଇLefschetz pencilͷଘ͕ࡏΘ͔Δ.

ఆཧ 5.8, 5.9ͷূ໌ͷུ֓. ఆཧ 5.8(resp. ఆཧ 5.9)Ͱ͸, g ≥ 4(resp. g ≥ 3)Ҏ্ͷ
छ਺ gͷদຊfibration(resp. 2.2અͷhgʹରԠ͢ΔLefschetz fibration)ʹ, ͋Δؔࣜ܎
ʹΑΔͶͬͨ͡ஔ͖͑׵Λ͜͏ߦͱͰશۭ͕ؒZ⊕ZnͱͳΔ (resp. εϩʔϓෆ౳ࣜΛ
ຬͨ͞ͳ͍)΋ͷΛಘΔ. ఆཧ 3.2(resp. ఆཧ 4.2)͔Β, ඇਖ਼ଇ͕ै͏. (−1)-੾அͷଘ
.Δ͜ͱͰΘ͔Δ͑ߟΛࣜ܎ͷؔ܈໘ͷࣸ૾ྨۂք෇͖ڥ͸ࡏ

ຊߘͰ͸ओʹඇਖ਼ଇ Lefschetz fibrationͷߏ੒ʹ͍ͭͯड़΂ͨ. ͜Εʹର͠ʮඇਖ਼
ଇ Lefschetz fibrationʹରԠ͢Δ positive relator͸ͲͷΑ͏ͳੑ࣭Λ͔࣋ͭʁʯͱ͍
͏໰͍ͷ໌֬ͳ౴͑͸ (චऀͷ஌ΔݶΓ)Θ͔͍ͬͯͳ͍. ·ͨ, ʮͲͷΑ͏ͳpositive

relatorʹରԠ͢ΔLefschetz fibration͕ਖ਼ଇͰ͋Δ͔ʁʯͱ໰͍ͷ౴͑΋গͳ͍. ྫ͑
͹, Siebert-Tian[28]͸, M2ͷpotisive relatior tc1 · · · tcn͕ʮc1, . . . , cn͸શͯඇ෼཭త
Ͱ, tc1 , . . . , tcn͕M2Λੜ੒͢ΔʯͳΒ͹, ରԠ͢Δछ਺2ͷLefschetz fibration͸ਖ਼ଇ
Ͱ͋Δ͜ͱΛࣔͨ͠. ͔͠͠, g ≥ 3Ͱಉ༷ͷ݁Ռ͕੒Γཱ͔ͭͲ͏͔Θ͔͍ͬͯͳ͍.

ෳૉ୅਺زԿͱτϙϩδʔͷࠩ΍ྨੑࣅΛࣸ૾ྨ܈ͷݴ༿Ͱද͢Α͏ͳ೉͠͞ɾ໘ന
͞͸͜ͷΑ͏ͳͱ͜Ζʹ΋ݱΕ͍ͯΔΑ͏ͳ͕͢ؾΔ.

ँࣙ. τϙϩδʔγϯϙδ΢Ϝʹ͓ট͖Լͬͨ͞, ओऀ࠵ͷօ༷ʹ৺ΑΓँײΛਃ্͛͠·͢.
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