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S 2012����������:95,000 km

S 2012���������: 7 - 34 m (Polishook 2013)

S 2012���������: 12.24 
(Polishook 2013)

S 2017��	���������50,000 km(10�12�)



リュウグウの最新画像

5

ONC-Tによって撮影されたリュウグウ。2018年6月26日、12:50（日本時間）頃の撮影。
クレジット ：JAXA, 東京大, 高知大, 立教大, 名古屋大, 千葉工大, 明治大, 会津大, 産総研

（距離約22km）
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8 Urakawa et al.

where D is the mean diameter of tumblers in kilometer units and C is a constant of about 17 (uncertain by about a
factor of 2.5). The units of Pψ and τ are hours and billion (109) of years, respectively. Since the dumping timescale
of around 7.7× 106 yr ·ͨɺtaxonomic class͸ X-typeͰ͋Δɻ
fast rotator ͱ fast rotator͔ͭ tumblingͷҧ͍͸Ͳ͔͜Βʁ13:9͸Կ

5. SUMMARY

Figure 1. Power spectrum for the sidereal rotation period of TC4 by assuming the double-peak lightcurve. The calculation is
carried out on data obtained on October 10 in Kiso Observatory.

����

Lomb-Scargle periodgram 
(Lomb 1972, Scargle 1982) 

Pψ = 8.47 �, Pφ= 12.25 �

Pψ:Pφ ~ 9:13

���� Pc:

4 Urakawa et al.

2.2. Data Reduction for lightcurve

શͯͷσʔλʹରͯ͠όΠΞεҾ͖ͱϑϥοτϑΟʔϧυิਖ਼ͷҰ࣌ॲཧΛͨͬߦɻ·ͨɺ؍ଌ࣌ࠁ͸ TC4͔Β؍ଌ
ॴ·Ͱͷ light travel࣌ࠁΛิਖ਼͍ͯ͠Δɻզʑ͸ɺେؾঢ়ଶʹΑΔޫ౓มಈΛิਖ਼͢ΔͨΊʹɺ࣍ͷΑ͏ʹ TC4ͱಉ
ɻͨͬߦΕΔൺֱ੕Λ༻͍ͨ૬ରଌޫΛ͞૾ࡱʹ࣌

F i
c(t) = F i

0(t)− F i
r(t). (1)

͜͜Ͱ F i
c(t)͸ i-thͷ؍ଌ৚݅ ౓มಈͰ͋ΓɺFޫྻܥͰͷɺTC4ͷ࣌(ଌ೔ɺ֤ϑΟϧλʔ؍ଌॴɺ֤؍֤) i

0(t)͸ɺ
TC4ͷ raw magnitudeͰ͋ΓɺF i

r(t)͸ൺֱ੕ͷฏۉ౳ڃͰ͋Δɻ໦ી؍ଌॴɺBSGCͰ͸ൺֱ੕ͱͯͦ͠ΕͧΕɺ20-60
ଌ೔ɺ֤؍ଌॴɺ֤؍֤ʹ੕Λ༻͍͍ͯΔɻ࣍߃ఱจ୆Ͱ͸Ұͭͷཱࢢఱจ୆ͱѨೆཱࢢد੕Λ༻͍ͨɻ໊߃ͷݸͱ̏ݸ
ϑΟϧλʔʹରͯ͠ಘΒΕͨ૬ର౳ڃͷฏۉ F i

c ΛٻΊΔɻ͜͜Ͱɺ૬ର౳ڃͷฏۉ F i
c ͸ɺTC4ͷಛఆͷ໌Δ͍࣌΍҉

͍࣌ʹूதͨ͠σʔλ͔Βࢉग़͞Ε͍ͯͳ͍ͱԾఆ͍ͯ͠Δɻ࣍ʹɺಘΒΕͨ F i
c ͷ͏ͪ 10೔ʹಘΒΕͨ໦ી؍ଌॴͰ

ͷ݁Ռ F kiso10
c Λج४ʹ֤؍ଌͷΦϑηοτ∆F iΛٻΊΔ (e.q 2)ɻͦͷޙɺ∆F iΛ F i

c(t)ʹՃ͑ɺTC4ͷϥΠτΧʔϒ
F i(t)Λಘͨ (e.q 3)ɻ

∆F i = F i
c − F kiso10

r , (2)

F i(t) = F i
c(t) +∆F i (3)

2.3. Data Reduction for multiband photometry

Մࢹͷଟ৭ଌޫ͸ BSGCͰͨͬߦɻଌޫඪ४੕ͱͯ͠ TC4ͱಉ͡ࢹ໺ʹ͞૾ࡱΕͨ 14 mag < g′ < 16 magͷ SDSS
ͷ 17੕Λ࠾༻ͨ͠ɻ͜ͷ 17੕Λ༻͍ͯɺBSGCͷثػ౳ڃΛ SDSS౳ڃ΁ͱม͢׵Δ܎਺ (conversion factors)Λੵݟ
΋ͬͨɻͨͩ͠ɺେؾঢ়͕҆گఆͤͣ airmassิਖ਼Λͨ͠େثػ֎ݍؾ౳ڃΛٻΊΔ͜ͱ͸Ͱ͖ͳ͔ͬͨɻͦͷͨΊɺྫ
͑͹ඪ४੕ͷ rόϯυΛࠁ࣌ͨ͠૾ࡱ (airmass)ʹ͓͚Δඪ४੕ͷ gόϯυ౳ڃΛਪఆ͠ɺgόϯυɺrόϯυ͕ͱ΋ʹಉ
ఆ౓ͷ airmassͷӨڹΛड͚͍ͯΔͱ͍͏ԾఆͷݩͰɺconversion factorΛٻΊͨɻrόϯυΛࠁ࣌ͨ͠૾ࡱʹ͓͚Δ g
όϯυͷඪ४੕ͷ໌Δ͞͸ɺrόϯυΛͨ͠૾ࡱલޙͷ࣌ࠁͰͨ͠૾ࡱ gόϯυͷثػ౳ڃΛ಺ૠ͢Δ͜ͱͰੵݟ΋ΓΛ
ɻଞͷόϯυ΋ಉ༷ͳख๏Ͱͨͬߦ conversion factorΛٻΊͨɻTC4ͷ໌Δ͞͸ճసʹΑͬͯɺϑΟϧλʔަ׵ͷؒʹ
ආ͚Δ͜ͱ͕Ͱ͖ͳ͍มԽ͕͜ىΔɻզʑ͸ඪ४࣌ؒͱͯ͠ɺ࠷ॳͷ g′όϯυͰࠁ࣌ͨ͠૾ࡱ (JD = 2458036.9707319)
Λఆٛ͠ɺͦͷޙɺޙड़͢ΔϥΠτΧʔϒͷϑΟοςΟϯάΧʔϒΛ༻͍ͯɺඪ४࣌ؒʹର͢Δޫ౓มಈྔΛิਖ਼ͨ͠ɻ
ۙ੺֎Ͱͷଟ৭ଌޫ͸੢͸Γ·ఱจ୆ͰͨͬߦɻಘΒΕͨ TC4ͷ̓ϑϨʔϜͷը૾Λதԝ஋ͰॏͶ߹Θͤͯଌޫਫ਼౓
ΛߴΊͨɻଌޫඪ४੕͸ 7 ϑϨʔϜͷ͏ͪͷ 2 ຕʹ͍ࣸͬͯͨ 2MASS ͷ੕ (Source designation: 22552054-0349375,
J = 13.586, H = 13.003,Ks = 12.926 )Λ༻͍ͨɻ

3. RESULTS

3.1. Lightcurve

μϒϧϐʔΫͷϥΠτΧʔϒΛԾఆ͠ɺ10೔ͷ໦ીͷσʔλΛ༻͍ͯ Lomb-Scargle periodgramͰपظղੳΛͨͬߦ
(Lomb 1976; Scargle 1982)ɻ10೔ͷ໦ીͷσʔλͷΈΛͨͬ࢖ཧ༝͸ɺෳ਺೔ʹ౉ͬͯ Sun-TC4-observerͷҐஔ͕ؔ܎
มԽ͢Δͱɺਖ਼֬ͳࣗసपظΛٻΊΔ͜ͱ͕Ͱ͖ͳ͍ͨΊͱɺۉҰͳਫ਼౓ྑ͍σʔλΛ༻͍ΔͨΊͰ͋Δɻ10೔ͷ؍ଌظ
ؒʹ͓͚ΔҐ૬֯ͷมԽ͸Θ͔ͣͰ͋ΓपظղੳΛࡍ͏ߦʹແࢹͰ͖Δఔ౓Ͱ͋ΔɻPeriodgramͷ power spectrum͸
12.25෼ͷୈҰϐʔΫͱ 8.47෼ʹୈ̎ϐʔΫ͕ݱΕͨ (ਤ 1)ɻैͬͯɺTC4͸ߴ଎ࣗసΛ͢ΔλϯϒϦϯάখ࿭੕Ͱ͋
Δɻ͜͜Ͱ Pψ=12.25෼, Pφ=8.47෼ͱ͓͘ͱɺͦͷपظͷൺ͸͓͓Αͦ 13:9Ͱ͋Δɻ࣍ʹɺզʑ͸ϑΟοςΟϯάΧʔ
ϒΛඳͨ͘ΊʹɺҎԼͷ Complex PeriodΛఆٛͨ͠ɻ

Pc =
9Pψ + 13Pφ

2
(4)

TC4ͷ Pc͸ 110.178෼Ͱ͋ΓɺPcຖʹಉ͡໘Λ؍ଌऀʹ͚޲Δɻ֤؍ଌ೔ຖʹ PcͰંΓͨͨΜͩϥΠτΧʔϒΛ࡞੒
͠ɺϥΠτΧʔϒதʹݱΕΔಛ௃తͳܗঢ়ʹ஫໨ͯ͠ɺ֤؍ଌ೔ͷ PhaseΛ߹Θͤશ؍ଌ೔ʹ౉Δ Pc ͰંΓͨͨΜͩ
ϥΠτΧʔϒΛಘͨɻಘΒΕͨϥΠτΧʔϒΛ࣍ͷࣜͰද͞ΕΔ̎࣍ݩϑʔϦΤڃ਺ (Pravec et al. 2005)ͷ 4࣍ͷΦʔ

= 110.18�

�������TC4���
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J - H = 0.226 � 0.041, H - Ks = 0.034 � 0.045 
(X-type:  J - H = 0.31 � 0.12, H - Ks = 0.14 � 0.07) (Popescu 2016) 

���	��
���: X-type 

�
: 6 – 20 m (X-type albedo: 0.098, Usui+ 2013)
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Figure 4. Artifical lightcurves of 2012 TC4 in model 1, 3, 4, and 6.

APPENDIX

A. MOTION OF FORCE-FREE RIGID BODY

λϯϒϦϯάখ࿭੕ͷಈ͖ͷϞʔυͱͯ͠ LAM(Long axis mode) ͱ SAM(Short axis mode) ͕͋ΔɻLAM ͱ͸ɺ
Ls < Li < Ll ͷ࣠௕Λ࣋ͭ̏࣠ෆ౳ପԁ߶ମʹ͓͍ͯɺ௕࣠पΓͷ׬શͳΔճసͱ୹࣠पΓͷৼಈΛ͍ͯͬߦΔঢ়ଶͰ
͋ΓɺSAM͸௕࣠पΓʹৼಈͯ͠୹࣠पΓʹճస͍ͯ͠Δঢ়ଶͰ͋Δɻ

Table 3. Physical properties of 2012 TC4.

column values

Pψ 8.47 min

Pφ 12.25 min

g − r′ 0.480 ± 0.035

r′ − i′ 0.183 ± 0.018

i′ − z′ 0.054 ± 0.021

J −H 0.226 ± 0.041

H −Ks 0.034 ± 0.045

Ls 6.2 m (Model 3), 3.3 m (Model 4)

Li 8.0 m (Model 3 and model 4)

Ll 14.9 m (Model 3), 14.3 m (Model 4)


��1 (��� = 7.5m:8.0m:18.0m),����12.25�,����8.47������


��3 (��� = 6.2m:8.0m:14.9m),����8.47�,����12.25������


��4 (��� = 3.3m:8.0m:14.3m),����8.47�,����12.25������


��6 (��� = 4.2m:8.0m:19.2m),����12.25�,����8.47������
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S 2012 TC4
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S ;@'.: 8.47 &, /*'.: 12.25 &,X-type, 6+: 6 - 20 m

S ���3 (#CA/BA = 0.54, 7A/BA =  0.42) 

S ���4 (#CA/BA = 0.56, 7A/BA =  0.23)

�	�	>=

TC4
<:3?�54
��82����

<:(E���82�A0���� ����"�A0	D$
Impact cratering (9��
<:)=>Catastrophic disruption(1��<:) 

(7A/BA => %)
���3:Impact cratering!?
���4:Catastrophic disruption!?

(Michikami et al. 2016)
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Ճ͑ͯɺ࣍ͷ͕ؔ܎੒Γཱͭɻ

Pψ = 4

√√√√√
IlIiIs

2E(Is − Ii)(
M2

2E
− Il)

∫ π
2

0

du√
1− k2sin2u

(18)

ੵ෼෦෼͸ୈ̍छ׬શପԁੵ෼Ͱ͋Δɻ͞ΒʹɺSAMʹ͓͍ͯɺࣗసपظ Pφɺৼಈपظ Pψ ʹ͸࣍ͷ͕ؔ͋܎Δɻ

Pψ
Pφ

≥

√
(L2

l + L2
s)(L

2
i + L2

s)

(L2
l − L2

s)(L
2
i − L2

s)
, (19)

Pψ
Pφ

> 1 (20)

͜ΕΒͷํఔࣜʹ؍ଌ݁Ռ͔ΒಘΒΕΔ෺ཧྔΛ୅ೖ͢Δ͜ͱͰɺTC4ͷӡಈϞσϧΛද͢͜ͱ͕Ͱ͖Δɻ͸͡Ίʹɺ
Liͱ LlͷൺΛٻΊΔɻϥΠτΧʔϒৼ෯ͷ࠷େ஋͸ɺFigure2ͷ Phase 0.2෇ۙʹݱΕɺͦͷେ͖͞͸ 1.434 magͰ͋
Δɻখ࿭੕ͷϥΠτΧʔϒৼ෯ͱҐ૬֯ αͷؔ܎͸࣍ͷ௨ΓͰ͋Δ:

A(0) =
A(α)

1 +mα
. (21)

͜͜Ͱ A(α)͸Ґ૬֯ α◦ ʹ͓͚ΔϥΠτΧʔϒৼ෯Ͱ͋Γɺm͸εϩʔϓ܎਺Ͱ͋Δɻ·ͨ୹࣠ Ls Λڞ௨ͱ͢Δͱɺ
ৼ෯ͱ Li, Ll ͷؔ܎͸࣍ͷ௨ΓͰ͋Δɻ

A(0) = 2.5 log10

(
Ll

Li

)
, (22)

TC4͸ X-type(E, M, and P-type)Ͱ͋ΔͷͰɺ͜͜Ͱ͸ (Zappalà et al 1990)ʹ͓͚ΔM-typeͷm = 0.013Λ࠾༻͢
Δɻ·ͨɺ࠷େৼ෯͕؍ଌ͞Εͨ࣌ͷҐ૬֯ͱͯ͠ 10݄ 11೔ʹ͓͚Δ α◦ = 39◦ Λ࠾༻͢Δɻͦͷ݁ՌɺLl = 2.40Li

ͱͳΔɻ͞Βʹɺ͜ͷ݁Ռͱ Pψ=12.25෼, Pφ=8.47෼Λࣜ (19)ʹ୅ೖ͢Δ͜ͱͰɺLi ≥ 1.81Ls ͕ಘΒΕΔɻͭ·Γɺ
TC4͸ Ll ≥ 4.34Ls ͷඇৗʹࡉ௕͍ܗঢ়Λ͍ͯ͠Δɻ·ͨɺLi → 1.81Ls ʹۙͮ͘ʹͭΕɺλϯϒϦϯάӡಈ͕খ͘͞
ͳΓɺLi = 1.81Ls ͷ࣌ɺ୹࣠पΓͷ୯७ճసͱͳΔɻ·ͨɺฏۉతͳ௚ܘ D = 8 m͸ɺ͓͓Αͦ Li < D < Ll ͱߟ
͑Δ͜ͱ͕Ͱ͖Δɻ·ͨɺφ̇ͷฏۉతͳ஋͸ φ̇ ∼ 42.5 deg/minͰ͋Δɻզʑ͸࣠ൺͷҟͳΔ̏ͭͷϞσϧΛ༻͍ɺTC4
ͷ࠷΋Β͍͠ӡಈΛਪఆ͢ΔɻϞσϧ A͸ Ls = 2.5 m, Li = 6.3 m, Ll = 15 mͰ͋ΔɻLl/Ls = 6ͱඇৗʹࡉ௕͍
͕ɺ4116(Elaichi)ͷࣔ͢ৼ෯ 1.6 magnitudes (Ll/Li = 4.3:1)(Warner & Harris 2011)΍ɺ’Oumuamuamͷ Ll/Ls ≥
6(Jewitt et al. 2017)ͷΑ͏ͳྫ͕͋Γɺड͚ೖΕՄೳͳϞσϧͰ͋ΔɻϞσϧ AͰ͸M2/2E = (2.7Is + Ii)/3.7ͷ࣌ɺ

φ̇ ∼ 42.5 deg/minͱͳΔɻFigure4ʹɺθɺψɺφɺφ̇ͷ࣌ؒมԽΛࣔ͢ɻ͜ͷਤ͕ࣔ͢Α͏ʹɺθɺψ͸ Pψ ͷपظͰมԽ
͠ɺφ̇͸ Pψͷ൒෼ͷपظͰมԽ͢Δɻφ͸·͞ʹࣗసपظ PφΛදͨ͠΋ͷͰ͋Δɻ·ͨɺෳ߹पظ Pcຖʹ θ,ψ,φ,φ̇ͷಉ
͡஋ͷ૊Έ߹Θ͕ͤݱΕΔɻθɺψɺφ̇ͷൣғ͸ͦΕͧΕɺ−85 < θ < 95ɺ−35 < ψ < 35ɺ41.7 < φ̇ < 43.2Ͱ͋ΔɻϞσ
ϧ Bͱͯ͠ɺLs = 2.5 m, Li = 8.3 m, Ll = 20 mͷ͞Βʹܗঢ়͕৳ͼͨϞσϧΛఏҊ͢Δɻ͜Ε΄Ͳ·Ͱܗঢ়͕৳ͼͨ
খ࿭੕͸͜Ε·Ͱ؍ଌ͞Ε͓ͯΒͣɺϞσϧͷۃ஋ͱ͑ߟΔ͜ͱ͕Ͱ͖ΔɻϞσϧ BͰ͸ɺM2/2E = (1.38Is + Ii)/2.38

ͷ࣌ɺφ̇ ∼ 42.5 deg/minͱͳΔɻθɺψɺφ̇ͷൣғ͸ͦΕͧΕɺ−84 < θ < 96ɺ−45 < ψ < 45ɺ41.2 < φ̇ < 43.6Ͱ͋
ΔɻϞσϧ Cͱͯ͠ɺLs = 2.5 m, Li = 4.7 m, Ll = 11 mɺLi = 1.88Lsͷ୯७ճసʹ͍ۙϞσϧΛఏҊ͢ΔɻM2/2E

= (90Is + Ii)/91 ͷ࣌ɺφ̇ ∼ 42.5 deg/min ͱͳΔɻθɺψɺφ̇ ͷൣғ͸ͦΕͧΕɺ−89 < θ < 91ɺ−5.9 < ψ < 5.9ɺ
41.47 < φ̇ < 43.52Ͱ͋ΔɻFigure1͕ࣔ͢Α͏ʹɺψ ͷपظͷ Power͕͍ڧɻϞσϧ Cͷ ψ ͷมಈ෯͸খ͘͞ɺϞσ
ϧ CͰ͸ Figure1ͷΑ͏ͳपظղੳ݁ՌΛੜΈग़͢ͷ͸ࠔ೉Ͱ͋Δͱ͑ߟΔɻैͬͯɺ࠷΋Β͍͠ TC4ͷϞσϧͱͯ͠
զʑ͸Ϟσϧ AΛఏҊ͢Δɻ·ͨɺͦͷۃ஋͸Ϟσϧ BͰ͋Δͱ͑ߟΔɻ

4. DISCUSSION

զʑͷ؍ଌ͔Β TC4͸ɺλϯϒϦϯάΛ͍ͯ͠Δɺߴ଎ࣗసɺͭ·ΓMonolithicͳখ࿭੕Ͱ͋Δ͜ͱ͕෼͔ͬͨɻ͜
Ε·Ͱͷ؍ଌͰɺߴ଎ࣗసΛ͍ͯ͠ΔMonolithicͳখ࿭੕͸ଟ͘ൃ͞ݟΕ͍ͯΔɻҰํͰɺͦ͏ͨ͠খ࿭੕ͷ͏ͪɺλ
ϯϒϦϯάΛ͍ͯ͠Δখ࿭੕͸ 2008 TC3ͷྫͰ͋ΔɻλϯϒϦϯάͷݪҼͱͯ͠͸ɺYORPޮՌʹΑΔࣗస଎౓ͷ௿
ԼʹΑΔ΋ͷͱɺଞఱମিಥ͕͑ߟΒΕΔɻߴ଎ࣗసͳλϯϒϦϯάখ࿭੕͸ɺଞఱମিಥͰൃੜͨ͠িಥഁยͰ͋Δͱ
ΒμϯϐϯάλΠϜεέʔϧΛਪఆͰ͖Δɻthe͔ܘͱ௚ظΒΕΔɻλϯϒϦϯఱମͷप͑ߟ dumping timescale (Harris
1994) is expressed as ௚ܘ

τ =
P 3
ψ

C3D2
, (23)

��ah1s P#b2`p�iBQMb Q7 M2�`@1�`i? P#D2+i kyRk TC4 8
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(Landau and Lifshitz 1976, 
Samarasinha and A’Hearn
1991,Kaasalainen 2001 )
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,* 1.05 m + Tomo-e Gozen���/
3(
��
�������(BSGC) 1.0 m/;�%21$���� 1.13 m 
/��	%2#'� 0.4 m 

• 87 !4.� (J, H, Ks band)
5���#'����+9: 2.0 m + NIC (87 =4�)���)

• �
���� (�6.�))

• �6!4.� (g’, r’, i’, z’ band)
3(
��
������� 1.0 m

AASTEX Observations of near-Earth Object 2012 TC4 3

5 - 7 g′ images. ͜ͷγʔέϯεΛ̏ճ܁Γฦͨ͠ɻ

զʑ͸ TC4ͷۙ੺֎ྖҬͰͷ color-indexΛௐ΂ΔͨΊʹɺ੢͸Γ·ఱจ୆ͷܘޱ 2.0mͳΏͨ๬ԕڸͷ NICΛ༻͍
ଌΛ؍ͨ 10݄ 10೔ʹ࣮ͨ͠ࢪɻNIC͸ΧηάϨϯয఺ (f/12)ʹඋ͑෇͚ΒΕͨۙ੺֎̏৭ಉ࣌૾ࡱΧϝϥͰ͋Δɻ J ,
H, Ks όϯυͷը૾Λ̏ͭͷݕग़ثͰಉ࣌ʹऔಘ͢Δ͜ͱ͕Ͱ͖Δɻ͜ͷΑ͏ͳಉ࣌૾ࡱΧϝϥ͸ɺࣗసʹΑΔޫ౓ม
ಈͷิਖ਼Λ͜͏ߦͱͳ͠Ͱখ࿭੕ͷ color-indexௐࠪΛ͜͏ߦͱΛॿ͚ΔɻNICͷࢹ໺͸ 2.′73 × 2.′73Ͱ͋Δɻѱఱީ
ͷͨΊऔಘͰ͖ͨը૾͸ 7ຕͰ͋ΓɺͦΕͧΕͷੵ෼࣌ؒ͸ 120ඵͰ͋Δɻ

Ճ͑ͯɺ໊ཱࢢدఱจ୆ͷ 2୆ͷܘޱ 0.4m๬ԕڸ (f/10)ʹ SBIG STL-1001E CCD (1024 × 1024 pixels)Λ༻͍ͨ؍
ଌΛ 10݄ 10೔ʹ࣮ͨ͠ࢪɻͦΕͧΕͷ๬ԕڸͷࢹ໺͸͓͓Αͦ 22′ × 22′ Ͱ͋ΔɻͦΕͧΕͷ๬ԕڸʹ IDAS R ϑΟ
ϧλʔͱδϣϯιϯ VϑΟϧλʔΛ༻͍ͯಉ࣌͢૾ࡱΔ͜ͱͰɺՄྖࢹҬͰͷ color-indexΛௐ΂Δ͜ͱʹ௅ઓͨ͠ɻ݁
Ռͱͯ͠े෼ͳ S/N͕ಘΒΕͣɺ͜ͷ๬ԕڸΛ༻͍ͨ color-indexͷਪఆ͸Ͱ͖ͳ͔͕ͬͨɺಘΒΕͨσʔλ͸ TC4ͷ
ର͠ʹڸ੒ʹ༻͍Δ͜ͱ͕Ͱ͖ͨɻ࿐ग़࣌ؒ͸ͦΕͧΕͷ๬ԕ࡞ঢ়Ϟσϧͷܗ 30ඵͰ͋Δɻ

ՊֶηϯλʔͷࢢɺѨೆʹޙ࠷ 1.13 m๬ԕڸ (f/9.7)ʹ SBIG STX-16803 CCD (4096 × 4096 pixels) Λ༻͍ͨ؍ଌΛ
10݄ 11೔ʹ࣮ͨ͠ࢪɻࢹ໺͸ 11.′5 × 11.′5.Ͱ͋Γɺੵ෼࣌ؒ͸ 6 ඵͰ 2 × 2 ͷϏχϯάͰͨ͠૾ࡱɻϑΟϧλʔ͸༻
͍͍ͯͳ͍ɻಘΒΕͨσʔλ͸ TC4ͷܗঢ়Ϟσϧͷ࡞੒ʹ༻͍ͨɻ

Table 1. Observation states

Observation start and end timea Exp.time Filter Obsevatory

(JD-2458000) (s)

35.9578326 – 35.9982278 10 −− Kiso

36.9028528 – 36.9888035 30 R, V Nayoro

36.90450 – 36.91530 120 J,H,Ks Nishi-Harima

36.9707319 – 37.1452383 60 g′, r′, i′, z′ BSGC

37.0073257 – 37.0808347 10|5 −− Kiso

37.9282507 – 37.9375688 5 grism Kiso

37.9390568 – 38.0126750 2 −− Kiso

38.0826590 – 38.1130069 6 −− Anan

aCenter of exposure time. The time is calibrated the light-travel time expect Nishi-Harima

Table 2. Status of TC4 in each day.

Year/Mon/Day ∆a αb Sky motion

(UT) (AU) (◦) ′′/min

2017/10/9.4578 – 9.4998 0.011 – 0.010 31.4 – 31.5 4.16 – 4.54

2017/10/10.4029 – 10.5808 0.007 – 0.0064 33.3 – 34.1 6.77 – 9.36

2017/10/11.4283 – 11.6130 0.0032 – 0.0025 38.0 – 40.7 28.17 – 43.24

aTC4 to observer distance
bPhase angle (Sun-TC4-observer)

Geocentric 
distance

Phase angle

(�0>-�"$�;�%21$<���
	%2#'���&/2"$)
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whose  cu rva tu re  is ind ica t ive  of per iods  smal ler  than 7.4 
days .  H o w e v e r ,  wi thout  a deta i led  ana lys i s  of dus t  j e t s ,  
we are not  able  to rule out  any  ro ta t ional  state.  

CONCLUSIONS 

F r o m  our  c o m p r e h e n s i v e  search for ro ta t ional  s tates 
compa t ib l e  with theore t ica l  and obse rva t iona l  con-  
s t ra ints ,  we find that  the long axis o r i en ta t ion  of  the nu-  
c leus  of Come t  P /Ha l l ey  dur ing  the Vega-1 e n c o u n t e r  
mus t  be r eve r sed  f rom that suggested by the original  in- 
ves t igators .  

We have  p resen ted  obse rva t iona l  ev idence  that 
s t rongly  suggests  that  the ro ta t ional  state of C ome t  
P /Ha l l ey  was  cons t an t ,  at least over  an appar i t ion ,  and 
that  the net  to rque  over  an  appar i t ion  is therefore  negli- 
gible. 

In  order  to satisfy the per iodic i ty  in the l ightcurve as 
well as the repea tab i l i ty  of the morpho logy  of the gaseous  
je ts ,  the nuc leus  mus t  r e tu rn  to app rox ima te ly  the same 
o r i en ta t ion  with respect  to the sun  and  ear th  once  every  
7.4 days .  There fo re ,  per iods  (P~, P~) for L A M s  and  SAMs  
must  be app rox ima te  submul t ip les  of  7.4 days .  

Fo r  m o m e n t s  of  iner t ia  cons i s t en t  with the d i m e n s i o n s  
of the nuc l eus  as obse rved  by the spacecraf t ,  the L A M s  
and  S A M s  have  small  n u t a t i o n / n o d d i n g .  There fore ,  mos t  
of  the S A M s  are dynamica l ly  s imilar  to pure  ro ta t ions  
a r o u n d  the short  axis and  have app rox ima te ly  the same 
obse rva t iona l  proper t ies .  As a c o n s e q u e n c e  of this and  
due to the fact that  the phase  is small  dur ing  late-Apri l  
and  May  of  1986, both  pure  ro ta t ions  and mos t  of the 
S A M s  show c o m m o n  axes for the range  of pos i t ion  angles  
of je ts ,  con t r a ry  to the obse rva t ions .  

For  the d y n a m i c a l  axial lengths  r ep resen ta t ive  of the 
nuc l eus  d i scussed  earl ier ,  P+ >~ P J 4  for L A M s  and P ,  ~> 
2P~ for SAMs.  

Al though  SAMs  have  less ro ta t ional  energy  per  unit  of  
ro ta t iona l  angu la r  m o m e n t u m  than  do L A M s ,  n o n e  of  the 
S A M s  is capable  of  expla in ing  all of  the obse rva t iona l  and  
theore t ica l  cons t ra in t s .  

The  clear ly  ~ 'bes t"  so lu t ions  are the L A M s  with (P~ 
3.65 days ,  P+ - 7.3 days)  for c o m b i n a t i o n  (2,1,1) and  with 
(P~ - 3.65 days ,  P+ - 7.3 days)  for c o m b i n a t i o n  (2,1,2). 
The  second  so lu t ion  e n c o m p a s s e s  the model  p roposed  by 
Be l ton  et al. (1991). 

APPENDIX 

An Analysis of Force-Free Asymmetric Rigid 
Body Motion 

In this appendix we derive all the equations used in the main body of 
the paper to describe the rotational motion of an asymmetric rigid body 
subjected to no torques. The equations are perfectly general, although 

Z 

1 

Y 
b 

X 
FIG. A1. The X YZ coordinate system in the external reference frame 

of a coorbiting observer is centered at the center of mass of the body, 
and its orientation is fixed in inertial space. The body-frame coordinate 
system lis is fixed to the body with l, i, and s denoting the principal axes 
of the inertia ellipsoid. These axes approximately align with the long, 
intermediate, and short axes, respectively, of the body provided the 
body is not extremely irregular or inhomogeneous. The total rotational 
angular momentum vector, M (fixed in the external frame when no 
external forces are present), is aligned with the Z axis. The angular 
velocity vector, IL varies in a complex way, in both the external refer- 
ence frame and the body frame, with the component along the Z axis, 
llz > 0. The Euler angles 0, cb, and qJ describe the motion of the body 
with respect to the external observer. 

we describe the motion in words that are most appropriate to a prolate 
body having one long axis and two significantly shorter axes. The equa- 
tions place emphasis on the motion of the rigid body with respect to an 
external coorbiting observer. 

Define an XYZ coordinate system (Fig. AI) in the external reference 
frame (the frame of an external coorbiting observer) such that the origin 
of the XYZ coordinate system is at the origin of the body-frame coordi- 
nate system (fixed to the body) and with the Z axis coinciding with the 
total rotational angular momentum vector, M. The body-frame coordi- 
nate system is defined by the principal moments of inertia. Let I be the 
axis of minimum moment, taken to be aligned approximately along the 
longest dimension of the body. Let s be the axis of maximum moment 
of inertia in a plane normal to the l axis, aligned approximately with 
the shortest dimension of the body. The other axis of the body-frame 
coordinate system, i. is defined by I × i = s and is in a plane normal to 
the I axis and aligned with an intermediate dimension of the body. Since 
there are no torques acting on the system, the rate of change of M in the 
external reference frame is given by 

The rate of change of M, (dM/dt)body, in the body-frame is given by 
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(Left) (Center) (Right)

Figure 5. Shape model of 2012 TC4. An observer located on the direction of intermediate axis in the left figure. The vertical
center axis on these images corresponds to the direction of φ̇. The θ is formed by the direction of φ̇ and the direction of ψ̇.
(Left) A view on phase 0 in Figure 4. (Center) A view on phase ∼ 0.1 in Figure 4. (Right) A view on phase ∼ 0.5 in Figure 4.

Figure 6. Motion of 2012 TC4 in model 4.
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