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A. 小惑星：岩石小天体
• 表面組成（氷・有機物）探査
• アルベド・サイズ・形状
B. オールト（長周期）彗星
• 氷、有機物、結晶質鉱物
C. 木星族（短周期）彗星
・氷天体

• 氷、有機物、結晶質鉱物
• アルベド・サイズ
D. 惑星間塵（黄道光）
• 結晶質鉱物、含水鉱物

空間分布

→赤外線観測が有効
・日心距離に応じた力学
進化・熱進化の違い
・系外惑星系円盤の温度
分布を考えるヒント

Snow line



✦ 着眼点と観測・研究手法

• 氷・ダストの組成 ‒ 分光観測
氷 ：H2O, CO2, CO --- 近赤外線
ダスト：結晶質シリケイト --- 中間赤外線

• 空間分布と氷ダストの供給源の対応
中間赤外線、遠赤外線での撮像観測

• 微惑星・惑星ができるまでの過程、最近の進化
• 惑星の素材としての氷・ダストの力学的・熱的進化
• 地球への水・有機物の供給源・供給過程
• 粒径分布 ‒ 氷ダスト成長、衝突の歴史
• 原始惑星系円盤、系外黄道光（残骸円盤）との比較



彗星
• 微惑星の名残であり、太陽系初
期の記憶を比較的保存している
始原的な天体

• 氷がダストを閉じこめている
• 原始惑星系円盤の中で何が起
こっているか（μm-ダスト→ 
km-微惑星の成長）を知るひと
つの手がかり

• 水（氷）・有機物
• 固体微粒子（結晶質鉱物）
• サイズ分布・組成

塵集積・微惑星形成
メカニズムのヒント



彗星の中間赤外線分光観測
1970年 - Bennett彗星
・10μm 超過を彗星で初めて検出

--> シリケイト？
1986年 - Halley彗星
・11.2μmのサブピークを検出

(Bregman et al. 1987)
1987年 - Bradfield彗星
・11.3μmのサブピーク
結晶質olivine？
（Hanner et al. 1990）
1997年 - Hale-Bopp彗星
・結晶質olivine＋pyroxene？
ISO による赤外線スペクトル
彗星ダスト研究の教科書的存在

1P/Halley
KAO (Bregman et al. 1987)

Wooden  et  al.  (1999)

Hale-Bopp 
KAO/HIFOGS
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Crovisier and Encrenaz (2000)
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ISO/SWS

ISO/LWS

H2O  CO2 CO
結晶質シリケイト



代表的なシリケイト
例えば、代表的な鉱物 - ケイ酸塩鉱物（シリケイト）
隕石中にもみつかっている鉱物
地球上に存在している鉱物（岩石・砂）

・olivne（カンラン石） ・pyroxene（輝石）
(Mg,Fe)2SiO4 (Mg,Fe)SiO3

結晶 （結晶質）
非結晶（非晶質）

Forsterite (Mg2SiO4) Enstatite (MgSiO3)

Crystalline silicates 3

Amorphous structure

Crystalline structure

Figure 1. A possible atomic structure of a disordered (or amorphous) silicate and that of
an ordered (or crystalline) silicate together with their typical infrared emission spectra. The
tetrahedras are 4 oxygen atoms around a silicon atom and the big circles are metal atoms. Note
the many sharp features in the crystalline silicate spectrum and the 2 broad bumps at 10 and
20 µm for the amorphous silicate spectrum.

(Tglass), then there is enough mobility in the silicate to from the crystalline,
energetically most favourable, lattice structure. However, when the silicates
condense at lower temperatures, such mobility is not present, and the grain
solidifies in amorphous form. Amorphous grains can become crystalline by
annealing (crystallization through heating) or vaporization and recondensa-
tion above the glass temperature. Hence, the presence of crystalline silicates
traces the occurrence of high-energy processes. On the other hand, damage
caused by cosmic ray hits or grain-grain collisions can amorphitize silicates.

2.2. OBSERVATIONAL INVENTORY

Crystalline silicates have been found around evolved stars with an oxygen-
rich dusty outflow: AGB-stars, post-AGB stars and Planetary Nebulae (Wa-
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彗星中の結晶質シリケイト
• 彗星 - 氷＋塵 (dirty water-ice)
‒多くの彗星で結晶質シリケイトの存在が確認されている
‒殆どは低温凝縮物（T < 150 K）である氷。星間塵は非晶質。
‒高温生成物（T > 800K）である結晶質シリケイトはどこから？
‒OCs（長周期）と ECs（短周期）の差は？

Ecliptic comets
（短周期）

Oort cloud comets
（長周期彗星）snow line



彗星中の結晶質シリケイトの起源

原始太陽系星雲の乱流輸送によ
って内側から外側へ
（Bockelee-Morvan et al. 2002）

微惑星衝突と原始木星による重
力散乱で外側の領域へ
（Bouwman et al. 2003）

原始太陽からのOutflowによっ
て内側から外側へ（X-wind）
（Shu et al. 1996）

★ 彗星塵は何らかの要因で内側の領域から運ばれた？



● すばる望遠鏡＋COMICS
中間赤外線低分散分光 (8-13 μm; R～250)

● これまでに観測した彗星

彗星の中間赤外線分光観測

Oort cloud comets

C/2001 Q4,  C/2002 V1 (NEAT)
C/2001 RX14 (LINEAR)
C/2004 Q2 (Machholz)
C/2007 N3 (Lulin)

Ecliptic comets
2P/Encke,  78P/Gehrels
9P/Tempel → Deep Impact
21P/Giacobini-Zinner
73P/Schwassmann-Wachmann

C/2012 S1 (ISON)
C/2013 R1 (Lovejoy)
C/2012 X1 (LINEAR)
C/2011 L4, C/2012 K1 (PanSTARRS)

4P/Faye,  17P/Holmes,  8P/Tuttle 
144P/Kushida
10P/Tempel, 103P/Hartley



彗星ダストの赤外線観測



Pre-impact

3-3.5 hrs
after impact

Pre-impact

28 hrs
after impact

Pre-impact

I+3 hrs

I+26 hrs

I+1 hr I+2 hrs I+3.5 hrs

2”

Spectroscopy

(Sugita et al. 2005; Ootsubo et al. 2006)



Impactor

0.33”

4.29” (0.165” × 26pix)

@10.5μm

“Subaru/COMICS spectroscopy of 9P/Tempel” by T. Ootsubo,    7-10, 2006, Brussels, Belgium



突然のアウトバースト
(2007/10/24UT)
・対称に広がる薄いコマ
・彗星核から一方向に放出
された塵雲

16

2

17P/Holmes
Ecliptic comet



2007/10/26 UT
バースト後 ２日
r = 2.45 AU,  TBB=177K
delta = 1.62 AU

17P/Holmes
Ecliptic comet



アイソン彗星 C/2012 S1 (ISON)
Oort comet

ESA/NASA/SOHO/Jhelioviewer



2013-Oct-19 UT
Tcont ~ 260 K

IRTF/SpeX+BASS spectrum

2013 Nov 11&12 (UT)

T=330 K blackbody

(Sitko+2014)

(Ootsubo+2014)

近日点通過２週間前
結晶質オリビンをわずかに確認
フィーチャ強度 ~ 10%

近日点通過５週間前
結晶質オリビンは確認できず
フィーチャ強度 < 10%



彗星の結晶質シリケイト

長周期彗星 短周期彗星結晶質
多い

結晶質
少ない



彗星シリケイトの中間赤外線観測

✦ 短周期彗星の通常活動で、結晶質シリケイトを確認。初めて定
量的に結晶質/非晶質比を求めた(Watanabe+2006)。

✦ これまでの観測から、短周期彗星でも彗星核内部では結晶質が
十分に存在している（Oort comets に近い）可能性が考えられ
る。(Sugita+2005; Ootsubo+2007; Kadono+2007)

✦ 長周期彗星と短周期彗星は、
(1) もともと比較的近い領域で形成 and/or 
(2) 原始太陽系星雲中では十分に物質がかき混ぜられていた
という可能性が高い

✦ ただし、ダストの詳しい組成比・粒径の解明はまだ不定性大
✦ 短周期彗星に関しては、彗星核表面での粒径分布の成長につい
ても今後は考慮が必要



Why We Need TAO?
• 彗星は突然現れては消えていく
• 近日点通過（前｜中｜後）それ
ぞれでの観測も重要
‒ 発見から時間をおかずに計画
を立てないと、最適な位置で
の観測は難しい。

• 北半球から観測できない場合も
‒ すばるは北半球。南半球の望
遠鏡は大変有効。

• 日の出日の入り前後が観測好機
の場合も多い
‒ 昼間でも反太陽方向の観測で
きれば。。。

2016-01 2017-07



• 探査機での中間赤外線観測？
‒ これまでの太陽系天体探査機
には、中間赤外線分光観測を
主要機能にしたものはない？

‒ 中間赤外線装置は冷却が重要。
λ > 10 μm は機械式ではな
く冷却剤が必要となる。とな
ると必然的に重量が増す。

‒ クルージングフェーズが長い
探査機では、現時点ではあま
り現実的ではない。

• 中間赤外線観測は、まだまだ地
上観測が有利＆重要である。

Rosetta

Why We Need TAO?

Deep Impact



• 結晶質シリケイトの鉱物組成分離
• λ > 15 μm が成分分離には重要
‒ 20 μm 帯結晶質フィーチャ
‒ サイズ分布の決定（なるべく長
波長側まであるとよい）

• λ < 27 um はJWST
‒ ただし競争率が高く太陽系天体
の観測数は多くないはず

‒ 2018打上げ？太陽離隔の点で
Visibility も大きく制限される
はず

• 30 μm 帯が受かれば、ダストの
サイズ分布の大きいほうの決定に
も大きな制限をつけられる

JWST

MIRI

Why We Need TAO?

ch Wavelength  
micron

pixel 
arcsec2

FOV
arcsec2 R

1 5.0 – 7.7 0.196 3.00 x 
3.87

2400-
3700

2 7.7 – 11.9 0.196 3.50 x 
4.42

2400-
3600

3 11.9 – 18.3 0.245 5.20 x 
6.19

2400-
3600

4 18.3 – 28.3 0.273 6.70 x 
7.73

2400-
3600



Why We Need TAO?

Ｎバンド Ｑバンド

スペース観測



(Wooden et al. 1999)

彗星の日心距離による変化



彗星のモニタ観測
‒ 日心距離によるダストの温度変化
‒ シリケイト・フィーチャのピーク波長の変化？
‒ ダストサイズ、形状の変化？
‒ そもそも彗星の氷ダストは、どういう形で彗星核の
内部に取り込まれているのか？
‒ 彗星核内部の（不）均一性。近日点通過前後の観測

‒ 「その場」結晶化も起こっているのか？
• sun grazing comet も狙える？
• 昼間じゃないと無理かも。。。



• Subaru+COMICS
– N-band 分光： V~10--11mag & 100mJy@10micron

– heliocentric distance: rh < 2 AU
– outburst of 17P/Holmes at 2.5 AU

– 彗星が明るい時期に、ハワイでは昼or高度が低いことも多い。
– 観測可能ターゲット数は、~5 targets/year 程度

• TAO
– 感度的にはターゲット数はCOMICSと同等？

– しかし、観測時期をうまく考えればトータル３倍程度に？
– COMICSと相補的な観測計画が有効か

– 同じような日心距離で比較出来る観測数を大幅に増やせそう
– 日心距離変化も追いたい

Subaru+COMICS との比較



小惑星の中間赤外線スペクトル

In addition, the infrared backgrounds can change during observa-
tions of target objects, making accurate telluric correction using
observed standards difficult. Therefore, in addition to the observa-

tion of telluric standards, ATRAN, an atmospheric modeling pro-
gram developed by Lord (1992), can be used to generate artificial
telluric calibrator spectra at the target’s zenith angle and air mass.
ATRAN models allow tweaking of water vapor overpressure and
other atmospheric conditions to produce optimized telluric correc-
tions for each target.

We simulated with the ATRAN model the Earth atmospheric
transmission spectrum for each observation at each different air
mass and corrected both the star and the asteroid spectrum by
multiplying their spectrum by the transmission spectrum (the
transmission spectra were binned to the resolving power of Mirsi).
In Fig. 3, we show the spectrum of (7) Iris before the ATRAN correc-
tion together with a typical transmission spectrum of the Earth
atmosphere. The multiple features that can be seen in Iris’ spec-
trum before the ATRAN correction are retrieved in the Earth trans-
mission spectrum.

After completing the telluric corrections, the quotient was cor-
rected for the stellar spectral slope and features. As noticed by Co-
hen et al. (1992), a SiO absorption band is present in the stellar
spectra. Thus while the division of the asteroid spectrum by the
standard star spectrum removes the telluric absorptions, it also
introduces stellar features. Finally, in order to produce the final
emissivity for each object we removed the thermal emission from
each object spectrum. Several thermal emission models exist, from
the simple STM (Lebofsky et al., 1986) to the refined TPM (Mueller
and Lagerros, 1998; Lagerros, 1998). In the present work, we mod-
eled the thermal emission using the STM model. (The STM fitting
method is well described in Emery et al. (2006a,b).) The final emis-
sivity spectrum was created by dividing the SED by the modeled
thermal continuum.

Lastly, given the uncertainty of the correction of both the tellu-
ric absorptions and the stellar spectral shape, we retrieved for
comparison public Spitzer spectra of several S-type asteroids taken
with IRS (InfraRed Spectrograph, Houck et al., 2004) using the
Leopard software (see Table 2). We selected the so-called Basic Cal-
ibrated Data (BCD) which is a 2-D output. After background re-
moval from the BCD images, we extracted the 1-D spectra from
these images. (See Section 3 by Emery et al. (2006a,b) for a detailed
description of the method.) Finally, we removed the thermal emis-
sion of each asteroid in order to produce its emissivity (see Table 3
for the STM best-fit parameters for both the IRTF and Spitzer obser-
vations). Figs. 2 and 4 show the Spitzer and IRTF spectra after the
thermal correction.

Fig. 3. Comparison of the IRTF (Mirsi) emissivity spectrum of (7) Iris before the
telluric correction with an Earth’s atmospheric transmission spectrum computed
with ATRAN. The displayed (7) Iris spectrum has been corrected for both the
thermal emission and the shape of the observed star. We do not display the error
bars accompanying the shape correction here (they appear in the following figure)
to highlight the high signal to noise ratio of our observations. The comparison
shows that the numerous features seen in the (7) Iris spectrum are also seen in the
Earth’s transmission spectrum. This highlights that a simple division by a standard
star observed close in time and airmass to the asteroid observation is simply not
enough to remove the telluric features.

Fig. 1. VNIR reflectance spectra of 7 Iris, 11 Parthenope, 43 Adriane, 433 Eros, 951
Gaspra (since we do not have Gaspra’s NIR spectrum we use the mean spectrum of
several Flora family member spectra), 1685 Toro and 25,143 Itokawa as well as the
NIR spectrum of 364 Isara. The NIR portion of the spectra was acquired with the
IRTF; the visible portion of the spectrum was available from SMASS (see Bus and
Binzel, 2002a,b). All these objects belong to the S-type class following the Bus and/
or the new Bus–DeMeo taxonomy (Bus, 1999; Bus and Binzel, 2002a,b; Demeo
et al., 2008).

Fig. 2. Spitzer emissivity spectra of 7 Iris, 364 Isara, 433 Eros, 951 Gaspra, 1685
Toro and 25,143 Itokawa created by dividing the measured SED by the bestfit STM
for each object. Isara was observed twice and we therefore show both spectra.
Itokawa has been observed six times and we just show the data for the first
observation. The spectra for the other observing dates are very similar and even
noisier.

802 P. Vernazza et al. / Icarus 207 (2010) 800–809

(Vernazza+2010)

Spitzer/IRS (MIR)
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sivity spectrum was created by dividing the SED by the modeled
thermal continuum.
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802 P. Vernazza et al. / Icarus 207 (2010) 800–809IRTF/Spe-X (V-NIR)



小惑星の中間赤外線スペクトル

In addition, the infrared backgrounds can change during observa-
tions of target objects, making accurate telluric correction using
observed standards difficult. Therefore, in addition to the observa-

tion of telluric standards, ATRAN, an atmospheric modeling pro-
gram developed by Lord (1992), can be used to generate artificial
telluric calibrator spectra at the target’s zenith angle and air mass.
ATRAN models allow tweaking of water vapor overpressure and
other atmospheric conditions to produce optimized telluric correc-
tions for each target.

We simulated with the ATRAN model the Earth atmospheric
transmission spectrum for each observation at each different air
mass and corrected both the star and the asteroid spectrum by
multiplying their spectrum by the transmission spectrum (the
transmission spectra were binned to the resolving power of Mirsi).
In Fig. 3, we show the spectrum of (7) Iris before the ATRAN correc-
tion together with a typical transmission spectrum of the Earth
atmosphere. The multiple features that can be seen in Iris’ spec-
trum before the ATRAN correction are retrieved in the Earth trans-
mission spectrum.

After completing the telluric corrections, the quotient was cor-
rected for the stellar spectral slope and features. As noticed by Co-
hen et al. (1992), a SiO absorption band is present in the stellar
spectra. Thus while the division of the asteroid spectrum by the
standard star spectrum removes the telluric absorptions, it also
introduces stellar features. Finally, in order to produce the final
emissivity for each object we removed the thermal emission from
each object spectrum. Several thermal emission models exist, from
the simple STM (Lebofsky et al., 1986) to the refined TPM (Mueller
and Lagerros, 1998; Lagerros, 1998). In the present work, we mod-
eled the thermal emission using the STM model. (The STM fitting
method is well described in Emery et al. (2006a,b).) The final emis-
sivity spectrum was created by dividing the SED by the modeled
thermal continuum.

Lastly, given the uncertainty of the correction of both the tellu-
ric absorptions and the stellar spectral shape, we retrieved for
comparison public Spitzer spectra of several S-type asteroids taken
with IRS (InfraRed Spectrograph, Houck et al., 2004) using the
Leopard software (see Table 2). We selected the so-called Basic Cal-
ibrated Data (BCD) which is a 2-D output. After background re-
moval from the BCD images, we extracted the 1-D spectra from
these images. (See Section 3 by Emery et al. (2006a,b) for a detailed
description of the method.) Finally, we removed the thermal emis-
sion of each asteroid in order to produce its emissivity (see Table 3
for the STM best-fit parameters for both the IRTF and Spitzer obser-
vations). Figs. 2 and 4 show the Spitzer and IRTF spectra after the
thermal correction.

Fig. 3. Comparison of the IRTF (Mirsi) emissivity spectrum of (7) Iris before the
telluric correction with an Earth’s atmospheric transmission spectrum computed
with ATRAN. The displayed (7) Iris spectrum has been corrected for both the
thermal emission and the shape of the observed star. We do not display the error
bars accompanying the shape correction here (they appear in the following figure)
to highlight the high signal to noise ratio of our observations. The comparison
shows that the numerous features seen in the (7) Iris spectrum are also seen in the
Earth’s transmission spectrum. This highlights that a simple division by a standard
star observed close in time and airmass to the asteroid observation is simply not
enough to remove the telluric features.

Fig. 1. VNIR reflectance spectra of 7 Iris, 11 Parthenope, 43 Adriane, 433 Eros, 951
Gaspra (since we do not have Gaspra’s NIR spectrum we use the mean spectrum of
several Flora family member spectra), 1685 Toro and 25,143 Itokawa as well as the
NIR spectrum of 364 Isara. The NIR portion of the spectra was acquired with the
IRTF; the visible portion of the spectrum was available from SMASS (see Bus and
Binzel, 2002a,b). All these objects belong to the S-type class following the Bus and/
or the new Bus–DeMeo taxonomy (Bus, 1999; Bus and Binzel, 2002a,b; Demeo
et al., 2008).

Fig. 2. Spitzer emissivity spectra of 7 Iris, 364 Isara, 433 Eros, 951 Gaspra, 1685
Toro and 25,143 Itokawa created by dividing the measured SED by the bestfit STM
for each object. Isara was observed twice and we therefore show both spectra.
Itokawa has been observed six times and we just show the data for the first
observation. The spectra for the other observing dates are very similar and even
noisier.
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Fig. 2. Emissivity spectra of the 8 observed Themis family asteroids. Notice the emission plateau from 9 to 12 µm with a spectral contrast of ∼2–4%
that is present in at least five (383 Janina, 468 Lina, 492 Gismonda, 515 Athalia and 526 Jena) and possibly seven (222 Lucia and 316 Goberta) of
them.

we downloaded and reduced the 5–13 µm spectra of 6 stan-
dard stars from IRS observing campaign 54, the same cam-
paign that included our (223) Rosa and (316) Goberta observa-
tions. The data reduction methods are identical to those of our
program targets. The extracted spectra are normalized with the

spectral templates provided by the Spitzer Science Center1; sev-
eral of those templates are described by Decin et al. (2004). The

1 Available at http://irsa.ipac.caltech.edu/data/SPITZER/
docs/irs/
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Spitzer/IRS (8-13μm) --- feature < 5%
小惑星表面のシリケイト・フィーチャの判別は難しい


