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太陽系の惑星・小天体は
ガス・ダスト円盤の中で

形成された

Grand Tack model

Nice model

DeMeo+Carry(2014)

太陽系の形成



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



�太陽系に関して（私が）知りたいこと
• 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

�赤外線で何を観測するか？
• 太陽系内小天体起源の氷ダストの赤外線観測

- 彗星・小惑星・外縁天体
--- 惑星・微惑星形成時の情報

- 惑星間塵（黄道光）
--- 最近の太陽系の力学的進化



� 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

• 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

6        8       10      12

8          10         12  



Crovisier et al. (1997)

ISO/PHT-S

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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星間空間のシリケイト

・星間空間は非晶質
・結晶質シリケイトは太陽系内で作られた？

Kemper%et%al.%(2004)

0% 1% 2.5% 5%



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



A’Hearn et al.,  Science 310, 258 (14 OCTOBER 2005)

DI/ITS�&)
9P/Tempel 1�¥[

Deep Impact ミッションの主な目的
・彗星表面の探査
・衝突実験（彗星核の内部構造）
・彗星内部物質の観測
氷（揮発性物質）＆ ダスト



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)



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%
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長周期彗星 短周期彗星結晶質
多い

結晶質
少ない
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�長周期彗星と短周期彗星を比較し、原始太陽系星雲中での微惑星形
成時のダストについて情報を得つつある。

� 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)

� 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

� 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



AA49CH12-Mumma ARI 5 August 2011 9:32
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Figure 4
Cometary volatiles detected in spectroscopic surveys. Most listed species are regarded as primary, except for
HNC, which is in large part a product species. Others may be both primary and product in origin (e.g.,
H2CO, CO). For each molecular species, the number of comets in which it has been detected is shown on
the right margin, and the range of values found among those detections is shown as a color bar (light green).
The six species designated “1” on the right margin were detected only in comet Hale-Bopp, the brightest
comet of the past several decades. Adapted from Crovisier (2006), with updates for CO2 and NH3. See also
Bockelée-Morvan et al. (2004).

nucleus. When combined with 2D spatial mapping (via single-aperture stepping or multi-aperture
interferometry), a 3D map of the species is obtained. One major shortcoming is that simultane-
ous measurement of multiple species is usually not possible. The spectral lines of some species
(e.g., CO, H2CO) often require separate instrument settings and even entirely separate facili-
ties. The dominant cometary volatile (water) is not directly accessible from the ground at radio
wavelengths, so HCN has been used as its proxy for developing a database of compositional
diversity.

3.2.1.1 Cometary diversity as revealed at radio wavelengths. Ten primary volatiles (CO, H2CO,
CH3OH, HCOOH, HCN, HNCO, CH3CN, HC3N, NH3, and H2S), several product species
(OH, CS, and NS), and HNC (a likely coma product) form the core results in the radio survey of
more than 40 comets (Biver et al. 2002, Crovisier et al. 2009b). Two (CO, H2CO) can be both
primary and product species.

www.annualreviews.org • Comets Based on Primary Volatiles 481
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Chemical composition of comets

(Mumma+Charnley, ARAA, 2011)

Cometary CO2 and CO
✴ The most abundant species in  

cometary ices after H2O.

✴ While CO can be accessed in radio 
and near-IR domains from the ground-
based observatories, 

CO2 cannot be observed due to the 
severe absorption by the telluric 
atmosphere.

✴ To detect cometary CO2 directly,
observations from space
are needed !!

71



Comets 
- primordial icy materials and refractory dust grains

cometary ices (H2O, CO2, CO... )
- the oxidation environment in the early solar nebula
- link with interstellar ices

AKARI Near-IR Spectroscopic Survey 
for CO2 in Comets

birthplace of comets

snow line

Cometary CO2

✴ CO2 cannot be observed due to the 
severe absorption by the telluric 
atmosphere.

✴ To detect cometary CO2 directly,
observations from space
are needed !!
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H2O CO2 CO

H2O
2.7μm

CO2

4.3μm

CO
4.7μm



Driving force  of comet activity

CO2 is the main driving 
force of comet 
activities!! 

67P/CG by Rosetta (ESA)

103P/Hartley by Epoxi (NASA)



AKARI
• Japanese infrared satellite
• launched on Feb 22, 2006 (JST)
• two focal-plane instruments

- Far-Infrared Surveyor (FIS)
- Infrared Camera (IRC)

• all-sky observations until 
August 2007 ( > 1 year)

• imaging + spectroscopy

Small-scale structures
in

AKARI all-sky maps

(ISAS/JAXA)



FIS + IRC



Object UT Date rh [AU] Δ [AU]
116P/Wild 4 May 15.6 2009 2.22 1.98
116P/Wild 4 May 16.5 2009 2.22 1.99
118P/S-L 4 Sep 8.7 2009 2.18 1.93
118P/S-L 4 Sep 8.8 2009 2.22 1.99

144P/Kushida Apr 18.5 2009 1.70 1.37
144P/Kushida Apr 18.6 2009 1.70 1.37
157P/Tritton Dec 30.1 2009 1.48 1.11
157P/Tritton Dec 30.3 2009 1.48 1.11

Object UT Date rh [AU] Δ [AU]
19P/Borrelly Dec 30.1 2008 2.19 1.95
22P/Kopff Apr 22.6 2009 1.61 1.26
22P/Kopff Apr 22.6 2009 1.61 1.26
22P/Kopff Dec 11.2 2009 2.42 2.22
22P/Kopff Dec 11.5 2009 2.43 2.22
22P/Kopff Dec 11.5 2009 2.43 2.22
29P/S-W 1 Nov 18.5 2009 6.17 6.09
29P/S-W 1 Nov 18.6 2009 6.18 6.09
64P/S-G Nov 23.1 2009 2.27 2.05
64P/S-G Nov 23.2 2009 2.27 2.05
67P/C-G Nov 2.4 2008 1.84 1.56

81P/Wild 2 Dec 14.1 2009 1.74 1.44
81P/Wild 2 Dev 14.2 2009 1.74 1.44
81P/Wild 2 Dec 14.5 2009 1.74 1.43
88P/Howell Jul 3.1 2009 1.74 1.41
88P/Howell Jul 3.1 2009 1.73 1.41

Observations - target comets
(Jupiter-family or Ecliptic comets) (Oort cloud comets)

Object UT Date rh [AU] Δ [AU]
C/2006 OF2 (Broughton) Sep 16.7 2008 2.43 2.21
C/2006 OF2 (Broughton) Mar 28.1 3.20 3.04
C/2006 Q1 (McNaught) Jun 3.6 2008 2.78 2.59
C/2006 Q1 (McNaught) Feb 23.8 2009 3.64 3.50

C/2006 W3 (Christensen) Dec 21.1 2008 3.66 3.52
C/2006 W3 (Christensen) Jun 16.8 2009 3.13 2.96

C/2007 G1 (LINEAR) Aug 20.2 2008 2.80 2.62
C/2007 N3 (Lulin) Feb 5.6 2009 1.28 0.80
C/2007 N3 (Lulin) Mar 30.7 2009 1.70 1.36

C/2007 Q3 (Siding Spring) Mar 3.3 2009 3.29 3.14
C/2008 Q3 (Garrad) Jul 5.6 2009 1.81 1.48
C/2008 Q3 (Garrad) Jul 6.5 2009 1.81 1.50
C/2008 Q3 (Garrad) Jan 3.1 2010 2.96 2.78

18 comets
37 detections in Phase 3
- IRCZ4 NG(b;Np) only here
2008 Jun. -- 2010 Jan.
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Observations - AKARI/IRC

C/2008 Q3

H2O

CO2

CO

79



Results of CO2 Mixing Ratio
(gas production rate ratio CO2/H2O )

insufficient H2O sublimation

Previous measurements are basically 
consistent with our measurements. 

(Ootsubo et al. 2012) 80



CO2/H2O = 11%—24% (Xmedian = 17%)
for AKARI comet samples

Comparison with interstellar ices

Comets < low-mass protostars
Comets ~ high mass protostars

Cometary ices were altered in the early solar nebula ?

Abundance Medians and Lower and Upper Quartile Values of 
Ices with Respect to Water ice (Oberg et al. 2011)
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CO/CO2 ratio

insufficient CO2

sublimation ?

(Oberg et al. 2011)
protostellar samples

related to outburst 
events ?

(Ootsubo et al. 2012) 82



Summary for comet ice

AKARI/IRCによる彗星18天体の近赤外線 (2.5‒5 μm) 観測
AKARI/IRC は H2O, CO2, CO を同時に観測した
これまでで最大の彗星 CO2 観測データベース

CO2
18彗星のうち 17 天体で検出 (29P/SW1 at 6 AU 以外) 
CO2/H2O は < 4--30 % の幅でばらついている
長周期・短周期で明確な差は見られていない（サンプル少だが）

CO 
検出はわずかに 3 彗星 (29P, C/2006 W3, C/2008 Q3)
CO/H2O 比はほとんど上限値のみ得られている

彗星における CO2/H2O, CO/CO2
- CO2 : 低質量星周囲の氷よりも depleted

- 微惑星形成時点での熱的要因（彗星核の形成場所を示唆？）
- CO/CO2 < 1 --- 原始太陽系星雲は酸化的か？

83



( Morbidelli & Levison 2003 )

長周期彗星と 短周期彗星
・氷もダストも内部の組成の違いは大きくない
・それぞれのカテゴリー内でのばらつきが大きい
・それほど遠い領域で形成されたわけではなさそう and/or
・原始太陽系星雲中で物質が十分にかき混ぜられていた？

短周期彗星

長周期彗星



黄道光・黄道光放射
• Interplanetary dust (particles) (惑星間塵)
• 惑星間空間に広く分布する sub-μm～mmサイズの
固体微粒子
• 特に中間-遠赤外線波長帯では非常に卓越した前景光
• 彗星、小惑星起源、外縁天体起源、および星間空間起源
• 太陽系小天体及び塵の最近の力学的進化を知る手がかり
• 系外惑星系・系外黄道光との比較対象という点でも重要

DIRBE mission-averaged sky maps (in Ecliptic coordinates) (Kelsall+ 1998)



惑星間塵の粒径分布
• Interplanetary dust (particles) (惑星間塵)
• 惑星間空間に広く分布する sub-μm～mmサイズの
固体微粒子 FLUX OF INTERPLANETARY DUST 249 
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FIG. 1. Cumulat ive part icle f lux on a spining flat 
plate at 1 A U  dis tance  from the Sun. The  plate normal  
vector  lies in and  the spin axis is perpendicular  to the 
ecliptic plane.  For  an isotropic flux the stated flux val- 
ues  for a flat plate cor respond  to an effective solid 
angle of  ~r sr. Two flux models  ( interplanetary and 
lunar  flux) and  the flux of  fl meteoroids  which resul ts  
f rom our  analysis  of  collisional effects are shown.  The  
lunar  flux curve has  been cons t ruc ted  from the relative 
lunar  crater  size distr ibution and the absolute  fluxes 
f rom the Pegasus  spacecraf ts .  The  interplanetary flux 
curve deviated from the lunar  flux for small  particles, 
taking into account  the  H E O S  2 and the fl-meteoroid 
fluxes, both measured  by Pioneers  8 and 9 and calcu- 
lated. 

ber of techniques which include photo- 
graphic and radar meteor data, capacitor or 
pressurized cell penetration sensors, and 
space exposed impact sensors--such as 
spacecraft windows. More recently, impact 
ionization detectors for the measurement of 
small (m < l0 9 g) particles have been suc- 
cessfully flown. An important synthesis and 
summary of many of the earlier, but still 
valid, data and their intercorrelation is 
given by Naumann (1966). Here we adopt 
his fit II for the Pegasus penetration data 
from the 0.04- and 0.02-cm-thick detectors 
which we consider highly reliable and well 
analyzed. These data are representative 
also of other large meteoroid (m - l 0  -7  g )  
spacecraft data which include Explorer 16 
and 23 results and optical and radar meteor 
data. More recently, e.g., Cour-Palais 
(1974), supported Naumann's results. 

Another set of meteoroid flux data exists 
for small meteoroids (m -< 10 -9 ),  that is, 
the flux information and anisotropy infor- 
mation of the interplanetary dust flux from 

the HEOS-2 (Hoffmann et  al. ,  1975a, b) 
and from the Pioneer 8 and 9 (Berg and 
Griin, 1973) dust experiments. The detailed 
method of how we arrive at each of the two 
flux models is described in the appendix. 

c. F l u x  C u r v e s  

Figure 1 shows the relative size distribu- 
tion of the steepest lunar microcrater data 
(lunar flux) as well as the interplanetary 
flux. Both fluxes are required to fit the sat- 
ellite data at large meteoroid masses. It is 
evident that both sets of satellite data (Peg- 
asus and HEOS-2) cannot be made to per- 
fectly fit the lunar relative size distribution. 
There is hardly an overlap within the esti- 
mated errors of the measurement. 

We have adjusted the meteoroid flux 
curve through the large particle (Pegasus) 
fluxes for the following reason: Flavill et al. 
(1978) and Allison and McDonnell (1981) 
examined the effects of secondary micro- 
craters produced by ejecta from primary 
craters on lunar samples. They concluded 
that secondary microcratering has a signifi- 
cant effect in the 1- to 10-/zm-diameter cra- 
ter range. The magnitude of the secondary 
cratering effect depends on the impact ge- 
ometry. Based on the experimental data 
available to them (Schneider, 1975; Flavill 
and McDonnell, 1977), they estimate the 
number of secondary to primary craters to 
be of the order of unity in the relevant size 
range (1- to 10-tzm-diameter crater). Zook 
et al. (1984) reported results from new hy- 
pervelocity impact experiments which 
showed that the number of secondary im- 
pact pits is more than 2 orders of magni- 
tude higher than was previously thought 
(Schneider, 1975). The basic difference be- 
tween the new experiments and the one by 
Schneider is that the new experiments used 
oblique impact angles in contrast to normal 
impacts. Since oblique impacts are more re- 
alistic for lunar impacts we have to accept 
the conclusion by Zook et  al. (1984) that 
"the lunar impact pit population, for pit di- 
ameters below about 7 micrometers, is 
probably dominated by high-speed second- 
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FIG. 8. The iterative filtering procedure. Panel (a) shows a raw model dust
band having the same viewing geometry as an observed background (b). In the
first iteration (a) is added to (b) and the sum is filtered to obtain (c), a model
dust band (smooth curve); the observed dust bands (noisy curve) are also shown
for comparison. The background obtained from this iteration shown in panel
(d) is of a higher intensity than the original background because it contains two
low-frequency dust band components, one from the addition of the model dust
band and one from the actual dust band in the original observed background. In
the final iteration, we subtract the excess intensity shown in (d) from the original
background (b) and add (a) before filtering to obtain the final dust band (e) and
the final background (f) that agree with the observations.

and filter a second time, the new low-frequency background
should now have a higher amplitude, reflecting the fact that it
now contains two low-frequency dust band components, one
from the observations and one from the model. The difference
in amplitude between the two backgrounds therefore gives us
an estimate of the extent of the contribution of the dust bands
to the low-frequency zodiacal background. In essence, by using
the same filter in the modeling process that we use to define the
observed dust bands and by iterating, we are able to bypass the
arbitrary divide associated with the filter, and extract the un-
derlying low-frequency component of the dust bands that other
techniques are unable to retrieve. This is essential in revealing
the true extent to which asteroidal dust contributes to the cloud.

4. THE NATURE OF THE SIZE–FREQUENCY
DISTRIBUTION OF ASTEROIDAL DUST

This work differs from our previous modeling of the dust
bands (Grogan et al. 1997) in that our models include a size–
frequency distribution, rather than being composed of particles
of a single size. This is critical in our efforts to provide amodel of
the dust bands that can match the IRAS observations in multiple
wavebands. Particles ranging in size from 1 to 100 µm are in-

cluded, each of which are assumed to be Mie spheres composed
of astronomical silicate (Draine and Lee 1984). The lower end
cut-off is determined by the fact that contribution to the thermal
emission from particles smaller than this size is negligible. The
upper cut-off follows from the fact that in the zodiacal cloud,
the P–R drag lifetime is comparable to the collisional lifetime
for particle of diameter 100–200 µm (Zook and McKay 1986,
Leinert and Grün 1990, Nishiizumi et al. 1991, Flynn 1992).
We realize that particles even larger than this will exist in the
zodiacal cloud, but we have not obtained the dynamical history
for these particles. We continue to work on the dynamics of par-
ticles up to and beyond 500 µm, but in this regime we will have
to start incorporating the effects of particle–particle collisions
as the P–R drag timescales become longer than the collisional
lifetimes. This is a topic for a future paper.
There is a wealth of evidence for the existence of large par-

ticles in the zodiacal cloud. Grün et al. (1985) review such evi-
dence from a variety of sources including lunar microcratering
and spacecraft micrometeroid detectors (Helios, Pioneer), com-
bined with assumed dust particle scattering functions. The con-
clusion is that the bulk of zodiacal emission is produced from
particles in the order of tens to hundreds of microns in size.
Nishiizumi et al. (1991) measure the space exposure times of
large particles retrieved from theGreenland ice cap and conclude
that the results are consistent with P–R drag lifetimes from the
main-belt, and have radiogenic isotopic ratios inconsistent with
a high eccentricity (assumed cometary) origin. There is also the
evidence from the LDEF cratering record (Love and Brownlee
1993), shown in Fig. 9, which suggests a peak in the particle

FIG. 9. The terrestrial influx of zodiacal dust particles, as measured from
the cratering record on the LDEF satellite. The slope of area against particlemass
indicates a value for q , the size–frequency distribution index, of approximately
1.2.

LDEF
(Grogan+2001)

(Gruen+85)



惑星間塵の供給源：彗星

• 1 AU付近では、おそらく短周期彗
星がメインの供給源
(Nesvorny+2011)

• 彗星ダストトレイルの発見など、大
きめ（> 100μｍ）のダストが惑星
間空間に供給されていることが分
かってきた

Encke by ISO

Reach et al.  (2000)

Sarugaku et al.  (2007)



惑星間塵の供給源：小惑星
• 小惑星ダストバンド(Low et al. 1984, Sykes et al. 1988)

• メインベルト内の小惑星族での衝突起源？
• ここ最近（< 107年）程度以内の衝突
• ±1.4° band

• Beagle family origin ? (<15 Myr ago)
• ±2.1° band 

• Karin cluster origin ? (5.8 Myr ago)
• ±10° (±9.35°) band

• Veritas family origin ? (8.3 Myr ago)
(Nesvorny et al. 2003)

leading

trailing

No data

No data
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Fic;. 1. (a) The appearance of the zodiacal dust bands can be modeled by considering lhe superposition of 
particle orbits having essentially identical orbital elements with the exception of the longitude of the ascending 
node. In the top frame, the orbits of an ensemble of particles have similar orbital elements describe a sine wave in 
ecliptic coordinates. Each particle spends more lime at higher ecliptic latitudes than near the ecliptic. As the 
longitudes of nodes begin to disperse (middle) this tendency results in the beginning of band formation at 
maximum and minimum latitudes, initially as two dashes on either side of the ecliptic, whose centers are 180" 
apart in ecliptic longitude. Finally, when the longitudes of nodes are lotally randomized (bollom), two parallel 
bands extend completely around lhe ecliplic. Excepl for the case of parlicle orbils having zero inclination, 
zodiacal dust bands would always be fi)und in pairs. (b) The variation in surface brighlness as a function of 
ecliptic latitude is found to have two sharp peaks al ecliptic lalitudes corresponding to Ihe mean orbital inclina- 
lion of the constituent particles. The sharpness of the peaks depends upon the dispersion of orbital elements 
among band pair particles. The greater the dispersion, lhe thicker the bands. (c) Debris from a single collisional 
event in the asteroid bell undergoes orbital evolution to form band pairs. Initially, debris escapes into similar 
heliocentric orbits. Variations in orbital velocities resull in their complete distribution in mean orbital phase in 
100 to 1000 years (lop). Gravitational perturbations by Jupiter (whose orbil is shown as the thick ring) act on the 
collisional debris to precess their orbits. Variations in semimajor axes of debris orbits result in different preces- 
sion rates and an increasing dispersion in the longitudes of nodes over the ensemble of debris orbits (middle). 
After 10 ~ to 10 ~ years, the nodes have been distributed completely around the ecliptic, forming a complete 
zodiacal band pair. 

n a r y  d e t e r m i n a t i o n s  o f  t h e  s o l a r  d i s t a n c e s  
o f  t h e  b a n d  p a i r s  s h o w  no  e v i d e n t  c o r r e l a -  
t i o n  w i t h  t h e  m e a n  d i s t a n c e s  o f  t h e  a s t e r o i d  
f a m i l i e s .  B r i g h t n e s s  t e m p e r a t u r e s  o f  t h e  

o u t e r  b a n d  p a i r ,  d e t e r m i n e d  at  a s ing le  
e c l i p t i c  l o n g i t u d e ,  y i e ld  s o l a r  d i s t a n c e s  o f  
3.2 A U  f o r  t h e  n o r t h e r n  b a n d  a n d  2.2 A U  
f o r  t h e  s o u t h e r n  b a n d ,  w h i l e  t h e  i n n e r  b a n d  

Sykes+Greenberg  (1986)



18 & 90 μm)band
ZL observed with AKARI

Leading direction

Trailing direction

Pyo et al. 2010 Ootsubo et al. 2015



leading

• clear detection of ±1.4° and ±10° dust bands in far-IR
• trailing direction <10% brighter than leading direction

trailing
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Dust bands observed with IRC



AKARI dust band profile

A 5-Gaussian fit  to the latitude profiles
(circumsolar ring + dust band pair x 2)
intensity, latitude, and widths

circumsolar ring
dust bands

±1.4°

near
Galactic

plane

near
Galactic

plane

dust bands
±10°



near
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plane
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ダストバンドまでの距離

AKARI/FIS (90μm)
±1.4°:   1.86 AU
±10° :   2.16 AU

R=(tan(Δφ/2)+1)1/2



ダストバンドまでの距離
(Nesvorny+2006)



image enhanced (filtered) AKARI map

黄緯方向に２°よりも大きな構造を boxcar-average 
subtraction で除去した90μｍ全天画像



更に微細なダストバンド構造

±17°

±9.3°

±13°
±8°
±6°

黄経355°

黄経125°

Image enhanced (filtered) 
latitude profiles



AKARI/IRC mid-IR ZE spectra

COBE%12%μm
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comets?comets?asteroids?comets + asteroids?

crystalline
olivine

crystalline
olivine



AKARI/IRC mid-IR ZE spectra

COBE%12%μm

1 2 3 4

1 2
34

comets?comets?asteroids?comets + asteroids?

crystalline
olivine

crystalline
olivine

• ±1.4° band - Beagle family (C-type?) (<10 Myr ago)
• ±2.1° band - Karin cluster (S-type?)  (5.8 Myr ago)

• ±10° band - Veritas family (C-type?) (8.3 Myr ago)



小惑星起源ダストの赤外線スペクトル

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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Spitzer/IRS (MIR)

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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小惑星起源ダストの赤外線スペクトル

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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(Vernazza+2010) (Licandro+2012)

J. Licandro et al.: Spitzer spectra of Themis family asteroids

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/

A73, page 5 of 7

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



小惑星起源ダストの赤外線スペクトル

• Surface regolith dust ?
• Difficult to detect fine 

dust grains of asteroids

• 10 μm Silicate feature 
of asteroids
- Trojan ~15%
- Cybele ~5% 
- Themis family ~3-4%

(Emery+2006)

comets?comets?asteroids?comets + 
asteroids?

asteroids comets



「あかり」による黄道光分光観測



本日のまとめ（１）
★ 彗星
すばる望遠鏡による中間赤外線観測（シリケイト）

! 結晶質の割合に関して、長周期彗星と短周期彗星で差は比
較的小さい。(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十分に物質がかき混ぜられていた
という可能性が高い

! 一方で、長周期彗星の間でばらつきが大きい
! どういう属性と相関があるのかを知るのが今後のステップ
「あかり」による近赤外線観測（H2O, CO2, CO）

! 現時点で世界最大の彗星主要３分子のデータベース
! こちらも長周期彗星と短周期彗星の差は見えなかった
! どうやら CO よりも CO2 の方が多いようである
! 原始太陽系円盤中の環境は酸化的？



本日のまとめ（２）

黄道光（惑星間塵）
遠赤外線で小惑星ダストバンドの検出
±1.4°, ±2.1°, ±10° (9.3°) の小惑星ダストバンド
6°, 8°, 13°, 17° などの微細バンド構造の抽出
「あかり」中間赤外線分光スペクトル
9-11μmシリケイト・フィーチャの検出
小惑星/彗星による供給源の差が見えている
S-type/C-type の差？


