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『あかり』は2006年2月22日に打上げられ、4年弱の科学観測を行った赤外線天文観測衛星である。あかり衛星は液
体ヘリウムによる冷却が維持された当初の16ヶ月弱を用いて、全天サーベイ観測(スキャン観測) を行うとともに、波
長2～200um の広い波長範囲で指向観測を行った。また、冷媒である液体ヘリウムの消失後は、冷凍機による冷却の
みで 5um までの波長域での撮像・分光観測を行った。
　あかり衛星は、望遠鏡の運用の制約が強く、観測時間を有効に使う事を目指して、その指向観測については公募観
測だけでは無く、小～大規模のプログラム観測がプロジェクトにおいて公募され評価選定後実行した。これらの中で
太陽系科学に密に関連する内容として太陽系天体の観測プログラム(SOSOS),  星惑星領域の観測プログラム(AFSAS)
の2課題が実行された。本講演では、あかりのサーベイ観測とこれらのプログラム観測で目指したサイエンスとその観
測結果を概括する形で報告する。また、これらの結果を受けて、地球周回衛星からの太陽系天体の赤外線観測の今後
についても議論する。
AKARI infrared astronomical satellite is put into orbit around the earth by M-V launching vehicle on February 22, 2006, and 
conducted scientific operations until February 2010.  AKARI, which was originally designed for whole-sky survey mission, 
also carried out pointed observations at infrared wavelength (2-200um) in the early 16 months' phase, in which period the telescope 
and the instrument were cooled by liquid Helium (170 liter of superfluid helium).  AKARI continued scientific observations only in 
2-5um range for 900days, after the liquid Helium ran out.
AKARI's machine time was allocated into several legacy scientific programs as well as open time observations, to maximize its 
scientific outcomes, since its satellite operation has less flexibility and hard constraints.  Two of the legacy program are important 
for solar system studies;

SOSOS (program on solar system studies),   AFSAS (observations of star-forming regions).
This talk summarizes observational results of solar system science with AKARI mission, and will discuss the future prospect.

●キーワード(keywords):    赤外線観測、天文観測衛星、全天サーベイ観測、小惑星、彗星、惑星間塵、Tタウリ型星
Infrared observations, Astronomical satellite, All-sky survey, Asteroid, Comet, Interplanetary dust, T-Tauri type star 
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本日の要旨
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ASTRO-F

AKARI “A next generation infrared sky survey”
launched on February 22, 2006
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３つの赤外線サーベイ衛星 赤外線全天サーベイ衛星 

IRAS  
Infrared Astronomical Satellite 
(アメリカ, オランダ, イギリス) 

1983年打ち上げ、高度 900km 
観測期間：9ヶ月半 

「あかり」 
(日本+ヨーロッパ) 

2006年打ち上げ、高度 750km 
 観測期間：16ヶ月 

WISE  
Wide-field Infrared Survey Explorer 
(アメリカ) 

2009年打ち上げ、高度 525km 
 観測期間：9ヶ月 赤外線全天サーベイのパイオニア 

16ヶ月間の連続したサーベイ観測を実施 

非常に高感度の赤外線カメラを搭載 
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臼井さんの資料より

Publications of the Astronomical Society of Japan, (2014), Vol. 66, No. 3 56-3

Table 1. Details of the infrared all-sky survey satellites.

IRAS∗ AKARI† WISE‡

Size [m] 3.6 × 3.2 × 2.1 5.5 × 1.9 × 3.7 2.9 × 2.0 × 1.7
Weight [kg] 1083 952 750
Telescope 57 cm, f/9.56 68.5 cm, f/6 40 cm, f/3.375

Ritchey–Chrétien Ritchey–Chrétien Mirror complex§

Cryogen LHe (480 !) LHe (179 !) with Solid hydrogen (15.7 kg)
2-stage Stirling coolers

Altitude of orbit 900 km 750 km 525 km
Launch [UT] 1983/01/26 02:17:00 2006/02/21 21:28:00 2009/12/14 14:09:00
End of operation [UT] 1983/11/23 2011/11/24 08:23:00 2011/02/17 20:00:00‖

Period of survey" 1983/02/09–1983/11/22 2006/04/26–2007/08/26 2010/01/07–2010/08/05
287 days 488 days 211 days

Wavelengths [µm] 12, 25, 50, 100 9, 18, 65, 90, 140, 160∗∗ 3.4, 4.6, 12, 22
5 σ sensitivity [mJy] 350, 330, 430, 1500∗ 50, 90,†† 3200, 550, 3800, 7500‡‡ 0.08, 0.1, 0.85, 5.5§ §

FOV‖‖ [′ ] 4.5∼5.0 ∼ 10 47
Sky coverage > 96% > 96% > 99%

∗The Infrared Astronomical Satellite: Neugebauer et al. (1984), Beichman et al. (1988).
†Murakami et al. (2007); pre-launch designation was ASTRO-F. Note that AKARI means “light” in Japanese and is not assigned a
special acronym.

‡The Wide-field Infrared Survey Explorer: Wright et al. (2010), R. M. Cutri et al. (2013).3
§The optical sub-assembly of WISE consisted of an afocal telescope with six mirrors, a scan mirror, and imaging optics with six mirrors,
which are required to cover a wide field-of-view and have extremely low distortion for performing internal scanning without image
blurring. It is a kind of “a Cassegrain-like objective” (Schwalm et al. 2005).

‖There is a report that WISE would be reactivated in 2013 September.
"Cryogenic cooled phase only.

∗∗While the all-sky survey with AKARI was measured in six bands, the asteroid catalog was constructed using two mid-infrared bands
(9 and 18 µm).

††Ishihara et al. (2010).
‡‡AKARI/FIS All-Sky Survey Bright Source Catalogue Version 1.0 Release Note 〈http://www.ir.isas.jaxa.jp/AKARI/Observation/PSC/

Public/RN/AKARI-FIS_BSC_V1_RN.pdf〉.
§§Mainzer et al. (2011a).
‖‖In scan direction.

about six months after its cryogenic tanks became empty.
The WISE asteroid data set is the most recent and the
largest asteroid catalog provided by an enhancement pro-
gram called NEOWISE (Mainzer et al. 2011a). The sizes
and albedos of asteroids measured with WISE are currently
published as a series of papers: Masiero et al. (2011, 2012)
for the main-belt asteroids; Mainzer et al. (2011d, 2012)
for the near-Earth asteroids; Grav et al. (2011, 2012a) for
the Jovian Trojans; Grav et al. (2012b) for the Hilda group;
and Bauer et al. (2013) for the scattered disk objects and
Centaur populations.

In total, there are 137837 asteroids in the WISE data set
with valid diameter and albedo information.

2.2 Comparison of IRAS, AKARI, and WISE data
sets

Figure 1 shows the relationship between the numbers of
asteroids detected with each of these surveyors in the form
of a Venn diagram. The number of asteroids detected with
any three satellites is 138285, which is 22% of the currently
known asteroids with orbits, and all three satellites detected

Fig. 1. Comparison of the numbers of asteroids detected with IRAS,
AKARI, and WISE shown as a Venn diagram. The total number of aster-
oids detected with either IRAS, AKARI, or WISE is 138285. (Color online)
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あかりで目指したサイエンス

星形成領域の観測
原始惑星系円盤におけるダストディスク消失のタイムスケール

Molecular cloud のサーベイに基づく WTTS の頻度分布(以下は正しいの？)
PS phase ～105year, CTTS phase ～106year, WTTS phase ～107year

原始惑星系円盤における、ダストの進化
多様な星形成プロセスの観測的研究

太陽系天体
惑星間塵

起源，空間分布・構造，軌道進化，Composition，COBE-DIRBE モデルからの脱却
小惑星

含水鉱物という切り口で、小惑星を系統的に調べる
彗星

ダスト組成、Crystalline silicate はどこから？
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個人的な問題意識

原始惑星系円盤におけるダストディスク消失のタイムスケール
赤外線で見えている原始惑星系円盤のダストは primordial?

Photon/stellar wind driven の Poynting-Robertson effect は大きいはず
特に初期の低質量星は stellar wind が桁違いに大きい

何かに守られている or 再供給されないとダスト円盤は見えないだろう
原始惑星系円盤の分光観測で、大きな粒子では見えない feature が見える事から、
小さなサイズのダストが支配的である事は確かである：上記の事実と相反する
但し,大きな粒子の存在を否定する物では無い：但し,mass estimation には配慮が要

我々の太陽系の黄道光は、当然ながら primordial では無く、太陽系で見ると短期的に
時間積分した供給源の賜物である

このため、現在の起源比(彗星：小惑星)がユニバーサルである必要は無い
ただし、太陽系内でのダストの軌道進化は、十分には理解されていない
その分布も、ユニフォームな成分の理解が十分であるかどうかは誰も知らない
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AKARI(ASTRO-F)



CPS seminar Sep. 29, 2015

Wavelength (µm)
1 10 100

1

10

1000

100

λ/
Δ
λ

Prism & Grism

Wide-band Photometry Wide-band (Imaging)
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IRC FIS

AKARI/ASTRO-F Spectral coverage

Survey coverage	                  9	 18	 65	 90	 140	 160 (micron)
Pixel size (arcsec)                4.8	 4.8	 30	 30	 50	 50
	 	        + Imaging (13 bands in 2 - 170 micron) + Spectroscopy
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あかり　の観測装置
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あかり　による観測
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Flood Management through Inter-River Connectivity in North Bihar, 
India 

NMP VERMA1 
1BB Ambedkar University, Lucknow,India 

Flood disaster is a very serious problem in north part of Bihar state of India. Because 
of devastating flood there is heavy loss of man and materials both in agriculture and 
non -agricultural sectors. Sometimes even urban sector is also affected.  The net 
economic loss is very significant. This reduces employment to the labors also Out of 
total disasters 7% of disaster is due to flood in India. It becomes very difficult for the 
government and the beneficiaries to provide relief and rescue operations. Post flood 
management is very difficult because of resource crunch. 
In order to reduce the intensity of flood several measures have been suggested in the 
past. These are of both structural and non-structural nature. However in recent years 
several economists and geographers have suggested to connect two and more rivers 
for flood mitigation. The reason behind this is that all rivers do not overflow 
simultaneously in adjoining areas in the monsoon. Therefore connectivity can reduce 
overflowing in the river through diverting water to the dry river.  
In the present paper it has been argued that connecting all the rivers may not be easy 
for a resource crunch economy. Moreover there may legal problems due to land 
acquisions. Even inter state dispute may also crop up. Under these situation minor 
river connectivity can be taken up in the first phase. Such rivers may be connected 
which fall in the boundary of one state and the distance between two rivers is not 
sizeable. This will reduce connection cost. It is also partly free from disputes 
In North Bihar there is scope of connecting several rivers for flood mitigation and 
post flood irrigation. Major rivers like the Ganga, Bagmati, Kosi, Karhe  and others 
can be easily connected because of the favorabe circumstances. 
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Observations of InterPlanetary Dust with AKARI
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Sensitivities, Spatial resolution, Sky coverage

⇒ One order of magnitude 
     deeper than IRAS survey 

Sensitivity for point sources (Top) Sky coverage
(Bottom) Spatial resolution
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⇒ One order of magnitude 
     finer than IRAS survey 

AKARI
  AKARI
IRC (all-sky)
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AKARI 9um all-sky image
 (Zodiacal light subtracted)

Blue : 9um
Red: 18um

Blue : 9um
Red: 18um

Blue : 9um
Red: 18um



CPS seminar Sep. 29, 2015



CPS seminar Sep. 29, 2015

ALL Sky Map (AKARI/FIS)

Y. Doi et.al., PASJ 2015
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Number of Refereed Papers
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星形成領域の観測

星形成領域の観測
原始惑星系円盤におけるダストディスク消失のタイムスケール

Molecular cloud のサーベイに基づく WTTS の頻度分布(以下は正しいの？)
PS phase ～105year, CTTS phase ～106year, WTTS phase ～107year

ある星形成領域を、WTTS を検出できる深さで complete にサーベイする
星形成レートが長期的に大きく変わらないと仮定すると、頻度分布から phase 
の duration を求められる

赤外線波長での WTTS のサーベイが行われてきていなかった

原始惑星系円盤における、ダストの進化
円盤の分光学的観測

多様な星形成プロセスの観測的研究
星形成の場のアトラス
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星惑星領域の観測プログラム(AFSAS)

PI: Munetaka UENO (Univ. Tokyo)

Akiko KAWAMURA (Nagoya Univ.)

Yoshimi KITAMURA (ISAS) Motohide TAMURA, Ryo KANDORI (NAOJ)

Satoshi R. Takita (TITECH), Hirokazu KATAZA (ISAS), 

Yoshiko OKAMOTO (Ibaragi Univ.)

Misato FUKAGAWA, Toshikazu Ohnishi (Nagoya Univ.), 

Mitsuhiko HONDA (Kanagawa Univ.)

Yuri AIKAWA (Kobe Univ.), Viktor L TOTH(ELTE), Glenn White (Open Univ.)

(所属は当時)
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Chamaeleon survey

FIS

MIR-S/NIR

MIR-L

Chamaeleon (100um) 
in Ecliptic Coordinates

30”/sec scan
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Observations of
Star forming regions
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23

Detection limits of the survey
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Cha II

Cha I

Cha III

IRAS 100 µm

カメレオン分子雲での
広域・高感度マッピング観測領域

「あかり」による指向観測領域

Cha I

Cha II

by Kawamura
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FIR map of Chamaeleon I

50 - 80 µm

Cham I

50 - 120 µm

110 - 200 µm 140 - 200 µm
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N

E 10'

2' Cha-MMS 1

CED110 IRS4

HD 97300

Cha-MMS 2

2'

YYSSOO  ddeetteecctteedd  iinn  tthhee  WWIIDDEE--SS  mmaapp

✴３６objects
　peak > 3σ, FWHM ~ 40”

•Known YSO：２５
•galaxies：６
•Unknown：５

✴Position accuracy
　versus ２MASS

•<Δr> = 9”
•No systematic error

50 - 120 µm

by Fukagawa
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N

E 10'

✴９ Objects
　peak > 3σ, FWHM ~ 60”

•３ C18O cores
　　　Mizuno et al. 1999

•６ objects detected 
both of SW and LW 
maps SW

110 - 200 µm

YYSSOO  ddeetteecctteedd  iinn  tthhee  WWIIDDEE--LL  mmaapp
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Color temperature of the dust

Color correction was applied.

Tóth et al. 2000, AA, 364, 769.

ISO
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Mass function of the dust clumps

N(clump) = 90 
by Clumpfind (Williams et al. 1994)WIDE-L
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WIDE-L

γ-slope of the IMF is determined at 
rather early stage at low density 
cores (n~103 cm-3), than in the next 
stage (H13CO+ core (n~105 cm-3) 
reported by Ikeda et al. 2007)

Mass function of the dust clumps
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Far-IR imaging observations of the 
Chamaeleon region

1. The observations have covered 210 pc2 (33.79 deg2) in Chamaeleon with an effective spatial 
resolution of 69".  The observed region includes not only the bright and major star-forming molecular 
clouds Cha I and II but also the relatively diffuse regions, Cha III, Major "lament, and Cha East.

2. The observed signals were converted to the brightness in MJysr-1 by directly comparing with the 
DIRBE ZSMA data and the #ux uncertainty results in ∼20%. The positional calibration was also applied 
by using the near-infrared data obtained with AKARI/IRC and we achieved the pointing accuracy better 
than 4".

3. The far-infrared images show that the brightness in the 90–160 μm bands becomes the strongest 
toward the Cha I sub-region and tends to decrease toward the east. 
Brightness in the 65 μm band does not have such a distinct trend.  These features indicate that a warm 
dust component with temperature of ∼20 K is uniformly distributed over the whole Chamaeleon region, 
while a cold dust component with temperature of ∼10 K is prevailing particularly in the Cha I, II, and III 
sub-regions.

N. Ikeda et.al., ApJ 2012
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Far-IR imaging observations of the 
Chamaeleon region

4. Assuming that the warm and cold dust components exist toward the Chamaeleon region, as inferred from the four 
band FIS images, we estimated the temperatures of the two components from the FIS images in conjunction with the 
DIRBE data.  The temperature of the warm component is 22.1 ± 0.5 K and that of the cold component is 11.7 ± 2.5 K.   
Using these temperatures, we further derived the column density maps of the two components.  The column density 
maps con!rm that the warm component is uniformly distributed at a large spatial scale of ∼50 pc, much larger than 
that of the cold component of ∼ several pc.  Note that both the components have numerous internal structures with 
sizes of 0.1–1 pc.

5. It is most likely that the cold component corresponds to the molecular clouds because the spatial correlation 
between the cold component and the molecular clouds is fairly good.  In addition, the mean size and density of the 
cold component are estimated to be 1 pc and 3 × 103 cm-3, respectively, which are quite consistent with those of the 
molecular clouds.  The size and density of the warm component are estimated to be ∼50 pc and 0.9–15 cm-3, 
respectively, and therefore we believe that the warm component traces the cold H I clouds.

6. The distribution of the cold H I gas traced by the warm component extending into a large scale of ∼50 pc can be well 
explained in the formation scenario of the CNM(cold neutral medium) through the thermal instability of the 
WNM(warm neutral medium) caused by an SN(super nova) shell with 100 pc size. The scenario, however, cannot 
describe the several pc-scale distribution of the cold component(formation of the molecular clouds). One might require 
the gravitational fragmentation of the cold H I gas or some external triggers, for example, the collision between the 
CNM and a high-velocity cloud with size of ∼10 pc, previously proposed for the origin of the Chamaeleon molecular 
clouds.

N. Ikeda et.al., ApJ 2012
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Observed region

N. Ikeda et.al., ApJ 2012

The Astrophysical Journal, 745:48 (21pp), 2012 January 20 Ikeda et al.
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Figure 1. Observed regions are indicated by the black polygons on the 100 µm brightness map created by Schlegel et al. (1998). The gray-scale range is from 0 to
25 MJy sr−1. Following Mizuno et al. (2001), the subregions of Cha I, Cha II, Cha III, Major Filament, and Cha East are indicated.

IRC slow-scan observations, data reduction, and astronomical
investigation will be presented in a forthcoming paper (S. Takita
et al. 2011, in preparation).

3. DATA REDUCTION

We briefly summarize the data reduction processes and the
calibration procedures for the intensity scale and the celestial
position in this section. The detailed description of each data
reduction step is given in Appendices A, B, and C. First, we ap-
plied a series of basic data reduction processes, such as flagging
bad readouts and nonlinearity correction of detector signals, to
the FIS data using a standard pipeline software package, Green
Box.3 Second, we applied a series of photometric corrections
specific to the slow-scan observation, such as dark subtraction
and flat fielding, to the AKARI/FIS time series data (TSD), us-
ing a slow-scan photometric data processing toolkit FAST, devel-
oped for this study (Appendix A.1). From the processed TSD, we
created brightness images at the four FIS bands (Appendix A.2).
The effective spatial resolution is 68.′′7, corresponding to 0.05 pc
in linear scale at the distance to Chamaeleon of 150 pc. We con-
verted the signals of the FIS images into the absolute brightness
in MJy sr−1 by comparing with the COBE/DIRBE data in the
observed area (Appendix B). Figure 2 shows that the calibrated
FIS brightness in the four bands has a good linear correlation
with the DIRBE one in the range of 2–30 MJy sr−1 with the
spatial resolution of 0.◦7. In addition, we calibrated the positions
of the FIS data on the sky plane, by using point sources seen in
the near-infrared images taken by the IRC, which was simulta-
neously operated with the FIS (Appendix C). We achieved the
pointing accuracy of the FIS data of 4′′ ± 3′′.

4. FAR-INFRARED IMAGES IN THE
CHAMAELEON REGION

Figure 3 shows the brightness maps of the Chamaeleon region
in the N60, WIDE-S, WIDE-L, and N160 bands. In all the bands,

3 See also Verdugo et al. (2007).

we have detected the brightest emission in the Cha I subregion.
The brightness tends to decrease toward the east and in the
Major Filament subregion the emission becomes the faintest.
This global, 10◦ scale gradient is consistent with those in the
100 µm map by Schlegel et al. (1998; see Figure 1) and the 12CO
map by Mizuno et al. (2001). In the northwestern part (l < 305◦

and b > −18◦) of the Chamaeleon region, we see distinct diffuse
emission in the WIDE-S, WIDE-L, and N160 bands, but only
weak emission is seen in the N60 band, indicating that the diffuse
interstellar matter with temperatures of <20 K is dominant in the
northwestern part, as shown in Section 5.3. The cold interstellar
matter is likely to correspond to molecular clouds, because the
12CO intensities are also strong in the northwestern part, i.e.,
the Chamaeleon I, II, and III molecular clouds (Mizuno et al.
2001).

On the other hand, in the southeastern part of l > 305◦

and b < −18◦, the intensities in the WIDE-S, WIDE-L, and
N160 bands become weak, while that in the N60 band does
not significantly change. In the Major Filament subregion, we
found the strongest emission of ∼7 MJy sr−1 in the N60 band
at l, b ∼ 310◦0′0′′, −20◦0′0′′, although the longer wavelength
bands exhibit weak emission. In addition, the 12CO intensity at
this point is also weak, suggesting that there is no molecular
component but is an atomic one with higher temperature. In
other words, the diffuse interstellar matter with temperatures
of !20 K is dominant in the southeastern part. This difference
between the northwestern and southeastern parts is consistent
with a color temperature map of the Chamaeleon region derived
by Toth et al. (2000). They showed that toward the Cha I–III
molecular clouds the color temperature is ∼14 K and a warmer
(>16 K) component is surrounding the clouds, although their
map does not cover the Major Filament and Cha East subregions.

In addition to the overall features described above, we found
structures with spatial scale of 1◦, corresponding to the five
subregions. The linear extents of the subregions of ∼3 pc are
similar to those of clumps in giant molecular clouds, which are
thought to be the natal objects of stellar clusters (Higuchi et al.
2009; Ikeda & Kitamura 2011). In the Cha I subregion, there
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Figure 5. Left: mid- to far-infrared spectrum obtained by integrating the DIRBE ZSMA data toward the Chamaeleon region. Note that the flux density in the y-axis is
measured in the unit of Jy, although the x-axis of the spectrum is indicated in wavelength. The open and filled circles indicate the observed and color-corrected flux
densities, respectively. The error bars represent the flux uncertainties of the DIRBE data (Hauser et al. 1998). The thick solid curve shows the best-fit graybody function
with the hot (263 K) and warm (22.1 K) components, and the dotted and dashed curves show the hot and warm components of the best-fit function, respectively. Right:
same spectrum as in the left-hand side panel where the fitting was done for the case of Twarm = 16.3 K: the best-fit value of the hot component temperature is 235 K.

respectively. The mean Twarm is 22.2 ± 0.3 K, which is quite
consistent with Twarm obtained from the total SED. Furthermore,
in each subregion there is no distinct gradient in the distribution
of Twarm; the Twarm values derived from individual DIRBE pixels
show a standard deviation of ∼0.4 K in each subregion, which
is comparable to the fitting uncertainty of 0.5 K for the total
SED, strongly suggesting that Twarm is uniform all over the
Chamaeleon region.

Our Twarm seems somewhat higher than the previous esti-
mate of ∼16.3 K for the intercloud medium by Toth et al.
(2000), who derived the color temperature from the ratio of the
ISO/ISOPHOT 170 µm brightness to the IRAS 100 µm one. In
fact, if we derive the color temperature using the ratio of the
DIRBE 140 µm brightness to the 100 µm one, we have 17.4 ±
1.8 K, which is consistent with the previous measurement. How-
ever, if we do the fitting by using Twarm of 16.3 K, the DIRBE
SED cannot be fitted well, especially in the far-infrared wave-
length regime, as shown in the right-hand side panel of Figure 5.
These facts indicate that Twarm derived as the color temperature
using two photometric bands at ∼100 µm tends to be lower than
that based on the SED over the 60–160 µm range because the
color temperature analysis does not consider the contribution
of the shorter, 60 µm band. Consequently, we adopt the Twarm
value derived by the SED analysis.

5.2. Estimation of the Cold Component Temperature
from the FIS Bands

Following Suzuki et al. (2007), we derived the temperature
of the cold component, Tcold, from the SED integrated over
the extent of the cold component in the Chamaeleon region
by applying a graybody function having the two temperature
components of Twarm and Tcold. Here we assumed that Tcold
is uniform for all the subregions, as in the Twarm case. This is
because the cold component is likely to correspond to molecular
clouds as shown in Section 5.4.1, and thus Tcold is expected to
be uniform and around 10 K. Actually, Hollenbach et al. (1991)
showed that the temperature of dust particles located in the deep
inside (AV ! 4 mag) of a cloud is estimated to be ∼10 K with
the far-UV photon flux normalized by the local interstellar one,
G0, of ∼ 1.

First, we derived the SED of the cold component in the FIS
bands, as shown in Figure 6. We picked up the FIS data points
which are located inside the 0.5 mag contours in the DSS AV
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Figure 6. Total flux densities in the FIS bands toward the Chamaeleon region.
The open and filled circles indicate the observed and color-corrected flux
densities, respectively, and the error bars represent the uncertainties. The thick
solid curve shows the best-fit two-component graybody function with Twarm =
22.1 K and Tcold = 11.7 K. The dashed and dotted curves show the warm and
cold components of the best-fit function, respectively.

map. The resultant SED is not considerably changed if we use
the AV threshold of 1 mag or greater. In such cases, however,
there are few data points in the Cha III and eastern subre-
gions. Furthermore, we excluded bright point-like sources such
as stars, YSOs, and galaxies having higher apparent tempera-
tures of >30 K than those of the warm and cold components as
follows. We adopted the positions of bright point-like sources
from the AKARI/FIS bright source catalog (Yamamura et al.
2010).4 Here, we searched a set of contiguous pixels having
temperatures higher than the mean value in the surrounding
area by the 2σ level. Then we rejected the searched pixels by
considering the effective spatial resolution of 69′′. Note that
all the artificial ghost and cross-talk features described in Ap-
pendix A.2 could not be removed by this procedure.

Next, we applied a graybody function having the two temper-
ature components of the given Twarm value and a free Tcold value

4 The catalog, named officially as “the AKARI/FIS all-sky survey bright
source catalogue version 1.0,” can be accessed via the AKARI Catalogue
Archive Server (CAS; Yamauchi et al. 2011) at http://darts.jaxa.jp/astro/akari/.
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Figure 8. Column density maps of the warm (top) and cold (bottom) components in the Chamaeleon region. The contour intervals of the warm and cold component
maps are the 1σ levels. Here the σ values are the noise levels in the column density maps propagated from those in the brightness maps: 6.3 × 10−5 and 4.6 ×
10−3 g cm−2 for the warm and cold components, respectively. The contours in the warm component map are drawn from the 6σ to 16σ levels, and those in the cold
component map are drawn from the 3σ to 13σ levels. The gray-scale bar is shown at the right-hand side in each panel, and the unit is g cm−2. The observed regions are
outlined with the thick polygons. Note that the sensitivities of the column densities of the warm and cold components are 8 × 10−5 and 3 × 10−4 cm−2, respectively
(see Section 5.3).

Figure 9. Left: correlation between the column density of the warm component and the visual extinction AV based on DSS (Dobashi et al. 2005). (Right: correlation
between the column density of the cold component and the 2MASS AV (Dobashi 2011). The solid line in each panel represents the visual extinction expected from
the column density: (AV/mag) = 231.7(Σ/g cm−2) for the atomic medium (left), and (AV/mag) = 239.7(Σ/g cm−2) for the molecular medium (right).
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numerator is limited to our scanned areas. The fcover values
are 1.0, 0.6, 0.4, 1.0, and 1.0 for the Cha I, Cha II, Cha III,
Major Filament, and Cha East subregions, respectively. The
uncertainty in Mcold is a factor of three: the large uncertainty
originates from that in deriving Tcold of 20%, because the four
FIS bands only cover the Wien’s regime of the graybody function
with Tcold of 11.7 K.

Assuming a prolate spheroid with an aspect ratio of r, we
estimate the mean volume number density of each molecular
cloud, ncold, as

ncold = 3Mcoldr
1/2

4µmHπR3
eff

, (3)

where mH is the mass of a hydrogen atom and µ is the mean
molecular weight of 2.33. Reff is the radius of a circle whose
area is equal to the total projected area of the cold component
as

Reff =
√

A/π , (4)

where A is the total area of the pixels to be summed in the
denominator of Equation (2). The r values measured for the
extent at the 3σ levels are 2.0, 1.2, 3.0, 1.9, and 2.5 for Cha I, II,
III, Major Filament, and Cha East, respectively. The uncertainty
in ncold is a factor of four, dominated by the large uncertainty
in Mcold.

The mean value of ncold, ncold, with standard deviation is
(3.6 ± 1.7) × 103 cm−3 (see Table 1). The ncold value is greater
than the expected local density in the transient layer between the
atomic and molecular media in the periphery of the cloud of 4 ×
102–1 × 103 cm−3 (Wolfire et al. 2010), supporting that the cold
component surely traces the molecular cloud. Furthermore, the
mass of each subregion is consistent with those estimated by CO
isotopologue lines. The Mcold of 1148 M# with the uncertainty
of a factor of three in the Cha I subregion is comparable to
the cloud masses of 1030 and 810 M# by the 12CO (J = 1–0)
emission (Mizuno et al. 2001) and the 13CO (J = 1–0) emission
(Hayakawa et al. 1999), respectively. In contrast, the Mcold value
is significantly larger than the mass of 230 M# estimated from
the C18O (J = 1–0) emission (Haikala et al. 2005) by a factor
of five, because the cold component is thought to trace more
tenuous (∼103 cm−3) extended part of the cloud than the C18O
emission with a critical density of ∼104 cm−3. In the Cha II
subregion, the Mcold of 802 M# is similar to the cloud masses of
1860 and 940 M# by using the 12CO line (Mizuno et al. 2001)
and the 13CO line (Hayakawa et al. 2001), respectively, within
the uncertainty of a factor of three. As in the Cha I case, the
Mcold is considerably larger than the mass by the C18O line of
110 M# (Mizuno et al. 1999). In the Cha III subregion, the Mcold
of 584 M# seems consistent with the cloud masses of 1890 and
1200 M# by the 12CO line (Mizuno et al. 2001) and 13CO line
(Hayakawa et al. 2001), respectively, within the uncertainty.

On the other hand, in the other subregions the cloud masses
are derived only from 12CO by Mizuno et al. (2001) and our Mcold
values are smaller by a factor of 48 and 43 than the cloud masses
for the Major Filament and Cha East subregions, respectively.
These significant differences strongly suggest the lack of the gas
with densities of ∼103–4 cm−3, which is quite consistent with
no star formation activities in the two subregions.

6.2. Relation between the Warm Component
and the H i Medium

The spatial distribution of the warm component is obviously
different from that of the cold component, i.e., the molecular
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Figure 17. Masses of the warm and cold components enclosed in the observed
area of each subregion, normalized by those of the Cha I subregion, are indicated
by the thin-color filled circles and the thick-color open squares, respectively (see
Section 6.2).

clouds. To illustrate the difference, we compare the mass of
the warm component enclosed in the observed area of each
subregion with that of the cold component in Figure 17. Note
that the enclosed masses of the warm and cold components are
calculated by Equation (1) for fcover = 1 and are normalized
by those in the Cha I subregion. Note that the uncertainty in
the enclosed mass of the cold components is a factor of three,
the same as that in Mcold, and that of the warm component
enclosed mass is 25%, which comes from the uncertainty in the
column density of 15% (see Section 5.3) and the uncertainty
in deriving Twarm of 4% (see Appendix B.2). Figure 17 clearly
shows that the enclosed mass of the warm component remains
constant compared to that of the cold component and it is
consistent with the fact that the warm component is likely
to be uniformly distributed all over the Chamaeleon region
as argued in Section 5.4.1. In contrast, the enclosed mass of
the cold component significantly decreases toward the eastern
subregions: the masses in the Major Filament and Cha East
subregions are one order of magnitude or more smaller than
those in the Cha I, II, and III subregions. Note that the decreasing
tendency is seen also in Mcold listed in Table 2.

Furthermore, the mean density of the warm component, nwarm,
is significantly smaller than that of the molecular cloud (see
Table 1). The large uncertainty in nwarm is due to the large
uncertainty in estimating the depth of the volume occupied
by the warm component along the line of sight, because the
warm component is extended all over the Chamaeleon region.
As one extreme case, we can roughly estimate nwarm in each
subregion by Equation (3), where we use the enclosed mass of
the warm component instead of Mcold and adopt µ = 1.3. Reff
for the warm component is estimated by Equation (4), where A
is assumed to be the total area of the subregion. We have the
nwarm values of 11, 15, 10, 11, and 12 cm−3 in the Cha I, Cha II,
Cha III, Major Filament, and Cha East subregions, respectively,
and nwarm with standard deviation becomes 12 ± 2.0 cm−3. On
the other hand, as the other extreme case, we can also estimate
nwarm assuming that the warm component is distributed in a sheet
with 50 × 50 × 10 pc. Here, the width of 50 pc is the size of
the Chamaeleon region along the galactic longitude, the depth
of 50 pc is assumed to be equal to the width, and the height of
10 pc is the size of the region along the galactic latitude. By
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component has a similar distribution, but there is one conden-
sation labeled with A2 at (α, δ) ∼ (12h54m0s, −76◦9′0′′), where
the cold component becomes faint.

Figure 13 shows the column density maps in the western
part of the Cha III subregion; the part corresponds to the
Chamaeleon III molecular cloud (Hayakawa et al. 2001). The
warm and cold component distributions are similar to each
other and there are five distinct condensations labeled with
A3w, B3w, C3w, D3w, and E3w in the warm component map.
The cold component becomes weak in the eastern part of the
Cha III subregion (see Figure 14), and we found only a few
condensations. Note that a condensation labeled with A3e has a
counterpart in the 12CO map (Mizuno et al. 2001). In contrast,
condensations of the warm component are distributed all over
the observed region. For example, we indicate three of them as
labeled with B3e, C3e, and D3e.

Figure 15 shows the column density maps in the Major Fil-
ament subregion. There are several condensations in the warm
component map, and the strongest and the second strongest
ones are labeled with AMF and BMF, respectively. Although the
two condensations are seen only in the warm component map,
they have 12CO counterparts. Especially, the peak-integrated in-
tensity of the CO counterpart of the BMF condensation is as
large as 15 K km s−1 (Mizuno et al. 2001). In the cold com-
ponent map, no significant emission is found toward AMF and
BMF, but there are other condensations labeled with CMF and
DMF, which have counterparts in the warm component map. The
condensations CMF and DMF are identified as G310.70−20.97
and G311.58−21.08, respectively, in the catalog of dust clouds
compiled by Dutra & Bica (2002). The linear extents of the con-
densations are ∼7′, corresponding to radii of ∼0.1 pc (see also
Section 6.1), which are similar to the typical radius of molecular
cloud cores (Ikeda et al. 2007).

Figure 16 shows the column density maps in the Cha East
subregion. The warm component map exhibits an arc-shaped
feature. The arc consists of several condensations: for example,
the intense condensation AE is located at the center of the arc
and has a peak column density as large as 5 × 10−4 g cm−2. The
condensation AE has a counterpart in the cold component map
and is cataloged as G316.58−21.97 (Dutra & Bica 2002); its size
is ∼10′, corresponding to a radius of 0.2 pc, similar to the typical
core radius, as in the CMF and DMF cases. The condensation BE,
however, has no counterparts in the cold component and 12CO
maps. Note that a point source at the head of the arc shape is a
galaxy IC 4633.

6. PHYSICAL PROPERTIES OF THE SUBREGIONS AND
THE NATURE OF THE WARM COMPONENT

In Section 5, we showed that Tcold is estimated to be 11.7 K
(see also Table 1) and the spatial distribution of the cold compo-
nent is strikingly similar to those of the thermal dust continuum
and molecular line emission in the previous observations. These
results strongly suggest that the cold component corresponds to
the molecular clouds. It is also shown that the warm component
has a temperature Twarm of 22.1 K and its spatial distribution
is obviously different from that of the molecular clouds, sug-
gesting that the warm component does not trace the molecular
medium but other diffuse ones. In this section, we derive the
physical properties of the molecular clouds based on the cold
component map and compare the properties with those by the
previous studies to illustrate which part of the molecular clouds
the cold component traces. In addition, we discuss which inter-
stellar medium is responsible for the warm component.

Table 2
Physical Properties of the Molecular Clouds Traced by the Cold Dust

in the Subregions

Subregion Name D Reff Mcold ncold
(pc) (pc) (M&) (×103 cm−3)

Cha I 160 1.4 1148 1.6
Cha II 178 1.0 802 3.8
Cha III 160 0.8 584 5.3
Major Filament 140 0.3 9.4 2.2
Cha East 140 0.2 10.1 5.4

Notes. The typical uncertainty of each quantity is as follows: Reff , 0.1 pc,
derived from the uncertainty in the estimation of the projected area; Mcold, a
factor of three, derived from the uncertainty in the estimation of Σcold,FIS and
fcov: ncold, a factor of four, derived from the uncertainties in Mcold, Reff , and the
aspect ratio of the cloud r (see Section 6.1).

6.1. Molecular Clouds Traced by the Cold Component

We derive the physical properties of the molecular clouds in
each subregion from the cold component column density map,
as summarized in Table 2. The distances to the Cha I and Cha II
subregions are estimated by Whittet et al. (1997) based on the
optical photometric and spectral data of field stars, and are 160 ±
15 and 178 ± 18 pc, respectively. They showed the distance to
the Cha III subregion seems to be in the range from 140 to 160 pc.
Here we assume that the distance to the Cha III subregion is
160 pc, which is the same as that for the Cha I subregion. On the
other hand, there have been no distance measurements toward
the Major Filament and Cha East subregions. Mizuno et al.
(2001) adopted the distance of 140 pc, and thus we use the same
distance.

The mass of the molecular cloud traced by the cold compo-
nent, Mcold, is

Mcold = 2.6
(

θpixel

30′′

)2 (
D

160 pc

)2

f −1
cover

∑

!3σ

(
Σcold,i

g cm−2

)
[M&],

(1)
where θpixel is the size of a pixel on the image, D is the distance
to the subregion, and Σcold,i is the cold component column
density in g cm−2 at a pixel i. The summation is done over
the pixels where the column density exceeds the 3σ uncertainty
in the SED fitting in each subregion. The factor fcover is the
fraction of the mass of the molecular cloud traced by our
observations with respect to the total mass; we must consider
the incomplete coverage of our observations, especially in the
Cha II and Cha III subregions, because the CO maps (Mizuno
et al. 2001; Hayakawa et al. 1999) indicate that a significant
fraction of the CO gas is found in the gaps between our scanned
areas. We can estimate the fraction on the basis of the AV
maps as follows. The cold component column density is well
correlated with the 2MASS AV above 4 mag, as we shown in
the right panel of Figure 9. In other words, the extinction of
4 mag can be regarded as the periphery of the cold component;
4 mag gives 1.5 × 10−2 g cm−2, i.e., the 2.5σ level of the
cold component column density map by using the relation of
(AV/mag) = 261.9(Σcold,FIS/g cm−2). Therefore, we estimate
fcover as

fcover =
∑i

!4 mag and Observed AV,i
∑i

!4 mag AV,i

, (2)

where AV,i is the 2MASS AV value at a pixel i. The summation
is done for the pixels having 4 mag or greater, but that in the
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A survey of T Tauri stars with AKARI 
towards the Taurus-Auriga region
Of the 517 known TTSs, 133 sources are detected by AKARI: 
46 sources were not detected by IRAS. 

Based on the colour-colour and colour-magnitude diagrams made from the AKARI, 2MASS, and UCAC 
surveys, the criteria to extract TTS candidates from the AKARI All-Sky data are proposed
68/133 AKARI detected TTSs have passed these criteria. 

On the basis of our criteria, we selected 176/14725 AKARI sources as TTS candidates that are located 
around the Taurus-Auriga region. 

Based on SIMBAD identi"cations, we infer the TTS-identi"cation probability using our criteria to be 
∼75%. We "nd 28 TTS candidates, of which we expect ∼21 to be con"rmed once follow-up observations 
can be obtained.  Although the probability of ∼75% is not so high, it is affected by the completeness of 
the SIMBAD database, and we can search for TTSs over the whole sky, and all star-forming regions.

S. Takita et.al., A&A 2010
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Distribution of the target TTSs
S. Takita et al.: Taurus TTSs with AKARI
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Fig. 1. Distribution of the target TTSs (small open circles). The small filled circles indicate the TTSs detected with AKARI and the large open
ones represent the IRAS detection, on the IRAS 100 µm map.

are most likely to be WTTSs, because they have weak Hα emis-
sion (except HT Tau, whose Hα equivalent width is not given)
and are located near the periphery of the clouds or outside the
clouds. AKARI has succeeded in detecting WTTSs with weak
excess emission in the sensitive S9W band.

Eighteen TTSs are not catalogued in the IRC-PSC to within
a 5′′ searching radius, but are catalogued in the IRAS PSC to
within 60′′ radius. Of these sources, 15 sources have AKARI
counterparts within the positional accuracy of the IRAS, but
the remaining 3 sources have no counterparts in the IRC-PSC.
IRAS 04302+2247 was observed once and four times at the
S9W and L18W bands, respectively, but not detected. Although
this source is a well-known TTS with an edge-on disk, it is
faint in the S9W and L18W bands, which suggests that there

is an inner gap in the disk. It has indeed a bright 24 µm mag-
nitude of 3.57 but faint 8 µm one of 9.71 (Rebull et al. 2010).
IRAS 04216+2603 was observed four times and detected only
once at the L18W band, and not observed in the S9W band at all.
Since the IRC-PSC should contain more than one detection of
a “real” point source to reject a moving object or a fake one,
the source is not catalogued in the IRC-PSC. Finally, DM Tau
was detected twice in the L18W band, but the positions in the two
independent images have a larger difference than 5′′ between
each other for the current positional accuracy, i.e., no entry in
the IRC-PSC.

Although Spitzer was not used to survey the entire region we
searched, sources inside the Taurus molecular cloud and some
other sources outside the cloud have also been observed with

Page 3 of 7

Distribution of the target TTSs 
(small open circles). The small "lled 
circles indicate the TTSs detected 
with AKARI and the large open 
ones represent the IRAS detection, 
on the IRAS 100 μm map.
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Colour-colour diagram

S. Takita et.al.
A&A 2010

S. Takita et al.: Taurus TTSs with AKARI
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Fig. 6. Top: (KS − S 9W) vs. (J − KS) colour−colour diagram. The grey
dots with error bars indicate all the AKARI point sources in the selected
Taurus-Auriga region. The red plus and cross symbols show carbon and
OH/IR stars in the whole sky, respectively. The magenta diamonds, the
orange circles, and the blue squares are post-AGB stars, PNe, and ex-
tragalactic objects in the whole sky, respectively. The green stars mean
the TTSs in the Taurus-Auriga region. The arrow shows the interstellar
extinction vector of AV = 20 mag, estimated from the Weingartner &
Draine (2001) Milky Way model of RV = 3.1. Bottom: (KS − L18W) vs.
(J − KS) colour−colour diagram. The symbols and arrow are the same
as in the top panel.

shown in Fig. 7. Since an AGB star typically has hot dust near
its photosphere, the (S 9W − L18W) colour, which represents the
dust temperature, becomes blue. On the other hand, since the
majority of the dust around a TTS is cold, the MIR colour is red.
To remove about 80 and 70% of carbon and OH/IR stars, we
propose the first criterion to be

J − KS ≤ 7.7 × (S 9W − L18W) − 8.5. (1)

However, post-AGB stars and PNe have the red MIR colour be-
cause they have cold dust. Furthermore, galaxies also contain
cold dust. Therefore, we can separate only 15% of post-AGB
stars, and a few PNe and galaxies from TTSs. We note that this
criterion is valid for the sources that were detected in both the
S9W and L18W bands. We do not remove the sources that were
detected in only one band.
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bols and arrow are the same as in Fig. 6. The black solid line indicates
our criterion (1). The black broken lines indicate S 9W − L18W colours
of 200, 500, and 1000 K blackbody.
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bols are the same as in Fig. 6. The arrow shows the interstellar extinction
vector of AV = 5 mag, estimated from the Weingartner & Draine (2001)
Milky Way model of RV = 3.1. The black line indicates our criterion (2).

4.3. Colour–magnitude diagram

Secondly, we can separate post-AGB stars, PNe, and galaxies
from TTSs in the (UCAC − J) vs. (UCAC) colour−magnitude
diagram. Owing to the low luminosities of PNe (white dwarfs)
and galaxies at the visible wavelengths, we can remove about 90
and 97% of PNe and galaxies, respectively, by the applying the
2nd criterion

UCAC ≤ 1.5 × (UCAC − J) + 10. (2)

From this criterion, we can also remove about 26% of post-AGB
stars. Furthermore, 4 and 12% of carbon and OH/IR stars, re-
spectively, can also be distinguished. Considering the detection
limits of the IRC-PSC and the UCAC, this method seems ef-
fective only for extracting nearby (<∼100 pc) young sources. We
note that we never identify TTSs with their edge-on disks, be-
cause they are not optically visible.

Figure 9 shows the same colour-colour diagrams as in Fig. 6,
but for the remaining sources that could not be removed by the
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Ice absorption bands towards 
edge-on young stellar objects

Ice absorption bands at 2.5−5 μm towards eight low-mass YSOs were observed;
 three class 0-I protostellar cores with edge-on geometry
 two edge-on class II objects
 two multiple systems with edge-on class II
 one not-edge-on class II object.
 
Towards the class 0-I objects, L1527, IRC-L1041-2, and IRAS 04302
 Abundant H2O, CO2 , and CO ice in the envelope. 
 The column density ratio of CO2 to H2O ice is 21−28%
 ( coincides with the ratio observed by SST towards YSOs with various inclinations.)
 The weak absorption at ∼4.1 μm can be !tted by HDO ice
 ( HDO/H2O ratio ranges from 2% to 22%.)
 The absorption in the vicinity of the CO band (4.76 μm) is double-peaked
 !tted by combining CO ice, OCN−, and CO gas. 

Towards the edge-on class II objects, ASR41 and 2MASS J1628137-243139, 
 H2O band was detected. 
 low optical depth of the water feature is due to geometrical effects (Pontoppidan et al. 2005). 
 The detected water ice mainly originates in the disk.
 HK Tau B and HV Tau C are edge-on class II objects in multiple systems. 
 detected the absorption of H2O ice and CO2 ice. 

Y. Aikawa et.al., A&A 2012
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Target list
Y. Aikawa et al.: AKARI observations of ice absorption bands towards edge-on YSOs

Table 1. Target list.

Name Coordinates (J2000)a Class Note

L1527(IRAS 04368+2557) 04:39:53.6 +26:03:05.5 0-I WCCC, i ∼ 85◦b

IRC-L1041-2 20:37:21, +57:44:13 0-Ic nearly edge-onc

IRAS 04302+2247 04:33:16.45, +22:53:20.7 0-I i ∼ 90◦d

ASR 41 03:28:51.291, +31:17:39.79 II i ∼ 80◦e

2MASSJ 1628137-243139 16:28:13.7, -24:31:39.00 II i ∼ 86◦ f

HV Tau 04:38:35.280, +26:10:39.88 II multiple system (i ∼ 84◦g )
HK Tau 04:31:50.900, +24:24:17.00 II binary (i ∼ 85◦h )
UY Aur 04:51:47.31, +30:47:13.9 II i ∼ 42◦

Notes. (a) Coordinate of the center of the 1′ aperture. (b) Inclination of the disk estimated by Tobin et al. (2008). (c) Judged from the similarity of its
N3 image and spectrum to those of L1527 and IRAS 04302. (d) Wolf et al. (2003). (e) Hodapp et al. (2004). ( f ) Grosso et al. (2003). (g) Inclination
of HV Tau C (Monin & Bouvier 2000). (h) Inclination of HK Tau B (Stapelfeldt et al. 1998).

Both IRAS 04302 and L1527 (IRAS 04368+2557) are edge-
on YSOs in a transient state from class 0 to class I (André et al.
2000). The YSO L1527 is of special interest from a chemical
point of view; it is one of two YSOs where high abundances of
carbon-chain species are observed. Carbon chains are considered
to be formed by warm carbon-chain chemistry (WCCC): gas-
phase reactions of sublimated CH4 (Sakai et al. 2008; Aikawa
et al. 2008). The large organic species detected towards sev-
eral low-mass YSOs (e.g. IRAS 16293) are not, however, de-
tected towards L1527 (Sakai et al. 2008). Since the large or-
ganic species are formed from CH3OH, while carbon chains are
formed from CH4, it is important to investigate ice bands, includ-
ing the C-H bands, towards L1527, to determine whether its ice
composition significantly differs from those of other low-mass
YSOs.

The YSO IRC-L1041-2 was initially in our target list of
background stars (i.e. field stars behind molecular clouds)
(Noble et al., in prep.). The N3 image shows a faint object with
nebulosity, which is similar to L1527. The SST observations also
detected a YSO with nebulosity (T. L. Bourke, priv. comm.). The
presence of a dark dust lane indicates that the YSO has a high
inclination, close to edge-on.

The YSOs 2MASS J1628137 and ASR41 are edge-on
class II objects. 2MASS J1628137 is accompanied by a tenu-
ous (4 × 10−4 M&) envelope (Grosso et al. 2003). Hodapp et al.
(2004) performed detailed modeling of the scattering and radia-
tive transfer of ASR41 and concluded that the K-band image can
be well reproduced by a protoplanetary disk embedded in a low-
density cloud.

HK Tau B and HV Tau C are edge-on class II objects, in
the HK Tau binary and HV Tau triplet systems, respectively. We
initially aimed to obtain spectra of these edge-on objects, but
the spectra were found to be contaminated and dominated by the
bright primaries, because the binary separations are small (see
Sects. 4.1 and 5). The ice absorption features towards HK Tau B
and HV Tau C might still be observable, although the derivation
of ice column densities is not straightforward. For a comparison
with disks that are not edge-on, we also observed UY Aur, which
is a binary system with a separation of 0.9′′ accompanied by a
circumbinary disk. The inclination of the disk is ∼42◦ (Hioki
et al. 2007).

3. Data reduction and analysis

3.1. Reduction of the spectral image

The reduction pipeline provided by the AKARI project team,
IRC_SPECRED (Ohyama et al. 2007), is unsuitable for our
targets, because it automatically defines the area surrounding

selected sources as “sky”, an area that is often contaminated by
nebulosity in our observations.

To derive spectra from the data, we developed our own pro-
cedure, referring to the reduction method by Sakon et al. (2007).
Firstly, we made a cosmic-ray-free dark for each target by tak-
ing the median of three dark frames; two dark frames were taken
during the observation of each target, and one additional dark
frame was taken from the preceding or subsequent observation
in the AKARI archive. This procedure was necessary, because
some frames are heavily damaged by cosmic rays. The dark was
subtracted from the N3 image and spectral images.

The eight spectral images were slightly shifted in relation
to each other by the attitude drift of the satellite. The task
IRC_SPECRED measures the shift of each image relative to the
fourth image. Referring to this measurement, we selected images
with a relative shift of within 0.5 pixels, in both spatial and spec-
tral directions. Images with larger shifts were discarded. Cosmic
rays were removed by subtracting the median of the possible
combinations of three frames from the selected frames. We then
stack and average these cosmic-ray-free spectral images.

The local-sky region was selected by carefully avoiding neb-
ulosity, field stars, and bad pixels. In the case of L1527, there
is no “sky” region, because the nebulosity extends all over the
1′ × 1′ aperture (Fig. 1). Since we performed slitless spec-
troscopy, the spectral image of the nebulosity is a convolution of
the nebula spectrum with the brightness distribution, and should
not be considered as “sky”. We selected from the AKARI archive
a 1′ ×1′ spectral image that can be used as sky; i.e. a dark region
observed at a similar period and coordinate to those of L1527.

After the sky subtraction, we defined the spectrum region of
each star in the spectral image, referring to the coordinates of the
objects and the N3 image. The signal was integrated over eight
pixels (12 arcsec) in the spatial direction. As an alternative ap-
proach, Noble et al. (in prep.) fit the signal at each wavelength
with the PSF and integrated the signal. We confirmed that the re-
sult of the eight-pixel integration agrees well with this more so-
phisticated approach. We note that the spectrum is not perfectly
aligned with the rows of the pixels. We adopted the formulation
as the tilt of the spectrum

Y = −0.00746929(X − X0) + Y0, (1)

where X and Y are the pixel number in the dispersion direction
and spatial direction respectively, and Y0 is the center of the spec-
trum at an arbitrary position, X0, in the dispersion direction.

In Fig. 1, nebulosity is clearly seen towards L1527, IRC-
L1041-2, IRAS 04302, and ASR 41. For these objects, we set
Y0 in Eq. (1) as the brightest position in the spatial direction
at a wavelength (X0) in the spectrum image, and integrated the
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Derived spectra of the objects
Y. Aikawa et al.: AKARI observations of ice absorption bands towards edge-on YSOs

4.2−4.3 µm and its error caused by the flux error. Assuming that
the absorption area had an error of 11%, and that the CO2 col-
umn density was estimated to be 10.0× 1017 cm−2, for example,
the column density error was calculated as 1.1 × 1017 cm−2. For
H2O, we estimated the error by calculating the absorption area
between 2.8−3.2 µm. If the red wing was much broader than the
laboratory spectrum, we estimated the error from the absorption
area at 2.8−3.0 µm. For L1527, towards which the H2O band
is saturated, we used the wavelength range ∼2.8−2.9 µm. The
absorption at ∼4.7 µm is a combination of the absorptions of
CO, XCN, and CO gas (Sect. 4.5). Here, the error is evaluated
by calculating the absorption area at 4.65−4.7 µm for CO and
4.57−4.65 µm for XCN. Uncertainties in ice column densities
originating from the choice of the convolution function (instru-
mental line profile or N3 profile) are discussed in Sect. 4.

The derivation of ice column densities described above im-
plicitly assumes a simple geometry: a point light source behind
a uniform absorbing material. Edge-on YSOs have more com-
plicated structures. Stellar light scattered by the outflow cavity
can be an extended light source (e.g. Tobin et al. 2008), even if
it looks like a point source with a PSF of a few arc seconds, and
the column density of the absorbing material (envelope and/or
disk) also varies spatially. More accurate estimates of the ice col-
umn densities requires the radiative transfer calculation of two-
dimensional (2D) or three-dimensional (3D) models of envelope
and disk structure (Pontoppidan et al. 2005). We compare the ob-
served spectra with existing model calculations and discuss the
location of ice in Sect. 5.

4. Results

4.1. Spectrum

Figure 2 shows the derived spectra of our target YSOs. The
spectrum of L1041-2 resembles that of L1527, which suggests
a similarity in the structure and evolutionary stage of these ob-
jects. The spectrum of IRAS 04302, on the other hand, is less
reddened than L1527. It might be in a more evolved stage than
L1527 and L1041-2.

2MASS J1628137-243139 is very faint and is almost at the
faintest limit for which we can derive a spectrum. The spectrum
of ASR 41 shows a sharp decline at ∼4.5 µm and is noisy at
longer wavelengths because of the column pulldown caused by
a bright star in the 10′ × 10′ aperture.

HV Tau is a triplet system: HV Tau A and HV Tau B are a
binary system with a separation of 0.0728′′ (Simon et al. 1998),
and our target edge-on disk, HV Tau C, is separated by ∼4′′ from
the binary (Woitas & Leinert 1998). Since the FWHM of the
AKARI PSF is ∼4.3′′ in the NIR and the PSF is not circular, it is
difficult to disentangle the HV Tau C spectrum from that of the
system. Hence, we integrated the spectral image over an eight-
pixel width. The spectrum is dominated by HV Tau A and B at
2.5−4.5 µm, as they are brighter than HV Tau C by 4.22 mag
in the K band and >1.71 mag in the L band. At 4.5 µm, on the
other hand, the contribution of HV Tau C may not be negligible,
because HV Tau C is as bright as the HV Tau AB system in the
N band (Woitas & Leinert 1998). HK Tau is also a binary system.
The edge-on object, HK Tau B, is a faint binary. Unfortunately,
it is impossible to disentangle the spectrum of HK Tau B from
the primary, because the two stars almost align in the dispersion
direction. It is disappointing that we were unable to discern the
spectra of HV Tau C and HK Tau B. The absorption features
are, however, still apparent in our spectra. We compare these
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Fig. 2. The derived spectra of target YSOs in the NIR (closed circles
with error bars). The continuum (dashed line) is determined by the
second-order polynomial fitting of the spectrum.

absorptions with Subaru observations towards the HV Tau C and
HK Tau B by Terada et al. (2007) in the following discussion.

The dashed lines in Fig. 2 depict the continuum. While
the continuum varies between objects, reflecting their structure
and evolutionary stage, we can clearly see absorption bands of
H2O (3.05 µm), CO2 (4.27 µm), and CO (4.67 µm) in most of
the spectra. The assignment and fitting of each ice band are per-
formed in the following subsections.

4.2. H2O ice

Figure 3 shows the spectra normalized by the continuum. The
vertical axis is the optical depth of the absorption. Towards
L1527 and IRC-L1041-2, the 3.05 µm water band is clearly satu-
rated; the flux at the absorption peak is almost zero (Fig. 2). We
fitted the spectra in the range 2.9−3.1 µm with the laboratory
spectrum of pure H2O ice at 10 K (Gerakines et al. 1995) (red
lines in Fig. 3). We also fitted the observed feature with the pure
H2O ice feature at 160 K. The agreement is much worse than
for the ice at 10 K, which suggests that the bulk of the observed
H2O ice is not annealed.

Interestingly, the profiles fitted at 2.9−3.1 µm (solid lines in
Fig. 3) reproduce the shallow hollow at 4.5 µm, which is the
O-H combination mode (Boogert et al. 2000). While the 3.05 µm
band is saturated, the 4.5 µm band suggests that the H2O column
density cannot be significantly larger than we estimated.

Table 2 summarizes the column density of H2O ice de-
rived by fitting the 3.05 µm band. The class 0-I objects L1527,
IRAS 04302, and IRC-L1041-2 clearly have much higher water
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Absorption results
Y. Aikawa et al.: AKARI observations of ice absorption bands towards edge-on YSOs

Table 1. Target list.

Name Coordinates (J2000)a Class Note

L1527(IRAS 04368+2557) 04:39:53.6 +26:03:05.5 0-I WCCC, i ∼ 85◦b

IRC-L1041-2 20:37:21, +57:44:13 0-Ic nearly edge-onc

IRAS 04302+2247 04:33:16.45, +22:53:20.7 0-I i ∼ 90◦d

ASR 41 03:28:51.291, +31:17:39.79 II i ∼ 80◦e

2MASSJ 1628137-243139 16:28:13.7, -24:31:39.00 II i ∼ 86◦ f

HV Tau 04:38:35.280, +26:10:39.88 II multiple system (i ∼ 84◦g )
HK Tau 04:31:50.900, +24:24:17.00 II binary (i ∼ 85◦h )
UY Aur 04:51:47.31, +30:47:13.9 II i ∼ 42◦

Notes. (a) Coordinate of the center of the 1′ aperture. (b) Inclination of the disk estimated by Tobin et al. (2008). (c) Judged from the similarity of its
N3 image and spectrum to those of L1527 and IRAS 04302. (d) Wolf et al. (2003). (e) Hodapp et al. (2004). ( f ) Grosso et al. (2003). (g) Inclination
of HV Tau C (Monin & Bouvier 2000). (h) Inclination of HK Tau B (Stapelfeldt et al. 1998).

Both IRAS 04302 and L1527 (IRAS 04368+2557) are edge-
on YSOs in a transient state from class 0 to class I (André et al.
2000). The YSO L1527 is of special interest from a chemical
point of view; it is one of two YSOs where high abundances of
carbon-chain species are observed. Carbon chains are considered
to be formed by warm carbon-chain chemistry (WCCC): gas-
phase reactions of sublimated CH4 (Sakai et al. 2008; Aikawa
et al. 2008). The large organic species detected towards sev-
eral low-mass YSOs (e.g. IRAS 16293) are not, however, de-
tected towards L1527 (Sakai et al. 2008). Since the large or-
ganic species are formed from CH3OH, while carbon chains are
formed from CH4, it is important to investigate ice bands, includ-
ing the C-H bands, towards L1527, to determine whether its ice
composition significantly differs from those of other low-mass
YSOs.

The YSO IRC-L1041-2 was initially in our target list of
background stars (i.e. field stars behind molecular clouds)
(Noble et al., in prep.). The N3 image shows a faint object with
nebulosity, which is similar to L1527. The SST observations also
detected a YSO with nebulosity (T. L. Bourke, priv. comm.). The
presence of a dark dust lane indicates that the YSO has a high
inclination, close to edge-on.

The YSOs 2MASS J1628137 and ASR41 are edge-on
class II objects. 2MASS J1628137 is accompanied by a tenu-
ous (4 × 10−4 M&) envelope (Grosso et al. 2003). Hodapp et al.
(2004) performed detailed modeling of the scattering and radia-
tive transfer of ASR41 and concluded that the K-band image can
be well reproduced by a protoplanetary disk embedded in a low-
density cloud.

HK Tau B and HV Tau C are edge-on class II objects, in
the HK Tau binary and HV Tau triplet systems, respectively. We
initially aimed to obtain spectra of these edge-on objects, but
the spectra were found to be contaminated and dominated by the
bright primaries, because the binary separations are small (see
Sects. 4.1 and 5). The ice absorption features towards HK Tau B
and HV Tau C might still be observable, although the derivation
of ice column densities is not straightforward. For a comparison
with disks that are not edge-on, we also observed UY Aur, which
is a binary system with a separation of 0.9′′ accompanied by a
circumbinary disk. The inclination of the disk is ∼42◦ (Hioki
et al. 2007).

3. Data reduction and analysis

3.1. Reduction of the spectral image

The reduction pipeline provided by the AKARI project team,
IRC_SPECRED (Ohyama et al. 2007), is unsuitable for our
targets, because it automatically defines the area surrounding

selected sources as “sky”, an area that is often contaminated by
nebulosity in our observations.

To derive spectra from the data, we developed our own pro-
cedure, referring to the reduction method by Sakon et al. (2007).
Firstly, we made a cosmic-ray-free dark for each target by tak-
ing the median of three dark frames; two dark frames were taken
during the observation of each target, and one additional dark
frame was taken from the preceding or subsequent observation
in the AKARI archive. This procedure was necessary, because
some frames are heavily damaged by cosmic rays. The dark was
subtracted from the N3 image and spectral images.

The eight spectral images were slightly shifted in relation
to each other by the attitude drift of the satellite. The task
IRC_SPECRED measures the shift of each image relative to the
fourth image. Referring to this measurement, we selected images
with a relative shift of within 0.5 pixels, in both spatial and spec-
tral directions. Images with larger shifts were discarded. Cosmic
rays were removed by subtracting the median of the possible
combinations of three frames from the selected frames. We then
stack and average these cosmic-ray-free spectral images.

The local-sky region was selected by carefully avoiding neb-
ulosity, field stars, and bad pixels. In the case of L1527, there
is no “sky” region, because the nebulosity extends all over the
1′ × 1′ aperture (Fig. 1). Since we performed slitless spec-
troscopy, the spectral image of the nebulosity is a convolution of
the nebula spectrum with the brightness distribution, and should
not be considered as “sky”. We selected from the AKARI archive
a 1′ ×1′ spectral image that can be used as sky; i.e. a dark region
observed at a similar period and coordinate to those of L1527.

After the sky subtraction, we defined the spectrum region of
each star in the spectral image, referring to the coordinates of the
objects and the N3 image. The signal was integrated over eight
pixels (12 arcsec) in the spatial direction. As an alternative ap-
proach, Noble et al. (in prep.) fit the signal at each wavelength
with the PSF and integrated the signal. We confirmed that the re-
sult of the eight-pixel integration agrees well with this more so-
phisticated approach. We note that the spectrum is not perfectly
aligned with the rows of the pixels. We adopted the formulation
as the tilt of the spectrum

Y = −0.00746929(X − X0) + Y0, (1)

where X and Y are the pixel number in the dispersion direction
and spatial direction respectively, and Y0 is the center of the spec-
trum at an arbitrary position, X0, in the dispersion direction.

In Fig. 1, nebulosity is clearly seen towards L1527, IRC-
L1041-2, IRAS 04302, and ASR 41. For these objects, we set
Y0 in Eq. (1) as the brightest position in the spatial direction
at a wavelength (X0) in the spectrum image, and integrated the
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Table 2. Absorption peak, band strength, and column densities of ices towards objects.

H2O HDO 12CO2 CO XCN
Absorption peak [µm] 3.05 4.07 4.27 4.67 4.62
Band strength 10−17 cm molecule−1 20 4.3 7.6 see text 5.0

Column density 1017 [cm−2] 1017 [cm−2] 1017 [cm−2] 1017 [cm−2] 1017 [cm−2]
L1527(04368+2557) 47 ± 13 0.96 (2.0%)a 10 ±1.1 (21%) 18 ±2.6 (38%) 1.5 ±0.22 (3.2%)
IRC-L1041-2 39 ± 6.6 3.7 (9.5%) 9.4 ± 1.6 (24%) 18 ± 4.0 (46%) 2.5 ± 0.48 (6.4%)
IRAS 04302+2247 24 ± 0.82 5.3 (22%) 6.8 ± 0.64 (28%) 3.1 ± 0.55 (13%) 0.53 ± 0.064 (2.2%)
ASR 41 7.8 ± 2.2 – – – –
2MASSJ 1628137-243139 6.7 ± 2.6 – – – –
HV Tau 5.4 ± 0.23 1.0 (19%) 0.72 ± 0.11 (13%) – –
HK Tau 2.1 ± 0.23b – 0.9 ± 0.11 (43%) – –
UY Aur 0.61 ± 0.20 – 0.54 ± 0.086 (89%) –

Notes. (a) Abundance relative to H2O ice. (b) If the absorption originates in HK Tau B, ice column density is 3 × 1018 cm−2 (see text).

emission feature at 3.3 µm in HK Tau that could be ascribed
to the PAH band. In the following, we derive upper limits to the
column densities of CH3OH and CH4, keeping in mind that the
low spectral resolving power of our spectra may blend adjacent
emission and absorption bands.

The thick solid lines in Fig. 4 depict the upper limits on the
CH4 absorption depth. We convolved the pure CH4 ice feature
at 10 K (Gerakines et al. 1995) with the instrumental line pro-
file (IRAS 04302 and HK Tau) or the N3 profile (for L1527).
The upper limits to the CH4 column density are 1.6 × 1019 cm−2

(larger than the H2O column density), 3.1 × 1017 cm−2 (13%
relative to H2O), and 1.6 × 1017 cm−2 (76%) towards L1527,
IRAS 04302, and HK Tau, respectively. Owing to the low flux,
the upper limit towards L1527 is especially high.

The dashed lines show the upper limits to the CH3OH ab-
sorption depths, using a laboratory spectrum for pure CH3OH at
10 K (Gerakines et al. 1995), convolved with the instrumental
line profile. While the 3.53 µm feature is common among pure
CH3OH ice and mixed ice (H2O+CH3OH), the shape and depth
of the 3.4 µm feature depend on the composition of the mixture
(e.g. Pontoppidan et al. 2003b). Hence, we derived upper limits
to the CH3OH column density of the 3.53 µm feature. The upper
limits to the CH3OH column densities are 1.2× 1018 cm−2 (26%
relative to H2O), 1.0 × 1018 cm−2 (42%), and 3.1 × 1017 cm−2

(larger than the H2O column) towards L1527, IRAS 04302, and
HK Tau, respectively.

4.4. HDO ice

In some objects, such as IRAS 04302, we can see absorption
around 4.1 µm, where the OD stretching mode of HDO is ob-
served in the laboratory (Dartois et al. 2003). Since the de-
tection of HDO ice is very rare (Teixeira et al. 1999) and has
not been confidently confirmed, we checked the response func-
tion carefully and confirmed that the ∼4.1 µm feature is not
caused by an artifact in the response function. Figure 5 shows the
spectra of this wavelength region towards L1527, IRC-L1041-2,
IRAS 04302, and HV Tau, which are fitted with a model of the
amorphous HDO feature at 10 K: a Gaussian profile peaking at
4.07 µm with a FWHM of 0.2 µm (solid lines). The spectrum of
L1527 is not fitted well with this Gaussian; the absorption has
a peak at longer wavelength (∼4.13 µm) and a narrower band
width, which resembles an annealed, rather than an amorphous,
HDO feature (Dartois et al. 2003). We fitted the L1527 spec-
trum with a Gaussian peaking at 4.13 µm and FWHM of 0.1 µm
(dashed line in Fig. 5).

Although IRAS 04302 has the deepest and smoothest ab-
sorption around 4.1 µm, this result should be taken with cau-
tion. The spectrum also shows a broad absorption at 4.5−4.6 µm,
which cannot be fitted well by the absorptions of CO and XCN
(see Sect. 4.6). These two absorptions (4.1 µm and 4.5−4.6 µm)
could be related; there could be an alternative explanation, rather
than HDO, CO, and XCN. The features themselves are, however,
robust. We have two independent data sets of IRAS 04302, and
the two broad absorptions appear in both data sets.

We integrated the fitted spectra to derive the column den-
sity of HDO (Table 2). The band strength was assumed to be
4.3×10−17 cm molecule−1 (Dartois et al. 2003). Considering the
small bumps and hollows that deviate from the HDO feature and
the above discussion of IRAS 04302 spectrum, the HDO col-
umn densities should be interpreted with caution. However, at
face value, the HDO/H2O ratio ranges from 2% (L1527) to 22%
(IRAS 04302). Except in the case of L1527, the ratios are much
higher than those obtained in the previous observations and theo-
retical works: HDO/H2O ≤ 3% (Dartois et al. 2003; Parise et al.
2003, 2005; Aikawa et al. 2005).

4.5. CO2 ice

The CO2 band at 4.27 µm is clearly detected towards our targets,
except ASR41 and 2MASS J1628137. To subtract the H2O band
at 4.5 µm, we divide the normalized spectrum by the best-fit
H2O profile (red line in Fig. 3). The absorption at 4.27 µm is then
fitted by the laboratory CO2 profile convolved by the instrumen-
tal line profile (N3 profile for L1527) (solid line in Fig. 6). To
illustrate how the profile is broadened by the instrumental line
profile, the laboratory profile before convolution is shown in the
panel of IRAS 04302 with the dashed line. While we adopted the
pure CO2 profile measured by Gerakines et al. (1995) at 10 K,
the actual shape of the CO2 profile depends on various factors,
such as its mixing with other ice species, grain shape, and an-
nealing (Ehrenfreund et al. 1997; van Broekhuizen et al. 2006).
We tried to fit the absorption bands with those of mixed ices of
CO2:CO = 1:1 at 15 K, and H2O:CO2 = 100:14 at 10 K, but
the fits were worse than the pure CO2 ice of 10 K. Although
the observed profile might be better fitted by other mixtures and
temperatures, we do not pursue this fitting, because the spectral
resolution of the IRC is not high enough.

In regions close to the YSO, CO2 sublimates at ∼70 K. We
note that CO2 gas has absorption lines in almost the same wave-
length range as CO2 ice. Although the observed feature might
be a combination of CO2 ice and gaseous CO2, the low spectral
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Albedo, Size, and Surface Characteristics of Hayabusa-2 Sample-
Return Target 162173 1999 JU3 from AKARI and Subaru Observations

Hasegawa, et.al. PASJ 2008

No. S2] Albedo, Size, and Surface Characteristics of 162173 1999 JU3 S403

Fig. 5. Overall diameter and albedo solutions as a function of the thermal inertia assuming a prograde ellipsoidal shape model. The dashed lines reflect
only the observational uncertainties.

Fig. 6. Predicted thermal lightcurve at 12.0!m for the observed rota-
tional phases. The original measurements were “transported” to the
12.0 !m wavelength via our best TPM solution. Predictions and
measurements are shown with their absolute values; no shifting or
scaling in time or flux has been done. Variations in the thermal inertia
have only a small influence on the lightcurve amplitude and the rota-
tional phase for the given 22ı phase angle constellation.

the scatter of the fluxes is much smaller than those for low
thermal inertia.

Using the Γ = 500–2500 J m!2 s!0:5 K!1 solution in
combination with the specified ellipsoidal shape and a prograde
rotation, the weighted mean values (and standard deviations)
are: 0.92 ˙ 0.10 km for the effective diameter [Deff =
2(abc)1=3] and 0.063+0:017

!0:012 for the visual geometric albedo of
1999 JU3. Including in addition to the uncertainties of the H -
magnitude, the surface roughness influences, we estimated total
errors of ˙0.12 km for the effective diameter and +0:020

!0:015 for the
geometric albedo. The overall dimension of our assumed ellip-
soidal shape model is therefore 1.05 " 0.86 " 0.86 (˙ 0.17) km.

Using these values as defaults in the TPM we can also
“transport” all observations to a fictive wavelength of 12.0 !m
in order to establish a thermal lightcurve. Figure 6 shows

these “transported” values as a function of the rotational phase.
The corresponding thermal lightcurve is shown as a solid line.
The dashed lines represent TPM solutions with significantly
smaller and larger thermal inertias. Based on this figure it is
not possible to eliminate the possibilities of smaller or higher
thermal inertia, as it was the case for Itokawa. A clean full
TPM solution can only be found if more thermal data would be
available, preferentially after opposition with negative phase
angles and/or including larger phase angles.

4. Discussion

We have determined the radiometric size and albedo
and a likely value for the thermal inertia for the asteroid
1999 JU3. The geometric albedo of 1999 JU3 is compatible
with the mean value of the geometric albedo for a C-type
asteroid, 0.07 ˙ 0.05, based on results from the Infrared
Astronomical Satellite (Tedesco et al. 2002a), the Mid-course
Space Experiment (Tedesco et al. 2002b), the Infrared Space
Observatory (Tedesco & Desert 2002), and groundbased obser-
vations (Hansen 1976; Cruikshank & Jones 1977; Lebofsky
et al. 1978, 1981; Brown & Morrison 1984; Green et al.
1985; Vilas et al. 1985; Veeder et al. 1989; Campins et al. 1995;
Mottola et al. 1997; Harris 1998; Harris et al. 1998; Harris &
Davies 1999; Fernández et al. 2005; Harris et al. 2005). The
size of 1999 JU3 is significantly larger than that of the asteroid
25143 Itokawa.

The value of thermal inertia is important for thermophys-
ical model analysis. As can be seen in figures 3 and 4,
the best fit suggests a high thermal inertia of more than
500 J m!2 s!0:5 K!1. In the case of high thermal inertia, the
scatter of fluxed data is much smaller than those for low
thermal inertia. Figure 5 shows the diameter and albedo solu-
tions as a function of the thermal inertia.

All observations in this study were taken before opposition
(see table 1), which means that a warm terminator for prograde
rotators is seen. Without any observations after opposition, it
is difficult to obtain a clean minimum solution for the thermal
inertia in the diameter/albedo optimization process. It would be
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Asteroid Catalog Using AKARI: 
AKARI/IRC Mid-Infrared Asteroid Survey

F. Usui et.al., PASJ 2011

1120 F. Usui et al. [Vol. 63,

Fig. 3. Outline of data processing to create the asteroid catalog.

(Bowell et al. 1994) distributed at Lowell Observatory5 at
the epoch of 2010 April 14.0. It has 503681 entries, which
consist of 233968 numbered and 269713 unnumbered aster-
oids. Objects with large uncertainties in the orbital parame-
ters, indicated as non-zero integers for the orbit computation in
the database, are excluded. They include 19 numbered aster-
oids and 8759 unnumbered. The positions of the Sun, planets,
Moon, and Pluto are taken from DE405 JPL Planetary and
Lunar Ephemerides in the J2000.0 equatorial coordinates at the
NASA Jet Propulsion Laboratory. A Runge–Kutta–Nystrom

5 The data is available at hftp://ftp.lowell.edu/pub/elgb/astorb.htmli.

12(10) method (Dormand et al. 1987) is used for the time inte-
gration with a variable time step.

The asteroid identification process is performed in the
following steps:

1. A two-body (i.e., the Sun and a given asteroid) problem
is solved at the epoch of the orbital elements of the
asteroid to estimate the velocity and acceleration.

2. Given the observation time of an event detected by
AKARI, the position of an asteroid is calculated back
to that observation time by an N -body simulation. The
integration time step is initially set as 1 d, and varied
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No. 5] Mid-Infrared Asteroid Survey 1121

Table 1. Number of events for each processing step.!

Event S9W L18W

(a) All events 4762074 1244249
(b) Events employed in the IRC-PSC 3882122 936231
(c) Residual events 879952 308018
(d) Events identified as asteroids 6924 13760
(e) Asteroids in the final catalog 2507 5010
(f) Asteroids detected overall 5120

! (a) “Event” indicates an individual detection of a point source in the All-Sky Survey
data. (b) Events confirmed as a point source by multiple detections at the same celestial
position (Ishihara et al. 2010). (c) Unused events in the IRC-PSC: (c) = (a) " (b).
(d) Events identified as asteroids by the estimated positions. False identifications are
excluded. (e) Asteroids listed in the final catalog. (f) Asteroids detected with either
S9W or L18W or both.

appropriately later in the following calculation. The
calculated position is converted to the J2000.0 astro-
metric coordinates (i.e., the coordinates are revised with
the correction for the light-time) since the positions of
the events in the All-Sky Survey are given in the J2000.0
coordinates.
AKARI has a Sun-synchronous polar orbit at an altitude
of 700 km. The parallax between the geocenter and the
spacecraft is not negligible, particularly if an object is
one of near-Earth asteroids. The parallax amounts to an
order of 3000. Thus, the apparent position relative to the
AKARI spacecraft needs to be calculated. The space-
craft position is obtained by interpolation of the data
from the AKARI observational scheduling tool, which
serves for present purposes with sufficient accuracy.

3. The calculated positions are compared with those of
events detected in the All-Sky Survey. If the predicted
position of an asteroid is located within 2:05 of the posi-
tion of an event, the process goes to the next step.

4. The apparent position of the asteroid is recalculated with
a higher accuracy, taking account of the correction for
the light-time, the gravitational deflection of light, the
stellar aberration, and the precession and nutation of the
Earth’s rotational axis. It takes a long computation time
to use this process, and thus the calculation is made only
for events tentatively associated with an asteroid in the
previous step.

5. The revised position of the asteroid is compared again
with the position of the corresponding event. If the
asteroid is located within 7:005, the position match is
regarded as being sufficient and the process goes to the
next step.

6. Then, we check the predicted V -band magnitude (MV )
of the asteroid at the observation epoch. If the predicted
MV is too faint, the asteroid should not have been
detected with AKARI and the identification is regarded
as being false. MV is calculated by using the formulation
of Bowell et al. (1989) with the calculated heliocentric
distance, “AKARI-centric” distance, the absolute magni-
tude (H ), and the slope parameter (G). These H–G
values are taken from the data set of Lowell Observatory
as the same file as the orbital elements. These data
mainly originate with the Minor Planet Center.

At the same time, the rate of change in right ascension
and declination seen from AKARI, the elongations of the
Sun and the Moon, the phase angle (angle Sun-asteroid-
AKARI), and the galactic latitude are calculated for later
processes.
If MV of the object is brighter than 23 mag, the event is
concluded to be associated with an asteroid. Otherwise
the event is discarded.

It should be noted that the 2:05 threshold of the position differ-
ence in step 3 is determined as the maximum value of the
correction for the light-time, assuming a virtual asteroid with
the moving speed of 110000 hr"1 at 0.1 AU from the observer,
as

11000

3600
.0 s"1/ # 0:1.AU/ # 499:005.sAU"1/ $ 2:05;

and that the 7:005 threshold in step 5 is determined as covering
the signal shifted by 1 pixel on the detector by chance, where
the pixel scale of the detector is 2:003; the FWHM of the
point source is 5:005,3 and the position uncertainty including the
corrections in step 4 is assumed to be less than 100.
2.2.3. Color correction and removal of spurious identifica-

tion
Differences in color between asteroids and the calibration

stars used in the IRC-PSC (mainly K- and M-giants, Ishihara
et al. 2010) are not negligible because of the wide bandwidths
of S9W and L18W and the continuum spectra in asteroids that
cannot be assumed as being perfect blackbody or graybodies.
Therefore, we empirically and approximatly express the color-
correction factor as a polynomial function of the heliocentric
distance of the object,

Fcc =
Fraw

Eccf
(1)

and

Eccf = a0 + a1Rh + a2R
2
h + a3R

3
h ; (2)

where Fcc, Fraw, Eccf , and Rh are the color-corrected
monochromatic flux at 9 or 18 !m, the raw in-band flux,
the color correction factor, and the heliocentric distance,
respectively. This formula is evaluated using the predicted
thermal flux and the relative spectral response functions of the
S9W and L18W bands. The predicted thermal flux is calculated
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1126 F. Usui et al. [Vol. 63,

Fig. 7. Distribution of the size (diameter) and albedo of all the 5120
identified asteroids. Red dots show asteroids with more than two
events, and blue ones indicate those with single-event detection.

(NID = 1). The number of detections is listed in the catalog
(appendix 1).

3.4. Size and Albedo Distributions

Figure 7 shows the distribution of albedos as a function of
the diameter for those asteroids detected with the AKARI All-
Sky Survey. An outstanding feature is the bimodal distribution
in the albedo. It is also suggested that the albedo increases as
the size decreases for small asteroids (d < 5 km), although the
number of asteroids with a size of d < 5 km is not large. In
the catalog, the smallest asteroid is 2006 LD1, whose size is
d = 0.12 ˙ 0.01 km. The largest one is naturally 1 Ceres of
d = 970˙13 km.

Figure 8 illustrates histograms of the asteroids detected with
the AKARI All-Sky Survey as a function of the size or the
albedo. For comparison, the results of IRAS observations are
also plotted. The IRAS catalog consists of 2228 objects with
multiple detections and 242 objects with single detection (at
the 12 !m band). It clearly indicates that the AKARI All-
Sky Survey is more sensitive to small asteroids than IRAS.
Concerning the size distribution of asteroids, the number is
supposed to increase monotonically with the decrease of the
size. Figure 8a, however, shows maxima at around d = 15 km
for AKARI and 30 km for IRAS. The profiles of the histogram
are similar to each other for those larger than 30 km, suggesting
that IRAS and AKARI exhaustively detect asteroids of size
d > 30 km and d > 15 km, respectively, but that the complete-
ness rapidly drops for asteroids smaller than these values. We
discuss further the size distribution in the following section.
Figure 8b clearly indicates that the albedo of the asteroids
has the well-known bimodal distribution (Morrison 1977b).
The bimodal distribution can be attributed to two groups of
taxonomic types of asteroids. The primary peak at around
pv = 0.06 is associated with C and other low-albedo types,

and the secondary peak at around pv = 0.2 with S and other
types with moderate albedo. Further discussion concerning
the taxonomic types will be presented in a forthcoming paper
(F. Usui et al. in preparation).

3.5. V-Band Magnitude of the Identified Asteroids

Figure 9 shows the calculated V -band magnitude (MV )
against the color-corrected monochromatic flux of those events
identified as asteroids; 3771 asteroids have multiple events
in the AKARI All-Sky Survey. For example, 4 Vesta was
observed with flux values of 134–139 Jy at S9W (2 times)
and 474–604 Jy at L18W (3 times) with MV = 7.3; 1 Ceres
was observed with flux values of 127–142 Jy at S9W (3 times)
and 497–853 Jy at L18W (4 times) with MV = 8.9–9.0; 7 Iris
was observed with flux values of 37–96 Jy at S9W (3 times)
and 238–254 Jy at L18W (4 times) with MV = 9.3–9.4. The
bimodal characteristic is also seen in figure 9. A sharp cutoff of
the flux below !0.1 Jy is the result of rejection of faint objects
in the catalog processing (sub-subsection 2.2.3).

We set a threshold for MV in the identification process (in
step 6 in sub-subsection 2.2.2). Those objects of faintest MV

in figure 9 are 67999 (2000 XC32) with MV = 19.8 at S9W
and 102136 (1999 RO182) with MV = 20.3 at L18W. It should
be noted that both objects were observed only once in the
AKARI All-Sky Survey. This result confirms that the threshold
of MV = 23 in sub-subsection 2.2.2 is reasonable to select
real asteroids.

3.6. Detection Limit of the Size of Asteroids

Figure 10 shows the estimated size of the asteroids as
a function of the heliocentric distance at the epoch of the
AKARI observation. It is reasonable that smaller asteroids
were detected more in near-Earth orbits. No asteroids were
detected inside of the Earth orbit, because the viewing direc-
tion of AKARI was fixed at a solar elongation of 90ı ˙1ı. The
smallest asteroids detected around the Earth orbit, the outer
main-belt (3.27 AU), and Jupiter’s orbit (5.2 AU, Trojans) were
0.1 km, 15 km, and 40 km, respectively.

3.7. Possibility of Discovery of New Asteroids

In asteroid catalog processing, we did not take into account
the detection of new asteroids whose orbital parameters are
not known. Reliable detection of unknown moving objects
requires a high redundancy in the observations, which the
AKARI All-Sky Survey did not provide. Unfortunately, the
low visibility for observations around the plane of the ecliptic
makes it difficult to reliably detect new asteroids solely from
the AKARI All-Sky Survey database. However, it is also
very likely that the AKARI All-Sky Survey database contains
signals of undiscovered asteroids. In fact, we belatedly found
that some asteroids had been detected with AKARI before their
discovery. For instance, 2006 SA6, which was discovered on
2006 September 16 (Christensen et al. 2006), had been detected
on 2006 June 25 with AKARI, and 2007 FM3, which was
discovered on 2007 March 19 (Kowalski et al. 2007), had been
observed on 2007 February 16 with AKARI (discoveries of
these two were done by Catalina Sky Survey). Thus, whenever
a new asteroid was discovered, we could check the detection in
the AKARI All-Sky Survey database.
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３つの赤外線サーベイ衛星
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2006年打ち上げ、高度 750km 
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WISE  
Wide-field Infrared Survey Explorer 
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2009年打ち上げ、高度 525km 
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16ヶ月間の連続したサーベイ観測を実施 
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モデル化した小惑星のスペクトルと検出限界 (5V) 

Reflected sunlight Thermal emission 
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3ミッションの検出限界比較
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赤外線全天サーベイに基づいた                               
小惑星のサイズ･アルベド カタログ Usui+ 2011 

Hasegawa+ 2013 

Mainzer+ 2011, 2012                             
Masiero+ 2011,  2012                         
Grav+ 2011, 2012a, b 
（ただしいずれも暫定版） 

Tedesco+ 2004 

total: 138237 
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赤外線全天サーベイに基づいた                               
小惑星のサイズ･アルベド カタログ Usui+ 2011 

Hasegawa+ 2013 

Mainzer+ 2011, 2012                             
Masiero+ 2011,  2012                         
Grav+ 2011, 2012a, b 
（ただしいずれも暫定版） 

Tedesco+ 2004 

total: 138237 

臼井さんの資料より



CPS seminar Sep. 29, 2015

あかりで観測された小惑星



AKARI:     5,120 
IRAS:       2,470 

WISE:  131,563 
total:  132,774 

Distribution of indentified asteroids                                
as of 2010/08/05  

Tedesco+ 2004; Usui+ 2011; Mainzer+ 2011, Masiero+ 2011, Grav+ 2011, 2012 
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AKARI: 5,199 

IRAS:  2,470 

WISE: 137,789 
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絶対等級のヒストグラム 
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Fig. 3. Distribution of (a) diameter and (b) albedo of asteroids detected by IRAS (green), AKARI (red), and WISE (blue). The bin size is set at 100
segments for the range of 0.1 to 1000 km in the logarithmic scale for (a) and 100 segments for the range of 0.01 to 1.0 in the logarithmic scale for (b).
(Color online)

Fig. 4. Comparison of the differences in diameter obtained on the asteroids commonly detected by all three satellites, i.e., IRAS, AKARI, and WISE
(1993 asteroids). Green, red, and blue dots denote the asteroids observed with the single accepted sightings of IRAS (Tedesco et al. 2002), the
single-event detections of AKARI (Usui et al. 2011), and the single-band detections of WISE (Masiero et al. 2011), respectively. Yellow dots denote
the asteroids with single observations in both satellites in each panel. Note that in the WISE data any objects with a single detection in a single band
are not accepted (see, e.g., Mainzer et al. 2011a); data with at least four time detections in a single band are included. Apart from these small number
of detections, the mean values of the diameter ratios obtained by the different satellites are 0.982 (0.113), 1.013 (0.139), and 0.982 (0.154) for (d), (e),
and (f), respectively, where the numbers in parentheses are the standard deviations (1 σ ). The thick black lines in the lower three panels show the
running averages of the diameters for 100 object-wide bins, excluding the data corresponding to small numbers of detections. (Color online)
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Asteroids: Fraction/Semimajor axis

F. Usui et.al., ApJ 2013

Analysis of the albedo properties of MBAs detected by AKARI.
Of the 5120 AcuA asteroids, 4722 are MBAs, and 1974 are provided as a complete data set of MBAs larger than d > 
20 km. 
Albedo distribution of MBAs is strongly bimodal; this trend is present not only in the distribution of the total 
population, but also in the distributions of inner, middle, and outer MBAs. The bimodal distributions are separated 
into two major groups at an albedo value of pv = 0.1, which demarcates low-albedo C-type and high-albedo S-
type asteroids. 
Albedo distribution is size-dependent, and the variation in albedo values is greater at smaller sizes. 
For smaller asteroids, the effects of surface heterogeneities on albedo are relatively large, while such local 
heterogeneities are averaged out and seemingly homogenized for larger asteroids. 
Albedo distributions in S-type asteroids appear to be affected by the space weathering, whereas the albedo 
distributions in C-type asteroids are partially explained by the effects of metamorphism.
Mean albedo is nearly constant and independent of heliocentric distance throughout the entire main belt region, 
irrespective of taxonomic type. In the total distribution, on the other hand, the mean albedo value gradually 
decreases with increasing the semimajor axis, presumably due to the compositional mixing ratios of taxonomic 
types.
Almost 90% of the X-type MBAs in the AcuA data set can now be subdivided into E-, M-, and P-types based on the 
AKARI-derived albedos. The distribution of P-types, which have lower albedos among the X-types, are spread 
through-out the main belt regions, and increases beyond 3 AU, while the proportion of medium-albedo M-types 
decreases. P-type asteroids are considered to have similar origin or similar evolutional process, to C- or D-types.
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Asteroids: Fraction/Albedo

F. Usui et.al., ApJ 2013

The Astrophysical Journal, 762:56 (14pp), 2013 January 1 Usui et al.
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Figure 7. Histogram of albedo values for MBAs detected by AKARI for three size classes (diameters, d, in km): (a) 0.1 ! d < 20; (b) 20 ! d < 100; (c) d " 100.
Red, green, blue, and gray lines denote inner region, middle region, outer region, and total MBAs, respectively. The bin size is set at 50 segments for the albedo range
of 0.01–1.0 in the logarithmic scale.
(A color version of this figure is available in the online journal.)

For S-type asteroids, albedo dependency can be explained
by the space weathering of stony chondritic asteroids. The
collisional life times and surface ages of S-type asteroids are
correlated with their sizes (Davis et al. 2002; Bottke et al. 2005;
Nesvorný et al. 2005); thus, fresher and smaller objects are less
space weathered and their albedos are relatively higher (Burbine
et al. 2008; Thomas et al. 2011). Space weathering effects
cause the visible and near-infrared reflectance spectra of stony
asteroids to be darker and redder than those of pristine materials
(Sasaki et al. 2001). Ground-based observations suggest that a
color transition exists between ordinary chondrite-like objects

and S-type asteroids over the size range 0.1–5 km, which implies
that the surfaces of small stony asteroids are evolving toward
the colors of large asteroids (Binzel et al. 2004, 2010). Our data
indicate that the albedo transition occurs in the size range of
d > 5 km.

In contrast to S-type asteroids, the reason for the albedo transi-
tion in C-type asteroids is less known. The relationship between
age and the space weathering effect in C-type asteroids has
been mentioned in several papers (e.g., Nesvorný et al. 2005;
Lazzarin et al. 2006), however, the relationship is still uncer-
tain, mainly on account of the “darkness” of C-type asteroids.
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Asteroids: Fraction/Semimajor axis

F. Usui et.al., ApJ 2013

The Astrophysical Journal, 762:56 (14pp), 2013 January 1 Usui et al.
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Figure 8. Histograms showing the numerical distribution (a) and fractional
distribution (b) of MBAs with d ! 20 km for each of the taxonomic types. Bold
lines in (b) show AcuA data (this study) and dashed lines show data from Bus
& Binzel (2002). Red, green, yellow, and blue denote C-, S-, X-, and D-type
asteroids, respectively.
(A color version of this figure is available in the online journal.)

Laboratory measurements indicate that thermally metamor-
phosed samples of carbonaceous chondrites possess high ab-
solute reflectance (Hiroi et al. 1994), which could cause the
high albedo of asteroids. Figure 11 shows the dependence of the
absolute reflectance of chondrites on the degree of metamor-
phism (Clark et al. 2009). The classification of metamorphism
in chondritic meteorites is qualitatively determined (Weisberg
et al. 2006): the most pristine materials are type 3; types 4–6 rep-
resent an increasing degree of thermal metamorphism, and types
2–1 represent an increasing degree of aqueous alteration. While
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Figure 9. Histograms showing the numerical distribution (a) and fractional
distribution (b) of X-type MBAs with d ! 20 km. Dotted, dashed, and bold
lines denote E-, M-, and P-type asteroids, respectively.
(A color version of this figure is available in the online journal.)

thermal metamorphism and aqueous alteration are related to dif-
ferent mechanisms of recrystallization, the classification from
1 to 6 can be taken to represent an increasing degree of meta-
morphism. The metamorphism of chondrites occurs in the inner
parts of the parent body, which is internally heated by the de-
cay energy of short-lived radioisotopes (e.g., Trieloff et al. 2003;
Greenwood et al. 2010). In a catastrophic disruption caused by a
highly energetic impact, small fragments, including those from
the inner portion of a parent body, are exposed. Asteroids smaller
than a few 10s of kilometers are considered to be formed mainly
by collisional breakup (Bottke et al. 2005); thus, the high albedo

10
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Asteroids: Mean albedo/Semimajor axis

F. Usui et.al., ApJ 2013
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Figure 10. Mean albedo as a function of the semimajor axis for MBAs with d ! 20 km for each of the taxonomic types. Bars represent variations of albedo in each
region.
(A color version of this figure is available in the online journal.)
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Comet observations 

T. Ootsubo et.al.,
 ApJ 2012

18 comets, including both OCs and the JFCs, were spectroscopically observed
This is the largest homogeneous database of CO2 /H2O production rate ratios in comets obtained so far. 

The prominent emission bands of the fundamental vibrational bands of H2O at 2.7μm and CO2 at 4.3μm can be 
seen in all of the comet spectra, except for the comet 29P/Schwassmann-Wachmann.

The gas production rate ratios of CO2, with respect to H2O, in the 17 comets have been derived. 
The present data set of the large samples con!rms the range of ratios that previous measurements have obtained. 
The CO2/H2O ratio in cometary ice spans from several to ∼30% among the comets observed within 2.5 AU from 
the Sun, where H2O effectively sublimates from the nucleus of the comet. 
The range of the CO2 /H2O ratios represented by the upper and lower quartile values is 11%–24% (the median 
value is 17%), and it is comparable with that of the high-mass protostellar ices (12%–22%), 
while the mixing ratios of CO2 in low-mass protostar envelopes is 22%–35% (O  berg et al. 2011). 
CO2 in cometary ice is more depleted with respect to water and more diverse than the low- mass protostellar ices. 
If the cometary ice composition has not been signi!cantly altered after the formation of cometary nuclei, then the 
ices incorporated into the comets should have been altered in the early solar nebula.
Based on our observations, the CO/CO2 ratio in comets seems to be smaller than unity. This may indicate that 
there is a highly oxidized environment for the formation of molecules, or that CO has been exhausted in the 
vicinity of the surface of the cometary nuclei. However, it should be noted that we had the upper limits for CO in 
many of the comets, and CO was only detected in a few cases. We will require more samples of CO2 and CO 
observations for further discussions.
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Table 1
Observation Log

Object UT Date ObsIDa rh
b ∆c Aperture Flux (H2O)d Flux (CO2)e Flux (CO)f

Width
(AU) (AU) (arcsec) (×10−16 W m−2) (×10−16 W m−2) (×10−16 W m−2)

19P/Borrelly 2008 Dec 30.08 1520268 2.19 1.95 29.2 2.61 ± 0.08 3.80 ± 0.06 <0.27
22P/Kopff 2009 Apr 22.57 1520241 1.61 1.26 46.7 24.60 ± 0.20 29.06 ± 0.08 <0.45
22P/Kopff 2009 Apr 22.63 1520242 1.61 1.26 56.9 82.76 ± 0.44 90.50 ± 0.24 <1.05
22P/Kopff 2009 Dec 11.18 1521077 2.42 2.22 51.1 5.00 ± 0.13 3.23 ± 0.09 <0.49
22P/Kopff 2009 Dec 11.45 1521079 2.43 2.22 43.8 3.99 ± 0.13 1.64 ± 0.09 <0.46
22P/Kopff 2009 Dec 11.52 1521080 2.43 2.22 51.1 6.96 ± 0.12 1.69 ± 0.09 <0.46
29P/Schwassmann-Wachmann 1 2009 Nov 18.49 1521081 6.18 6.09 43.8 2.07 ± 0.13 <0.69 4.58 ± 0.14
29P/Schwassmann-Wachmann 1 2009 Nov 18.56 1521083 6.18 6.09 51.1 2.61 ± 0.14 <0.64 5.79 ± 0.15
64P/Swift-Gehrels 2009 Nov 23.09 1521099 2.27 2.05 36.5 2.17 ± 0.10 3.40 ± 0.08 <0.60
64P/Swift-Gehrels 2009 Nov 23.16 1521101 2.27 2.05 43.8 3.12 ± 0.11 4.05 ± 0.08 <0.62
67P/Churyumov-Gerasimenko 2008 Nov 02.38 1520244 1.84 1.56 58.4 5.77 ± 0.11 2.40 ± 0.09 <0.57
81P/Wild 2 2009 Dec 14.10 1521107 1.74 1.44 43.8 48.79 ± 0.43 49.11 ± 0.15 <0.69
81P/Wild 2 2009 Dec 14.16 1521109 1.74 1.44 43.8 71.31 ± 0.34 49.93 ± 0.17 <0.96
81P/Wild 2 2009 Dec 14.50 1521110 1.74 1.43 49.6 61.58 ± 0.40 52.16 ± 0.17 <1.03
88P/Howell 2009 Jul 03.06 5200913 1.74 1.41 29.2 25.57 ± 0.20 35.43 ± 0.10 <0.47
88P/Howell 2009 Jul 03.13 5200914 1.73 1.41 45.3 33.73 ± 0.24 51.09 ± 0.14 <1.22
116P/Wild 4 2009 May 15.60 1520245 2.22 1.98 43.8 5.53 ± 0.13 3.30 ± 0.08 <0.50
116P/Wild 4 2009 May 16.49 1520246 2.22 1.99 48.2 8.02 ± 0.13 2.64 ± 0.09 <0.51
118P/Shoemaker-Levy 4 2009 Sep 08.71 1520247 2.18 1.93 16.1 4.16 ± 0.08 3.59 ± 0.06 <0.33
118P/Shoemaker-Levy 4 2009 Sep 08.78 1520248 2.18 1.93 21.9 3.52 ± 0.09 5.99 ± 0.07 <0.37
144P/Kushida 2009 Apr 18.48 1520249 1.70 1.37 58.4 44.85 ± 0.30 39.51 ± 0.12 <0.62
144P/Kushida 2009 Apr 18.55 1520250 1.70 1.37 54.0 38.41 ± 0.28 35.15 ± 0.12 <0.75
157P/Tritton 2009 Dec 30.13 1521128 1.48 1.11 43.8 7.16 ± 0.13 2.90 ± 0.09 <0.47
157P/Tritton 2009 Dec 30.27 1521131 1.48 1.11 36.5 5.16 ± 0.12 2.97 ± 0.09 <0.53
C/2006 OF2 (Broughton) 2008 Sep 16.72 1520252 2.43 2.21 58.4 26.74 ± 0.24 36.02 ± 0.10 <0.50
C/2006 OF2 (Broughton) 2009 Mar 28.07 1520271 3.20 3.04 46.7 3.26 ± 0.15 11.01 ± 0.09 <0.38
C/2006 Q1 (McNaught) 2008 Jun 03.59 1520254 2.78 2.59 36.5 8.89 ± 0.14 22.82 ± 0.08 <0.39
C/2006 Q1 (McNaught) 2009 Feb 23.76 1520273 3.64 3.50 43.8 1.55 ± 0.11 4.60 ± 0.08 <0.32
C/2006 W3 (Christensen) 2008 Dec 21.07 1520256 3.66 3.52 51.1 11.82 ± 0.29 69.72 ± 0.16 20.95 ± 0.18
C/2006 W3 (Christensen) 2009 Jun 16.75 5200910 3.13 2.96 43.8 39.71 ± 0.49 96.65 ± 0.23 19.86 ± 0.23
C/2007 G1 (LINEAR) 2008 Aug 20.23 1520258 2.80 2.62 29.2 3.90 ± 0.09 5.06 ± 0.06 <0.29
C/2007 N3 (Lulin) 2009 Feb 05.57 1520260 1.28 0.80 43.8 1139.0 ± 6.87 782.10 ± 2.02 <10.6
C/2007 N3 (Lulin) 2009 Mar 30.67 5200708 1.70 1.36 56.9 266.50 ± 1.40 158.20 ± 0.34 <1.54
C/2007 Q3 (Siding Spring) 2009 Mar 03.27 1520261 3.29 3.14 43.8 6.89 ± 0.13 6.94 ± 0.08 <0.30
C/2008 Q3 (Garradd) 2009 Jul 05.60 5200917 1.81 1.48 24.8 73.17 ± 0.44 115.90 ± 0.25 10.90 ± 0.22
C/2008 Q3 (Garradd) 2009 Jul 06.49 5200916 1.81 1.50 26.3 79.73 ± 0.47 113.20 ± 0.24 10.48 ± 0.22
C/2008 Q3 (Garradd) 2010 Jan 03.14 1521055 2.96 2.78 36.5 1.45 ± 0.11 5.38 ± 0.09 <0.36

Notes. All errors are for ± 1σ , while the upper limits correspond to 3σ . Errors include both the systematic and statistical ones.
a 152xxxx = SOSOS mission program observations, 520xxxx = Director’s time observations.
b rh: Heliocentric distance to the comet.
c ∆: Geocentric distance to the comet.
d Vibrational bands (ν1, ν3, and hot bands) of H2O at 2.7–2.9 µm.
e Vibrational band (ν3) of CO2 at 4.3 µm.
f Vibrational band of CO at 4.7 µm.

the extraction aperture width for the comet C/2007 N3 (Lulin)
was selected as 4.′′5 at 4.′′5 west from the comet nucleus to avoid
the opacity effect because the comet Lulin was very bright.
We discuss the opacity effect in Section 4. The present data
reduction gives an uncertainty of ∼0.01 µm in the wavelength
scale. The error in the absolute flux is about 20%.

The resultant 1D spectra of the 18 comets are shown in
Figures 2–10. The reflected sunlight from the dust grains and the
thermal emission from the dust are prominent in the 2.5–5 µm
region. In addition to the cometary dust, the interplanetary dust
contributes as a background in this wavelength region, since we
do not subtract the sky background in the data reduction (see
the upper panels in Figures 2–10). The “dust continuum,” which
consists of both reflected sunlight and thermal emission from
these dust grains, must be subtracted from the spectra to measure

the emission flux of the molecular bands of the comet. If we try
to fit the dust continuum with the sum of the solar scattered
and thermal components of the dust grains, many parameters
must be adjusted (e.g., relative abundances of the grains and
their refractive indices, size distributions, porosities, shapes,
and so on) to calculate the scattering and absorbing properties
of these dust grains. To avoid this difficulty, the continuum
is often interpolated using straight lines (e.g., A’Hearn et al.
2011; Feaga et al. 2007). Here, we use second- or third-order
polynomial functions to fit the continuum component since
the straight lines seem to be too simple. For the fitting, we
choose the regions where the continuum component dominates.
Both sides of each molecular emission band are used as the
continuum (see Figure 11). Although there are many weak
emission lines from minor organic species (e.g., HCN, NH3,

3
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Figure 2. Upper panel: the 2.5–5-µm spectra of the comets 19P and 22P
obtained with the AKARI/IRC. The sky background is not subtracted in the
data reduction. Lower panel: continuum-subtracted spectra of the comets. The
continuum component is fitted with second- or third-order polynomial functions
and subtracted from the observed spectrum. The spectra are scaled for clarity.
(A color version of this figure is available in the online journal.)

Table 2
Band g-factors and the Photodissociation Lifetimes

Molecule Lifetime Band λ g-factor
(s) (µm) (s−1)

H2O 8.3 × 104 ν3 2.66 2.82 × 10−4

ν1 2.73 2.47 × 10−5

ν2 + ν3 − ν2 2.66 2.81 × 10−5

ν1 + ν3 − ν1 2.73 2.19 × 10−5

ν3 − ν2 4.63 7.66 × 10−6

ν1 − ν2 4.85 7.35 × 10−6

CO2 5.0 × 105 ν1 4.26 2.9 × 10−3

CO 1.3 × 106 v(1–0) 4.67 2.6 × 10−4

Notes. The band g-factors and the photodissociation lifetimes are taken from
Bockelée-Morvan & Crovisier (1989) and Crovisier’s molecular database
(http://www.lesia.obspm.fr/perso/jacques-crovisier/). The g-factors of the H2O
hot bands close to the CO fundamental (1–0) band are used to remove the
contamination of the CO band flux by those hot bands.

caused by the Haser model (∼10%). We detect CO2 in 17 out of
18 comets, except for the comet 29P/Schwassmann-Wachmann
1. In the following, we discuss the 17 comets in which CO2
is detected. Figure 12 illustrates the gas production rate ratios
of CO2 with respect to H2O in the 17 comets obtained here.
The difference between the OCs and the JFCs is emphasized
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Figure 3. Upper panel: observed 2.5–5-µm spectra of the comet 22P obtained
with the AKARI/IRC. Lower panel: continuum-subtracted spectra of the comet.
(A color version of this figure is available in the online journal.)

using different colors. No figure for the CO/H2O is shown here,
since we only detect a reliable CO emission band in three of
the comets, including the comet 29P. As for the comet C/2007
N3, we cannot detect CO within 3σ in this analysis because
we subtract the contamination of CO by water hot bands and
modified the sky background subtraction; however, the presence
of a weak (2σ ) band is reported in Ootsubo et al. (2010).

In Table 3 and Figure 12, the gas production rate ratios of
CO2/H2O are systematically higher for the observations at
distances further than ∼2.5 AU from the Sun. Such behavior
of CO2/H2O could be explained by the fact that H2O ice could
not efficiently sublimate at large distances from the Sun. The
surface temperature of the nucleus could be comparable with or
lower than the sublimation temperature of water (Tsub ∼ 150 K),
while highly volatile species like CO2 (Tsub ∼ 70 K) could
sublimate there. The situation is probably the same in the case
of CO/H2O. Therefore, the gas production rate ratios of CO2
and CO, with respect to H2O observed at distances farther than
∼2.5 AU, should be considered as upper limits of the mixing
ratios of these ices. By contrast, H2O can efficiently evaporate
around 1 AU from the Sun and the gas production rate ratios
are considered to be good indicators for the composition of the
cometary ice. In Figure 12 (lower panel), the data of the comets
observed within 2.5 AU are plotted. Our results show that the
CO2 mixing ratios in the comets range from several to ∼30%.

A wide range of CO mixing ratios as already shown based
on radio, near-IR, and UV studies in the past (reviewed by
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Derived gas production rate

T. Ootsubo et.al.,
 ApJ 2012

The Astrophysical Journal, 752:15 (12pp), 2012 June 10 Ootsubo et al.

Table 3
Gas Production Rate Measurements

Object ObsIDa rh
b Q(H2O) Q(CO2) Q(CO)

(AU) ( × 1026 molecules s−1)c ( × 1026 molecules s−1)d ( × 1026 molecules s−1)e

19P/Borrelly 1520268 2.19 6.38 ± 0.67 1.62 ± 0.16 <1.55
22P/Kopff 1520241 1.61 19.31 ± 1.94 3.89 ± 0.39 <0.79
22P/Kopff 1520242 1.61 59.39 ± 5.95 10.96 ± 1.10 <1.65
22P/Kopff 1521077 2.42 12.15 ± 1.26 1.34 ± 0.14 <2.66
22P/Kopff 1521079 2.43 10.48 ± 1.10 0.74 ± 0.08 <2.70
22P/Kopff 1521080 2.43 16.99 ± 1.72 0.70 ± 0.08 <2.53
29P/Schwassmann-Wachmann 1 1521081 6.18 57.79 ± 6.79 <3.77 269.1 ± 28.15
29P/Schwassmann-Wachmann 1 1521083 6.18 67.75 ± 7.63 <3.22 313.9 ± 32.42
64P/Swift-Gehrels 1521099 2.27 5.23 ± 0.58 1.41 ± 0.14 <3.25
64P/Swift-Gehrels 1521101 2.27 6.85 ± 0.72 1.52 ± 0.16 <3.07
67P/Churyumov-Gerasimenko 1520244 1.84 6.20 ± 0.63 0.43 ± 0.05 <1.35
81P/Wild 2 1521107 1.74 50.83 ± 5.10 8.73 ± 0.87 <1.60
81P/Wild 2 1521109 1.74 74.29 ± 7.44 8.87 ± 0.89 <2.25
81P/Wild 2 1521110 1.74 60.02 ± 6.01 8.63 ± 0.86 <2.24
88P/Howell 5200913 1.74 32.09 ± 3.22 7.73 ± 0.77 <1.35
88P/Howell 5200914 1.73 33.51 ± 3.36 8.65 ± 0.87 <2.72
116P/Wild 4 1520245 2.22 11.33 ± 1.17 1.16 ± 0.12 <2.28
116P/Wild 4 1520246 2.22 15.82 ± 1.60 0.89 ± 0.09 <2.26
118P/Shoemaker-Levy 4 1520247 2.18 14.25 ± 1.45 2.18 ± 0.22 <2.62
118P/Shoemaker-Levy 4 1520248 2.18 9.97 ± 1.03 2.99 ± 0.30 <2.42
144P/Kushida 1520249 1.70 37.55 ± 3.76 5.57 ± 0.56 <1.14
144P/Kushida 1520250 1.70 33.29 ± 3.34 5.15 ± 0.52 <1.43
157P/Tritton 1521128 1.48 4.50 ± 0.46 0.31 ± 0.03 <0.65
157P/Tritton 1521131 1.48 3.55 ± 0.36 0.35 ± 0.04 <0.82
C/2006 OF2 (Broughton) 1520252 2.43 61.22 ± 6.15 13.97 ± 1.40 <2.52
C/2006 OF2 (Broughton) 1520271 3.20 16.99 ± 1.86 9.90 ± 0.99 <4.46
C/2006 Q1 (McNaught) 1520254 2.78 36.33 ± 3.68 16.19 ± 1.62 <3.67
C/2006 Q1 (McNaught) 1520273 3.64 11.57 ± 1.40 5.96 ± 0.60 <5.48
C/2006 W3 (Christensen) 1520256 3.66 82.96 ± 8.55 84.59 ± 8.46 299.3 ± 30.0
C/2006 W3 (Christensen) 5200910 3.13 201.0 ± 20.3 84.66 ± 8.47 197.7 ± 19.9
C/2007 G1 (LINEAR) 1520258 2.80 18.37 ± 1.89 4.17 ± 0.42 <3.19
C/2007 N3 (Lulin) 1520260 1.28 409.1 ± 40.9 48.48 ± 4.85 <8.67
C/2007 N3 (Lulin) 5200708 1.70 223.8 ± 22.4 22.42 ± 2.24 <2.86
C/2007 Q3 (Siding Spring) 1520261 3.29 39.80 ± 4.05 6.95 ± 0.70 <3.97
C/2008 Q3 (Garradd) 5200917 1.81 112.0 ± 11.2 31.04 ± 3.11 29.30 ± 3.02
C/2008 Q3 (Garradd) 5200916 1.81 119.8 ± 12.0 29.66 ± 2.97 26.84 ± 2.77
C/2008 Q3 (Garradd) 1521055 2.96 6.99 ± 0.87 4.50 ± 0.46 <3.93

Notes. All errors are for ± 1σ , while the upper limits correspond to 3σ . For the gas production rates, we consider an additional 10% of errors caused by using
the simple Haser model.
a 152xxxx = SOSOS mission program observations, 520xxxx = Director’s time observations.
b rh: Heliocentric distance to the comet.
c Vibrational bands (ν1, ν3, and hot bands) of H2O at 2.7–2.9 µm.
d Vibrational band (ν3) of CO2 at 4.3 µm.
e Vibrational band of CO at 4.7 µm.

CO/CO2 (not CO2/CO) mixing ratios in the 17 comets (except
for the comet 29P, which shows very high lower limits !80). The
CO/CO2 ratio is 2.5–3.5 in the comet C/2006 W3 (Christensen)
and about unity in the comet C/2008 Q3 (Garradd), while many
of the other comets only show the upper limits for CO/CO2,
and some of them have significantly small upper limits ("0.1).
It is unlikely that there is a direct correlation between CO and
CO2 based on this result.

Higher ratios (2.5–3.5) for the C/2006 W3 are probably
caused by insufficient sublimation of CO2 at longer distances
(>3 AU) from the Sun. The relatively high CO/CO2 ra-
tio (i.e., rich in hyper-volatile CO) observed in the comet
C/2008 Q3 at rh = 1.8 AU may be related to the outburst
event that occurred prior to our observations (see the visual
light curve provided at the Sei’ichi Yoshida’s Web site10). The

10 http://www.aerith.net/comet/catalog/2008Q3/2008Q3.html

CO-rich ices in the interior of the nucleus might be exposed
to the Sun by the fragmentation or splitting of the nucleus at
the outburst event. A similar temporal variation in both the
CO2/H2O and the CO/CO2 ratios in the comet 22P/Kopff,
with respect to the heliocentric distances in Figures 12 and 13,
could be related to the outburst events seen in the light curve
reported at the Sei’ichi Yoshida’s Web site. The variations in
both the CO2/H2O and the upper limit of CO/CO2 might indi-
cate chemical heterogeneity in the nucleus as seen in the comet
103P/Hartley 2 (A’Hearn et al. 2011). Observations of
the comet 22P/Kopff imply chemical heterogeneity in the
CO2/H2O ratio by about a factor of two within the nucleus,
which is comparable with the comet 103P/Hartley 2.

Significantly, small upper limits of CO/CO2 ("0.1) in some
of the comets indicate highly oxidized environments for the
formation of the molecules. It is considered that CO2 forms from
CO by the gas–grain chemistry based on laboratory studies (e.g.,

10
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Derived gas production rate

T. Ootsubo et.al.,
 ApJ 2012

The Astrophysical Journal, 752:15 (12pp), 2012 June 10 Ootsubo et al.
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Figure 12. Upper panel: the gas production rate ratios of CO2 with respect to
H2O in all of the 17 comets (except for the comet 29P) observed with the AKARI
IRC. Lower panel: the close-up figure of the comets observed within 2.5 AU.
The differences between the OCs (red) and the JFCs (blue) are emphasized
using different colors in both figures.

Ioppolo et al. 2011; Oba et al. 2010). If CO2 is converted from
CO through the reaction between CO and OH (CO + OH → CO2
+ H) on the cold grains, then the high conversion efficiency from
CO to CO2 is indicative of a large amount of OH on the cold
grains. Because the enriched OH on cold grains also leads to
abundant H2O ice formation, the CO2/H2O is not significantly
enhanced in such a case.

Alternatively, the small upper limits of CO/CO2 in some of
the comets could be explained by the scenario where CO was
exhausted in the cometary nuclei, especially near the surface,
after multiple approaches to the Sun since CO is more volatile
than CO2. The CO/CO2 ratio of the comet C/2008 Q3, which
is a new OC, is about unity. The CO2 abundance seems to be
higher than or comparable with CO, as is the case in protostellar
ices (Pontoppidan et al. 2008; Öberg et al. 2011). Namely, the
richness in CO may be representative of primordial ices in the
solar system. The CO-rich ices could be preserved in the interior
of the cometary nucleus.

Finally, we would like to note that the g-factor for CO is
about 10 times smaller than that for CO2. In addition, the CO
wavelength region in the spectra (∼4.7 µm) is contaminated
by the H2O hot-band emission. Thus, there might be an
observational bias in any attempts to discuss the CO/H2O and
CO/CO2 ratios from the AKARI data.
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Figure 13. Gas production rate ratios of CO are plotted with respect to the CO2
in the 17 comets. The OCs are depicted in red and the JFCs are in blue.

5. SUMMARY

A total of 18 comets, including both OCs and the JFCs, were
spectroscopically observed in the NG mode with the IRC on
board the Japanese infrared satellite AKARI in the wavelength
range from 2.5 to 5 µm between 2008 June and 2010 January.
Our data set provides the largest homogeneous database of
CO2/H2O production rate ratios in comets obtained so far. The
prominent emission bands of the fundamental vibrational bands
of H2O at 2.7 µm and CO2 at 4.3 µm can be seen in all of
the comet spectra, except for the comet 29P/Schwassmann-
Wachmann 1. The fundamental vibrational band of CO at
4.7 µm and the broad emission feature around the 3.3–3.5-µm
region, which is probably related to C–H-bearing molecules like
CH4, C2H6, and CH3OH, can also be recognized in some of the
comets.

The gas production rate ratios of CO2, with respect to H2O,
in the 17 comets have been derived. The present data set
of the large samples confirms the range of ratios that pre-
vious measurements have obtained. The CO2/H2O ratio in
cometary ice spans from several to ∼30% among the comets
observed within 2.5 AU from the Sun, where H2O effectively
sublimates from the nucleus of the comet. The range of the
CO2/H2O ratios represented by the upper and lower quartile
values is 11%–24% (the median value is 17%), and it is compa-
rable with that of the high-mass protostellar ices (12%–22%),
while the mixing ratios of CO2 in low-mass protostar envelopes
is 22%–35% (Öberg et al. 2011). CO2 in cometary ice is more
depleted with respect to water and more diverse than the low-
mass protostellar ices. If the cometary ice composition has not
been significantly altered after the formation of cometary nu-
clei, then the ices incorporated into the comets should have been
altered in the early solar nebula.

Based on our observations, the CO/CO2 ratio in comets seems
to be smaller than unity. This may indicate that there is a highly
oxidized environment for the formation of molecules, or that
CO has been exhausted in the vicinity of the surface of the
cometary nuclei. However, it should be noted that we had the
upper limits for CO in many of the comets, and CO was only
detected in a few cases. We will require more samples of CO2
and CO observations for further discussions.

This work is based on observations with the AKARI, a JAXA
project with the participation of the ESA. We thank all the

11
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longitude of ascending node,  Ω ;   inclination angle,  i
Sun ≠ IPD cloud center, amount of off-centering ΔX and ΔY

(Kelsall et al. 1998)

Symmetry Plane  ≠  Ecliptic Plane

Kwon et al. 1998

Modeling the 
InterPlanetary Dust(IPD) Cloud
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Dumont 1975

Mean Volume Emissivity Near the Earth’s Orbit

ε=91°, 89°, 90° 12+α season à 248 pointings
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Seasonal modulation
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Seasonal modulation
on 12/25 color
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Modeling the 
InterPlanetary Dust(IPD) Cloud
From the AKARI mid-infrared All-Sky Survey, we have constructed the brightness maps of the zodiacal 
emission light over the entire sky. 
Maps enable us to locate the maximum IPD density plane with respect to the ecliptic, and reveal new 
features from the diffuse, broken bands discovered earlier by IRAS. 
In constructing the three-dimensional model of the IPD cloud, the mean volume cross-section and 
temperature of the local IPDs play a pivotal role; yet, these parameters are measured for the "rst time by 
the AKARI's pointing observations. 
Constructed brightness maps of the zodiacal emission at 9 and 18 μm, from the AKARI All-Sky Survey, 
and applied the Fourier "ltering to the maps. Although the original map has limited resolution, after 
having been "ltered, they clearly con"rm the dust bands already discovered by the IRAS and display 
new band features as well. As regards to the band pair lying around β = ±17°, Espy et al. (2009) paid 
special attention to gaps appeared in the IRAS "ltered maps in some longitude intervals and took the 
gaps as an evidence of the pair's genetic relation to Emilkowalski cluster of asteroids and its extremely 
youthfulness in dynamical evolution. An incomplete longitude coverage of the IRAS might have misled 
us to believe the gap as a real feature. In our "ltered maps, however, the band pair extends over the 
whole longitude circle. The full longitude coverage of the AKARI survey is of great importance in future 
dynamical studies of diffuse, broken bands.

S.S.Hong et.al., ASPC 2009
J.H.Pyo  et.al., ASPC 2009
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COLOR PROFILE OF ZE 
OVER LATITUDE Beta

COBE/ DIRBE 

       4.9um - 12um

AKARI/ IRC 

        9um - 18um

COBE/ DIRBE 

      12um - 25um

Can we understand the beta-dependence of 
color temperature with the single component model ?
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The Sky Observed by AKARI S9W-band‏

Trailing
direction

Leading 
direction
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The Sky Observed by AKARI L18W-band‏

Trailing
direction

Leading 
direction
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ZE brightness map
at 9 µm

Max. brightness latitude is 
fluctuating. leading

trailing
← Obliquity of symmetry plane
    w.r.t. the ecliptic



36 Hong et al.

L18W bands. Grey line of inset is for the AKARI ’s spectroscopic observations
by Ootsubo et al. (2009).

In the SED calculations, we fixed the density power-law exponent at ν = 1.3
and the temperature exponent at δ = 0.5; and set the cloud boundary at 5 AU
from the Sun. The resulting SED is insensitive to the location of outer boundary,
once it is beyond 3 AU. However, the reference temperature was taken as a free
parameter and optimized. For the single component model, it is found that To =
(257.9± 1.6)K is the best choice for the reference temperature. This is in good
agreement with the directly measured temperature of the local IPDs. For the
double component model, To, cold = (243.4±4.7)K and To, hot = (385.9±53.9)K
are found to be the best choices for the hot and cold dusts, respectively. And the
optimized mixture ratio is ζ o, hot/ζ o, cold ! 0.02. The synthesized and observed
SEDs are compared in Figure 4, where dashed and solid lines are for the single
and double component models, respectively.
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Figure 4. The observed SED of ZE is compare with calculations of single
(dashed line) and double (solid line) component model of IPDs. For both
components of the IPDs, density and temperature exponents are kept the
same, but the reference temperature is left as model parameter. Near infrared
part of the SED is dominated by the hotter component of IPDs.

The comparison clearly indicates limitations of the single component model
in reproducing the SED over entire wavelength range. Although the overall
mixture ratio is as small as 2%, the SED in the near infrared is dominated
by the hot component. Therefore, success of the single component brightness
integral has limited our knowledge to cold IPDs only.

CPS seminar Sep. 29, 2015

Observed SED of IPD cloud

The observed SED of ZE is compare with calculations of single (dashed line) and double (solid line) 
component model of IPDs. For both components of the IPDs, density and temperature exponents are kept 
the same, but the reference temperature is left as model parameter. Near infrared part of the SED is 
dominated by the hotter component of IPDs.

S.S.Hong et.al., ASPC 2009



Zodiacal Dust Cloud 43
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Figure 4. Fourier-filtered maps are generated for L18W-band to enhance
the asteroidal dust bands near the ecliptic plane. Top frame is for the leading
direction and bottom for the trailing. Noises are caused mainly by the Galactic
plane and South Atlantic Anomaly. All the markings follow Sykes (1990)
except J′.

the band. The band is assumed to extend from the asteroid belt all the way to
the Earth’s orbit. In our filtered map, the band changes with longitude not only
its brightness but also its thickness.

The other parallel bands are lying around β = ±17◦. Sykes (1990) named
them M and N. Recently, Espy et al. (2009) identified these bands with Emilkowal-
ski cluster of asteroids. They paid special attention to the fact that the M and
N pair seems to be broken in some longitude intervals, and tried to reproduce

CPS seminar Sep. 29, 2015

Asteroidal dust bands 
near the ecliptic plane

J.H.Pyo  et.al., ASPC 2009
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Brightness map of the zodiacal emission 
from the AKARI IRC All-Sky Survey

In the preprocessed data of the AKARI IRC All-Sky Survey, we have identi"ed instrumental 
features that require further corrections to the data: detector's after-effect caused by exposure 
to bright Moon light and the Earthshine scattered into the telescope beam.  The all-sky 
brightness maps exhibit smooth distribution of the ZE brightness with the wobbling of the 
symmetry plane and the leading-trailing asymmetry of the ecliptic plane brightness.  The 
asymmetry between leading- and trailing-direction brightness is compared with the IPD cloud 
model of Kelsall et al. (1998) to derive the emissivity modi"cation factors at 9 μm for the 
smooth cloud, the dust bands, and the MMR components in the model. The factors for the 
cloud and band components are comparable to those at 12 μm, but one for the ring is about 
20% higher than the values at 4.9 μm and 12 μm. This implies that the contribution of the MMR 
component to the ZE brightness is underestimated in Kelsall's model.
Furthermore, AKARI's monitoring of the brightness at the ecliptic poles has located the plane of 
maximum IPD density with respect to the ecliptic plane.  We modi"ed the plane's inclination 
and longitude of ascending node for the smooth cloud model of Kelsall et al. (1998) to best "t 
the observed variation of the pole ZE brightness difference.  The resulting values are slightly 
different from the original model, which suggests a possible warping of the IPD cloud.

J.H.Pyo  et.al., A&A 2010
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Residual brightness maps of IPD cloud

J.H.Pyo  et.al., A&A 2010

J. Pyo et al.: Brightness map of the ZE from the AKARI IRC All-Sky Survey

(a)

(b)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Intensity [MJy sr−1]

Fig. 4. Residual brightness maps in the leading a) and the trailing b)
directions, after the brightness due to the Kelsall et al. (1998) IPD cloud
model has been subtracted from the AKARI observation. The projection
and grid lines are the same as those in Fig. 3.

by about 20%. For the smooth component, the emissivities at all
the three wavelengths are comparable to each other, while for the
dusts localized in the bands and the resonance seem to change
noticeably over the wavelengths. Because it is the smooth cloud
that contributes most to the zodiacal light brightness, this result
is consistent with the assumption that the SED of the observed
sky brightness is blackbody-like.

We subtracted from the observed sky brightness (Figs. 3a
and b) the model ZE brightness calculated with emissivity mod-
ifications. The resulting images of the residual brightness are
shown in Figs. 4a and b for the leading and trailing directions,
respectively. Because the resolution of COBE/DIRBE was not
fine enough to split the innermost α and β dust bands (Sykes
1988), Kelsall et al. (1998) could not implement the two bands
separately in their model. This limitation left in Figs. 4a and b
a band of residual brightness close to the ecliptic. They are be-
tween the band pairs of Kelsall et al.’s dust band 2. In Fig. 4a, we
notice two partial bands that make a rather large angle with re-
spect to the ecliptic. The one visible in the northern hemisphere
is in the longitude range from about 100◦ to 200◦, and the other
in the southern hemisphere from 270◦ to 360◦. They are called
C and F bands by Sykes (1988). In a separate paper, we will
report more details of the additional bands AKARI brought us.
Compared with the leading-direction map (Fig. 4a), the trailing
one (Fig. 4b) shows less residual features than the former. This
is because the brightness contribution from the trailing blob has
properly been corrected for in Fig. 4b. This interpretation sug-
gests to us an existence of an MMR blob leading the Earth. The
leading blob was also anticipated from dynamical simulations
(Dermott et al. 1994).

Fig. 5. Schematic diagram for the seasonal variation of NEP and SEP
brightness due to tilt of the IPD cloud’s symmetry plane. The Earth’s
positions marked by A, B, C, and D on the top frame correspond to the
abscissas labeled by the same characters. In the top frame, the upward
arrows point to the NEP while the downward ones point to the SEP.
The NEP and SEP intensities are represented by a black, solid line and
a gray, broken line, respectively, in the bottom frame.

5. Seasonal variation of the pole brightness

In the survey mode, while cruising the ecliptic plane with the
Earth, AKARI has about 14 opportunities to observe both poles
per day. Although the survey was interrupted from time to time,
we could monitor the pole brightness through the whole mission
period. In Fig. 5 we illustrate how the tilt of the symmetry plane
with respect to the ecliptic would affect the pole brightness over
an one-year period (Deul & Wolstencroft 1988; Reach 1988;
Kelsall et al. 1998). The circle marked with ⊕ represents the
Earth’s orbit and the circular plane in gray the symmetry plane.
The arrows in solid and dashed lines represent the directions of
the north and south ecliptic poles at four positions A through D.
In the bottom frame of the figure, the expected brightnesses of
the NEP and SEP are shown as functions of the Earth’s position.
The solid and dashed lines correspond to the north and south
poles, respectively. When the Earth is at position A, the line-of-
sight towards the SEP passes through the symmetry plane, while
that towards the NEP does not. Because the dust number density
is maximum in the symmetry plane, we expect the NEP bright-
ness to be dimmer than the SEP. If the Earth is at position C,
the situation is reversed and the NEP becomes brighter than the
SEP. On the other hand, at positions B and D, the NEP and SEP
brightnesses may amount to almost the same number of dust par-
ticles. Hence, the two brightnesses are comparable to each other.

The Earth’s eccentric orbit also plays an important role in the
seasonal variation of the pole brightness. While moving along
the orbit, the Earth’s distance from the Sun changes and so do
the dust temperature and density around the Earth. The dust in
the Earth’s vicinity becomes hottest when the Earth passes the
perihelion, and consequently the pole brightnesses also become
brightest. The dust density has the same effect as the tempera-
ture, provided that the dust number density decreases with helio-
centric distance and its distribution is symmetric with respect to
the Sun. Note that the brightness variations of two poles caused
by the cloud’s symmetry plane are out of phase with each other

Page 5 of 9

Residual brightness maps in the leading a) and the trailing b) directions, after the brightness due to the 
Kelsall et al. (1998) IPD cloud model has been subtracted from the AKARI observation.
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Derived parameters J. Pyo et al.: Brightness map of the ZE from the AKARI IRC All-Sky Survey

Table 2. Symmetry plane parameters.

Parameter Kelsall et al. (1998) This work
Inclination [◦] 2.03 ± 0.017 2.29 ± 0.36
Ascending node [◦] 77.7 ± 0.6 74.491 ± 0.012

Table 3. Longitude of the maximum average pole brightness.

Observation Wavelength Longitude
IRAS ZOHFa 12 µm 116.◦4 ± 2.◦1

25 µm 123.◦6 ± 2.◦6
COBE/DIRBb 12 µm ∼44◦

25 µm ∼44◦
AKARIc 9 µm 65.◦2 ± 0.◦5
Modeld 9 µm 93.◦5

Notes. (a) Vrtilek & Hauser (1995). (b) Dermott et al. (2001). (c) From
sinusoidal fitting to the data points in Fig. 8. (d) From the dashed line in
Fig. 8.

To compensate for the amplitude decrease, the fitting process
requires a higher inclination. Owing to the susceptibility of the
symmetry plane’s inclination to the calibration and emissivity
factor, we do not attach much significance to the inclination dif-
ference.

On the other hand, the longitude of the ascending node is
determined principally by the phase of the observed brightness’
seasonal variation. Thus it is almost independent of the bright-
ness calibration. As shown in Table 2, we derive the longitude of
the ascending node about 3◦ smaller than Kelsall et al. (1998).
The difference in the longitude of the symmetry plane’s ascend-
ing node may be related to possible warp of the plane (Deul &
Wolstencroft 1988; Dermott et al. 2001). By changing the wave-
lengths of the observation, one can probe different parts of the
IPD cloud. This is because the brightness at longer wavelength
is more sensitive to colder, hence farther out dust particles. If
the symmetry plane’s longitude of ascending node changes with
the radial distance from the Sun, the longitude derived from ob-
servations of different wavelengths would also change. We will
give a detailed analysis of the warping, when the L18W-band
data become available.

From the same model calculations, we constructed the pole
brightness average and present the results in Fig. 8 as the dashed
line. By taking the average of the two pole brightnesses, one may
cancel the modulation brought by the plane’s tilt to the two poles,
because their brightnesses are out of phase by 180◦. Therefore,
the only remaining modulation is brought by the changes of the
dust density and temperature with the Earth’s motion. Since the
solar radiation is the only considerable heat source for IPDs
(Gustafson 1994), the dust temperature should be symmetric
about the Sun. If the distribution of IPDs is longitudinally sym-
metric with respect to the Sun, the average would become max-
imum at the Earth’s perihelion, that is, at the longitude about
103◦.

Table 3 lists the longitudes of the maximum average pole
brightness in the IRAS, COBE/DIRBE, and AKARI observa-
tions, and our best-fit IPD cloud model. There is a significant dis-
crepancy among the three observations. Especially the departure
of the maximum average position from the perihelion seen from
IRAS is opposite to those from COBE/DIRBE and AKARI. It
should be pointed out that Vrtilek & Hauser (1995) attributed the
departure to a long-term instability of instrument. On the other
hand, Dermott et al. (1999) suggested that the disagreement

between the maximum brightness and the perihelion is caused
by the off-centering of the IPD cloud from the Sun. In Fig. 8 the
average brightness generated from the model becomes the max-
imum not at 103◦ but at 93.◦5. Because the center of the smooth
cloud component of Kelsall et al.’s model deviates from the Sun
towards longitude 24.◦7, the average pole brightness would show
its maximum at a longitude lower than that of the Earth’s peri-
helion. It is not clear at this stage what causes the inconsistency
among the observations.

6. Discussion

We have constructed the all-sky images of the diffuse light
brightness at 9 µm from the AKARI IRC All-Sky Survey. For the
calibration of diffuse sky brightness, we devised a method dif-
ferent from that used for the point sources (Ishihara et al. 2010).
Our method uses the sky brightness measured by COBE/DIRBE
as the reference. Comparison between the brightnesses observed
by AKARI IRC and COBE/DIRBE confirms that the detector
response of the IRC MIR-S channel is linear down to about
6 MJy sr−1. We determined the absolute calibration factor for the
IRC S 9W band with 6% error. The factor converts the brightness
observed in the S 9W band to the monochromatic 9 µm intensity.
Hence, no color correction is required.

For the calibration, we assumed that the SED of the sky
brightness is the same as that of a blackbody. However, from
the ISOCAM spectroscopic observations, Reach et al. (2003)
reported a silicate feature around 10 µm, superposed upon the
smooth continuum emission. The feature manifests itself as the
bumps with about 10% amplitude from 9 to 11 µm in the ob-
served sky spectra. We examined the effect of a silicate feature
on the absolute calibration factor in Sect. 2. To simulate the
bumps in the ISOCAM spectra, we replaced the model SED,
Eq. (1), with the following:

Iν(λ) = τBν(λ, T )


1 + 0.1 exp


−

1
2

(
λ − 10 µm

1 µm

)2


 , (2)

where the silicate feature is assumed to enhance the blackbody
spectrum by an amplitude of 10% with a Gaussian profile cen-
tered at 10 µm, which has a standard deviation of 1 µm. With
this equation, our calibration method results in a conversion fac-
tor about 4% higher than that in Sect. 2. This is within the un-
certainty of the calibration factor used through out this work.
The method is sensitive to the brightness enhancement at 9 µm
in the assumed SED. In the ISOCAM spectra the enhancement
is about half of that we assumed in Eq. (2). Thus we conclude
that the silicate feature has little impact on the calibration of the
AKARI S9W band and our results.

The map images are used to investigate the IPD cloud model
of Kelsall et al. (1998). Because AKARI provides us with the
only data set of the IR brightness over the all-sky since the
COBE/DIRBE mission, this is the first opportunity for us to
verify the Kelsall et al. model. We first searched for the emis-
sivity modification factors at 9 µm. The best-fitting factors to
the AKARI observations are similar to those at 12 µm derived
by Kelsall et al. (1998) for the smooth cloud and the dust band
components, but not for the MMR component. For the MMR
component, we derive a value of about 20% higher than the fac-
tors at 4.9 and 12 µm. It may not be caused by spectral fea-
tures of the IPDs trapped in the Earth’s resonances. Because
the resonances tend to trap low-inclination, asteroidal particles
(Marzari & Vanzani 1994), the composition of resonance par-
ticles is expected to be similar to that of band particles. If the
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GNIRS packages, with spectral extraction and absolute calibration
performed offline with IDL. IRAF was used to stack raw data frames
and produce coadded differenced spectra of Neptune and a stan-
dard star (i.e., removing the sky background via differencing),
and reference images of the sky spectra for telluric line identifica-
tion and wavelength calibration. In the absence of a Cohen stan-
dard, we used observations of HD192947 (acquired within an
hour of the Neptune spectra, with 90 s on-source time), a G8 class
III–IV giant. We assumed a stellar temperature of 4900-K and
scaled the resulting black body spectrum to match the J, H and K
magnitudes as measured by 2MASS. The resulting radiances were
cross-checked against Cohen templates for standard stars of a sim-
ilar spectral type to HD192947, and then used for flux calibration.
Loss of radiance from the slit was accounted for by computing an
idealised point spread function (PSF, a product of diffraction and
atmospheric seeing, generated by fitting the stellar acquisition
images from each run prior to the observations of Neptune) for
the star at every N-band wavelength, and estimating the flux lost
from the 0.31’’-wide slit. This allowed for a crude radiometric cal-
ibration of the Gemini/TReCS 2007 spectra for comparison with the
earlier results.

3.2. Modelling AKARI

Before considering the ground-based data, we update our previ-
ous model of AKARI spectra (Fig. 1c, Fletcher et al., 2010) using
Herschel-derived methane abundances in Neptune’s stratosphere
(Lellouch et al., 2010). Furthermore, Fletcher et al. (2010) used

forward modelling with highly constrained TðpÞ profiles, whereas
we now consider full spectral inversions. The a priori error was
tuned to fix the tropospheric temperatures, only allowing the
stratospheric temperatures to vary. Previous analyses from AKARI,
ISO and Voyager favoured a quasi-isothermal stratospheric tem-
perature structure at low pressures (p < 10 lbar), so we generated
a range of initial TðpÞ profiles based on a smooth transition from
the tropopause to an isotherm with temperatures in the 140–
180 K range. This range of a priori temperatures effectively brack-
ets the true stratospheric temperatures, and the use of multiple a
priori is designed to eliminate bias in the final solution. Strato-
spheric temperatures and a scale factor for the ‘Model C’ ethane
profile of Moses et al. (2005) were simultaneously derived from
the AKARI spectra (omitting the low-signal 9.0–11.4 lm region)
for this range of a priori isothermal structures. Furthermore, the
wavelength calibration from the AKARI pipeline had to be shifted
to ensure a good fit to the data (by 0.07 lm for the methane emis-
sion at 7.7 lm and 0.04 lm for the ethane emission band at
12.2 lm). The measurements were modelled in a disc-integrated
fashion using an exponential-integral technique (Goody and Yung,
1989). The vertical sensitivity for the AKARI SG2 module is shown
in Fig. 2 of Fletcher et al. (2010), peaking between 0.1 and 1.0 mbar
but with some sensitivity to lbar pressures due to a multi-lobed
methane contribution function.

With the Herschel-derived methane abundances, the best-
fitting AKARI TðpÞ structure is modified slightly from the results
of Fletcher et al. (2010). Namely, the new profile is slightly warmer
at 1 mbar (143.4 K versus 139.0 K) and cooler at 0.1 mbar (158.4 K
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Fig. 1. The five examples of low-resolution (R # 100—200) N-band spectroscopy considered in this study. Panels (a), (d) and (e) were extracted from spatially-resolved
spectroscopy with the slit aligned along the central meridian; grey lines show the spectrum for each pixel from south pole (dark) to north pole (light); the circles are a mean
over all visible latitudes. Panels (b) and (c) are disc-integrated spectra from AKARI/IRC and Gemini-N/MICHELLE, where the vertical bars are estimates of the uncertainty on
each datapoint (circles). This figure highlights the variable size of the methane (7.7 lm) and ethane (12.3 lm) bands with time. Panel (f) shows a typical Mauna Kea
transmission spectrum for comparison (Lord, 1992). Noisy data between 9 and 11 lm were omitted from this study, particularly the region of telluric ozone absorption near
9.6 lm.
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2007 are considerably larger, and more consistent with the Gem-
ini-N/TEXES findings in October 2007 (Greathouse et al., 2011).

The increase in ethane emission in late 2007 is hard to under-
stand given the invariance of stratospheric temperature if the cal-
ibration and interpretation of the N-band spectra is robust.

However, several factors may complicate the interpretation of eth-
ane variability on Neptune:

1. Small amounts of water ice in cirrus clouds would attenuate 12-
lm transmission of either Neptune or the standard star,
whereas 8-lm transmission would be largely unaffected. Cali-
brated radiances at 12 lm could be corrupted if the weather
conditions were less than perfect, whereas the methane emis-
sion and derived TðpÞ profiles would be unaffected, leading to
a seemingly-random variation of the ethane emission.

2. The absolute calibration technique for the Gemini-S data that,
in the absence of a suitable divisor, were scaled to match the
observed bright star to J, H and K band fluxes measured by
2MASS, may be in error.

3. Notches observed in the centre of the ethane band (Fig. 4), pos-
sibly related to the Si:As Raytheon detector used by both the
TReCS and MICHELLE instruments, could be symptomatic of a
larger problem with the shape of the C2H6 band being
measured.

4. Contribution functions near the ethane band in Fig. 12 show (a)
a multi-lobed structure with some contribution from tropo-
spheric temperature and (b) that methane emission probes
slightly higher altitudes than ethane emission. If temperatures
are significantly altered in the troposphere or lower strato-
sphere, for example by upward propagation of waves, then
the CH4 emission might not provide sufficient information for
a unique TðpÞ determination. This is highlighted by the modified
lower stratospheric temperatures of TðpÞ profiles that take H2

quadrupole emission into account (Bézard et al., 1999; Great-
house et al., 2011).

It seems likely that the variable ethane emission we observe is
either due to poorly-quantified telluric weather or to changes in
Neptune’s lower stratospheric temperature beyond our capabilities
to measure using low-resolution spectroscopy. Large variations in
ethane emission, apparently divorced from variability in methane
emission, have been previously reported (Hammel et al., 2006),
and the amplitude of the variations reported here is consistent
with their study. A continuous campaign of spectral observations
over multiple years, preferably outside of the complicating influ-
ence of the terrestrial atmosphere, would be required to under-
stand the long term variability of methane and ethane emission
on Neptune. In summary, we find variations in the 0.1–10.0 mbar
temperatures retrieved from the solstice-era N-band spectroscopy
(Fig. 2 and Table 1), but these variations are smaller than the
uncertainties related to radiometric calibration and those associ-
ated with retrieval degeneracy. Nevertheless, retrievals from inde-
pendent observatories all support (i) a latitudinally uniform
distribution of stratospheric temperatures despite southern sol-
stice conditions; and (ii) a quasi-isothermal structure at altitudes
above the 0.1-mbar pressure level. The close correspondence of
the TðpÞ profiles derived from different instruments under vastly
different observing conditions is encouraging, and suggest that
stratospheric temporal variability, if present, is <±5 K at 1 mbar
and <±3 K at 0.1 mbar.

4. Tropospheric Q-band spectroscopy

Terrestrial water vapour obscures large regions of the 17–
25 lm Q band, limiting our ability to calibrate ground-based Q-
band observations unless the observing nights are particularly
dry. Keck/LWS observations provided a disc-averaged Q-band
spectrum that can be directly compared to the Voyager/IRIS results
from 1989. In this section, we use the stratospheric temperatures
from Section 3 as a prior for fitting both Voyager/IRIS zonal mean
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(a) Keck/LWS (2003)

(b) Gemini/MICHELLE
 (2005)

(c) AKARI/IRC (May 2007)

(d) Gemini/TReCS 
(Aug 2007)

(e) Gemini/TReCS 
(Sep 2007)

Fig. 4. Example fits to the ethane emission band when we fix stratospheric
temperatures to a mean TðpÞ over the 2003–2007 period. Panels (b) and (c) are disc-
averaged spectra, the remaining panels are averages along the slit for emission
angles smaller than 50# . The broad shape of the band is reproduced within the
measurement uncertainties, but the source of structure (‘notches’) within the
centre of the C2H6 band in Gemini data is uncertain, although both use the same
detector array. A similar issue occurs near the ethane peak in the 2003 Keck
observation (a).
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2007 are considerably larger, and more consistent with the Gem-
ini-N/TEXES findings in October 2007 (Greathouse et al., 2011).

The increase in ethane emission in late 2007 is hard to under-
stand given the invariance of stratospheric temperature if the cal-
ibration and interpretation of the N-band spectra is robust.

However, several factors may complicate the interpretation of eth-
ane variability on Neptune:

1. Small amounts of water ice in cirrus clouds would attenuate 12-
lm transmission of either Neptune or the standard star,
whereas 8-lm transmission would be largely unaffected. Cali-
brated radiances at 12 lm could be corrupted if the weather
conditions were less than perfect, whereas the methane emis-
sion and derived TðpÞ profiles would be unaffected, leading to
a seemingly-random variation of the ethane emission.

2. The absolute calibration technique for the Gemini-S data that,
in the absence of a suitable divisor, were scaled to match the
observed bright star to J, H and K band fluxes measured by
2MASS, may be in error.

3. Notches observed in the centre of the ethane band (Fig. 4), pos-
sibly related to the Si:As Raytheon detector used by both the
TReCS and MICHELLE instruments, could be symptomatic of a
larger problem with the shape of the C2H6 band being
measured.

4. Contribution functions near the ethane band in Fig. 12 show (a)
a multi-lobed structure with some contribution from tropo-
spheric temperature and (b) that methane emission probes
slightly higher altitudes than ethane emission. If temperatures
are significantly altered in the troposphere or lower strato-
sphere, for example by upward propagation of waves, then
the CH4 emission might not provide sufficient information for
a unique TðpÞ determination. This is highlighted by the modified
lower stratospheric temperatures of TðpÞ profiles that take H2

quadrupole emission into account (Bézard et al., 1999; Great-
house et al., 2011).

It seems likely that the variable ethane emission we observe is
either due to poorly-quantified telluric weather or to changes in
Neptune’s lower stratospheric temperature beyond our capabilities
to measure using low-resolution spectroscopy. Large variations in
ethane emission, apparently divorced from variability in methane
emission, have been previously reported (Hammel et al., 2006),
and the amplitude of the variations reported here is consistent
with their study. A continuous campaign of spectral observations
over multiple years, preferably outside of the complicating influ-
ence of the terrestrial atmosphere, would be required to under-
stand the long term variability of methane and ethane emission
on Neptune. In summary, we find variations in the 0.1–10.0 mbar
temperatures retrieved from the solstice-era N-band spectroscopy
(Fig. 2 and Table 1), but these variations are smaller than the
uncertainties related to radiometric calibration and those associ-
ated with retrieval degeneracy. Nevertheless, retrievals from inde-
pendent observatories all support (i) a latitudinally uniform
distribution of stratospheric temperatures despite southern sol-
stice conditions; and (ii) a quasi-isothermal structure at altitudes
above the 0.1-mbar pressure level. The close correspondence of
the TðpÞ profiles derived from different instruments under vastly
different observing conditions is encouraging, and suggest that
stratospheric temporal variability, if present, is <±5 K at 1 mbar
and <±3 K at 0.1 mbar.

4. Tropospheric Q-band spectroscopy

Terrestrial water vapour obscures large regions of the 17–
25 lm Q band, limiting our ability to calibrate ground-based Q-
band observations unless the observing nights are particularly
dry. Keck/LWS observations provided a disc-averaged Q-band
spectrum that can be directly compared to the Voyager/IRIS results
from 1989. In this section, we use the stratospheric temperatures
from Section 3 as a prior for fitting both Voyager/IRIS zonal mean
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(a) Keck/LWS (2003)

(b) Gemini/MICHELLE
 (2005)

(c) AKARI/IRC (May 2007)

(d) Gemini/TReCS 
(Aug 2007)

(e) Gemini/TReCS 
(Sep 2007)

Fig. 4. Example fits to the ethane emission band when we fix stratospheric
temperatures to a mean TðpÞ over the 2003–2007 period. Panels (b) and (c) are disc-
averaged spectra, the remaining panels are averages along the slit for emission
angles smaller than 50# . The broad shape of the band is reproduced within the
measurement uncertainties, but the source of structure (‘notches’) within the
centre of the C2H6 band in Gemini data is uncertain, although both use the same
detector array. A similar issue occurs near the ethane peak in the 2003 Keck
observation (a).
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versus 165.7 K). Fig. 2 compares the AKARI TðpÞ to the mean tem-
perature structures derived from the ground-based measurements,
including one derived independently from Gemini-North/TEXES
(Texas Echelon Cross Echelle Spectrograph Greathouse et al.,
2011) observations in October 2007 (5 months after the AKARI
observations). Our derived temperature is consistent with these
TEXES results at 2.1 mbar (124.3 versus 123.8 K from TEXES), and
slightly warmer at 0.12 mbar (158.5 K versus 155 K from TEXES).
However, Greathouse et al. (2011) find a smooth TðpÞ structure
connecting these two altitudes, whereas our inversions suggest a
more rapid temperature rise between 0.1 and 1.0 mbar. The differ-
ences between the shapes of the AKARI and TEXES profiles, sepa-
rated by only 5 months, are likely due to the added sensitivity of

the TEXES inversions to the 0.1–10 mbar region. Greathouse et al.
(2011) required this thermal gradient between 0.1 and 10 mbar
to reproduce limb brightening observed in TEXES observations of
Neptune’s H2 S(1) quadrupole line. Furthermore, fits to the H2

S(0) and S(1) quadrupole lines in ISO disc-averaged spectra (Bézard
et al., 1999; Feuchtgruber et al., 1999) indicated the need for a sim-
ilar (albeit shallower) slope in the 0.1–10 mbar region in Fig. 2. As
no quadrupole observations were available for this solstice study,
we have used the CH4 emission alone to constrain the TðpÞ struc-
ture, which is most sensitive to the quasi-isothermal upper strato-
sphere at p < 1 mbar suggested by the absence of limb brightening
in methane-band images (see Section 5). Indeed, the details of the
1–10 mbar TðpÞ gradient have little effect on the methane emis-
sion, as indicated in the bottom panel of Fig. 2, which compares
synthetic spectra using each of the different temperature profiles.
The largest discrepancies occur in the ethane emission band near
12 lm, which has sensitivity to deeper pressures where limb
brightening in ethane-band images implies the presence of the
stratospheric temperature gradient.

In the absence of the added constraint from the H2 emission
lines, we fit the methane and ethane emission simultaneously to
derive the TðpÞ structures in Fig. 2. Nevertheless, the remain differ-
ences that strongly influence the ethane derivation: the best-fit
AKARI TðpÞ suggests a C2H6 mole fraction of 572:0# 21:0 ppb at
1 mbar, whereas the cooler profile of Greathouse et al. (2011) re-
quires 930þ350

%260 ppb at 1 mbar (see Table 1). Note that the uncertain-
ties quoted by Greathouse et al. (2011) are more conservative as
they account for systematic offsets of the TðpÞ profile within the
uncertainty range (we adopt the same approach in Section 3.6).
Compositional uncertainties quoted here and in Table 1 account
for randomisation of temperatures within the Gaussian TðpÞ error
envelope (whilst also accounting for vertical smoothing), but do
not consider systematic TðpÞ offsets. Furthermore, we do not ac-
count for uncertainties on the vertical hydrocarbon profiles, given
the low spectral resolution of this dataset. An increase in ethane by
a factor of 1.7 between there AKARI observations in May and the
TEXES observations in October 2007 seems unlikely, and highlights
the extreme sensitivity of hydrocarbon abundances to the temper-
ature determinations. We assessed the necessity of allowing eth-
ane to vary as a free parameter during the AKARI temperature
retrievals. If we were to keep ethane fixed at the abundances of
Moses et al. (2005), the models would require a substantial tem-
perature increase (DT & 10 K) at 10 lbar pressures to fit both
methane and ethane emission, something not evident in the qua-
si-isothermal results of previous studies. The fits are moderately
improved when ethane is also allowed to vary (goodness-of-fit
v2=N ¼ 0:8 rather than 1.1). We conclude that a scaling of the eth-
ane abundance is necessary to achieve an optimum fit to the AKARI
spectrum.

3.3. Keck/LWS

Stratospheric N-band spectra from Keck (Fig. 1a) are spatially
resolved, such that spectra at a range of latitudes can be modelled
with the correct emission angles. Fig. 1a shows how radiance in
these spectra varies from north to south pole, with the coolest
spectra measured in the centre of the disc. We initially fitted a
mean spectrum to assess the quality of the wavelength calibration,
shifting the methane and ethane bands independently until a best
fit to the band location and shape was obtained. With these mod-
ifications to the wavelength calibration, we then considered each
latitude separately. The same a priori profile was used, fixing the
tropospheric temperatures but selecting a range of isotherms
(140–180 K in 5-K steps) as a starting point. For each isothermal
a priori we retrieved temperature and an ethane scale factor for
each of the 26 spectra (one for each pixel in the along-slit direction
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Fig. 2. Top panel: Mean stratospheric temperature profiles derived from the N-
band spectra considered in this study, compared to results from ISO in 1997 (Bézard
et al., 1999) and Gemini-N/TEXES in 2007 (Greathouse et al., 2011), plus the TðpÞ
structure assumed for the photochemical modelling of (Moses et al., 2005). The four
profiles (combining the two different Gemini-S/TReCS observations from 2007) are
given by the solid coloured lines, with estimates of uncertainty given by the colour
dot-dashed lines. The differences between our measured profiles is no larger than
6 K at 0.1 mbar and 10 K at 1 mbar (see Table 1), but the overall shape remains the
same. Tropospheric temperatures are fixed to the initial Moses et al. (2005) profile.
Bottom panel: Forward modelled brightness temperatures at the Voyager/IRIS
spectral resolution of 4.3 cm%1 using the same TðpÞ profiles and colour scheme as
the upper panel. For ease of comparison, all hydrocarbon abundances are set to
those of Moses et al. (2005), and the CH4 profile is based on the Herschel-derived
stratospheric abundance of Lellouch et al. (2010). This shows that CH4 emission
(unlike C2H6) is largely insensitive to the discrepancies between TðpÞ profiles in the
lower stratosphere. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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versus 165.7 K). Fig. 2 compares the AKARI TðpÞ to the mean tem-
perature structures derived from the ground-based measurements,
including one derived independently from Gemini-North/TEXES
(Texas Echelon Cross Echelle Spectrograph Greathouse et al.,
2011) observations in October 2007 (5 months after the AKARI
observations). Our derived temperature is consistent with these
TEXES results at 2.1 mbar (124.3 versus 123.8 K from TEXES), and
slightly warmer at 0.12 mbar (158.5 K versus 155 K from TEXES).
However, Greathouse et al. (2011) find a smooth TðpÞ structure
connecting these two altitudes, whereas our inversions suggest a
more rapid temperature rise between 0.1 and 1.0 mbar. The differ-
ences between the shapes of the AKARI and TEXES profiles, sepa-
rated by only 5 months, are likely due to the added sensitivity of

the TEXES inversions to the 0.1–10 mbar region. Greathouse et al.
(2011) required this thermal gradient between 0.1 and 10 mbar
to reproduce limb brightening observed in TEXES observations of
Neptune’s H2 S(1) quadrupole line. Furthermore, fits to the H2

S(0) and S(1) quadrupole lines in ISO disc-averaged spectra (Bézard
et al., 1999; Feuchtgruber et al., 1999) indicated the need for a sim-
ilar (albeit shallower) slope in the 0.1–10 mbar region in Fig. 2. As
no quadrupole observations were available for this solstice study,
we have used the CH4 emission alone to constrain the TðpÞ struc-
ture, which is most sensitive to the quasi-isothermal upper strato-
sphere at p < 1 mbar suggested by the absence of limb brightening
in methane-band images (see Section 5). Indeed, the details of the
1–10 mbar TðpÞ gradient have little effect on the methane emis-
sion, as indicated in the bottom panel of Fig. 2, which compares
synthetic spectra using each of the different temperature profiles.
The largest discrepancies occur in the ethane emission band near
12 lm, which has sensitivity to deeper pressures where limb
brightening in ethane-band images implies the presence of the
stratospheric temperature gradient.

In the absence of the added constraint from the H2 emission
lines, we fit the methane and ethane emission simultaneously to
derive the TðpÞ structures in Fig. 2. Nevertheless, the remain differ-
ences that strongly influence the ethane derivation: the best-fit
AKARI TðpÞ suggests a C2H6 mole fraction of 572:0# 21:0 ppb at
1 mbar, whereas the cooler profile of Greathouse et al. (2011) re-
quires 930þ350

%260 ppb at 1 mbar (see Table 1). Note that the uncertain-
ties quoted by Greathouse et al. (2011) are more conservative as
they account for systematic offsets of the TðpÞ profile within the
uncertainty range (we adopt the same approach in Section 3.6).
Compositional uncertainties quoted here and in Table 1 account
for randomisation of temperatures within the Gaussian TðpÞ error
envelope (whilst also accounting for vertical smoothing), but do
not consider systematic TðpÞ offsets. Furthermore, we do not ac-
count for uncertainties on the vertical hydrocarbon profiles, given
the low spectral resolution of this dataset. An increase in ethane by
a factor of 1.7 between there AKARI observations in May and the
TEXES observations in October 2007 seems unlikely, and highlights
the extreme sensitivity of hydrocarbon abundances to the temper-
ature determinations. We assessed the necessity of allowing eth-
ane to vary as a free parameter during the AKARI temperature
retrievals. If we were to keep ethane fixed at the abundances of
Moses et al. (2005), the models would require a substantial tem-
perature increase (DT & 10 K) at 10 lbar pressures to fit both
methane and ethane emission, something not evident in the qua-
si-isothermal results of previous studies. The fits are moderately
improved when ethane is also allowed to vary (goodness-of-fit
v2=N ¼ 0:8 rather than 1.1). We conclude that a scaling of the eth-
ane abundance is necessary to achieve an optimum fit to the AKARI
spectrum.

3.3. Keck/LWS

Stratospheric N-band spectra from Keck (Fig. 1a) are spatially
resolved, such that spectra at a range of latitudes can be modelled
with the correct emission angles. Fig. 1a shows how radiance in
these spectra varies from north to south pole, with the coolest
spectra measured in the centre of the disc. We initially fitted a
mean spectrum to assess the quality of the wavelength calibration,
shifting the methane and ethane bands independently until a best
fit to the band location and shape was obtained. With these mod-
ifications to the wavelength calibration, we then considered each
latitude separately. The same a priori profile was used, fixing the
tropospheric temperatures but selecting a range of isotherms
(140–180 K in 5-K steps) as a starting point. For each isothermal
a priori we retrieved temperature and an ethane scale factor for
each of the 26 spectra (one for each pixel in the along-slit direction

Stratospheric T(p) from N-Band Spectroscopy
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Fig. 2. Top panel: Mean stratospheric temperature profiles derived from the N-
band spectra considered in this study, compared to results from ISO in 1997 (Bézard
et al., 1999) and Gemini-N/TEXES in 2007 (Greathouse et al., 2011), plus the TðpÞ
structure assumed for the photochemical modelling of (Moses et al., 2005). The four
profiles (combining the two different Gemini-S/TReCS observations from 2007) are
given by the solid coloured lines, with estimates of uncertainty given by the colour
dot-dashed lines. The differences between our measured profiles is no larger than
6 K at 0.1 mbar and 10 K at 1 mbar (see Table 1), but the overall shape remains the
same. Tropospheric temperatures are fixed to the initial Moses et al. (2005) profile.
Bottom panel: Forward modelled brightness temperatures at the Voyager/IRIS
spectral resolution of 4.3 cm%1 using the same TðpÞ profiles and colour scheme as
the upper panel. For ease of comparison, all hydrocarbon abundances are set to
those of Moses et al. (2005), and the CH4 profile is based on the Herschel-derived
stratospheric abundance of Lellouch et al. (2010). This shows that CH4 emission
(unlike C2H6) is largely insensitive to the discrepancies between TðpÞ profiles in the
lower stratosphere. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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あかりで目指したサイエンスは?

星形成領域の観測
原始惑星系円盤におけるダストディスク消失のタイムスケール

未だ、まとまった結果になっていない
課題：検出限界が、想定よりも悪かった。
WTTS については、優位に存在頻度が低いことがこれまでの解析で見えている
解析体制の脆弱さ

現状のレベルでまとめておくべき
あかり と WISE の結果を合わせて進めるべき

原始惑星系円盤における、ダストの進化
もう少しひねり出せるでしょう

多様な星形成プロセスの観測的研究
ほとんどのデータが隠れている(かなり生産性の高いデータ)：高品質アトラス
WISE の観測結果と拮抗する部分が多い
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あかりで目指したサイエンスは?

太陽系天体
惑星間塵

起源，空間分布・構造，軌道進化，Composition，COBE-DIRBE モデルからの脱却
IRAS を凌駕する結果には到っていない

本質的には、IRAS よりも高感度・高空間分解能だったはず
惑星間塵の大局的構造に加えて、微細構造の観測では圧倒的に有利だったはず
IRAS で見えていた物すら、未だ十分に見えていないものがある．なんでや！
解析レベルの未熟さ

小惑星
含水鉱物という切り口で、将来につながる成果が見えてきている

彗星
ダスト組成、Crystalline silicate はどこから？
これも将来につながる成果が見えてきている
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Number of Refereed Papers
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課題・反省事項

観測モードの多さ
各観測モードの使用実績が相対的に少なくなる
各モードのキャリブレーションやデータの取り扱いに関する知見蓄積が不足

打ち上げ前の装置の完成度の不十分さ
長波長側で達成された感度は、ミッション提案時と比較すると大幅に低かった
一部の機能の評価が不十分なままフライトに持ち込まざるを得なかった
（開発体制を超えたミッションであった）
試験検証からハードウエアへのフィードバックができる余裕は無かった

望遠鏡を含めたシステムとしてのミッション部について、事前検討が不十分であった
想定外の回折光 (打ち上げ時の想定外の事象もあったが)
運用上の制限が打ち上げ前の想定よりも大きかった：IPD の一部の観測では厳しく
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教訓

開発体制に対して最適なミッション規模・複雑さの見極めの重要性
やはりミッションはシンプルなものとすべし

海外ミッション (例：IRAS, SST, WISE) と比較して、圧倒的に多機能，多モード
ミッションシナリオを含めた、ミッション検討の重要性

科学ミッションは成果を大きく出して なんぼ
成果の最大化に向けた、開発・運用性・データ解析・アーカイブ の設計が必要
『後の事は、打上げてから』の時代は終わっているのですよ

データ解析に対する体制の不十分さ
IRAS では 1000(人年)を超える体制が充てられた(IPACを設立)
あかりでは、上記の 1%オーダーレベルの極めて脆弱な体制
このため、プロジェクト外のメンバーの科学成果が限定的である
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IRASでの解析
似たようなことは あかり でもある
KNOWN PROCESSING ANOMALIES
Processing of Extended ("Cirrus") Sources as Point Sources
Instability and Lag of the Noise Estimator
Frequency Dependence of Responsivity with Amplitude
Errors in Cross-Scan Uncertainties Related to Failed Detectors
Photon-Induced Responsivity Enhancement
Artifacts in the Digital Image Data Base
Photometric Processing
Insufficient Specification of HCON Coverage
Position Uncertainties
Overestimated Weak Fluxes
Minor Problems
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あかりミッションを受けて今後の展開

太陽系天体
惑星間塵

起源，空間分布・構造，軌道進化，Composition，COBE-DIRBE モデルからの脱却
このテーマを目指す場合、大きなミッションである必要は無い

口径 10～数10cm の望遠鏡でも観測可能な事はある(地上では難しい)
太陽系科学全体での重要性の評価が必要：宇宙論的な立場では意外と重要

小惑星
含水鉱物という切り口で、小惑星を系統的に調べる
近赤外線は、ほとんどのテーマが地上と競合するが、大気中に abundant な物質を
対象とした観測だけが難しい：含水鉱物などもその対象

あかりよりも小さなミッションで、単能の衛星でやる価値はある(可能性がある)
彗星

高分散スペクトルに手を出したくなる分野であり、地上観測とも一部競合


