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Figure 1. NIR–FIR SED of HD 15407A. The black crosses indicate the 2MASS photometry, which determines the photospheric contri-
bution of the star (Kurucz 1992) shown as the gray solid line. The purple, blue, green, yellow filled circles, and black open circles indicate
the photometric data of WISE, AKARI/IRC, Subaru/COMICS, and AKARI/FIS, and IRAS, respectively. The red open and filled circles
indicate the photometric measurements from individual images taken with Herschel/PACS and their weighted-average of photometry for
each band, respectively. All the flux densities are not color-corrected. The vertical and horizontal bars of the photometric data show the
flux density errors and the bandwidths, respectively. The orange solid and gray dashed lines indicate the Spitzer/IRS spectrum and the
estimated continuum level of the excess emission, respectively, taken from Fujiwara et al. (2012a).
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Figure 2. NIR–MIR residual flux densities of HD 15407A subtracted by the model fitted to the Spitzer/IRS spectrum at 5–35 µm. The
crosses and filled circles indicate data from Spitzer/IRS and WISE, respectively. The vertical and horizontal bars of the photometric data
show the flux density errors and the bandwidths, respectively.

高温デブリ円盤の観測 

Fujiwara et al. (2012) 
Melis et al. (2010)	

HD15407A 
　スペクトル型：F5V 
　星の年齢：8x107年 

10μm付近 
（～300K） 
に赤外超過 

107-108年の恒星の赤外超過は、 
地球型惑星形成の最終ステージと関連 

Weinberger et al. 2011, Jackson & Wyatt 2012, Melis et al. 2012 他 	



分子雲	 原始星	  

原始太陽系円盤	  



微惑星の形成	

原始惑星の形成	

巨大天体衝突	

惑星系の形成	



地球型惑星形成とデブリ円盤 

Kokubo & Ida (1996,1998), Ogihara & Ida (2009), Kokubo & Genda (2012) など 

円
盤

散
逸	

10
6 -‐
10

7 年
	

巨
大
天
体
衝
突

ー
	

10
7 -‐
10

8 年
	

微惑星 

原始惑星 

地球型惑星（スーパーアース） 

巨大天体衝突 



研究目的 

巨大天体衝突ステージを通じてどの程度 
破片がばらまかれるのか？ 
à 赤外超過として観測可能か？ 
地球型惑星形成（巨大天体衝突）の観測 
à TAO-MIMIZUKUでどう進めるか？ 



やったこと 

衝突条件 
　時刻、場所 
　天体質量、衝突速度、角度 

衝突破片の総質量 
最大破片質量 

N体コード(Kokubo & Genda 2010) SPHコード(Genda et al. 2012) 
高解像度（10万粒子） 16個の原始惑星（合計2.3M  ） 

巨大天体衝突ステージ 

50ラン：1211回の衝突 

天体衝突の計算 

3ラン：99衝突 



巨大天体衝突で破片が供給 

Kobayashi & Tanaka (2010) 

破片同士の衝突破壊➡ダストサイズ分布変化 
μサイズの破片➡恒星の輻射圧で吹き飛ぶ 

時々刻々とデブリ円盤密度は減少 
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デブリ円盤の質量変化 
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赤外超過のまとめ 
巨大天体衝突ステージの巨大天体衝突で 
大量の破片(～0.4M  ) がばらまかれる 
全期間(～108年)にわたってデブリ円盤が 
維持され、赤外超過として観測可能 

長期モニタリング 
スペクトル観測（2-38μm） 

MIMIZUKUによる地球型惑星形成の観測 



The Astrophysical Journal, 761:45 (13pp), 2012 December 10 Johnson et al.

Amorph Carbon

200K BB

SiO Gas
Metal Sulfides

Tektite

Amorph Silica (Obsidian)

Fe/Mg/Ca Pyroxenes

Fe/Mg Olivines

Figure 2. Black data with error bars is the Spitzer IRS emissivity spectrum
of HD 172555. The orange dashed line is emissivity spectrum of the best-fit
compositional model. Relative abundances for the best-fit model can be found
in Li2009. The best-fit model uses small, solid, optically thin dust grains “fine
dust,” SiO gas, and a population of large, cold dust grains “rubble” (200 K
blackbody). The amplitude of each emissivity spectrum gives the relative
contribution of each species to the total observed flux. A 335 K blackbody
temperature dependence has been divided into the as-observed flux to create the
emissivity spectrum. For more information on spectral modeling see Section 3.2
and/or Li2009. (After Li2009.)
(A color version of this figure is available in the online journal.)

MMercury) rocky, silicate-rich bodies at roughly 6 AU from the
central star. In addition to an abundance of glassy silica, the
Spitzer spectrum also has a strong residual feature centered at
∼8 µm. Li2009 found the fundamental rotational–vibrational
linear stretch complex of the SiO vapor molecule was a good
match to the residuals. (This feature cannot be seen in Figure 1
because photospheric emission from HD 172555 has not been
removed, but, as shown in Li2009, when the photospheric
emission is removed, a 0.07 Jy excess is observed at 8 µm.)
Without the inclusion of SiO vapor, the Spectral model only
corresponds to 0.03 Jy at 8 µm, an error of ∼70% (Li2009).
Li2009 found that if the excess emission at 8 µm is due to SiO
vapor fluorescing at ∼6 AU from the primary, the emission is
produced by ∼1022 kg or 1047 molecules of optically thin SiO
vapor. This finding further supported the conclusion that the
HD 172555 debris disk was created by a massive hypervelocity
impact, as SiO vapor is expected to be produced via the
dissociation of silicates (e.g., olivines and pyroxenes) following
vaporization.

The Spitzer observations of HD 172555 are spatially unre-
solved, and analysis to date has relied only on spectral decom-
position. Since 2009, however, there have been several attempts
to image the HD 172555 debris disk that have given us spa-
tial constraints on the location of the dust. An observation, re-
cently reported by Pantin & Di Folco (2011), using a so-called
lucky imaging VLT/VISIR 8–13 µm photometric imaging tech-
nique, is consistent with an axisymmetric circumstellar torus
located at ∼6 AU. The 18 µm emission was also resolved us-
ing TReCS in Smith et al. (2012) suggesting emission located
at ∼8 AU, consistent with the ∼6 AU results of Pantin & Di
Folco (2011) and Li2009. Conversely, the 12 µm emission was
not resolved by TReCS. Inability to resolve the 12 µm emission,
combined with N-band interferometric visibilities from MIDI on
VLTI, led Smith et al. (2012) to conclude that warm dust emit-

ting at 10–12 µm is an axisymmetric circumstellar disk located
somewhere within the 1–8 AU region. All three observations
argue against the possibility of an asymmetric or point source
structure for the observed excess infrared emission.

From the presence of meta-stable amorphous silica and SiO
gas, Li2009 argued that the HD 172555 circumstellar debris
cannot be in thermodynamic equilibrium. Further work focusing
on the dynamics of the HD 172555 debris disk has raised
questions regarding the temporal stability of the system (Lisse
et al. 2010). For example, it is not clear that fine dust on the
order of ∼1 µm can be dynamically stable, against radiative
blowout, in the radiation field of the HD 172555. Yet there must
be copious fine dust to produce the strong emission features
seen in the mid-infrared. If submicron dust is not dynamically
stable, something must be replacing it in a roughly constant
fashion. Additionally, the radiation field of this A5V star should
produce copious amounts of UV photons, shortward of 1500 Å,
capable of photolytically destroying the SiO molecule, which
has a molecular binding energy of 8.26 eV (Tarafdar & Dalgarno
1990). Either SiO vapor is being actively created or some other
species is creating the observed 8 µm feature. Determining the
SiO lifetime against photo-dissociation or re-condensation into
the solid state is thus of great importance. Finally, the best-
fit PSD found by Li2009 using their spectral decomposition
technique has a very steep number density per unit grain size,
dn/da ∝ a−3.95±0.10, where a is the particle radius. This
slope is much steeper than canonical steady state collisional
distributions, which is given approximately by dn/da ∝ a−3.5

for particles with dispersal thresholds that are independent of
particles size (Backman & Paresce 1993). Although the system’s
PSD implies that there is abundant submicron dust in the system,
which should be removed from the system by radiation pressure,
the system’s mid-infrared photometric flux has stayed fairly
stable, within 4%, over 27 years, from IRAS (1983) to WISE
(2010, Figure 1).

Given our current understanding of solar system formation
and evolution, we investigate a number of possible physical
scenarios, including circumplanetary disks and magma-ocean
covered planets, to answer these stability concerns by creating
dynamically and photolytically stable collections of silica and
SiO gas in HD 172555. We only consider major impact-driven
events or high-temperature outflows, as the amount of dust
mass involved to emit the Jy-level infrared emission detected
by Spitzer at a distance of 29 pc is at least 1021 kg, a mass
consistent with a Ceres sized body (Li2009). However, on
physical and observational grounds, we have ruled out physical
scenarios involving circumplanetary disks and magma-ocean
covered planets. Thus, we conclude that the infrared excess of
HD 172555 is produced by a circumstellar disk or torus created
by an initial giant impact between two planet-sized bodies. In the
following sections, we explain the stability of submicron dust
in HD 172555 and determine the conditions necessary to keep
SiO vapor present in the system. For the sake of completeness,
the models which could have plausibly produced large amounts
of stable silica and SiO gas, but that we have ruled out given the
current set of observational data for HD 172555, are described
in the Appendix.

3. STABILITY OF FINE DUST

In Section 2, we introduced several questions about the
Li2009 study. Li2009 found that a steeper than collisional PSD
with a dn/da ∝ a−3.95±0.10 is required to fit the Spitzer IRS
spectrum of HD 172555. This PSD corresponds to a system
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スペクトル観測 

Johnson et al. (2012) 

スペクトルから 
何がわかるのか？ 

組成 
状態 
サイズ分布 

どういう衝突が 
起こったのか？ 

どのように惑星が 
作られているのか？ 



長期モニタリング 

破片生成(蒸発à凝縮)の 
タイムスケール ～ day 

破片消滅のタイムスケール 
10年～100万年 
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TYC 8241 2652 1 
　スペクトル型：K2 
　星の年齢：~107年 

Melis et al. (2012)	

赤外超過の減少 



まとめ 
巨大天体衝突ステージの巨大天体衝突で 
大量の破片(～0.4M  ) がばらまかれる 

スペクトル観測(2～38μm)で、どういう 
物質がどういう状態で存在するか調べる。 
à 惑星形成として何が起こったのか 

長期モニタリングで、デブリの生成・消滅 
を追うà 惑星形成の動的プロセスを見る！ 


