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小惑星タイプの動径分布	

From Gradie & Tedesco (1982)	




宇宙・惑星化学	  (2008)	

コンドライト隕石の全岩化学組成	



小惑星形成領域：	  
　化学組成の空間非一様性	
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考慮すべき点	

*	  小惑星形成過程：	  
	  -‐	  外部に十分な化学的不均質があるか？	  
	   	  ←　小惑星はどの範囲のものを集めてできるか？ 	  問１	  
	  -‐	  外部の化学的不均質を内部に取り込めるか？	  
	   	  ←　形成過程で不均質を維持できるか？ 	   	   	  問２	  

	  
*	  小惑星進化過程：	  

	  -‐	  内部の不均質を保持し得るか？	  
	  -‐	  衝突・破壊・攪拌などで消されないか？	  
	   	  ←　衝突・攪拌・破壊・再集積現象に依存　 	  今回は考慮せず	  
	  -‐	  水質変成・熱変成で消されないか？	  
	   	  ←　 	   	   	   	   	   	   	   	   	   	   	  今回は考慮せず	  



問２　形成過程で不均質を維持できるか？	  

小惑星はどうやって形成されるか？	 例：半径100 kmの小惑星は？	

古典的描像	

微惑星同士が重力で集積して形成	

微惑星の大きさ = 1 – 10 km	

最近の微惑星形成理論	

微惑星の大きさ  理論    
  　　1 – 10 km  　GI (古典的，Secular GI) 
 　10 - 100 km  　Turbulence + GI 
100 - 1000 km  　Streaming Inst. + GI 



Johansen + 07	



問２　形成過程で不均質を維持できるか？	  

小惑星はどうやって形成されるか？	 例：半径100 kmの小惑星は？	

古典的描像	

微惑星同士が重力で集積して形成	

微惑星の大きさ = 1 – 10 km	

最近の微惑星形成理論	

微惑星の大きさ  理論    
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小惑星	  
形成理論 	

*	  微惑星同士の重力で集積（古典的描像と同じ）	  
*	  大きな微惑星 ＝ 小惑星	  
*	  “雪玉式成長”：小さな微惑星	  +	  ダスト集積＝小惑星	



小微惑星 ＋ 重力で集積（古典的描像）	

1 – 10 km	

大微惑星（Streaming Inst. + GI, Turbulence + GI）	

radius produced by coagulation of microscopic grains27. Smaller
particles are ignored, as they are unlikely to separate from the gas
and participate in gravitational collapse. In the case of widespread
collisional fragmentation, for example, in the warmer terrestrial pla-
net formation region, up to 80% of the solid material may be bound
in small fragments27,28, in which case we must implicitly assume an
augmentation in solids-to-gas ratio of up to 5 to reach our assumed
amount of boulders.

In our self-gravitating model we set Dv520.02cs, but show in the
Supplementary Information that gravitationally bound clusters also
form for Dv520.05cs, with a factor of two increase in column
density threshold. The Supplementary Information also documents
that typical boulder collisions happen at speeds below the expected
destruction threshold3. We warn, however, that material properties,
and thus destruction thresholds, of the boulders are poorly known.
Higher resolution studies, and an improved analytical theory of col-
lision speeds that takes into account epicyclic motion, will be needed
to determine whether collision speeds have converged; this is because
we find an unexplained factor 3 difference for VKtf5 1 particles
between typical relative speeds within cells (,5m s21) and the
expected collision speed of well-mixed particles.

The development of gravitational instability in the 2563 run is
shown in Fig. 2. The four different boulder sizes have already accu-
mulated in the same regions (see the block of four joined panels)

before self-gravity is turned on, demonstrating that differential drift
does not prevent density enhancement by streaming instability.
Gravitationally bound boulder clusters form, with a Hill radius—
within which the gravity of the cluster dominates over tidal forces
from the central star—that increases steadily with time (insets) as the
clusters accrete boulders from the surrounding flow.

We show in Fig. 3 the peak density and the mass of the most
massive gravitationally bound cluster as a function of time. The
cluster consists of particles of all four sizes, demonstrating that
different boulder sizes can indeed take part in the same gravitational
collapse, despite their different aerodynamical properties and drift
behaviour. At the end of the simulation, the most massive cluster
contains 3.5 times the mass of the dwarf planet Ceres. The cluster
mass agrees roughly with standard estimates from linear gravitational
instability5, when applied at r5 5 AU to the locally enhanced column
densities (see Supplementary Information).

Models lacking magnetic fields, and thus magnetorotational
turbulence, are described in the Supplementary Information. Here
sedimentation occurs unhindered until the onset of Kelvin–
Helmholtz instabilities driven by the vertical shear of gas velocity
above the midplane boulder layer. Strong boulder density enhance-
ments in the mid-plane layer nevertheless still form, although for
moderate drift an increase of the solids-to-gas ratio from 0.01 to
0.03 was needed to obtain strong clumping. (Such an increase may
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Figure 2 | Time series of the
collapse of overdense seeds into
gravitationally bound boulder
clusters. The central block of four
panels shows the column densities
of the four different sizes of
boulders (in units of the mean
column density of each size) plotted
independently at a time just before
self-gravity is turned on. All four
particle sizes have concentrated at
similar locations, an important
prerequisite for the subsequent
gravitational collapse. The
surrounding panels show a time
series of total column density of
solids, in the radial–azimuthal (x–y)
plane of the disk, summed over all
particle sizes, starting from the
upper left and progressing
clockwise. Values are normalized to
the average value across the grid
(see colour bars in upper right
panel). Times are given in orbital
times Torb after self-gravity is
turned on. Inset in each panel is an
enlargement of a square region
(indicated in the main panel)
centred around the Hill sphere of
the most massive cluster in the
simulation, represented by the
white circle. These insets show the
log of the column density ratio (see
colour bar in upper right panel) to
capture the extreme values reached.
Overdense bands initially contract
radially, forming thin filaments
with densities high enough for a full
non-axisymmetric collapse into
gravitationally bound clumps to
take place. As time progresses, the
Hill sphere increases in radius as the
clusters grow in mass by accreting
boulders from the turbulent flow
(see Supplementary Video for an
animation of this simulation).
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10 – 1000 km	
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小惑星形成領域：	  
　化学組成の空間非一様性	

問１　小惑星はどの範囲のものを	  
　　　　集めてできるか？	  

特に，小惑星が古典的描像で	  
形成される場合	



小惑星（隕石母天体）への重力集積	
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小微惑星 ＋ 重力で集積（古典的描像）	
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radius produced by coagulation of microscopic grains27. Smaller
particles are ignored, as they are unlikely to separate from the gas
and participate in gravitational collapse. In the case of widespread
collisional fragmentation, for example, in the warmer terrestrial pla-
net formation region, up to 80% of the solid material may be bound
in small fragments27,28, in which case we must implicitly assume an
augmentation in solids-to-gas ratio of up to 5 to reach our assumed
amount of boulders.
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Supplementary Information that gravitationally bound clusters also
form for Dv520.05cs, with a factor of two increase in column
density threshold. The Supplementary Information also documents
that typical boulder collisions happen at speeds below the expected
destruction threshold3. We warn, however, that material properties,
and thus destruction thresholds, of the boulders are poorly known.
Higher resolution studies, and an improved analytical theory of col-
lision speeds that takes into account epicyclic motion, will be needed
to determine whether collision speeds have converged; this is because
we find an unexplained factor 3 difference for VKtf5 1 particles
between typical relative speeds within cells (,5m s21) and the
expected collision speed of well-mixed particles.

The development of gravitational instability in the 2563 run is
shown in Fig. 2. The four different boulder sizes have already accu-
mulated in the same regions (see the block of four joined panels)

before self-gravity is turned on, demonstrating that differential drift
does not prevent density enhancement by streaming instability.
Gravitationally bound boulder clusters form, with a Hill radius—
within which the gravity of the cluster dominates over tidal forces
from the central star—that increases steadily with time (insets) as the
clusters accrete boulders from the surrounding flow.

We show in Fig. 3 the peak density and the mass of the most
massive gravitationally bound cluster as a function of time. The
cluster consists of particles of all four sizes, demonstrating that
different boulder sizes can indeed take part in the same gravitational
collapse, despite their different aerodynamical properties and drift
behaviour. At the end of the simulation, the most massive cluster
contains 3.5 times the mass of the dwarf planet Ceres. The cluster
mass agrees roughly with standard estimates from linear gravitational
instability5, when applied at r5 5 AU to the locally enhanced column
densities (see Supplementary Information).

Models lacking magnetic fields, and thus magnetorotational
turbulence, are described in the Supplementary Information. Here
sedimentation occurs unhindered until the onset of Kelvin–
Helmholtz instabilities driven by the vertical shear of gas velocity
above the midplane boulder layer. Strong boulder density enhance-
ments in the mid-plane layer nevertheless still form, although for
moderate drift an increase of the solids-to-gas ratio from 0.01 to
0.03 was needed to obtain strong clumping. (Such an increase may
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Figure 2 | Time series of the
collapse of overdense seeds into
gravitationally bound boulder
clusters. The central block of four
panels shows the column densities
of the four different sizes of
boulders (in units of the mean
column density of each size) plotted
independently at a time just before
self-gravity is turned on. All four
particle sizes have concentrated at
similar locations, an important
prerequisite for the subsequent
gravitational collapse. The
surrounding panels show a time
series of total column density of
solids, in the radial–azimuthal (x–y)
plane of the disk, summed over all
particle sizes, starting from the
upper left and progressing
clockwise. Values are normalized to
the average value across the grid
(see colour bars in upper right
panel). Times are given in orbital
times Torb after self-gravity is
turned on. Inset in each panel is an
enlargement of a square region
(indicated in the main panel)
centred around the Hill sphere of
the most massive cluster in the
simulation, represented by the
white circle. These insets show the
log of the column density ratio (see
colour bar in upper right panel) to
capture the extreme values reached.
Overdense bands initially contract
radially, forming thin filaments
with densities high enough for a full
non-axisymmetric collapse into
gravitationally bound clumps to
take place. As time progresses, the
Hill sphere increases in radius as the
clusters grow in mass by accreting
boulders from the turbulent flow
(see Supplementary Video for an
animation of this simulation).

LETTERS NATURE |Vol 448 |30 August 2007

1024
Nature   ©2007 Publishing Group

10 – 1000 km	

100 km	

（小惑星領域の	  
　化学不均質の程度）	  
　×	  e	

内部は均質	
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小惑星の異なる場所の化学組成が異なる	

構成している微惑星の組成の違いを反映	  

小さい微惑星 ＋ 重力による微惑星集積 ＝ 小惑星	  

小惑星の異なる場所の化学組成が同じ	

大きい微惑星として誕生，小さい微惑星＋ダスト集積，...	  
（初期情報が消された：攪拌，破壊・再集積，等々）	  

まとめ	


