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粒の衝突
接触粒子間相互作用 ＋ 個々の粒子の運動を計算

Voigt model
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Dust aggregate collisions

Ice aggregates, N =1024

0.4 m/s 50 m/s9 m/s

offset collision



Background

Structure evolution of dust aggregates in protoplanetary disks

Collisional growth of dust Planetesimal formation?

©NASA

(< mm) (> km)

ダストアグリゲイト衝突の数値シミュレーション！

When and how are aggregates compressed and/or disrupted ?

Numerical simulation of dust aggregate collisions!



Ballistic Cluster-Cluster Aggregation (BCCA)

Dominik & Tielens 1997; 

Wada et al. 2007, 2008; Suyama et al. 2008

In the early growth stage, undeformed BCCAs are formed

because of their low collision velocity (< mm/s)

 A series of hit-and sticks of

comparable aggregates

 Fluffy structure (fractal dimension < ~ 2) 

How are the BCCA structures compressed ?



Background

Is it possible for dust to grow through collisions ?

Collision velocity of dust 

in protoplanetary disks

e.g., ＜～50 m/s (Hayashi model, without turbulence)

What if in offset collisions ?

Experimental: Blum & Wurm 2000, Wurm et al. 2005

Numerical: Dominik & Tielens 1997, Wada et al. 2008 

Maybe possible in head-on collisions 

< several 10 m/s



Ballistic Particle-Cluster Aggregation (BPCA)

 Compact structure (fractal dimension ~ 3) 

Collisions of BPCA clusters  

implication for growth and disruption of dust

Dust is expected to be compact

at high velocity collisions causing their disruption

 Formed by one-by-one sticking of monomers

Wada et al. 2009, Paszun & Dominik 2009



Objective

Collisions of BCCA & BPCA clusters 

 Growth and Disruption process

 Compression process
Gyration radius → scaling law

（BPCAs）

（BCCAs）

To construct a macroscopic model of aggregate structure evolution 

Number of particles in largest fragments

→ growth efficiency

by numerical simulations of aggregate collisions

圧縮アグリゲイトのフラクタル次元＝ ~ 2.5

氷アグリゲイトの破壊臨界速度＝ ~ 50 m/s



Simulation Method



Grain interaction model

Elastic spheres having surface energy

Normal Sliding rolling twisting

d s
j

Johnson, Kendall and Roberts (1971); Johnson (1987); Chokshi et al. (1993)
Dominik and Tielens (1995,96); Wada et al. (2007)

d
x

s, x, j > critical displacements
Energy dissipation

Contact & Separation 

Ebreak
: Energy to break a contact

Eroll : Energy to roll a pair of gains by 90˚



Dominik and Tielens (1997)
Each grain motion is directly calculated,

taking into account particle interactions

modeling grain interactions seriously

Previous study

~ nk Eroll

> 10 nk Ebreak

Max. compression

Catastrophic disruption
Eimpact = 

Eroll :  Energy to roll a grain by 90°
Ebreak :  Energy to break a contact

nk :  Number of contacts in initial aggregates 

D&T “recipe”
Limitations:

 2-D, Head-on collision

 Small size （40＋40 grains）

 Initial structure: only 1 type



Collisions between BCCA clusters

: Compression process



A collision of BCCAs

8192+8192 ice particles (r=0.1mm, xc = 8Å)

Collision velocity = 22 m/s



Example of simulations

Ice, 8192 + 8192, xcrit = 8 Å

Eimpact ~ 0.7 Eroll

Vimpact = 0.2 m/s

Eimpact ~ 0.3 nk Eroll

Vimpact = 17 m/s

Eimpact ~ 13 nk Ebreak

Vimpact = 39 m/s



Numerical Results on

Gyration Radius



Gyration radius rg : compression process

Ice, 8192 + 8192, xcrit = 8 Å

Eimpact ~ 0.01 Eroll

Impact velocity: 0.024 m/s

Eimpact ~ 0.19 N Eroll

Impact velocity: 13 m/s
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Ice,  N = 1024, xc = 2 Å

xc = 8 Å

xc = 16 Å

SiO2,  N = 1024, xc = 2 Å

xc = 8 Å

xc = 16 Å

Ice,  N = 4096, xc = 8 Å

N = 16384, xc = 8 Å

1

5

1 10 1000.10.010.0011e-4

Eimpact / (N Eroll)

1e-51e-6

r g
/

(r
1

 N
1

/2
.5

)
Gyration radius rg : compression process

rg is normalized by
1

2.5r1N

Scaled by

Eimpact / (N Eroll)  
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Not fully compressed

df : fractal dimension of BCCA

dc : fractal dimension of max. compression

Gyration radius rg : compression process

rg is normalized by
1

2.5r1N

Scaled by

Eimpact / (N Eroll)  

1.0
8.0

roll

impact

1

1
5.2













NE

E

Nr

rg



Successive collisions in a BCCA mode 

Suyama et al. 2008 

Fractal dimension ~2.5

Decrease in density

CG by Dr. T. Takeda, 4D2Uproject, NAOJ



Collisions between BPCA clusters

: Growth and Disruption process



A collision of BPCAs 

8000+8000 ice particles (r=0.1mm, xc = 8Å)

Collision velocity = 57 m/s

CG by Dr. T. Takeda, 

4D2Uproject, NAOJ



Collisions of BPCA clusters
N=8000+8000, ice, xc = 8Å, vimp = 70 m/s  ( Eimp = 42 NEbreak )

b = 0 b = 0.39

b = 0.69 b = 1.00



Growth Efficiency

For Collisions of 

BPCAs



Largest fragment mass Nlarge:  growth efficiency

f ≡ Nlarge / Ntotal

dependent on N

f > 0.5

f < 0.5

+ growth

- growth

: growth efficiency
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b = 0.19
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b = 0.49
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b = 0.58
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b = 0.69
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b = 0.77
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b = 0.89
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b = 1.00
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Offset collisions
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Amount of ejecta mass: S4 Nej , averaged
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dependent on N

The larger aggregates, 

the smaller amount of ejecta.

Averaged over b2



Averaged growth efficiency : BCCA & BPCA
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Summary and Implications

Dust aggregates remain fluffly (fractal dimension ~ 2.5) .

Very fluffy planetesimals could be formed !?

Other processes to compress aggregates are necessary.

Planetesimals can be formed through collisions of dust. 

Icy aggregates can grow at collision velocity < 60 m/s.  

Animation  by  Prof. H. Tanaka



What’s next?



Collisions between

different sized aggregates
BPCA, N = 32000 + 500, ice, xc = 8Å, ucol = 70 m/s 

b = 0.39



In experiments: Bouncing at  ucol < ~ 1 m/s

In our simulation: No bouncing for coordination number < 6

“Bouncing” prevents dust from growing

Blum & Münch 1993; Blum and Wurm 2008; Güttler et al. 2009  

Bouncing problem



What’s next?
焼結の影響
非球形粒子の影響
粒子のサイズ分布の影響
粒子間相互作用モデルの改良・検証

静的圧縮の効果
帯電の影響

破片のサイズ分布・構造
彗星・小惑星の表層進化



ありがとうございました



Reference

•Dominik, C., & Tielens, A. G. G. M., 1997, Astrophysical Journal v.480, 

p.647

•Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T., 2007, ApJ, 

661, 320-333.

•Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T., 2008, 39th 

LPSC, 1545.

•Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T., 2008, ApJ, 

677, 1296-1308.

•Suyama, T., & Wada, K., Tanaka, H., 2008, ApJ, 684, 1310-1322.

•Blum, J., & Wurm, G., 2000, Icarus, 143, 138-146.

•Wurm, G., Paraskov, G., Krauss, O., 2005, Physical Review E, 71, 021304.

•Wurm, G., Paraskov, G., Krauss, O., 2005, Icarus, 178, 253-263.

•Dominik, C., & Tielens, A. G. G. M., ApJ, 480, 647.

•Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T., 2009, ApJ, 

702, 1490-1501.



Reference

•Wada, K., Tanaka, H., Suyama, T., Kimura, H., Yamamoto, T., 2009, ASP 

Conference Series, 414, 347.

•Paszun, D., & Dominik, C., 2009, A&A, 507, 1023-1040.

•Johnson, K. L., Kendall, K., Roberts, A. D., 1971, Proceedings of the 

Royal Society of London. Series A, 324(1558), 301-313.

•Johnson, R. E., 1987, In NASA, Washington, Reports of Planetary 

Geology and Geophysics Program, 221-222 (SEE N87-23341 16-91) .

•Chokshi, A., & Tielens, A. G. G. M., Hollenbach, D., 1993, ApJ, 407, 806-

819. 

•Dominik, C., & Tielens, A. G. G. M., 1995, Philosphical Magazine A, 72, 

783.

•Dominik, C., & Tielens, A. G. G. M., 1996, Scientific conference: From 

stardust to planetesimals, 155-158 

•Dominik, C., & Tielens, A. G. G. M., 1997, ApJ, 480, 647.

•NASA http://www.nasa.gov/



Reference
•Suyama, T., Wada, K.& Tanaka, H., 2008, ApJ, 684, 

1310-1322

•Blum, J.& Münch, M., 2002, ICAR, 106, 151-167

•Blum, J., & Wurm, G., 2008, ARA&A, 46, 21–56

•Guttler, C., Krause, M., Geretshauser, R. J., Speith, 

R., &Blum, J., 2009, 701, 130–141

Suyama et al. 2008

http://adsabs.harvard.edu/abs/2008ApJ...684.1310S

Blum & Munch 1993

http://adsabs.harvard.edu/abs/1993Icar..106..151B

Blum and Wurm 2008

http://adsabs.harvard.edu/abs/2008ARA%26A..46...21B

Guttler et al. 2009  

http://adsabs.harvard.edu/abs/2009ApJ...701..130G


