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A collision of BCCAs %@O
8192+8192 ice particles (r=0.1um, &, = 8A) [@%m>
Collision velocity = 22 m/s '





Background %@O

Collisional growth of dust "&==@=8%- P|anetesimal formation
(< pm) (> km)

Structure evolution of dust JWates In protoplanetary disks

When and how are aggregates compressed and/or disrupted ?

‘ Numerlcal simulation of dust aggregate collisions!

- ©NASA



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

How are the BCCA structures compressed?

Dominik & Tielens 1997,
Wada et al. 2007, 2008; Suyama et al. 2008
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Background @

Collision velocity of dust

) . < several 10 m/s
In protoplanetary disks

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

:

Is It possible for dust to grow through collisions?
To what extent is dust compressed?

Experimental: Blum & Wurm 2000, Wurm et al. 2005
Numerical: Dominik & Tielens 1997, Wada et al. 2008; 2009



Dust should be compact
In high velocity collisions causing their disruption

Collisions of BPCA clusters
== Implication for growth and disruption of compact dust



To construct a structural evolution model of dust aggregates
by numerical simulations of aggregate collisions

Collisions of BCCA & BPCA clusters

® Compression process (BCCAS)

Gyration radius — Degree of compression

® High-velocity collisions (BPCAS)

Number of particles in the largest remnant
— Growth efficiency

Coordination numbers in the largest remnant
— Degree of compression




Simulation Method



.. ] joﬂnson, lfgg(?jallce?]ndkl?hqbert? (11997913)
, tal.
Grain interaction model FiER IR

Wada et al. (2007)

Elastic spheres having surface energy

Normal Sliding rolling twisting

O GO

JKR theory

Critical sticking velocity:
exp.~10 X theo.!?

(c)

(Dominik & Tielens 1996) (
5 1995)

JKR and rolling resistance have been tested with experiments using ~1um
SiO, particles. (Heim et al. 1999; Poppe et al. 2000; Blum & Wurm 2000)



.. _ Johnson, Kendall and Roberts (1971) %
Grain interaction mode! FREHEHINECERAEEIOCS

Wada et al. (2007) CM

Elastic spheres having surface energy

Normal Sliding rolling twisting
&~ & =D

90 @@ _________________ <) O D

Contact & Separation

s, &, @ > critical displacements
Critical slide  S.i; ~ 1.5 A (for 0.2 um quartz)
Critical roll  &.ii ~2A  (or ~30 A (Heim et al. 1999))
Critical twist @y ~ 1°

} ==> Energy dissipation

E, ... ENErgy to break a contact

E..i : Energy to roll a pair of gains by 90°




. X
A classical study <>

—— Dominik and Tielens (1997) —

Each grain motion is directly calculated,
taking into account particle interactions

e :- L
- -
o e® o v'modeling grain interactions seriously
oo
R J !
*0 0% & imitatigns:
X Ul D&Tl"reupeQ .
% eee 0, ® 2-D, Head-on collision
v = 20800 wey . ~N Eqr  =Max. compression
A S— Small size (40+40 grains)

Confirmed by experiments > 10 ny Epeq= Catastrophic disruption
(Blum & Wurm 2000) ® Initial structure: only 1 type

E.., : Energy to roll a grain by 90°
E.ea - ENErgy to break a contact
n, : Number of contacts in initial aggregates




Collisions between BCCA clusters

. Compression process



Initial Conditions and Parameters

Collisions of BCCA clusters

BCCA clusters are

Results are
averaged

composed of 512, 2048, or 8192 particles (10 types randormduced)

Impacted by head-on collision

512+512 2048+2048

particle : radius = 0.1 um,
lce (E = 7 GPa, v=0.25, y= 100 mJ/m2)
SIO, (E=54GPa, v=0.17, y= 25mJim?)

Critical rolling displacement : £... =2, 8,30 A




Example of simulations

Ice, 8192 + 8192, £... =8 A

E

E ~0.7E impact ~ 0-3 Ny Eg E ~ 13 Ny Epreax

roll impact

impact

\ =0.2m/s Vimpact =17 mls Vimpact =39 m/s

impact —



Numerical Results on

Gyration Radius
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-,;g;‘{ Impact velocity: 0.024 m/s
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impact

Impact velocity: 13 m/s

Xg: center of mass
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lce, N=1024, & =

S =
16 A
Ice, N=4096, &=

S =

N = 16384, &,
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le-6 le-5 1e-4 0.001 0.01 O.1
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|mpact
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Max. compression

!

Consistent with
Dominik & Tielens (1997)

roll



Gyration radius r,

Si0,, N=1024, £=2A

Co =

S =

lce, N=1024, & =
S =

8 A

E=16 A

______ 1 .:1.1."'.1'131111]# ‘
: i o

rg / (rl N1/2.5)

16834 01 E
4096

roll

N 1024

le-6 le-5 1le-4 0.001 0.01 01 1
|mpact/ (N Eroll)

Ice, N=4096, & =
N = 16384, & =

gA =
gA —

10 100

Scaled by

I

9

|mpact/ (N Eroll)

Isnormalized by
1

rlN 2.5



1 1
NSl Slope = (d__d_j Scaled by
fqBcCA Q f - Eimpact/ (N Eop)
(@)
—
(@))
o
Max. compression 1
F'g,comp i?L_Di_sruption rlN 2.5

Eimp - |\lEroII

\

log Ejp



Gyration radius r,

Si0,, N=1024, £=2A

Co =

S =

lce, N=1024, & =
S =

8 A

E=16 A

______ 1 .:1.1."'.1'131111]# ‘
: i o

rg / (rl N1/2.5)

16834 01 E
4096

roll

N 1024

le-6 le-5 1le-4 0.001 0.01 01 1
|mpact/ (N Eroll)

Ice, N=4096, & =
N = 16384, & =

gA =
gA —

10 100

Scaled by

I

9

|mpact/ (N Eroll)

Isnormalized by
1

rlN 2.5



Si0,, N=1024, £=2 A

Co =

S =

lce, N=1024, & =
&=
E=16 A

LT

rg / (rl N1/2.5)

S LT TTT .

16834 |
‘ 4096

le-6 l1le-5 1le-4 0.001 0.01 O.1
/(N Eroll)

|mpact

Ice, N=4096, & =
N = 16384, & =

1

........ Scaled by
/[ (N Erop)

|mpact

8 A

8A —

g A —— I, iIsnormalized by

g
1
rlN 2.5
Not fully compressed

( Eimpact j_ 01

| |\lEroII
=2,d.=2.

10 100 (0= 2,d,=2.5)

d; : fractal dimension of BCCA
d. : fractal dimension of max. compression



The number of particles N(<r) within r in an aggregate
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ice, 8192 + 8192, £, =8 A
: d=25

Increasing V

v=0.0055 (#23)
v=0.022 (#22),mean
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mean
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Successive collisions in a BCCA mode

Suyama et al. 2008

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

v'Fractal dimension ~2.5

v'Decrease in density

Vimp= 4.4 m/s —

0.27 m/s —

Density p [g/cms]

10" 10° 10° 10°
Number of Particles N





Summary of Compression Process S

Qe

®3D BCCA clusters (d; ~ 2) are not fully compressed

Fractal dimension for max. compression : dc ~ 2.5
1

-0.1
Gyration radius: Iy~ riN25[ Eimpact [ (NEron) ]
1 - (1/d. — 1/d
[ rg - r1N /dc[ Eimpact / (NEroII) ] ( f C) }

®Successive collisions also lead to d.~2.5
The results for single collisions are applicable.



Collisions between BPCA clusters

. High-velocity collisions



Initial Conditions and Parameters

Collisions of BPCA clusters Results are

BPCA clusters are: averaged
composed of 500, 2000, or 8000 particles (3 types randomly produced)

Impact parameter: b (defined by using characteristic radius r.)

._!- -__-_‘-;..;"-""*__: A -l!l

8000+8000

Ice (E=7.0x10% Pa, v=0.25, =100 mJ/m?, R = 0.1um) , critical rolling displace. & = 8A
Impact velocity v, .= 6-260 m/s

mp—



A collision of BPCAs @
8000+8000 ice particles (r=0.1um, &.= 8A) | \a=d
Collision velocity = 57 m/s

CG by Dr. T. Takeda,
4D2Uproject, NAOJ
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Collisions of BPCA clusters &

N=8000+8000, ice, & =8A, v, =70 m/s (E; =42 NE, . BT

imp

imp

b=0 b=0.39

b=0.69 b=1.00




Degree of Disruption:
Growth Efficiency



Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 _ f= |\Ilarge / |\Itotal
. growth efficiency
 f>0.5 —+ growth

<
f<0.5 — - growth

v'dependent on N

500+500

Ice,8A,500+500,b=0.00
Ice,8A,2000+2000,0=0.00 m—
Ice,8A,8000+8000,0=0.00 m—

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 B f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

Ice,8A,500+500,b=0.19
Ice,8A,2000+2000,0=0.19 m—
lce,8A,8000+8000,0=0.19 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 ' f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

lce,8A,500+500,b=0.39
Ice,8A,2000+2000,0=0.39 mmm—
lce,8A,8000+8000,0=0.39 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 — fE Nlarge / Ntotal
. growth efficiency
£>0.5 —+ growth

<
f<0.5 — - growth

lce,8A,500+500,b=0.49
Ice,8A,2000+2000,0=0.49 mm—
lce,8A,8000+8000,0=0.49 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 | f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

lce,8A,500+500,b=0.58
Ice,8A,2000+2000,0=0.58 mm—
lce,8A,8000+8000,0=0.58 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 R — N A fE Nlarge/Ntotal
. growth efficiency
£>0.5 —+ growth

<
f<0.5 — - growth

Ice,8A,500+500,b=0.69
Ice,8A,2000+2000,0=0.69 mmmm—
lce,8A,8000+8000,b=0.69 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 ‘ f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

lce,8A,500+500,b=0.78
Ice,8A,2000+2000,0=0.78 —
lce,8A,8000+8000,0=0.78 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 | f= |\Ilarge / |\Itotal
' . growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

lce,8A,500+500,b6=0.89
Ice,8A,2000+2000,0=0.89 mmm—
lce,8A,8000+8000,0=0.89 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 | f= |\Ilarge / |\Itotal

. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

v Offset collisions

. 1

Ice,8A,500+500,b=1.00 :
Ice,8A,2000+2000, 0=1.00 s Independent of N

lce,8A,8000+8000,b=1.00 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)



Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

1 T\ BN = Nlarge / Ntotal
\ 8000+8000

. growth efficiency
£>0.5—+ growth

<
f<0.5 — - growth

mm) Average

weighted by b?

0.1 1 10 100 1000
Eimpact / (N Ebreak)



Growth efficiency averaged

Vimp [M/S] (ice)
10 i 100

‘ 8000+8000

10 100 1000
Eimpact / (N Ebreak)

Averaged for b?

f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth




Growth efficiency averaged 2
D,
Vimp [M/S] (ice) Averaged for b2 | &=

10 (0[0)

f= |\Ilarge / |\Itotal
. growth efficiency
 f>05—+ growth

<
f<0.5 — - growth

v'small dependence on N

BPCA Ice,8A,500+500,av.
BPCA, Ice,8A,2000+2000,av.
BPCA, Ice,8A,8000+8000,av.

1 10 100 1000

Eimpact/ (N Ebreak)



Degree of compression:
Coordination number



Coordination number N,

Number of particles in contact with a particle

e.g.,

‘ NC:4

N.=2 for BCCA and B

Max. N.= 12 for close-

An index of compression:
The more compact are aggregates,

ca U9

packing

the larger N. is.

What value of N, is achieved at BPCA collisions?



Coordination number N, @ BPCA collisions Q/\@O

Qe

U, [m/s] 1o, C& 8A, 8000+8000

10

b=0.00 ——
b=0.19
b=0.39 ——

ela)-| b=0.49
b=0.58
b=0.69
6=0.78 —
b=0.89 ——

3.2 iy
AVENQQEe me—

1N

2.8

Mean Coordination Number

0.1 1 10 100 1000

Eimpact/ (N Ebreak)



Why N, =4 ?

Particles are stable enough with N, = 4 in 3D:

0o o3,

1D 2D




Summary

®Dust aggregates remain fluffly only through collisions.

Fractal dimension ~ 2.5
Coordination number < 4

Very fluffy planetesimals could be formed !?
~104 g/cc (Suyama et al. 2008)

Other compression processes are required.

®|cy aggregates can grow at collision velocity ~ 50 m/s.

Planetesimals can be formed through collisions of dust.
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