To be, or not to be:

that is the question of
dust aggregates
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Now, I'm in PERC/Chitech.

lanetary =Xxploration ~esearch Center:
» Founded in April, 2009 at Chiba Institute of Technology

http://www.perc.it-c



http://www.perc.it-chiba.ac.jp/�
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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
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Today’s Topics: &

®Collisional growth and compression of dust aggregates

»How compact are dust aggregates compressed?
Wada et al. 2008, ApJ 677, 1296-1308;
2.5 Suyama et al. 2008, ApJ 684, 1310-1322

®Collisional growth conditions for dust aggregates

»Can dust grow through high velocity collisions?
Wada et al. 2009, ApJ 702, 1490-1501
50m/s o i

® Bouncing conditions for dust aggregates

»What causes aggregates to bounce?
6 Wada et al. 2010, in preparation



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

o8
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® Fluffy structure (fractal dimension d; < ~2) "

(Smirnov 1990; Meakin 1991; Mukai et al. 1992; Kempf et al. 1999; Blum & Wurm 2000;
Krause & Blum 2004; Paszun & Dominik 2006)

BCCA structures are compressed by collisions.
(Dominik & Tielens 1997; Wada et al. 2007, 2008; Suyama et al. 2008)



.. ] 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

DUST AGERECATE €OLE Lt G v'modeling grain interactions seriously
C. DOMINIK and A. TIELENS
MATERIAL: ICE Limitatigns:

SIZES: 1E-5 .. 1E-5 CM D&T recipe .
® 2-D, Head-on collision

~N Eqr  =Max. compression
= Small size (40440 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

Impact =




Collisions between BCCA clusters

. Compression process

To be compressed, or not to be?



Initial Conditions and Parameters

Collisions of BCCA clusters

Results are
averaged

BCCA clusters are
composed of 512, 2048, or 8192 particles (10 types randomly produced)
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 —
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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, &,

11" llil3111j?1’l} :
! . 7]
| 3 ":‘}‘,’c

ry / (ryN*3)

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

|mpact

1

8 A

8A—

?SA —

10 100

=

Impact

~(0.1-1)NE
|

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

e ® Ice, 8192 + 8192, £, =8 A

@ /@@ G & A —
a0® e d=25
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v=0.0055 (#23);mean |
v=0.022 (#22),mean
v=0.0884 (#03),mean
v=0.354 (#06),mean
v=1.000 (#09),mean
v=3.000 (#12);mean
0.001

1 10 100 1000
r/r,



Successive collisions in a BCCA mode

Suyama et al. 2008
v'Fractal dimension ~2.5

v'Decrease in density

Vimp= 4.4 m/s —

0.27 m/s —

Density p [g/cms]

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

10" 10° 10° 10°
Number of Particles N





Collisional Growth Conditions

To be disrupted, or not to be?



3 e
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 ?

Maybe possible in head-on collisions

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

What if in offset collisions ?

v




Dust Is expected to be compact
at high velocity collisions causing their disruption

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



: . Wada et al. 2008, ApJ 677, 1296-1308 %%
Objective Wada et al. 2009, ApJ 702, 1490-1501 (&G

Qe

Can dust aggregates grow ?
(even in offset collisions)

Numerical simulation of
High velocity collisions of BPCAs (& BCCASs )

v'Degree of disruption (Growth efficiency)

m

Number of particles in the largest fragment




Growth Efficiency
For Collisions of
BPCAS



Initial Conditions and Parameters

Collisions of BPCA clusters Y—
BPCA clusters are: averaged

composed of 500, 2000, or 8000 particles (3 types randomly produced)
Impact parameter: b (defined by using characteristic radius r.)

el bl L b

8000+8000

Ice (E=7.0x10% Pa, v=0.25, =100 mJ/m?, R = 0.1um) , critical rolling displace. & = 8A
Impact velocity v, .= 6-300 m/s

mp—



A coII|S|on of BPCAs
8000+8000 ice particles (r=0.1um, &.= 8A)
Collision velocity = 57 m/s





QLR

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




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)
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JX
® Head-on €3
—> Narrow escape space for fragments ‘G

— many events of sticking and separating
The larger N, the more grains remain inside.

20
8000+8000 /

4
#

b=0

2000+2000

10

Number of events / N

500+500,b=0.00, Stick.

500+500,b=0.00,Sep.
2000+2000,b=0.00, Stick. ——
2000+2000,b=0.00,Sep.
8000+8000,b=0.00, Stick, m—
8000+8000,b=0.00,Sep.

0 100 ) 300
Impact velocity [m/s]
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Scaling for BPCAs’ head-on collisior @

Paszun & Dominik (2008):

N P instead of N,
p=2-2/d

p=1ford;=2
p=133ford,=3

BPCA, Ice,8A,500+500

BPCA, Ice, 8A,2000+2000 mmmmmen P =1.51s best ?

BPCA,Ice,8A,8000+8000 mmm——

0.01 0.1 1 10 100
1.5
Eimpact/ (N Ebreak)



Paszun & Dominik (2009):
®Largest fragments (He

A"
|
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=
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o _
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e A my=m,=1000m,
| 4+ 04<m,/my<1

103 10~2

A y
E/(EpNg:)

Fig. 26. The mass of the largest collision remnant as a function of the collision energy. The impact energy 1s normalized to the
= ) 24 1 L=
breaking energy rimes the total number of monomers (A) and to the breaking ener Ty and the effective number of grains ;\N'lgff (B).
& =) \ = 5. =
Presented are only results of head-on collisions of ageregartes of different mass and different porosity.
) 555 "

Using N , size of largest fragment is well scaled independent of
mass and fractal dimensions of colliding aggregates
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Scaling for BPCAs’ head-on collisior @

RENFEEREy| Faszun & Dominik (2008):
p=1.2

N P instead of N,
p=2-2/d

p=1ford;=2
p=133ford,=3

BPCA, Ice,8A,500+500

BPCA, Ice,8A,2000+2000 m———

BPCA,Ice,8A,8000+8000

0.01 0.1 1 10 100
1.2
Eimpact/ (N Ebreak)
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Scaling for BPCAs’ head-on collisior @

1

Paszun & Dominik (2008)

_ 08 N P instead of N,
(@)
e p — 2 — 2/df
o 0.6
g p=1ford;=2
Z p=1.33ford;=
I
I 04
BPCA, Ice,8A,500+500
0.2
BPCA, Ice,8A,2000+2000 m—
0 BPCA, Ice,8A,8000+8000
0.01 0.1 1 10 100

Eimpact / (N1'33 Ebreak)

.
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Scaling for BPCAs’ head-on collisior @

Paszun & Dominik (2008):

N P instead of N,
p=2-2/d

p=1ford;=2
p=133ford,=3

BPCA, Ice,8A,500+500

BPCA, Ice,8A,2000+2000 mm——

BPCA,lce,8A,8000+8000

0.01 0.1 1 10 100
1.4
Eimpact/ (N Ebreak)
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Scaling for BPCAs’ head-on collisior @

Paszun & Dominik (2008):

N P instead of N,
p=2-2/d

p=1ford;=2
p=133ford,=3

BPCA, Ice,8A,500+500

BPCA, Ice, 8A,2000+2000 mmmmmen P =1.51s best ?

BPCA,Ice,8A,8000+8000 mmm——

0.01 0.1 1 10 100
1.5
Eimpact/ (N Ebreak)
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Scaling for BPCAs’ head-on collisior @

Paszun & Dominik (2008):

N P instead of N,
p=2-2/d

p=1ford;=2
p=1.33ford.=3

BPCA Ice,8A,500+500

BPCA, Ice,8A,2000+2000

0.01 0.1 1 10 100
1.6
Eimpact/ (N Ebreak)
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Scaling for BPCAs’ head-on collisior @

Paszun & Dominik (2008):

N P instead of N,
p=2-2/d

p=1ford;=2
p=133ford,=3

BPCA,Ice,8A,500+5Q0

BPCA Ice,8A,2000+2000

BPCA, Ice,8A,8000+8000

0.01 0.1 1 10 100
1.7
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

iIndependent of N

lce,8A,500+500,b=1.00
Ice,8A,2000+2000,0=1.00 m—
lce,8A,8000+8000,b=1.00 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)



Probability of collisions
within [b, b+db)
27 | dl _ 7(2r,)*2bdb
7(2r.)° 7(2r,)?
. P(b)db=2bdb (0<b<1)
=db? (0<h?<1)

P(b)db =




Growth efficiency: f (b?)

f as a function of b2

f=N /[ N
8000 + 8000, ice, 84 large © " total
V'=1.4x435 mis . growth efficiency

f>0.5—+ growth
<
f<0.5 — - growth

_ j; f (b?) db?




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)



— R0
Growth efficiency averaged &>
Vi, [MVS] (ice) Averaged for b?
10 100 __
1 f= |\Ilarge / |\Itotal
‘ 8000+8000 .
. growth efficiency
— 08 ’
g f> 0.5 —+ growth
Z : )
PR X=) 60008000, ice, 84\ <05 — - grOWth
? b=0.00 \
s
104
0.2

O average,
1 10 100 1000
Eimpact/ (N Ebreak)



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)
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10 100 1000 10000

Mass of a fragment / m,

100000

8000+8000

b average

v'Small fragments:
slope < ~ -2

v'Large & small
fragments

cf. slope:
S.C.C.—-5/6

Collisional disruption

INn experiments
— -0.3~-1




Vimp [M/S] (ice
Vimp [MVS] ice) Averaged over b?

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

BPCA, lce, 8A,2000+2000, 3. e \/dependent on N

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

The larger aggregates,
the smaller amount of ejecta.

0.1 1 10 100 1000
Eimpact / (N Ebreak)



Averaged over b?

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

BPCA, Ice,8A,2000+2000,av. \/dependent on N

BPCA, Ice,8A,8000+8000,av.
The larger aggregates,
the smaller amount of ejecta.

Normalized
by using N1-°

0.001 0.01 0.1 1 10 100
1.5
Eimpact/ (N Ebreak)



Growth Efficiency
For Collisions of
BCCAsS



Initial Conditions and Parameters

Collisions of BCCA clusters Results are

averaged

BCCA clusters are:

composed of 512, 2048, or 8192 patrticles (5 types randomly produced)
Impact parameter: b (defined by using characteristic radius r.)

b=1.00

e

8192+8192

Ice (E=7.0x10% Pa, v=0.25, =100 mJ/m?, R = 0.1um) , critical rolling displace. & = 8A
Impact velocity v, .= 6-300 m/s

mp—



Collisions of BCCA clusters

imp

N=8192+8192, ice, £=8A, v, . =70m/s (E; =41 NE, .. )

imp




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

vindependent of N

lce,8A,9512+512,b=0.00

Ice,8A,2048+2048,0=0.00 m—
lce,8A,8192+8192,0=0.00

0.1 1 10 100 1000
Eimpact / (N Ebreak)




8000+8000<

200042000

Number of events / N

512+512,b=0.00, Stick.
512+512,b=0.00,Sep.
2048+2048,b=0.00, Stick.
2048+2048,b=0.00, Sep.
8192+8192,b=0.00, Stick.
8192+8192.b=0.00,Sep.

0 o —

0 100 200 300
Impact velocity [m/s]




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,9512+512,b=0.00

Ice,8A,2048+2048,0=0.00 m—
lce,8A,8192+8192,0=0.00

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=0.19

Ice,8A,2048+2048,0=0.19
lce,8A,8192+8192,0=0.19 e

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

0.2

0
0.1

Vimp [M/S] (ice)

10 (0[0)

Ice,8A,512+512,b=0.39
lce,8A,2048+2048,0=0.39 s
lce,8A,8192+8192,b=0.39

1 10
Eimpact/ (N Ebreak)

(0[0)

1000

viindependent of N



Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

Ice,8A,512+512,0=0.49
Ice,8A,2048+2048,0=0.49
lce,8A,8192+8192,b=0.49

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=0.58

Ice,8A,2048+2048,0=0.58 mmm——
lce,8A,8192+8192,0=0.58 e

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=0.69

lce,8A,2048+2048,0=0.69 =
lce,8A,8192+8192,0=0.69

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=0.77

Ice,8A,2048+2048,0=0.77 m—
lce,8A,8192+8192,0=0.77 s

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=0.89

Ice,8A,2048+2048,0=0.89
lce,8A,8192+8192,0=0.89 e

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass Nj,.: growth efficien

Vimp [M/S] (ice)
10 100

viindependent of N

lce,8A,512+512,b=1.00

Ice,8A,2048+2048,0=1.00 m—
lce,8A,8192+8192,0=1.00 e

0.1 1 10 100 1000
Eimpact / (N Ebreak)




Largest fragment mass N,: growth efficiency

Vimp [M/8] (ice) Averaged over b?
10 100

iyl v independent of N

0.1 1 10 100 1000
Eimpact / (N Ebreak)



Vimp [M/S] (ice)
10 100

_ 08 ~ 37 m/s
S
Z
~
o 0.6
&
Z
[
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BCCA, Ice,8A 204842048, 2
0 BCCA, Ice,8A 8192+8192 gV e
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1000

Averaged over b?

viindependent of N



Averaged growth efficiency : BCCA & BPCA

Xite”
Vimp [M/8] (ice) Averaged over b?

10 (0[0)

Actual dust structure:
between BCCA and BPCA

BCCA,lce,8A,512+512,av.
BCCA, Ice,8A,2048+2048,z1v
BCCA, lIce,8A,8192+8192,z1v

BPCA Ice,8A,500+500,zv.

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

0.1 1 10 100 1000
Eimpact/ (N Ebreak)




Summary and Implications

®Dust aqqreqates remaln fluffly (fractal dimension ~ 2.5) .

®|cy aggred; slocity < 60 m/s.
To be disrupted for silicate dust, | ‘be for icy dust.

Planetesimals can be formed through collisions of icy dust.

Can silicate dust grow?
Animation by Prof. H. Tanaka



Collisions of BPCA clusters of &=
different sizes

N=32000+500, ice, & = 8A, u,, =70 m/s
b=0.39




Bouncing Conditions
To bounce, or not to bounce?



Bouncing Problem &

“Bouncing” prevents dust from growing

Dominik & Tielens 1997;

Previous numerical simulaitons: wada et a. 2007, 2008, 2009:

Suyama et al. 2008, etc...

No bouncing == Collisional growth Is feasible!
BPCA, N=8000+8000, ice, &= 8A, Uy =70 m/s ( ;= 42 NEp )
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Figure 1

10% 104

The parameter space of the experiments described in Section 5. The blue boxes indicate the applicability of
the individual experiments to the collision scenario described by Weidenschilling & Cuzzi (1993) for a
minimum-mass solar nebula. In the background, the original contour plot of the collision velocities

(in cm s~1) for all pair-collisions by Weidenschilling & Cuzzi (1993) is shown. The data from
Weidenschilling & Cuzzi (1993) are valid for 1 AU and for a turbulent gas velocity of ~10 m s—!.

Blum and Wurm 2008




T T
D Mass conservation

© . Mass loss
4 . Mass gain

Diameter (m)

102
Diameter (m)

Figure 12

Overview of the results of the laboratory experiments described in Section 5. The blue, yellow, and orange
boxes denote sticking, bouncing, and fragmentation for collisions between two protoplanetary dust
aggregates of the sizes indicated at the axes of the diagram, respectively. Collision velocities were implicitly
taken from Weidenschilling & Cuzzi (1993) (see Figure 1) for a minimum-mass solar nebula. It is clearly
visible that direct growth of protoplanetary bodies 210 cm is not possible.

Blum and Wurm 2008




Blum and Wurm 2008; Heif3elmann et al. (in prep.

SIO, grain : ~1.52 um; porosity 85 %
SiO, grain (Aerosol 200) : ~12 nm; porosity 97%
Collision velocity: 0.15 — 4.5 m/s

o .

Projectile 1 Projectile 2

f ewo irregular-shaped, nonfractal, but highly porous dus s (¢ = 0.15) at a relatve velocity of ~0.4 m s~}
Section 5.3). The were talen with a high-s nera raviy experiment onboard a parabolic-flight aireraft.

The field of view is 24 ¢ 20 mm®. Figure by D. Heifielmann, H. Fraser & J. Blum (unpublished data)
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: pr=
Bouncing problem &

e \Why bouncing in experiments ?
e What's the condition for bouncing ?

Hypothesis: Number of contacts controls ?

A,
Aggregates in numerical simulations: ."

Number of particles in contact with a particle
(Coordination number, C.N.) = 2~4, on average

More C.N. In experiments ?
— Energy dissipation is difficult ®
due to immobility of particles ? ‘8’




Objective &

® o reveal the dependence on coordination number
for aggregate bouncing

Collision simulation of aggregate collisions

parameter : Coordination Number (C.N.)

|ldea for making required C.N. :

Extracting particles randomly
from close-packed structure (C.N.=12)

-

aggregates with C.N. =~12 to ~3



Initial conditions and settings

(hexagonal) close-packed aggregates:

mean C.N. ~ 11
Number of particles: 4197 (3 types randomly produced)

particle-extracted aggregates:
extraction rate f=0.05-0.75 cN.~12@1-1)

f=0.2 f=0.5 f=0.75
mean C.N. = 8.8 mean C.N. =55 mean C.N. =2.8

|ICe (E=7.06GPa, v=0.25, y= 100 mJ/m2, R = 0.1um) , critical rolling displace. &, = 8A
S|02 (E =54 GPa, v=0.17, y= 25 mJ/m2, R = 0.1um) , critical rolling displace. &, = 8A

Ugo = 0.1-22 m/s (Ice), 0.01-2.2 m/s (SIO,)



Examples of simulation (Ice) &

C.N.= 11 C.N.= 8.8

Ugor = 0.096 m/s ( E;p = 0.66 Epyeny) Ueor = 0.096 m/s (E;p, = 0.53 Eppepy )

C.N.=5.5 C.N.=2.8

U= 0.38 m/s ( Ejpp=5.3 Eyeax) Ueo = 0.38 mis (E;,n,=2.7 B o)

imp

ditel



CPR R

Examples of simulation (Ice) ‘&

C.N.=8.8 l”

C.N=11

UCO| — 0096 m/S ( E - 066 Ebreak) uCO| - 0096 m/S ( E — 053 Ebreak)

imp

imp

C.N.=5.5

Ugo1 = 0.38 M/S ( Ejpp=5.3 Epyea) Uy =0.38m/s (E;,=2.7 Epront)

imp



Examples of simulation (Ice)

C.N.= 11 C.N.= 8.8

Ucol = 1.5m/s ( Einp=170 Ebreak) Ucol = 1.5m/s ( Eimp =135 Ebreak)

imp

C.N.=5.5 C.N.=2.8

Uso = 1.5m/s ( S B Epreak) Ueo = 1.5m/s ( Eimp= 43 Epreak)

25
e



CPR R

Examples of simulation (Ice) ‘&

C.N=11

C.N.=8.8 l|

U =1.5m/s (E

170 E, oy ) Uy =15m/s (B, =135E, .., )

imp

imp

C.N.=5.5

uco,:1.5m/s(Eimp 85 Epreak) %m:15nVs(Emf:43Eme



Examples of simulation (Ice) &

dite
C.N.=11 C.N.=8.8

Uy =22 m/s (E;y=4.1NE ) U =22m/s (B, =41NE, )

imp Imp

C.N.=5.5 C.N.=2.8

Ui =22m/s (E;\,=4.1NE, ) U =22 m/s (Ejp= 4.1 N Eppep)

imp



CPR R

Examples of simulation (Ice) ‘&

C.N=11 " C.N.=8.8 ‘h

U =22m/s (E

41NE,..) Up=22M/s (E;rn=41NE, )

imp

imp

C.N.=5.5

uCO| =22 m/s ( Eimp 41N Ebreak) uCOl =22 m/s ( E...=41N Ebreak)

imp



Mean Coordination Number

Result: Bouncing Condition (Icé
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Collision velocity [m/s]
1 10
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Result: Bouncing Condition (Si@

Collision velocity [m/s]
0.01 01 1

=
N

10 @ Bouncing

Mean C.N. <~ 6
X X X X X X X X X X XK .

VEVEVIVIVIVIVIVEVIVRUIVY Sticking
HKAAXAKAKAKAKXKXXX XXX

SiO, sticked X
Si0,,bounced

le-5 1le-4 1le-3 0.01 0.1 1 10

Mean Coordination Number

Eimpact/ (N Ebreak)



Result: Bouncing Condition
(lce, SiO,)

=
N

10

No difference
- , between Ice and SiO,
X (X nrone

REXXXE & o

EXBREEE Scaled well

by USing Ebreak

®
0
i
i
@
71
o

axXgesssssssem
BXBEREREER SR

2 lce,sticked O
lce, bounced
SiOp,sticked X
0 SiO,,bounced

le-5 1le-4 1le-3 0.01 0.1 1 10

Eimpact/ (N Ebreak)

Mean Coordination Number




Comparison with experiments (@&

Qe

® Transition velocity from bouncing to fragmentation(sticking)

In experiments: U, ~ 1 m/s
for r=0.75um SIO, particles

Scaled with E;

SN -5/6
|mp/NEbreak Ucol ocr

U, ~ 1 m/s (r/0.75um)->%

For r=0.1um SIO, particles:
U, ~1m/s (0.1um / 0.75um)>% = 5.4 m/s

Consistent with our numerical results!



Why C.N. = 6 ? @

A particle is stable enough with C.N. =6 in 3D:

N¢: Number of degrees of freedom of motion of an aggregate
N; = 6Ny — XN, z/2  (Sirono & Greenberg 2000)

Ng4: Number of particles in the aggregate  z: Coordination number
X: Number of freedom inhibited

N > 0
C.N. < 3 (x=4)— energy Is dissipated by rolling.
C.N. <6 (x=2)— energy Is dissipated by rolling and sliding.



ERS
C.N.@BPCA collisions @

Mean Coordination Number

1N

3.6

3.2

2.8

2.4

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

10

p=0.00 ——
b=0.19
p=0.39 ——
b=0.49
=0.58
b=0.69
P=0.78 ——
p=0.89 ——
p=1.00 —
AVENQQEe me—

1 10 100 1000

Eimpact/ (N Ebreak)



Why C.N. =4 ?

A particle is stable enough with C.N. = 6 In 3D:

Stable with at least C.N. =4 in 3D:

00 J‘ .‘
1D 2D 3D



QLR

S
S5

aggregates produced by collisions

BPCA, N=8000+8000, ice, & = 8A, Uy, =57 m/s ( Ejp,= 27 NE ¢ )

Initial condition(C.N. = 3.8)
15288+15288

g

L



Collisions of collision-produced /=
aggregates (C.N.=3.8)

& 6

L

Ugor= 0.38 M/S ( Ejpp = 1.2 % 10 NEp o) Ugor= 0.77 M/s ( Ejppp=5.1% 10 NEyeq )

L

e o
et et

Ugo = 1.54 m/s (Ejp=2.0 X 102 NEp e ) U =17.4m/s (Ej,,=2.6 NEp o)



Structure is also important?

C.N.=6

1.935BAMZ cluster of 4096

Shen, Draine, and Johnson (2008)

BAM1 cluster, 4096 spheres



New Calculations at Braunschweig

Structure Is also important?
C.N.=6 C.N.=2.35

No!
Bouncing
only for C.N.=6

BAMZ2.4098.1

eff

>her X 554, o;=2.432 BAMI1 clus




Summary

We examine the bouncing condition, focusing on C.N. of aggregates.
® Always sticking if C.N. < 6.
®Collision velocity for transition from bouncing to
sticking Is consistent with experimental results.
@®collision-produced aggregates have C.N. <4
Not to bounce. -

It is feasible to form planetesimals through direct collisions of dust aggregates.

C.N. ~ 2 for aggregates in experiments ?

FIG. 2 (color online). (a) An example of an
agglomerate with a volume filling factor of
: 0:15. (b) Specimen of an agglomerate after
- "4 manual cutting to 10 10 mm2. (c) Result of a
Monte Carlo simulation of ballistic deposition.
(d) High resolution scanning electron
s | microscopy (SEM) image of the surface of an
agglomerate consisting of SiO2 spheres with
1:5 m diameter.

(Blum & Schrapler 2004)




A Hard Shell ?

f=0.75
mean C.N. = 2.8

@

f=0.2
mean C.N. = 8.8

a/b=0.8

coI

= 1.1 m/s (vimp = 3)



A Hard Shell ?

f=0.75
mean C.N. = 2.8

@

f=0.2
mean C.N. = 8.8

a/b=0.8

coI

= 6.2 m/s (vimp = 8)



To be planetesimals...
What's next?
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To be, or not to be?
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