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Collisional growth of dust =&==2=%- P|anetesimal formation
(< pm) (> km)

Structure evolution of dust Wates In protoplanetary disks

When' and how are aggregates compressed and/or disrupted ?

‘ Numerlcal S|mulat|on of dust aggregate collisions!
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Today’s Topics:
FAMEIRELTGENDDH ?

® Collisional growth conditions for dust aggregates

»Can dust grow through high velocity collisions?
Wada et al. 2009, ApJ 702, 1490-1501

® Bouncing conditions for dust aggregates

»\What causes aggregates to bounce?



Collisional Growth Conditions



In the early growth stage, undeformed BCCAs are forme |
because of their low collision velocity (< mm/s)

® A series of hit-and sticks of ﬁgggmﬁ; ooy
comparable aggregates s ;

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

BCCA structures are compressed (d; ~ 2.5) by collisions
(Dominik & Tielens 1997; Wada et al. 2007, 2008; Suyama et al. 2008)



Background @

Collision velocity of dust
in protoplanetary disks

< several 10 m/s

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 ?

/




® Formed by one-by-one sticking of monomers St
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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 ARER
Objective Wada e: al. 2009,A113J 702, 1490-1501 %@O
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




C . 3 e
Grain interaction model &>
S

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

Elastic spheres having surface energy

Normal Sliding rolling twisting
g 5 =

o0 @@ ................. <) D

Contact & Separation
s, &, @ > critical displacements

} ==> Energy dissipation

E, ... Energy to break a contact

E...1 : Energy to roll a pair of gains by 90°



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

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




Growth efficiency averaged KE>)
ﬁ—"_/@,
Averaged for b2 | &
f= Nlarge / Ntotal

. growth efficiency
(£>0.5—+ 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.

0.1 1 10 100 1000
Eimpact/ (N Ebreak)




Averaged over b?

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

BPCA, Ice,8A,2000+2000,ay, v dependent on \

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

221 Nej / |\Itotal

0.1 1 10 100 1000
Eimpact/ (N Ebreak)



Averaged growth efficiency : BCCA & BPCA

N bjte?

Averaged over b2

Actual dust structure:
between BCCA and BPCA

BCCA lce,8A,512+512 &v
BCCA, Ice,8A,2048+2048,2v.

BCCA, Ice,8A,8192+8192,cv.

BPCA, Ice,8A,500+500,zcv.
BPCA, Ice,8A,2000+2000,2v.
BPCA,Ice,8A,8000+8000,zv.

0.1 1 10 100 1000
Eimpact/ (N Ebreak)




Summary and Implications

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

- e
-

Planetesimals can be formed through collisions of dust.

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



. JIEEN
Bouncing Problem &

“Bouncing” prevents dust from growing

. . . . Dominik & Tielens 1997;
Previous numerical simulaitons: waq et al 2007, 2008, 2009:

Suyama et al. 2008, etc...

No bouncing == Collisional growth is feasible!
BPCA, N=8000+8000, ice, &= 8A, U, =70 m/s ( E, =42 NE, ;)




Blum and Wurm 2008; Heil3elmann 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

»

Projectile 1 Projectile 2

«—

—

= velocity of ~0.4 m s~}
oard a parabolic-flight aireratt




Giittler et al. 2009 (submitted to A&A)

Bouncing

~1m/s
Stiking
and/or fragmentation

neutral in terms




. Jo=X
Bouncing problem &

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

Hypothesis: Number of contacts controls ?

AT
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 ? .:.
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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 CcN.~12(1-1)

f=0.2 f=0.5 f=0.75
mean C.N. = 8.8 mean C.N.=5.5 mean C.N.=2.8

Ice (E =7.0 GPa, v=0.25, = 100 mJ/m2, R = 0.1um) , critical rolling displace. &, = 8A
S|02 (E=54 GPa, v=0.17, y= 25 mJ/m?, R = 0.1um) , critical rolling displace. &, = 8A

U,,, = 0.1-22 m/s (Ice), 0.01-2.2 m/s (SIiO,)



C.N.= 11 R

C.N.=8.8
U= 0.096 m/s ( E;y=0.66 Eyyi ) Ugor = 0.096 m/s ( E;py=0.53 By )

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

U= 038 m/s (B, =53 E ) U =0.38m/s (E, =27E, . ..)

mp mp



Examples of simulation (Ilce) &

C.N.=8.8 l||

C.N.= 11
Uey=0.096 /s ( Ejp = 0.66 Epe) Upoy= 0.096 /s ( Ejp = 0.53 Epe)
C.N.=5.5

u,,=0.38m/s (E

5.3 Ebreak) ucol: 0.38 m/s ( Einp= 2.7 Ebreak)

imp mp



C.N.=8.8

=170 B\ ) u,=1.5m/s (E_ . =135E,.)

imp

u,,=1.5m/s (E

imp

col

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

u.,=1.5m/s (Eimp: 85 Ebreak) Ueol = 1.5 m/s ( Eimp= 43 Ebreak)

col mp



C.N.=8.8 l||

C.N.= 11

col_ 1.5 m/s ( Elmp_ 170 Ebreak) col_ 1.5 m/s ( Elmp_ 135 Ebreak)
C.N.=5.5

Ueor = 1.5 m/s ( imp 85 Ebreak) Ueol = 1.5 m/s ( Elmp_ 43 Ebreak)



C.N.= 11 C.N.=88

= 4.1 N Eppeq) U =22 m/s (E;

col mp

— 41 N Ebreak)

U, =22 m/s (E;

imp

CN.=55 C.N.=2.8

=4.1N Ebreak) u.,=22m/s ( E._=41N Ebreak)

col mp

U, =22 m/s (E;

imp



C.N.=8.8 .|I

C.N.= 11

U =22m/s (E;,,=4.1NE,..) U =22m/s (B, =41NE,.)
C.N.=5.5

U =22m/s (E,,=41NE,..) U =22m/s (E,,,= 41NE,.;)
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sticked @
bounced

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

Eimpact/ (N Ebreak)

Mean Coordination Number

10

@ Bouncing

Mean C.N.<~6
.
Sticking



Mean Coordination Number

Result: Bouncing Condition (Si@

Collision velocity [m/s]

15 o 0.01 0.1 1

10 @ Bouncing

8

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

* X X 3 3 X X 3 X X X X00K Sideyle
KAXXKXXXXXK XX XXX

2

SiO,, sticked X
:

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

Eimpact/ (N Ebreak)



(Ice, SIO,)

=
N

10

No difference
between Ice and SiO,

Scaled well
by USing Ebreak

axsssosssssem
EXRSREERE Qe

2 lce,sticked
lce,bounced =
SiOp,sticked X
0 Si0,,bounced

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

Eimpact/ (N Ebreak)

Mean Coordination Number




Why C.N. =6 ?

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




C.N.@BPCA collisions &

10 Ueol [M/S] 100 Ice, 8A, 8000+8000

b=0.00 ——
b=0.19
b=0.39

eXo) | b=049 ——
b=0.58
b=0.69
b=0.78 ——

b=0.89 ——
3.2 p=1.00 —

N

AVeIrage mem

2.8

2.4

Mean Coordination Number

0.1 1 10 (0[0) 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 Q:O .‘
o 20 3D



<>
aggregates produced by collisions=>

BPCA, N=8000+8000, ice, &, = 8A, u,, =57 m/s (Ej,,=27 NE; ;)

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

g
L




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

o o

L

Uey=0.38 m/s ( Ejpy=1.2% 107 NE; i) Upy=0.77 m/s ( Ejpp=5.1% 107 NEyoi0)

L

o i
e e

Uey=1.54 m/s ( Ejpy=2.0% 102 NEy i) U= 174 m/s ( Ejpp= 2.6 NEpeoi))



tructure is also important?

BAM1.4096.1

f 4096 spheres a3 . 3 4, o,=2.432 BAMI1 cluster, 4086 spheres

Shen, Draine, and Johnson (2008)



New Calculations at Braunschweig

ructure is also important?
C.N.=6

No!
Bouncing
only for C.N.=6

BAMZ.4096.1 .
a,.,=1.436 =1.6 —n

2%
Porosity=0.662 Bett

2.248B, a,=2.055, a;=1.935BAM2 cluster of 4098 spher (, =2.927, 654, 32 BAM1 cluster, 4096 spheres




R
JIEEN
Summary &>
We examine the bouncing condition, focusing on C.N. of aggregates.

®Always sticking if C.N. < 0.
®Collision velocity for transition from bouncing to

sticking is consistent with experimental results.
®collision-produced aggregates have C.N. <4

-

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

Future work

»dependence on size (and size ratio) of aggregates and offset collision
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