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Introduction:

Morphodrom (snowflake)
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Introduction:
Evaporation + condensation experiments

flash heating by top view of graphite cell

CO23 laser irradiation
(Kobatake+2008, Icarus 198, 208)
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supersaturation ratio (in log. unit)

Introduction:

Morphodrom (forsterite)

. - - synthesized in matrix of Allende
high supersaturation low supersaturation (Kobatake+2008, Icarus 198,208)  (Nozawa+2009, Icarus 204, 681)
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Introduction:
Condensation in non-equilibrium

temp. condensation (equilibrium)
~ 1400 K for forsterite (Mg2SiO4)
at 103 atm (Grossman 1972, GCA 36,597)
Te """""""""""""""
condensation
temperature rapid Cooling supercooling of ~ 200 - 700 K
(equilibrium)

w/o nucleation

condensation (non-equilibrium)
\/ ~ 700 - 1200 K for forsterite (Mg2SiO4)

formation of cosmic chtals at ~ 1073 atm (Kobatake et al. 2008, Icarus 198, 208)
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Introduction:

Candidate of cosmic crystal formation

eccentric planetesimals:
During planet formation,
planetesimals take eccentric
orbits because of gravitational
interaction between themselves.

d jovian resonances
(Weidenschilling+ 1998, Science 279, 681)

* Dynamical shake-up
(Nagasawa+2005,Ap] 635, 578)

relative velocity (supersonic) between
* nebular gas (e ~ 0)
* planetesimals (e > 0)
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I. Dust evaporation
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I. Dust evaporation

Shock-wave heating

dust aggregate

 compression
P W

o acceleration
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How strong is the gas frictional heating!?

energy flux
of gas flow

47ra(2ieUSBT4 = Waﬁnmvg

(lida+2001, Icarus 153, 430)

radiative
cooling

For v = 10 km s and n = 10'> cm-3, we obtain
Tpeak ~ |720 K

* melting of silicate dust aggregates

(chondrule formation)
(Wood 1984, EPSL 70, | | and others)

* evaporation of um-sized particles
(Miura+2005, Icarus 175, 289)
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I. Dust evaporation

Dust in hot gas

3000
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(Miura+2010,Ap) 719, 642)

| D plane-parallel steady model input parameters:

planetesimal radius R, =100 km
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* no relative velocity to dust

* dust temperature > 1500 K

* evaporate significantly (90% in mass evaporates away, in this case)




I. Dust evaporation

Evaporation fraction

complete evaporation (fraction = ) input parameters:
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2. Rapid cooling of silicate vapor
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2. Rapid cooling of silicate vapor

Expansion of shocked gas

adiabatic expansion by pressure gradient

vertical shock (one-zone model):

post-shock gas is strongly
compressed and heated.
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2. Rapid cooling of silicate vapor
One-zone model
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Eq. of motion for vertical direction:

dv, 1 0p

dt  por’
One-zone approximation:
dR  Op D
T dt’ or R

vy
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Eq. of expansion:
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with normalization as
e radius: R — R/Rp
e time: { — t/tso

* velocity: 9, = ’Ur/Cco

solution:
* expansion velocity
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* radius of shocked gas
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2. Rapid cooling of silicate vapor

Analytic solution

expansion occurs after
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3. Condensation of cosmic crystals

. apO\'
bow shock / / t
2! \
£
6 ‘

waneai| DUSt evaporation |
(@stant frompland - (shock-wave heating)

\

“significant vapor
generation by

. I _ |
planetesimal bow shock” planciesima
t

|

|

!

|

l

| |
- |
I

|

|

|

|

|

|

|

Condensation of
cosmic crystals

T

} Rapid cooling of
“rapid cooling of — silicate vapor
silicate vapor” (adiabatic expansion)

|

|
|
I
!

Fig. schematic of planetesimal bow shock
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3. Condensation of cosmic crystals
Homogeneous nucleation

chemical potential
(per molecule)

A/J' = Hv — Hv,coex

Koy My ,coex
vapor ‘ — surface free energy
i-mer :2/3
(spherical) aYst

Gibbs free energy of formation:

AG; = av.i*/3 —iAp

AGy

Au<O
Au=0 (equilibrium)

barrier for
nucleation

Au>0 (supersaturated)

i* \log i
critical cluster

Feder+1996,Adv. Phys. |5, I | ]
Dillmann and Meier 1991, J. Chem. Phys. 94, 3872

‘“/delay of nucleation by surface free energy”




3. Condensation of cosmic crystals

Cooling parameter N\

nucleation and growth in

monotonically cooling gas
(Yamamoto and Hasegawa 1977, Prog. Theo. Phys. 58, 816)

4 supersaturation
To Rommmmmmmmmm ratio, S

depletion of timescale of cooling
gas number density (increase of S)

Only two non-dimensional parameters determine
* (actual) condensation temperature,

* size distribution of condensed grains.

Cooling timescale:

A= Tsat/'rcoll

\

collision interval of
vapor molecules

Surface energy of a vapor molecule:

monomer radius

r— 4m{378
B kBTc
\

condensation temp.
in equilibrium




3. Condensation of cosmic crystals

Diagram of condensed particles

expected from

planetesimal bow shock
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3. Condensation of cosmic crystals
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Conclusions

* Dust evaporation and condensation experiments showed that cosmic crystals with various
morphologies were formed from highly-supercooled (supersaturated) silicate vapor.The

morphology depends on temperature and supercooling (morphodrom).

* Planetesimal bow shock is one of the candidates for the cosmic crystal formation. It
evaporates um-sized fine silicate particles behind the shock front. The silicate vapor cools
rapidly due to the adiabatic expansion.

* Depending on the shock conditions (planetesimal radius, shock velocity, gas number density,
and dust-to-gas mass ratio), variety of cosmic crystals in sizes (nm-size to um-size) and
morphology (bulky, platy, whisker, and so forth) was produced.




